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Abstract 

This study investigates for the first time the heat flux distribution in Tanzania, the only East 

African country intersected by the eastern and western branches of the East African Rift 

System (EARS). The main goal of the project is to evaluate the geothermal potential of the 

region by integrating magnetotelluric, magnetic, and gravimetric data and models with 

existing petrophysical, seismological, volcanological, geochemical and structural 

information.  

At the regional scale, heat flux in Tanzania has been determined from the radially averaged 

power spectra of the total magnetic field, interpreted as a proxy for the Curie Point Depth. 

These findings have been correlated to the Moho depth estimates from seismic receiver 

functions and 3D inversion of gravity data. The results indicate that high heat flow anomalies 

(exceeding 100 mW/m2) in Tanzania are situated along the EARS at the Proterozoic collision 

boundaries. Generally, these high heat flow anomalies align with known surface geothermal 

manifestations and shallow Moho depth (ranging from approximately 30 to 35 km). A high 

heat flow anomaly has also been detected in the central region of the Tanzanian craton, likely 

associated with the mantle plume imaged by seismic tomography. According to our findings, 

the most compelling areas for geothermal exploration in Tanzania are the EARS triple 

junction in the Rungwe Volcanic Province (RVP), the north Tanzania divergent zone in the 

eastern branch of the EARS, and the areas of the Proterozoic collision boundaries reactivated 

by the EARS. 

At a more detailed level, the project focuses on the RVP, one of the most promising areas in 

Tanzania for prospective geothermal resources. High-resolution aeromagnetic data 

combined with known faults, seismic epicentres, and known surface geothermal 

manifestations, including thermal springs, hot ground areas, and 3D MT resistivity 

anomalies are employed to identify concealed structures likely to enhance the permeability 

of geothermal systems and to delineate structures and formations likely to demarcate the 

boundaries of geothermal systems within the RVP, particularly in the three most promising 

prospects: Ngozi (with geothermometry >230°C), Songwe (112°C), and Kiejo-Mbaka 

(140°C). The 3D resistivity model derived from the inversion of newly acquired and existing 

magnetotelluric data has been instrumental in updating the geothermal conceptual model of 

the Ngozi system and defining a new prospective high-temperature geothermal system 

beneath Rungwe volcano in the RVP.  

The 3D MT resistivity inversion results indicate the presence of magmatically heated high-

temperature geothermal systems with two discrete reservoirs, a small reservoir below Ngozi 

caldera and a larger reservoir beneath the Rungwe volcano. A magma chamber is imaged as 

a deep conductor situated approximately 6 km below the newly identified Ndaga ring 

structure located between the Ngozi and Rungwe volcanoes and is supported by several 

young monogenetic eruption centres, the Ngozi volcano to the north that developed into a 

caldera less than 1,000 years ago and the Rungwe volcano to the south that was formed about 

10,000 years ago. The margin of the Ndaga ring structure is defined by the resistive phonolite 

domes formed approximately 9 million years ago, predominantly overlain by young volcanic 



lavas and/or pyroclastic materials. Modelling results that have identified the Rungwe 

geothermal prospect in addition to the previously interpreted Ngozi prospect have 

significantly expanded opportunities for discovering geothermal resources in the planned 

drilling campaign.  

Structural investigations in the RVP utilizing magnetic data have revealed that the potential 

areas for geothermal resources in the RVP are located at the intersections between the NW-

SE trending intra-rift f aults with NE-SW, N-S, and E-W trending faults. These zones of 

likely enhanced permeability are bounded by generally low permeable Precambrian rocks to 

the west and east, respectively, which has significant implications for geothermal resource 

targeting and development in the RVP. As part of the efforts to bolster geothermal resource 

targeting in the RVP, an updated structural map has been developed based on aeromagnetic 

data interpretation constrained by 2D-forward modelling of magnetic anomalies, integrated 

with previously reported faults, seismic epicentres, 3D magnetotelluric resistivity models, 

and surface geothermal features.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Đtdr§ttur 

Hér er í fyrsta sinn lagt mat á varmaflæðið í Tansaníu, eina landinu í Austur-Afríku sem er 

skorið í sundur af bæði eystra og vestra rekbelti Austur-Afríku sigdalsins (EARS). Megin 

markmið þessa verkefnis er að meta umfang jarðhitans á svæðinu með því að samtúlka MT 

viðnámsmælingar, og segul- og þyngarmælingar ásamt tiltækum upplýsingum á sviði efna- 

og eðlisfræði bergsins, jarðskjálfta- og eldfjallarannsókna, jarðefnafræði og höggunar. 

Svæðisbundið varmaflæði í Tansaníu hefur verið metið út frá meðal aflrófi 

heildarsegulsviðsins, miðað við dýpi á Curie flötinn. Niðurstöður eru bornar saman við dýpi 

á Moho samkvæmt viðtökufalli jarðskjálfta og þrívíðri túlkun þyngdarmælinga. Niðurstöður 

benda til þess að í Tansaníu sé varmaflæði umtalsvert (meira en  100 mW/m2) í Austur-

Afríku sigdalnum við plötuskilin frá frumlífsöld. Almennt falla þessi háu frávik saman við 

þekkt jarðhitaummerki á yfirborði og lítið dýpi á Moho (um 30-35 km). Há frávik í 

varmaflæði sjást einnig miðsvæðis í meginlandskjarna Tansaníu og tengjast líklega 

möttulstróki sem kemur fram í túlkun skjálftamælinga. Samkvæmt okkar niðurstöðum eru 

áhugaverðustu svæðin til frekari jarðhitarannsókna í Tansaníu við þrípunktinn í Austur-

Afríku sigdalnum nærri Rungwe eldfjallasvæðinu (RVP), auk fráreksskila sigdalsins í 

norðurhluta landsins og svæðinu við plötuskilin frá frumlífsöld sem EARS hefur hreyft við 

á nýjan leik 

Hér er sjónum einkum beint að Rungwe eldfjallasvæðinu, einu álitlegasta jarðhitasvæði 

landsins. Niðurstöður flugsegulmælinga með hárri upplausn ásamt staðsetningu þekktra 

misgengja og jarðskjálfta, jarðhitaummerkja á yfirborði þar með talin goshverir og svæði 

með háum yfirborðshita auk viðnámsfrávika samkvæmt þrívíðri túlkun MT 

viðnámsmælinga voru nýtt til þess að kortleggja sprungur sem ekki sjást á yfirborði. Þær 

geta gefið vísbendingar um góða lekt í jarðhitakerfinu og afmarkað jarðhitakerfin á Rungwe 

svæðinu, einkum þau þrjú vænlegustu: Ngozi (hiti samkvÞmt efnahitamÞlum >230 ), 

Songwe (112 ) og Kiejo-Mbaka (140 ). ViĦn§msl²kan samkvÞmt Īr²v²Ħri t¼lkun nĨrri 

og eldri MT mælinga gegndi lykilhlutverki við endurgerð hugmyndalíkans af Ngozi 

jarðhitakerfinu. Líkanið benti jafnframt til nýs háhitakerfis undir Rungwe eldstöðinni. 

Þrívíð túlkun MT mælinga bendir til þess að þar sé að finna háhita jarðhitakerfi, 

varmagjafinn sé kólnandi kvika. Þar séu tveir aðskildir jarðhitageymar, sá minni undir Ngozi 

öskjunni og sá stærri undir Rungwe eldstöðinni. Kvikuhólf kemur fram sem velleiðandi 

skrokkur á u.þ.b. 6 km dýpi neðan hinnar nýkortlögðu Ndaga hringlaga myndunar milli 

Ngozi og Rungwe eldstöðvanna. Tilgátan um kvikuhólf styðst jafnframt við það að þarna 

eru nokkur stök ung eldvörp, Ngozi eldstöðin fyrir norðan þróaðist í öskju fyrir minna en 

1.000 árum síðan og fyrir sunnan er Rungwe eldstöðin sem myndaðist fyrir um 10.000 árum. 

Barmar Ndaga hringgangakerfisins takmarkast af háviðnáms fónólít-gúlum sem urðu til fyrir 

um 9 milljón árum. Eftir það hafa ung hraun og/eða gjóska lagst þar ofan á. Niðurstöður 

reiknilíkana hafa leitt líkur að tilvist Rungwe jarðhitakerfisins til viðbótar við Ngozi kerfið 

sem var þekkt fyrir. Þar með hafa aukist umtalsvert möguleikar á að finna jarðhita í 

fyrirhuguðu borverkefni.  

Sprungukortlagning RVP-svæðisins með segulmælingum bendir til þess að vænlegar 

jarðhita auðlindir á RVP-svæðinu séu að finna þar sem misgengi í sigdalnum með NV-SA 

stefnu skera misgengi með NA-SV, N-S og A-V stefnu. Þessi belti þar sem vænta má góðrar 

lektar afmarkast til vestur og til austurs af bergi frá forkambrium  sem er almennt með lélega 



lekt og gefa þar af leiðandi góðar vísbendingar um jarðhita auðlindina á RVP-svæðinu og 

nýtingu hennar. Til þess að átta sig frekar á eiginleikum RVP-svæðisins var höggunarkortið 

betrumbætt með túlkun flugsegulmælinga og tvívíðri túlkun segulfrávika ásamt áður 

kortlögðum misgengjum, staðsetningum jarðskjálfta, þrívíðum viðnámslíkönum og jarðhita 

ummerkjum á yfirborði. 
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Preface 

This PhD research project was carried out at the University of Iceland with three main goals: 

(i) to investigate the regional heat flux distribution throughout the country of Tanzania, (ii) 

to update the high-temperature magmatically heated geothermal resource conceptual models 

of the Ngozi and Rungwe prospects in southwest Tanzania and (iii) to investigate surface 

and subsurface structures in the Rungwe volcanic province using aeromagnetic data 

integrated with known faults, seismic epicentre locations, existing resource conceptual 

models and surface geothermal manifestations in order to identify zones with likely high 

permeability for geothermal resource targeting. At the regional scale, the magnetic method 

was applied to investigate the regional thermal anomalies in Tanzania aimed at defining heat 

flux distribution. The interpretation of the regional heat flux distribution was supported by 

the thickness of the crust estimated from 3D inversion of gravity data. At a more local scale, 

the magnetotelluric method has been used to investigate the geothermal systems in the Ngozi 

and Rungwe prospects located in Rungwe Volcanic Province in southwest Tanzania and 

update the existing geothermal conceptual model of the Ngozi prospect. In addition, 

magnetic data have been used to investigate the subsurface structures in the RVP including 

faults and magmatic intrusive bodies. The results were interpreted with known faults, 

seismic epicentres, petrophysical information and developed geothermal conceptual models 

based on MT data to define potential areas for targeting geothermal wells.  

The results of this study have already been published in two scientific papers in the Journal 

of Geothermics while the third paper has been submitted to the Journal of African Earth 

Sciences, reviewed and resubmitted.  
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1  Introduction 

The distribution of regional thermal anomalies of the Earthôs crust can be used to delineate 

potential areas with geothermal resources and improve the understanding of crustal thickness 

and magma movement in the subsurface. Geothermal systems are found in regions with high 

thermal flux, particularly along active tectonic settings such as the convergent or divergent 

plate boundaries. The East African Rift System (EARS) is a good example of an active 

divergent tectonic plate continental rift zone which is rich in geothermal resources associated 

with shallow magmatic movement and deep circulation of meteoric water through faults in 

a thinning crust. In the EARS, thinning of the crust and rifting has been ascribed to stress 

linked to plate tectonics and asthenospheric magma upwelling and convection processes 

(Ebinger, 2005). The EARS is focused and extends through weak zones of continental-

continental convergent margins of Proterozoic orogenic belts.  Tanzania is one of the several 

countries in East Africa which is intersected by the EARS.  

An overall pattern of extensional stress within the EARS has facilitated the development of 

fault zones that localize magmatic intrusions and fracture zones that host geothermal 

upflows. High-temperature geothermal systems draw their energy from shallow magmatic 

intrusions which serve as heat sources. This intrusive activity also interacts with faults to 

augment the fracture permeability that hosts hydrothermal flow. A detailed investigation of 

these geological processes at both regional and volcanic scales is essential for updating 

resource conceptual models for geothermal exploration and exploitation within a specific 

area. Furthermore, such research aids in the assessment of geohazard risks and contributes 

to a deeper understanding of the underlying crustal structure.  

This is the first study to investigate the crustal heat flux distribution in Tanzania in order to 

define potential geothermal areas, with a focus on the Rungwe Volcanic Province (RVP) in 

SW Tanzania. The project aims to assess the geothermal potential of the region by 

integrating magnetotelluric, magnetic and gravimetric data and models with existing 

petrophysical, seismological, volcanological, structural and geochemical information of the 

hot springs. The study uses the magnetic method to investigate the regional crustal heat flux 

distribution in Tanzania which is interpreted from Curie Point Depths determined from 

magnetic data with the thicknesses of the crust estimated from the constrained 3D inversion 

of gravity data. At a more local scale, the thesis focuses on the RVP to update the geothermal 

conceptual model of the Ngozi prospect, develop a new resource conceptual model of the 

Rungwe geothermal system and support geothermal resource targeting in the RVP. 

Moreover, the study investigates likely permeable zones for geothermal well targeting 

through the integrated interpretations of surface and subsurface structures from magnetic 

data which are complemented by previously reported faults, seismic epicentres, and existing 

and new resource geothermal conceptual models in the four most promising prospects in the 

RVP, namely Ngozi, Rungwe, Songwe and Kiejo-Mbaka.  
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1.1  Research background 

Geothermal systems worldwide are known to exist mainly in areas associated with high heat 

flows usually along major tectonic plate boundaries associated with young volcanic 

activities, shallow magmatic plumbing systems, and occurrency of earthquakes. In areas 

with active geothermal systems underneath, the systems normally manifest on the surface as 

geysers, fumaroles, mud pools, hot grounds, hydrothermally altered grounds, hot springs, 

geothermal grasses and other hydrothermal phenomena. However, not all geothermal 

systems do manifest themselves on the surface. Sometimes they do not or show very limited 

surface manifestations. Such systems are commonly known as blind or semi-blind 

geothermal systems. Most hidden and blind systems are <180ᴈ, such as McGinness Hills 

(140 MWe) and Blue Mountain (>30 MWe) in Nevada. Potential example of a semi-blind 

system currently producing power includes Svartsengi in SW Iceland (66 MWe and 190 

MWt). 

In developing geothermal resources, the area of interest is typically first investigated by 

surface geoscientific studies which include geological mapping, geochemistry and 

geophysics. This is followed by the development of geothermal conceptual models that are 

used for targeting and assessing the potential generation capacity of geothermal reservoirs 

and planning the next well-drilling exploration phase.    

Geophysical exploration provides the subsurface information used to characterize the 

geological elements and structures that may influence the flow of geothermal fluids. In order 

to characterize the geothermal systems, geophysical methods investigate subsurface physical 

parameters like electrical resistivity, density, fault motion and magnetization in order to infer 

the reservoir boundaries and depth, fluid saturation, water table, fracture distribution and 

low permeability clay cap geometry/distribution, boiling versus liquid state etc. The MT 

method is the main electrical resistivity method that is used to investigate the 3D geometry 

of the clay cap and magmatic heat source of the geothermal systems associated with 

volcanoes. The magnetic and gravity methods, on the other hand, are used to map regional 

crustal heat flux distribution and, at a local scale, to define the subsurface structures related 

to the geothermal systems. The micro-seismic studies are used to infer active fault zones; 

possible presence of magma, and the geometry and stress fields associated with active faults 

before the geothermal resource is developed.  

Detailed geophysical exploration studies have been conducted in some individual 

geothermal prospects in the RVP. However, the heat flux distribution in the prospects and 

regional and local structures linking the prospects have not been established in the RVP in 

Tanzania. In addition, the RVP has not been fully investigated with geophysics including 

Kiejo, Tukuyu, Mwakaleli, Ngozi, and Rungwe volcanoes. Therefore, there are still some 

possibilities of finding geothermal systems below or close to the volcanoes.  A good example 

of a recently identified system is the Rungwe geothermal system that has been imaged in the 

present study.  

1.2  Research Aims and Objectives 

This study aims at:  
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1. Investigating the distribution of heat flux anomalies over the entire country of 

Tanzania that could be used to identify potential geothermal areas within and outside 

the EARS, using spectral analysis of magnetic data to estimate the depths to the Curie 

Point temperature and 3D inversion of gravity data to estimate crustal thicknesses.  

 

2. Detailed investigation and consequent update of the geothermal conceptual model of 

the Ngozi prospect and developing the first geothermal conceptual model of the 

Rungwe prospect using 3D electrical resistivity inversion models of MT data. The 

main features to be investigated include the geometry of the clay cap and the 

existence or absence of a shallow magma chamber below the Ngozi caldera or near 

the Ngozi and Rungwe volcanoes.   

 

3. Using magnetic data to map subsurface structures possibly related to the geothermal 

systems in the Rungwe volcanic province. Our primary goal is to map the extent of 

faults where they are concealed below recent sediments and volcanics and to 

investigate their relationships with the hot springs, hot ground areas, and the 

interpreted geothermal systems in the Ngozi, Rungwe, Songwe, and Kiejo-Mbaka in 

the RVP. Our secondary goal is to identify more permeable zones suitable for 

geothermal wells targeting in the RVP through identification of unmapped faults or 

part of them below the thick pyroclastic materials using magnetic data, supported by 

earthquake locations and previously reported faults distributions. 

The first goal was accomplished in the first paper published in Geothermics. The second 

objective was archived and published in the second paper again published in 

Geothermics. The last objective was fulfilled in the third paper submitted to the African 

Journal of Earth Sciences presently being reviewed. 

1.3  The East African Rift System 

The African continental plate is in the process of splitting into two tectonic plates, the Nubian 

plate and the Somali plate that diverge at a rate of 6 to 7 mm per year forming the EARS 

(Stamps et al., 2008). The EARS stretches over a total distance of 4000 km from North 

Africa in the Afar region in Ethiopia in the north extending across Tanzania to Beira, 

Mozambique in the south(Figure 1.1).  

The development of the EARS is structurally controlled whereby the magmatic activity and 

rifting from the Miocene to Quaternary is focused on the weak zones in Proterozoic orogenic 

belts (Ebinger, 2012). The rifting tensional forces which cause the development of EARS 

have been modelled and discussed by Ebinger (2012), attributed to three main sources: (i) 

Tensional forces generated by far-field plate motion, (ii) pressure and stress gradients 

induced by asthenospheric upwelling (iii) traction forces at the base of lithosphere generated 

by convecting mantle sufficient to thin the 100-250 km lithospheric plates. However, it is 

not clear which forces are pre-dominant over the others. Stamp et al. (2014) used 

geodynamic modelling to quantify the forces driving present-day continental rifting in East 

Africa and found that the development of the EARS is driven mostly by tensional forces 

associated with lithospheric gravitational potential energy gradients in the EARS and, the 

minimum tensional forces resulting from basal shear along the EARS.  
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Figure 1.1 The East African Rift System (modified after Benti et al., 2023). Tanzania, the 

study area, is outlined in white. The circles indicate the earthquake focal mechanisms 

describing the deformation in the Earthôs crust (Stamps et al., 2014). 

The EARS is divided into two major branches, the western and the eastern branch. Tanzania 

is the only country in East Africa that is intersected by the two branches, whereas other 

countries are either intersected by the western or the eastern branch but not both. The eastern 

branch extends from the Afar region in Ethiopia in the north and continues south along the 

Paleoproterozoic Mozambique orogenic belt weak zones through Kenya and north Tanzania 

until it reaches SW Tanzania in the Mbeya region (Figures 1.1 and 1.2). The western branch 

extends from western Uganda to Mozambique along the weak zones of the Paleoproterozoic 

Ubendian Orogenic belt through the western part of Rwanda, Burundi and Tanzania where 

it intersects the eastern branch in the Mbeya region (Figure 1.2). From the Mbeya region, 

the two branches form the N-S trending Malawi rift that extends further south through 

Malawi until it ends in Mozambique (Figure 1.2).  

In general, the EARS is floored by the Proterozoic high-grade metamorphic basement 

complex which has been covered by the Karoo and Cretaceous sedimentary rocks in places 
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(Figure 1.2), that were formed during the failed rift in the Mesozoic time (Ebinger et at., 

1989). The Karoo and Cretaceous sedimentary formations are covered by the Cenozoic 

volcanic rocks of basaltic and trachytic compositions which are also covered by recent 

sedimentary rocks (Ebinger et al., 1989). The eastern branch is more prolific in magmatic 

activity due to significant thinning of the crust, enhanced upwelling of the asthenosphere, 

and lithospheric rupture (Ebinger, 2005; Ebinger et al., 2012). It is floored by the gneisses 

and granulites of the Neoproterozoic Mozambique belt and partly the Paleoproterozoic 

Usagaran belt in the SW Tanzania suggesting a predominance of reworked Archean crust 

(Fritz et al., 2013). The western branch is floored by the high-grade amphibolitic facies 

metamorphic basement of the Paleoproterozoic Ubendian belt and Mesoproterozoic Kibaran 

belt (Figure 1.2, Fritz et al., 2013). With the less thinning of the crust, the western branch is 

generally scant in magmatic activity except in a few places with localised active volcanoes 

such as the Nyiragongo volcano in the Democratic Republic of Congo (DRC) and at the 

triple junction and adjacent areas in the RVP in SW Tanzania, the focus of this study, where 

multiple volcanoes exist including the Ngozi, Rungwe, Kiejo, Mwakaleli and Tukuyu 

volcanoes and numerous monogenetic volcanic centres fed from deep magmatic sources 

(Fontijn et al., 2010).  

The tectonic setup of the eastern branch is controlled by the preexisting N-S and NE-SW 

trending large-scale weak zones whereas the western branch is dominated by the pre-existing 

NW to NNW striking large-scale fault systems (Ebinger, 2005). These fault systems control 

the geometry of the rift  forming a series of half-graben segments some developed to form 

the lakes (Figure 1.2). The current stress field of the EARS shows that the major fault 

systems of the EARS are intersected and reactivated by the ENE-WSW trending faults with 

strike-slip components (Ebinger et al., 2019) that have enhanced magmatic activity, fracture 

permeability of the rocks, and development of potential geothermal systems (e.g., Hinz et 

al., 2018).    

The EARS geothermal potential has been estimated to be greater than 10 GWe (Benti et al., 

2023) and been exploited only to a limited extent for power generation. As of 2023, the total 

geothermal installed energy capacity in the EARS was about 1200 MWe (Benti et al., 2023). 

Of these, 938 MWe are generated in the Olkaria geothermal field in Kenya (Gutiérrez-

Negrín, 2024) and 7.3 MWe installed capacity in Aluto-Langano geothermal field in 

Ethiopia (Benti et al., 2023). Menengai with an estimated capacity of 105 MWe, also in 

Kenya, has 35 MWe installed and a 35 MWe unit is under construction. These resources 

have been developed in the northern sector of the eastern branch of the EARS (Figure 1.1) 

and are expected to have a much larger power potential than the geothermal resources in the 

western branch in Rwanda, Uganda, Malawi, Zambia and most of Tanzania. Unlike the 

eastern branch, the western branch of the EARS has no developed geothermal resources and 

only a few geothermal wells have been drilled, although numerous geothermal prospects 

have been identified and exploration has accelerated in the last few years. These differences 

depend on the fact that the eastern and western branch of the EARS host different types of 

geothermal systems. The eastern branch contains volcano-hosted, magmatically-heated 

high-temperature geothermal systems whereas the western branch mainly hosts low to 

medium-temperature geothermal systems which are heated by deep-circulation in faults. 

However,  the Ngozi and Rungwe prospects in SW Tanzania are exceptions, as they host 

prospective high-temperature magmatically heated geothermal systems (Didas et al., 2023). 

These prospects are located at the intersection of the eastern (Usangu rift) and western 

(Rukwa rift) branch of the EARS and the northern part of the Malawi rift which is the 
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southern segment of the western branch of the EARS. This area is characterized by magmatic 

activity (Fontijn et al., 2010), low shear wave seismic velocity zone and thin lithosphere 

(O'Donnell et al., 2013). These characteristics are consistent with uprising asthenospheric 

mantle and localized melting beneath the RVP caused by thermal or compositional 

anomalies in the upper mantle, synrift or pre-rift lithospheric thining or a combination of the 

two (Accardo et al. 2017). The geological rationale for the difference is that the eastern 

branch has a relatively thick section of young volcanics likely to host fracture permeability 

overlying relatively shallow magma chambers whereas the western branch has relatively 

sparse and thin volcanics overlying fewer, less voluminous and much deeper magma 

chambers (Chorowicz, 2005). 

 

Figure 1.2 Geological map of Tanzania modified from Fritz et al. (2013) and Didas et al. 

(2022) showing the main geological domains and hot springs distribution. The EARS 

margins are shown as thick black segment lines. The continuous thin gray lines define the 

political boundaries. MSZ: Mungese shear zone. The study area is indicated by a white 

square located at the triple junction of the east (Usangu rift), the west (Rukwa rift) branches 

of the EARS and its extension to the south along the Nyasa (Malawi) rift. The inset figure 

shows the location of the geological map of Tanzania on the African continent. 
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1.4  Geothermal Systems in Tanzania 

In Tanzania, most geothermal prospects are found within the western branch in Rukwa-

Songwe rift basin, the triple junction and the Mbaka graben which are the northern part of 

the Malawi rift  segment (Figure 1.2). The four most advanced prospects with estimated 

reservoir temperature ranging from 100  to over 230  are considered in this study 

(UNEP/ARGeo, 2016; Rizello et al., 2022; Asnin et al., 2022; Didas et al., 2023). The Ngozi 

and Rungwe prospects, are volcano-hosted, and probably magmatically-heated, located at 

the southwest triple junction of the EARS (Figure 1.2), potentially hosting a reservoir with 

a temperature greater than 230  (Alexander et al., 2016). The third one, Songwe, is located 

about 40 km northwest of Ngozi with an estimated reservoir temperature of 112  

(Alexander et al., 2016). The fourth prospect, Kiejo-Mbaka, is located about 45 km south of 

the Ngozi and Rungwe prospects and has an estimated reservoir temperature of 140  

(Rizzello et al., 2022). Ngozi, Rungwe, Songwe and Kiejo-Mbaka are the four flagship 

geothermal projects of the Tanzania Geothermal Development Company Limited (TGDC) 

that have reached the drilling stage to confirm the resource. Detailed surface studies were 

completed between 2016 and 2023. Geothermal prospects in the eastern branch in Tanzania 

are poorly defined due to lack of detailed surface studies. They are generally defined by 

regional studies and occurrences of the hot and thermal springs. The prospects include Lake 

Natron, Manyara, and Eyasi (Figure 1.2). Other geothermal prospects are located outside the 

EARS and generally host low-temperature systems. Such prospects include Ibadakuli and 

Majimoto (located in the Archean Tanzanian Craton), Kisaki and Luhoi (located in the 

Mesozoic sedimentary basin in the eastern part of Tanzania). 

1.5  The study areas 

The United Republic of Tanzania is located in East Africa. It is bordered by Uganda to the 

northwest; Kenya to the northeast; the Indian Ocean to the east; Mozambique and Malawi 

to the south; Zambia to the southwest; and Rwanda, Burundi, and the Democratic Republic 

of the Congo to the west. Geologically, Tanzania is composed of rocks with ages ranging 

from Archean to Cenozoic that have generally been intersected by the EARS which is 

splitting the African continent (Figure 1.2). The EARS has greatly influenced the distribution 

of potential sites for geothermal resources in Tanzania where most of the identified sites are 

located (Figure 1.2).   

The RVP has been investigated in detail in this study. It is in the Mbeya region in SW 

Tanzania at the intersection of the eastern and western branch of the EARS. It comprises 

five major volcanoes, Ngozi, Rungwe, Kiejo, and Mwakaleli volcanoes as well as the highly 

eroded Tukuyu volcano and numerous monogenetic small volcanic eruption centres. The 

RVP is also the home of several geothermal prospects in Tanzania, Ngozi, Rungwe, Kiejo-

Mbaka and Songwe prospects which form the focus of this study.  

1.6  Previous geothermal work in the RVP 

Geothermal exploration in the RVP dates back to 2006 when the German Federal Institute 

of Geosciences and Natural Resources (BGR) started the first detailed geoscientific studies 
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in the Ngozi and Songwe prospects. The second detailed surface study in the Ngozi prospect 

was done by the United Nations Environmental Programme (UNEP) in collaboration with 

TGDC and the Geothermal Development Company (GDC) of Kenya between 2015 and 

2016. The EAGER-TGDC collaboration further assessed the Songwe prospect (Hinz et al., 

2018). The Kiejo-Mbaka prospect was investigated in 2018 by ELC-Electroconsult in 

collaboration with TGDC, funded by the Icelandic International Development Agency 

(ICEIDA). The Rungwe prospect has been investigated recently within this PhD project 

during the detailed follow-up study of the Ngozi geothermal system (UNEP/ARGeo, 2016).  

1.6.1  Ngozi and Rungwe prospects  

The Ngozi and Rungwe geothermal prospects are 15 km apart at the triple junction of the 

EARS in Mbeya region, SW Tanzania. Since 2006 Ngozi has been identified by the TGDC 

as the flagship high-temperature geothermal prospect in Tanzania with a small reservoir 

interpreted below the Ngozi caldera Lake with a temperature >230ᴈ estimated from 

geothermometry of the chloride hot springs located on the bottom of the Ngozi caldera Lake 

(UNEP/ARGeo, 2016).   

In the Ngozi prospect, previous research focused on the geothermal systems using 1D Occam 

inversion of MT/TEM data (Ochmann and Garofalo, 2013; UNEP/ARGeo, 2016). 

According to UNEP/ARGeo (2016), MT data from the Ngozi prospect have strong 3D 

effects manifested by 3D distortion parameters. To exclude these strong 3D effects at depths 

corresponding to the frequency that indicated the onset of 3D effects, the 1D Occam and 

layered MT inversion models, with static distortion constrained by TEM, were truncated at 

about 2000 m depth below surface. Later, Didas (2018) reprocessed the MT and TEM data 

from the Ngozi prospect and performed 1D joint inversion of the MT and TEM data and 

partially considered also the reliable deeper information below the clay cap. The study 

showed the existence of anomalies likely to be cooling intrusives at a depth between 3.5 and 

4 km and about 2 km south of the Ngozi caldera. UNEP/ARGeo (2016) made the claim that 

Ngozi was hermetically sealed. Some subsequent interpretations considered an open 

connection from Ngozi to adjacent springs or to Ngozi from Rungwe within a northwest 

trending 4 km x 7 km fault zone which engulfs the Ngozi caldera (Didas and Hersir, 2021). 

The conclusion in Didas et al. (2023) concluded that separate systems at Ngozi and Rungwe 

are more likely.  

On the other hand, the Rungwe prospect was given less attention due to lack of potential 

surface geothermal manifestations. The Rungwe prospect was interpreted in 2023 by Didas 

et al. (2023) as part of this PhD project thanks to additional MT survey data, soil temperature 

and carbon dioxide flux measurements acquired by TGDC over an area that extended from 

the Ngozi prospect to the southeast through the Rungwe volcano. The Rungwe geothermal 

system was imaged by the 3D MT resistivity model as a large up-doming of the conductive 

clay cap below the Rungwe volcano and is supported by the hot ground areas of >53ᴈ on 

the northwest and southeast flanks of the volcano.  

In 2024 the United Nations Environmental Programme (UNEP) and the United States 

Energy Association (USEA) in collaboration with TGDC organised a Technical Review 

Meeting (TRM) in Mbeya region to discuss the two systems in the Ngozi and Rungwe 

prospect (Cumming et al., 2024). The TRM brought together a team of geothermal experts 

from East Africa, New Zealand and USA. The TRM concluded by supporting the findings 
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of Didas et al. (2023) that Ngozi and Rungwe are separate systems. Slim well drilling is 

planned in 2024 in the Ngozi and Rungwe prospects. 

1.6.2  Songwe prospect  

Songwe is a low-temperature geothermal prospect located about 40 km northwest of the 

Ngozi high-temperature prospect. The geothermal system is a deep circulation-fault 

controlled system with a reservoir temperature of 120ᴈ estimated from the geothermometry 

of the hot springs. The prospect has been investigated in several detailed surface study 

campaigns including the Geotherm group between 2006 and 2013 (Ochmann and Garofalo, 

2013), UNEP in 2015 to 2016 (UNEP/ARGeo, 2016) and UK funded EAGER program in 

2018 (Hinz et al., 2018). TGDC has developed several direct-use projects for agricultural 

and heating processes. Pilot projects in Songwe include an egg hatchery for chicken 

breeding, a hot swimming pool and a greenhouse. TGDC is planning a slim well drilling 

program to confirm the resource.   

1.6.3  Kiejo - Mbaka prospect  

The first detailed geothermal studies in Kiejo-Mbaka prospect were done in 2018 by ELC-

Electroconsult in collaboration with TGDC, funded by ICEIDA (Hersir and Weisenberger, 

2015). Before the 2018 study, the prospect was investigated by a regional study that included 

geochemical sampling of the hot springs that was performed by JICA in the whole country 

of Tanzania (JICA, 2014). The study by ELC-Electroconsult and TGDC (2017) revealed that 

the Kiejo-Mbaka prospect probably hosts a low-medium temperature fault-controlled deep 

circulation geothermal system associated with the Mbaka Fault with a reservoir temperature 

of 140ᴈ estimated from geothermometry of the hot springs. Their findings have been 

supported by additional MT data acquisition and 3D resistivity modelling of the MT data 

that was performed by Jacobs in collaboration with TGDC from 2022 to 2023 (Jacobs, 

2023).  For the details about the surface studies performed in the prospect and the geothermal 

system and geothermal conceptual models, see Rizello et al. (2022) and Jacobs (2023).  

In 2020-21, TGDC drilled three shallow wells that reached a maximum depth of about 200 

m and encountered warm shallow aquifers near the Mbaka border fault. One of the wells 

flows with a temperature of about 74ᴈ and artesian pressure (2 bar well-head pressure when 

filled with hot water) fed from a depth of about 70 m. Other wells are slightly colder. TGDC 

is planning a slim-wells drilling campaign in the prospect.  
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2  Methods 

2.1  The Magnetotelluric method  

2.1.1  The theo retical basis of the MT method  

The Magnetotelluric (MT) method is a passive Electromagnetic (EM) exploration technique 

that utilizes a broad spectrum of the Earthôs natural EM fields ranging from 10 kHz to less 

than 0.0001 Hz to investigate the spatial variations in the electrical resistivity of the 

subsurface at depths from less than a hundred metre to several kilometres (Chave and Jones, 

2012). The natural EM field signals originate from two distinct sources: (1) low-frequency 

(1 Hz to <0.0001 Hz) EM signal due to the interaction of the solar wind (a continuous stream 

of plasma, carrying a weak magnetic field) and Earthôs magnetic field (Parker, 1958); and 

(2) high-frequency signals (>1 Hz to 10 kHz) due to global lightning activities (e.g., Simpson 

and Bahr, 2005). These far and large-scale sources are treated as uniform plane waves 

propagating vertically in the highly resistive air and diffusively into the Earth which acts like 

a good conductor (Vozoff, 1972). The fluctuating magnetic field induces an electric current 

within the Earth, known as telluric current. The magnitude of the telluric current depends on 

the electrical conductivity of the subsurface. Based on Ampereôs law, measurements of 

magnetic fluctuations at the Earthôs surface determine the total electric current in the 

subsurface (Chave et al., 2012). The addition of electric field measurement at the Earthôs 

surface provides the electrical conductivity below that point, and the transformation of 

electric and magnetic field data into the frequency domain helps to map the electrical 

conductivity as a function of depth and position. Because the EM fields are vectors, it is 

possible to measure three components of the magnetic field, and two horizontal components 

of the electric field on the surface of the Earth, where the vertical electric field vernishes due 

to the presence of the insulating atmosphere. When measurements are made in the 1 Hz to 

104 Hz frequency range, the method is referred to as the audio-frequency magnetotelluric 

(AMT) method. The low-frequency range of MT is typically applied for deep crustal-scale 

investigations while AMT is used to investigate shallow targets (Munoz et al., 2010). In this 

study, a frequency range of 320 Hz to 0.001 Hz was used to investigate the geothermal 

systems in the Ngozi and Rungwe prospects.  

The MT method involves measuring the fluctuations of the naturally occurring electric and 

magnetic fields in orthogonal directions as means of determining the resistivity structure in 

the Earth's subsurface. The measurements at the surface of both the amplitude and phase of 

these fields are dependent on the electrical resistivity beneath the Earthôs surface. In 

geothermal areas, the electrical resistivity variation is mainly influenced by several 

parameters including the conductivity of the rock matrix, permeability and the pore structure 

of the rock, the degree of fluid saturation, type of pore-fluid such as the content of water and 

steam, salinity of the pore fluid, surface or interface of conductivity and temperature (Hersir 

et al., 2021 and references therein). The shallower part of the geothermal system usually less 

than 2 km is typically dominated by the very low resistivity of the hydrothermally altered 

smectite clay cap or sedimentary deposition with high cation exchange capacity (CEC). In 

the geothermal reservoir below the clay cap where the rocks are porous and dominated by 

high-temperature hydrothermal clay alteration minerals such as chlorite and epidote, 

resistivity variation is controlled by pore-fluid, salinity of the pore fluid and temperature but 
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to a lesser degree by the alteration minerals (Lévy et al., 2018). At greater depths, magma 

chambers and partial melting of the rocks may be particularly conductive and will provide a 

resistivity contrast within the surrounding rocks (e.g., Ussher et al., 2000). The interpretation 

of the low-resistivity deeper bodies, however, should be integrated with other data sets as 

there have been a few cases in geothermal fields where low resistivity anomalies interpreted 

at great depth as magma chambers turned out to be graphitic bodies and ore minerals in 

Paleoproterozoic schist (e.g., Cumming, 2009). In some cases, seismic studies have 

identified magma reservoirs that were later found to have no difference in resistivity 

compared to the surrounding host rock. For example, at Newberry Volcano in the USA, the 

magma reservoir is relatively resistive ~50 Ým made of dry rhyolitic melt, which matches 

the resistivity of the surrounding rhyolitic host rock (Martinez and Schultz, 2020). Therefore, 

in such cases, it is not possible to establish the presence of a magma reservoir based entirely 

on the resistivity contrast between the host rock and the melt. 

2.1.2  Governing equations  

The theory of the MT method is described by Maxwellôs equations which relate the electric 

field E and magnetic field B as vector fields in any medium (Chave and Jones, 2012). For 

the derivation of the equations applied in the MT method, the reader is referred to Ward and 

Hohmann (1988), Simpson and Bahr (2005) and Chave and Jones (2012). The four 

Maxwellôs equations are described below: 

ẗɳἎ Ñ            'ÁÕÓÓÓ ÌÁ× ÆÏÒ ÔÈÅ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄȟ                                                   ςȢρ 

ẗɳἌ π              'ÁÕÓÓÓ ÌÁ× ÆÏÒ ÔÈÅ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄȟ                                               ςȢς 

ᶯ Ἇ
ЋἌ

ЋÔ
     &ÁÒÁÄÁÙÓ ÌÁ×ȟ                                                                                  ςȢσ 

ᶯ ἒ ἲ                    !ÍÐÅÒÅÓ ÌÁ×Ȣ                                                                               ςȢτ 

where D is the electric flux density (C/m2), B the magnetic flux density (T = V s/m2), E the 

electric field (V/m), H the magnetic field (A/m), q the electric charge density (C/m3), j the 

electric current density (A/m2) and t is time (s). 

Equation 2.1 is the Gaussôs law for the electric field where the electric displacement D (in 

C/m2) is solely due to a free electric charge density q (in C/m3). 

Equation (2.2) is the Gaussôs law for the magnetic field. It states that magnetic fields, defined 

by the magnetic induction B are always source-free, and no free magnetic poles exist. 

 

Faraday's law in Equation (2.3) shows the coupling of an induced electric field E in a closed 

loop due to a time varying magnetic field B along the axis of the induced electric field. 

Curl of magnetic field with a magnetic intensity H is caused by free electric current densities 

j (in A/m2) and time varying electric displacements. This is expressed mathematically in 

Equation (2.4), and is also known as Ampereôs law. 

 

The expressions for Faraday's and Ampere's laws are initially decoupled. However, in the 

presence of a linear, isotropic medium the material equations (constitutive relations) can be 

introduced: 
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║ ‘╗ȟ                                                                                                    ςȢυ 

and 

╓ ‐╔ȟ                                                                                                  ςȢφ 

Where Ů=Ů0Ůr is the dielectric permittivity, ɛ=ɛ0ɛr is the magnetic permeability, with 

magnetic permeability of free space ɛ0 = 4ˊĿ10
-7 (H/m) and dielectric permittivity of free 

space Ů0 = 8.85Ŀ10
-12 (F/m). Variations in ɛr and Ůr are assumed negligible compared to 

variations in the bulk conductivity ů of rocks. These constants are related via the speed of 

light, ὧ in free space (ὧ ρȾʈ‐ .  

 

Furthermore, current I of density j in Ampereôs law (Equation 2.4), in the presence of an 

electric field can only flow if the medium has a conductivity ů (in S/m) different from zero 

and can be expressed as:  

 

ἲ ʎἏ
ЋἎ

ЋÔ
▒                                                                                            ςȢχ 

where ʎἏ is the conduction current, also known as Ohmôs law. The 
Ἆ
 is the displacement 

current, which is generated by fluctuating electric fields. ▒  is extraneous current, or 
primary current, which is assumed to flow above Earthôs surface.  

Using the constitutive relations (2.5 and 2.6) and Ohmôs law, Maxwellôs equations (2.1 to 

2.4) may be written as: 

 

​ẗἏ
”

‭
                                                                                                                      ςȢψ 

ẗɳἌ π                                                                                                                        ςȢω 

ᶯ Ἇ
ЋἌ
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                                                                                                           ςȢρπ 
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‬╔

‬ὸ
                                                                                          ςȢρρ 

Helmoltz equations 

 

The Equations 2.8-2.11 can be rearranged to yield an expression for extracting information 

about the subsurface. Taking the curl of Equation (2.9) yields: 

ᶯ ᶯ Ἄ ẗɳ ẗɳἌ ᶯἌ ᶯ ʈʎἏ ʈ
ẗЋἏצ

ЋÔ
ʈʎ
ЋἌ

ЋÔ
ʈצ
ЋἌ

ЋÔ
 
2.12 

 

Since ​ẗ║ π, Equation (2.12) simplifies to the equation of telegraphy, which describes 
the diffusive wave characteristics in a lossy (ů > 0) medium: 
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ЋἌ

ЋÔ
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ЋἌ
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 2.13 

 

The MT method works in the frequency domain. To convert Equation 2.13 into the frequency 

domain, the Fourier transformation conversion is applied. Assuming a harmonic time 

dependence eiɤt for B, Equation (2.13) yields the Helmholtz equation in the frequency 

domain: 

 

ᶯ ɾ Ἄ π 2.14 

 

where ‎ denotes the complex wave number 

 

ɾ Éʖʈʎʖʈצ Ë ʆ 2.15 

 

The undamped wave part, travelling at a speed of ὧ ρȾ Ѝ‘‐ is described by ə, whose 

wavelength is ɚ=2ˊ/ə. In a conductive medium such as the Earth, the low frequencies utilized 

in MT make the propagation constant k (in m-1) play a more important role since „ḻ.‫‭ 
This notion is known as the quasi-static assumption and leads to the diffusion Equation for 

the B-field: 

 

​ Ὧ ║ π 2.16 

 

Following the method used above, and considering the case of absence of free current and 

electric charges, the diffusion Equation for the E-field can be derived in a similar fashion: 

 

​ Ὧ ╔ π 2.17 

 

Equations (2.16) and (2.17) are fundamental for understanding the MT method. They 

describe the diffusive behaviour of electromagnetic waves in the frequency range of the MT 

method. 

For a geographical coordinate system {x,y,z}, with x,y and z pointing north, east and 

vertically downwards, respectively, Equations (2.16) and (2.17) are not only dependent on 

the conductivity ů and angular frequency ɤ, but are also depth-dependent, i.e. B=B(z).  

Therefore, the diffusion Equations have the following solution: 

 

B=B0e
- i kz   + B1e 

i kz     2.18 

E=E0e
- i kz   + E1e 

i kz   2.19 

 

B0, B1, E0, E1 are the electromagnetic fields at the surface of the Earth (z=0). B and E have 

to vanish for z Ÿ Ð and, therefore, B1 = E1 = 0. Thus, the solution for Equations 2.18 and 

2.19 simplifies to: 

 

B=B0e
- i kz   2.20 

E=E0e
- i kz   2.21 
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Where k2= iɤɛů; hence,   

 

 

Ὧ ρ Ὥ   
2.22 

 

2.1.3  MT signal penetration depth  

Equation (2.22) suggests the superposition of two characteristics of the field. The fields vary 

sinusoidally with depth due to the imaginary exponential term but also show a depth-

dependent attenuation due to the real term. The inverse of the real part of k is known as the 

skin depth or penetration depth  ‏ of EM field, which is defined as the distance in the 

direction of propagation, at which the amplitude of the electric field is decreased to 1/e of its 

original value, that is ~37% (Griffiths,1999), and can be estimated from the frequency of the 

EM signal and the resistivity of the material which the EM field passes through  using the 

Equation 2.23 below.  

 

‏ υπσ”ȾὪ             ά                                                                                            2.23 

 

where, ɟ is the resistivity of the subsurface [Wm], f is the frequency of the Electromagnetic 

field [Hz].  

 

From the formula, it is visible that the MT method is a frequency-sounding technique where 

the smaller the conductivity (high resistivity) is and/or the lower the frequency is, the deeper 

the EM field penetrates into the Earth. When an EM field of external origin enters the Earth, 

it diffuses downwards, but its penetration depth is limited as it attenuates. For an Earth of 

given resistivity distribution, a low-frequency harmonically oscillating EM field incident at 

the surface penetrates to a greater depth into the Earth than a high-frequency EM field.  

 

The skin depth is a very important factor in MT survey design and interpretation. It is small 

in low resistivity formations and for high-frequency EM signals. Therefore, for greater depth 

of investigation, it is advisable to acquire MT data at long periods. It is to be noted here that 

the simple formulation in Equation 2.23 holds for a semi-infinite halfspace case, which is a 

very simple approximation of the true resistivity distribution in the Earth. For more realistic 

approximations, formulations for the skin depth must consider the resistivity distribution that 

would be 1D, 2D or 3D with an increasing degree of correspondence to reality. On the other 

hand, the use of this simplified formula is justified by the fact that it is often necessary to 

make a realistic estimate of the investigation depth to design a survey and therefore, before 

knowing the actual distribution of the electrical conductivity of the subsurface.    

2.1.4  MT impedance, apparent resistivity , and phase  

Earthôs model of uniform conductivity 
 

The MT impedance, apparent resistivity and phase can be derived assuming Electromagnetic 
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field induction in the Earthôs model of uniform conductivity. Expanding the curl operator in 

full notation, Equation (2.10) shows the following relationship between the components of 

the E- and B-fields: 

 

‬Ὁᾀ
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‬Ὁώ
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‬Ὁὼ

‬ᾀ
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‬Ὁώ

‬ὼ

‬Ὁὼ

‬ώ
Ὥ‫ὄᾀ 2.26 

 

Since we assume that the B-field propagates vertically downward in z-direction, the induced 

E-field does not have a z-component (EZ = 0). The plane-wave assumption states that the 

induced magnetic field only has horizontal components due to large distance to the source 

and that it is, therefore, valid for periods up to 105s. This also implies that the BZ component 

is equal to 0. Therefore, and  have to be zero, too, because there aren't horizontal 

changes in EM fields. The time derivative of, for example, the Bx-component at the surface 

of the Earth is equal to the spatial derivative of the Ey-component with respect to z. Equation 

(2.21) is the solution to the spatial derivative of Ey: 

 

‬Ὁώ

‬ᾀ
ὯὉ Ὡ Ὥ‫ὄ Ὥ‫ὄ Ὡ  2.27 

 

The magnetotelluric impedance Z (in units in ɋ) is defined as the ratio of the electric and 

magnetic fields measured at the surface: 
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The ratio of the orthogonal components of the fields yields the same Z with an opposite sign. 

The apparent resistivity of the half-space, in units of ɋm, is defined as: 

 

”
‘

„
╩᷄᷄  2.29 

 

In the frequency domain, Z(ɤ) is complex and has an associated phase ‰: 
 

‰ ὥὶὫ
‫

‘„
ЍὭ ὥὶὫ

‫

‘„
Ὡ ϳ “τϳ  2.30 

 

Thus, the phase is a constant 45Á, regardless of the resistivity of the underlying half-space. 

Schmucker and Weidelt (1975) introduced the complex Schmucker-Weidelt transfer function 

C, which is directly related to the inverse of the propagation constant k: 
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EM Induction in a layered (1D) Earth 
 

Let's consider a horizontally layered Earth, where the conductivity only varies with depth 

along the x-axis. Each layer contains components of down-going and up-going energy, e.g., 

the x-component of the E-field in the nth-layer can be expressed as: 

 

Ὁ ὥ Ὧȟ‫Ὡ ὦ Ὧȟ‫Ὡ  2.32 

 

The magnetic field in the orthogonal y-direction would equate to: 

 

ὄ
Ὧ

Ὥ‫
Ὁ  2.33 

 

Therefore, the transfer function C for the nth-layer is: 

 

ὅ ᾀ Ὁ
ᾀ

Ὥ‫ὄ ᾀ
 2.34 

 

Wait (1954) noted that the transfer function can be analytically determined for each layer. 

Starting from the lowermost layer N, which is equal to a homogeneous half-space, Waitôs 

recursive formula calculates each corresponding layer on top of the nth-layer: 

 

ὅ ᾀ
Ὧὅ ᾀ ÔÁÎÈὯ ὤ ὤ

Ὧ ρ Ὧὅ ᾀ ÔÁÎÈὯ ὤ ὤ
 2.35 

 

The apparent resistivity ɟa of the layered media can be expressed in terms of the complex 

transfer function C (compare to Equation 2.19): 

 

” ‫ ᷄᷄ὅ‫ ᷄᷄‘„ 2.36 

 

Accordingly, the phase ‰ is given as the inverse tangent of the ratio of the real and imaginary 
part of C: 

 

‰‫
ᴑὅ

ᴘὅ
 2.37 

 

In a two-layered model the phase will be above 45Á if the top layer is less conductive than 

the bottom layer. Contrarily, the phase will be below 45Á. For an n-layered Earth, the 

apparent resistivity curve has an asymptotic behaviour towards the shallowest and deepest 

layer at either end of the period range. The resolution of the middle layers depends strongly 
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on their thickness and their resistivity, and cannot necessarily be determined. Furthermore, 

conductive layers are more easily detected than resistive layers (Spies and Frischknecht, 

1991). If ɟ1 and ɟ2 (ɟ2>ɟ1) are the resistivities of two layers, the resolution of the resistive 

layer is M times that of the conductive layer (Orange, 1989). It should also be mentioned 

that the entire information about the layered Earth is contained in the electric field E. 

 

EM Induction in a 2D Earth 

 

B and E-polarizations 

  

Figure 2.1 illustrates a simplified two-dimensional (2D) model with a vertical resistivity 

boundary striking in the x-direction. The resistivity boundary may represent a geological 

fault or dyke. Electric currents on both sides of the interface must be conserved following 

the equation of continuity that assigns that the normal components of current density must 

be continuous on both sides. Ohm's law (Equation 2.7) can then be used to connect the 

current density to the electric field. 

 
Figure 2.1 Two-dimensional resistivity model with a lateral contact striking in x-direction. 

The resistivity boundary separates two regions of different conductivity ů1 Í ů2. The E-field 

discontinuity arises from current preservation across the vertical contact.  

 

For the y-component: 

 

Ὦ „Ὁ „Ὁ Ὦ  2.38 

 

The discontinuity in the resistivities causes a jump in the electric field normal to the 

boundary (Ey-component in Figure 2.1). The tangential components of the E-field in both 

the y and the z-direction are continuous: Et1=Et2. Due to the assumption of homogeneous 

magnetic permeability, the normal and tangential components of the magnetic field B are 

also continuous. The 2D assumption requires that the strike length is significantly longer 

than the skin-depth (Equation 2.23) and that all variations of the fields parallel to the strike 

are zero ( π). 

Furthermore, the EM fields are orthogonal and can be decoupled into a component with the 
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E-field parallel to strike and the B-field parallel to strike. The two modes are referred to E-

polarization (transverse electric (TE)-mode) and B-polarization (transverse magnetic (TM)-

mode), respectively. The E-polarization can be described through the following 

relationships: 
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E-polarization 

2.39 

2.40 

2.41 
 

 

There is no discontinuous behaviour for the E-polarization as the Ey-component does not 

exist in this mode. 

In case of the B-polarization, the currents are flowing perpendicular to the strike: 
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B-polarization 

2.42 

2.43 

2.44 
 

 

At the ground-air boundary, EZ=0. From the discussion above, it is clear that the 

discontinuity in the electric field is ů1/ů2 for the B-polarization across the boundary. 

Therefore, the apparent resistivity ɟa has an offset of (ů1/ů2 )
2 (Equation 2.38). Thus, the B-

polarization achieves a sharper resolution of the lateral resistivity boundary due to the jump 

in apparent resistivity. However, the resistivities close to the boundary are estimated too low 

for the less resistive region and too high for the more resistive region. The E-polarization is 

more stable regarding the apparent resistivity estimates. 

 

Impedance tensor rotation 

 

To take into account the complex geometry of resistivity distrbution, the common practice 

is to measure both horizontal components of E and H, in order to find Z. Therefore, the 

measure of these fields is done following the layout depicted in Figure 2.2. 

During MT field data collection, the coordinates of measurement rarely coincide with the 

strike of a 2D structure. Therefore, the MT impedance tensor Zô contains non-zero 

components, unless it is rotated by an angle ‌, which rotates it into a coordinate frame 

parallel and perpendicular to the strike of the resistivity boundary: 

╩ᴂ
ὤᴂ ὤᴂ

ὤᴂ ὤᴂ
Ὑ

π ὤᴂ

ὤᴂ π
Ὑ Ὑὤ Ὑ  2.45 

where 
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Figure 2.2  Sketch of MT acquisition layout. E-field is measured by two horizontal electrical 

dipoles, while H-field is measured by three magnetometers aligned with x-y-z coordinates. 

Matching between N and x-coordinate is arbitrary. 

 
The components of the Z-tensor change according to the dimensionality of the resistivity 

structures, as summarized in Table 2.1: 

 

Table 2.1 Entries of the impedance tensor Z vs dimensionality and isotropic conductivity 

distribution. The entries become increasingly independent for more complex dimensionality 

Z||and Zƍ denote the E-parallel and E-perpendicular impedance, respectively. 

 Dimensionality 

1D 2D 3D 
 

Tensor components Zxx=Zyy=0 

Zxy=-Zyx 

Zxx=-Zyy 

ZxyÍZyx 

ZxxÍ-ZyyÍZxyÍZyx 

Impedance tensor π ὤ
ὤ π

 
π ὤ

ὤ π
 

ὤ ὤ

ὤ ὤ
 

 

2.1.5  Data acquisition  

The electric and magnetic field time series used in this study were acquired in the frequency 

range between 0.0001 Hz to 10 kHz using three broadband Phoenix MTU-5A systems 

(Phoenix, 2018) shown in Figure 2.3. MTU-5A consists of five channels, 2 electric field 

channels Ex and Ey, and 3 magnetic channels, Hx, Hy, and Hz. The instrument has a 

dynamic range of 130 dB with a powerline notch filter of >40 dB plus a selectable low pass, 

high pass, and band pass filter.  

The magnetic field was measured by three low-noise broadband induction coils (MTC-150 

and MTC-50H). The electric field was measured by Lead Chloride non-polarizing, 

broadband electrodes spaced between 70 and 100 m apart. Analog signals were amplified 
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and filtered before 24-bit digitization with three sampling rates of 2,400 Hz, 150 Hz and 15 

Hz.  

 

Figure 2.3  Phoenix MTU-5A system (Phoenix, 2018) used for the data acquisition.  

 

Figure 2.4  The field setup of an MT station indicating relative electrode line and induction 

magnetometer positions (Hersir et al., 2021).      

A typical MT data acquisition field layout is shown in Figure 2.4. The electrode lines 

measure electrical potential differences typically along the North-South (Ex component) and 

East-West (Ey component) directions. Two magnetic sensors are oriented along the North-

South (Hx) and East-West (Hy) geomagnetic directions (that may be easily referred to 

geographical coordinates once the geomagnetic declination is known) to measure the 

horizontal magnetic field while a third coil is installed vertically to measure the vertical 

magnetic field (Hz). In Tanzania, the magnetic declination is nearly 1° which implies that 

geomagnetic and geographical coordinates are almost identical. 

MT data were collected at a total of 190 stations with a spacing ranging from 600 m to 2000 

m over an area of approximately 700 km2 across the Ngozi and Rungwe volcanoes within 
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the RVP. The data acquisition was carried out by TGDC crews and UNEP-supported GDC 

crews in several field campaigns which were conducted between 2015 and 2023.  

The average recording time was about 18 hours, essentially deployed overnight when there 

is a minimum effect of non-planar electromagnetic fields (Chave and Jones, 2012).  

2.1.6  I mpedance tensor and magnetic transfer functions  

The impedance tensor ╩‫  and magnetic field Tipper ╣‫  are the fundamental MT 

transfer functions estimated at a given angular frequency ‫ ς“Ὢ from the MT time series. 

Impedance tensor and Tipper contain information about the electrical structure of the Earth 

below each measurement site. The MT transfer functions in fact depend on the electrical 

resistivity distribution in an approximatively semispherical volume of Earth with a radius 

equal to the skin depth for the considered frequency of the EM signal. Actually, as explained 

by Simpson and Bahr (2005), this approximation is far too simple, because the conductivity 

structure of the Earth varies laterally as well as with depth. It is in fact deined an "adjustment 

length" which indicates the lateral distance up to which resistivity variations affect the MT 

impedance.  

The time series of the two electric field components (Ex, Ey) and the three magnetic field 

components (Hx, Hy, and Hz) for each station were transformed into the frequency domain 

using the Fast Fourier Transformation method (Vozoff, 1991) using robust processing 

technique and editing the results (Egbert and Booker, 1986) in the SSMT2000 program 

(Phoenix Geophysics, 2005) and used to estimate the impedance tensor (Z): 
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The magnetic field Tipper (the magnetic transfer function T) is defined by:                                               

( 4( 4(  e                                                                                     ςȢτψ                                                          

where eȟȟ represent the incoherent noise not modelled by the linear relationships above. 

The adopted SSMT2000 software (Phoenix Geophysics, 2005) uses an algorithm that 

performs an iterative coherence-based sorting of the Fourier-transformed data events and is 

based on two main processing steps (Jones and Jodicke, 1984). The first step transforms the 

five-time series from the time domain to the frequency domain. The Fourier transform is 

applied to the time series by calculating the amplitude and phase of the signal at a set of 

frequencies distributed according to 4 values per octave. The maximum and minimum value 

of frequencies depends on the sampling rate (which affects the highest frequency) and the 

length (affecting the lowest frequency) of the time series. Once the time series have been 

transformed into the frequency domain, the impedance and Tipper may be estimated for each 

chosen frequency as the second step.  

In order to attempt to filter out noise-affected data, the software applies different processing 

schemes chosen by the user and based on multiple and partial coherency (Jones and Jodicke, 

1984) that compare survey site channels with reference site channels (Gamble et al., 1979), 

and consider only data whose coherence is above a given value. Therefore, cultural noise at 

the survey site but not at the reference site might be reduced. Moreover, the software applies 
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a second stage of coherency processing that compares the telluric and magnetic results 

derived from the previous stage and selects data windows where electric and magnetic 

channels have acceptable coherence (see Equations 2.47 and 2.48). 

The Tipper relates the vertical and horizontal components of the magnetic field alone and is 

sensitive to lateral changes in resistivity, particularly for vertically oriented contacts and long 

strike features which are excellent current channelers. In a purely layered earth (1D), the 

Tipper would be zero and it is therefore used for detecting 2D and/or 3D structures. The 

Tipper is a complex, frequency-dependent quantity consisting of both real and imaginary 

components. When plotted on a map as induction vectors, the Tipper provides information 

about the lateral distribution of conductors. The induction vector magnitude is proportional 

to the relative strength of the conductor, which generates the induced vertical magnetic field 

(John and Price, 1970). The real component of the induction vectors can be plotted using the 

Parkinson conversion (Parkinson, 1959), pointing towards conductors (used in this thesis, 

see Appendix C) or the Wiese convention (Wiese, 1962), pointing away from conductors. 

The induction vectors provide information about the subsurface resistivity structure and are 

not affected by frequency-independent galvanic distortions caused by localized 

heterogeneities (Wannamaker et al., 1984).  

In this thesis, most of the MT stations show non-zero Tipper values. The MT data have 

strong 3D effects manifested by 3D distortion parameters including the phase tensors 

(Caldwell et al., 2004) shown in Appendix B. Therefore, we have performed 3D inversion, 

incorporating both impedance and Tipper values to map both vertical and horizontal 

electrical resistivity contrasts. These resistivity anomalies include the Mbaka fault and other 

intrarift faults and fractures, sediment filling in local valleys, and the Ngozi-Rungwe fault 

zone. These fault systems have been interpreted to host prospective high-temperature 

geothermal reservoirs (Didas and Hersir, 2021; Rizello et al., 2022). 

2.1.7  Remote reference technique and MT impedance estimation  

MT measurements are affected by various types of noise, such as cultural sources (e.g., 

power lines, and trains) and atmospheric sources (e.g., lightning and wind vibrations). The 

remote reference technique, suggested by Gamble et al. (1979), involves measuring 

simultaneously at two separate locations: one within the survey area and another one far 

from the survey area several 10s to 1000s of km distant. The horizontal magnetic data from 

the survey area are then cross-correlated with the data from the remote station, and only 

correlated signals are emphasized. Sometimes, for surveys with more than one instrument 

running together, one station can be used as a remote station for the other(s) in case the 

separation is not too small and the noise is limited. This process helps to reduce the random 

and uncorrelated noise while preserving the natural MT signal. Magnetic remote reference 

is preferred over electric reference due to lower noise contamination and consistent 

correlation over large distances of the magnetic signals. 

However, when the noise at the remote station is coherent with the noise at the survey area, 

the remote technique will  not effectively remove the noise (Simpson and Bahr, 2005). 

Therefore, it is very important to make good selection of the remote site at an 

electromagnetically quiet and undisturbed location and to operate it continuously throughout 

the survey time. In case of power transmission lines, it can be advantageous to use multiple 
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remote reference stations, where a more distant one can be used to remove the effects of 

geomagnetically induced currents in the power lines within the long-period MT deadband. 

In this study, because of many technical and practical and field logistic challenges (including 

local lightning, heavy rain, coherent noise), it was not possible to find a good location for a 

remote reference site for the 2015-2016 survey campaign. As a result, the raw data from 

2015-2016 were not processed using remote referencing but whenever possible data from 

one of the MT sites in the area with better data quality were used as a local remote reference 

station. However, for the 2020-2022 MT survey campaign, the data were acquired together 

with the remote reference station that was used to reduce measurement noise.  

2.1.8  Apparent resistivity and phas e  

The apparent resistivity and phase can be estimated from the MT impedance tensor. The 

apparent resistivity is a kind of an average between the different electrical resistivities of the 

subsurface which the diffusing EM field of varying frequencies travels through.  

The phase angle •‫  represents the amount of time by which the harmonically oscillating 

electric field lags or leads the harmonically oscillating magnetic field. Considering  Ὡ  

time dependence of the fields: i) the phase is 45° over a half-space; ii) for a 1D earth, the 

phase increases from 45° with 1/f if there is a resistivity decrease at depth, while it decreases 

with 1/f if there is a resistivity increase at depth. Also, for a semi-infinite halfspace, the 

apparent resistivity is the true resistivity. For a 1D Earth layered earth, at the high frequency 

limit the apparent resistivity is the true resistivity of the top layer and at the low frequency 

limit it is the true resistivity of the bottom bounding halfspace. The apparent resistivity takes 

on intermediate values elsewhere in the frequency (i.e. pseudo-depth) domain. Apparent 

resistivity and phase for the EM fields for the off-diagonal components (i.e., xy and yx), and 

for the diagonal components (i.e., xx, and yy) were calculated for ease of data visualization 

(Figure 2.5). 

The apparent resistivity and phase for the off-diagonal impedance tensor elements (similar 

for the on-diagonal impedance tensor elements, xx and yy) are given by  

  ” ‫ ὤ        and      •‫ ÔÁÎ                                        ςȢτω 

 

” ‫ ὤ           and      •‫ ÔÁÎ                                       ςȢυπ                                   

 

where, Im means the imaginary component of the complex number and Re is the real 

component. Both apparent resistivity and phase are functions of an angular frequency ‫
ς“Ὢ, and ‘ is the magnetic permeability in free space.  

The phase angle can also be approximated as the slope of the resistivity curve when plotted 

against the period (Weidelt, 1972; Vozoff, 1990). 

In the present study, apparent resistivity, phase and Tipper were computed for every MT 

station. The resulting apparent resistivities and phases were stored as Electrical Data 

Interchange (EDI) format, suitable for compatibility with geophysical inversion software. 
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Figure 2.3 shows an example of apparent resistivity and phase curves (xy- and yx-mode) at 

MT stations nz320 and nz342 measured in the Ngozi prospect.   

MT station nz342 is possibly affected by the near-field effect only affecting the yx-mode. 

Since it affects the yx-mode only, we inferred that this issue was due to the mostly E-W 

trending 220 kV powerline. These observations are explained in Paper II.  In such cases, the 

mode which is more affected by the near-field, is usually the one more parallel to the 

equivalent electrical dipole source, as reported by Pádua et al. (2002). 

          

Figure 2.5  Apparent resistivity and phase plotted against period which acts as a proxy for 

depth, for MT station nz320 and nz342, respectively. The nz320 MT data were acquired on 

the ridge of Ngozi volcano and are strongly affected by static shift distortion of more than a 

decade seen by the separation of the two apparent resistivity curves. Station nz342 was 

measured in the valley, north of Ngozi volcano and its yx mode was strongly affected by the 

220 kV powerline, as revealed by the yx apparent resistivity mode slope exceeding 45° and 

phases approaching 0° from about 2 to 0.2 s. Please note that x and y refer to the geographic 

North and East directions, respectively. óRotated to 0°ôat the top right of the apparent 
resistivity panels indicates that there has been no rotation of the data with respect to the 

geomagnetic coordinates. 

2.1.9  Directionality and Dimensionality of  MT  data  

Before interpreting MT data, it is essential to analyze the dimensionality of the data in order 

to determine the appropriate inversion method and to understand the potential limitations of 

the models. The resistivity model for the Earth can be categorized as 1D, 2D, or 3D based 

on single or multiple MT stations parameters. For single MT station parameters, the 

resistivity pattern in the survey area can be categorized using parameters such as the Skew, 

a dimensionless parameter that shows how the MT data vary from the ideal 2D model 

computed from the impedances (see Equation 2.53 below), the amplitude of Zxx and Zyy 

relative to the amplitude of Zxy and Zyx in the principal axis rotation, from the split of the 

apparent resistivity curves as well as the Tipper magnitude. For multiple stations, phase 

tensors and induction arrows are emphasized more than impedance polar diagrams that tend 
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to be biased by static shift. Based on the assessment of these MT station parameters, a 1D, 

2D or 3D inversion approach can be chosen to appropriately resolve the subsurface 

resistivity pattern. In a 1D Earth, resistivity only changes with depth. In a 2D Earth, 

resistivity varies with depth and in one principal horizontal direction (across the geoelectric 

strike direction). The horizontal angle perpendicular to that direction is called the electrical 

strike (see further in Hersir et al., 2021). In a 3D Earth, there is no specific strike direction 

and resistivity changes in all three principal directions. To better understand the variations 

in resistivity with depth in our study area, we conducted 1D and 3D inversion models of the 

resistivity distribution. We compared the results for a detailed investigation of the conductive 

smectite clay cap and reservoir geometries that were integrated with geological and 

geochemical results and identified potential areas for exploration drilling to confirm the 

presence of geothermal resources.     

1D Earth  case  

In a 1D model, it is assumed that the Earth is a half-space made of multiple horizontal layers. 

In this case, the impedance tensor can be represented as follows: 
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Only the orthogonal components of the magnetic and electric field are related, independent 

of the component orientations, and the diagonal components are zero. The off-diagonal 

components (Zxy and Zyx) are equal in magnitude but have opposite sign.   

We used the TEMTD Linux-based software (Árnason, 2006b) to perform 1D joint inversion 

of the MT and TEM data using the arithmetic mean value of the off-diagonal components of 

the impedance tensor. The arithmetic mean was found to be more reliable and consistent 

compared to other invariants such as the determinant and the geometric mean. Therefore, it 

was chosen as the most suitable parameter for the inversion process. It provided stable and 

reasonable estimates for the resistivity values for each MT station, specifically for the ɟxy 

and ɟyx resistivities. The static shift distortion of MT data was corrected through the 1D joint 

inversion of MT and TEM data. This was achieved by applying a static shift correction 

factor, which shifted the apparent resistivity curve of the MT data to tie in with the apparent 

resistivity curve of the collocated TEM data. 

We used a model composed of 50 layers with a noise floor for the response data set to be 

3%. Damping factors were applied to smooth the output model, and the misfit of the model 

was evaluated using the Root-Mean-Square (RMS) factor. The highest RMS in the final fit 

was less than 2 for all soundings. Figure 2.64c illustrates a smooth 1D inversion result for 

site ng30Ar, representing the resistivity variations with depth in the study area. 

2D Earth  case  

For 2D scenario, it is assumed that resistivity changes with depth and in one principal 

horizontal direction, i.e., orthogonal to the direction along which the conductivity is constant, 

the geoelectric strike. In this situation, the geoelectric strike direction, is determined by 

mathematically rotating the impedance tensor to align with the strike of the geoelectric 

structure that may be causing current channeling as discussed in subchapter 2.1.4. The 

impedance tensor can be expressed as: 
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In the case of a perfectly 2D scenario, only the magnetic and electric fields' orthogonal 

components are related, meaning that the diagonal components (Zxx and Zyy) are equal to 

zero. This simplifying assumption can be applicable in many cases, but it must be carefully 

tested for each dataset. The methods for testing dimensionality and geoelectric strike 

direction are discussed in subchapter 2.1.10. 

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.  

The inversion process is carried out on profiles perpendicular to the geoelectric strike after 

having rotated the measured coordinate system parallel and perpendicular to the geoelectric 

strike. We have not included the 2D inversion results in this thesis because the resistivity 

pattern is not generally 2D. The MT stations are 1D to a limited depth extent and are included 

in Appendix B to illustrate the implications of noise for the resolution of resistivity below 

individual stations. 

3D Earth  case   

The Earth is generally 3D, therefore, resistivity varies with depth and in all horizontal 

directions. In a 3D Earth model, all the components of the impedance tensor are non-zero 

and, the diagonal elements of the impedance tensor Zxx and Zyy do not become zero 

simultaneously in any rotated coordinate system. Similarly, the off-diagonal elements of the 

impedance tensor Zxy and Zyx differ. Therefore, for a 3D Earth model, all the tensor elements 

are considered (Chave and Jones, 2012). The MT parameters are described by the impedance 

and induction terms in Equations 2.47 and 2.48. 

In this thesis, a 3D resistivity modelling of MT data was performed using two software, the 

ModEM software (Egbert and Kelbert, 2012; Kelbert et al., 2014) and the GeoTools-

RLM3D software developed by CGG (Mackie and Watts, 2012) by inverting the unrotated 

(i.e. aligned along the geomagnetic north that is practically parallel to the geographic North 

given the declination lower than 1° in the survey area) full impedance tensor elements (Zxx, 

Zyy, Zxy, and Zyx) together with the vertical to horizontal magnetic transfer functions from 

the 190 MT stations. The final inversion using GeoTools-RLM3D used all components of 

stations edited to reduce noise, whereas preliminary 3D MT inversions using ModEM 

utilized the generally lower noise on-diagonal impedance data. The two inversion codes 

produced similar results, however, GeoTools-RLM3D imaged a deep conductor not revealed 

by ModEM.  The second paper in this thesis describes the modelling process and the results 

in detail.    

2.1.10  MT dimensionality indicators  

For MT data, dimensionality is dependent on frequency. At lower frequencies, the MT 

responses are influenced by changes in resistivity at both greater depth and greater distance 

from the station. Various parameters are used to assess the dimensionality, including 

Ellipticity, Skew, MT polarization (polar diagrams), Tipper induction arrows, phase tensor 
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analysis, and the apparent resistivities ” ” and ‫ ‫  spectra, which are compared 

directly to the ” ‫   and ” ‫   spectra in an appropriate rotation. 

Skew, Ellipticity and Phase tensor   

The Skew (S) is a dimensionless parameter that shows how the MT data vary from the ideal 

2D model as defined by Swift (1967) and is expressed by the following equation: 

Ὓ
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Ellipticity (E) is the ratio of the magnitude of the difference of the rotated diagonal elements 

to the sum of the rotated off-diagonal elements of the rotated impedance tensor as defined 

by Ranganayaki (1984) by the following equation:  
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According to Ranganayaki (1984) if E is < 0.1 the subsurface structure may be considered 

mainly as 1D.  

Phase tensor analysis (Caldwell et al., 2004) on the other hand can help to characterize the 

1D, 2D and 3D dimensionality and geoelectric strike direction without imposing the 

condition of 2D dimensionality of the subsurface. Like the Skew and Ellipti city, the phase 

tensors are sensitive to dimensionality of the subsurface but unlike Skew and Ellipticity, 

phase tensors are not affected by the static distortion.  

To assess the subsurface dimensionality below the survey area, phase tensors are often 

represented as ellipses with principal phase values of the tensor represented by major and 

minor axes of the ellipse, respectively, coloured by the normalized Skew angle indicating 

the dimensional indicator. Plotting the phase tensor ellipses on a map reveals the strike 

direction and dimensionality of the subsurface. For 1D Earth, the phase tensor will plot as a 

circle. For 2D Earth, the phase tensor will plot as an ellipse with the major axis equal to the 

magnitude of the maximum value of the diagonal phase tensor elements. For 3D Earth, the 

phase tensor will be an ellipse and will align perpendicular to the most conductive direction. 

Usually, low Skew values of <0.2 indicate the resistivity geometry of the subsurface as 1D 

or 2D while a large Skew angle implies a 3D structure.  

Our observed Skew values in the Ngozi and Rungwe prospects are generally large and imply 

a strong 3D effect. Appendix B provides phase tensor ellipses of MT data for the periods of 

0.1 s, 1.0 s, 10 s and 100 s. At 10 s and longer periods, the data are typically 3D. Therefore, 

to resolve the 3D subsurface geometry, we performed the 3D inversion for the MT data in 

this study.   

Tipper  

Based on the plane wave assumption the vertical magnetic fields are created by lateral 

conductivity gradients in the Earthôs subsurface. The Tipper T (w) is non-zero above non 

1D conductivity structures, and zero above a 1D conductive structure (Berdichevsky and 

Dmitriev, 2008). Typically, Tippers are used to detect 2D and/or 3D conductivity structures 

(e.g., Samrock and Kuvshinov, 2013; Morschhauser et al., 2019; Hersir et al., 2021). 
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In this study, we estimated Tipper magnitudes by measuring the vertical component of the 

magnetic fields. The Tippers showed large values greater than zero, indicating that the 

subsurface in the study area is generally 2D or 3D. 

2.1.11  Static shift  analysis  and correction technique s 

The static shift effect is a phenomenon that has been recognized as an interpretation problem 

by many researchers for decades (e.g., Sternberg et al., 1988; Árnason et al., 2010). 

Generally, static shift originates from 3D structural effects that are on a scale too small to 

resolve given the frequency range and station spacing used in the survey. In areas with flat 

topography MT static shift is likely caused by near surface inhomogeneities typically 

produced by hydrothermal alteration in geothermal areas near the sounding site at a depth 

less than the minimum MT skin depth (e.g., Chave and Jones, 2012). In areas with rugged 

surfaces such as many volcanoes, the static shift is more likely to be caused by the 

topography (e.g., Stark et al., 2013) whereas the electric current flux is forced to spread out 

in topographic highs, thus lowering resistivity, and concentrating in topographic lows, 

thereby increasing resistivity (Árnason, 2015). Regardless the origin of the static shift, there 

are several approaches to explain and model statics. For example, the static shift caused by 

topography can be modelled by using the techniques of e.g., Jiracek (1990), Stark et al. 

(2013) and Árnason (2015) while static caused by inhomogeneities can be modelled using 

the approach by Pellerin and Hohmann (1990).   

Practically, the static shift effect can be seen as a shift of one mode which could be detected 

by mode separation or both modes of the apparent resistivity curves of MT sounding data 

e.g., nz320 (Figure 2.5) across the entire frequency range (Park and Livelybrooks, 1989). 

Another way to evaluate the static shift effect is by observing the vertical shifts between the 

xy and yx apparent resistivity pseudo-sections. If not corrected for before or during 

inversion, the static shift can lead to incorrect resistivity values and a misleading pattern of 

resistivity, particularly with respect to adjacent stations not affected or differently affected 

by the static shift. While the static shift strongly affects the resistivity curve, it does not 

impact the phase curve. Likewise, the magnetic field Tipper is generally not affected by 

statics since it is only related to magnetic field components. 

Various methods are employed to correct static shifts, with one of the most common 

techniques involves the use of active EM methods such as Transient Electromagnetic (TEM) 

measurements to provide an alternative constraint on near-surface resistivity. The MT 

apparent resistivity curves are then adjusted accordingly. One of the most effective methods 

involves correcting the shift by conducting a 1D joint inversion of the apparent resistivities 

of the collocated MT and TEM stations when the shallow structure is effectively 1D (e.g., 

Sternberg et al., 1988; Cumming and Mackie, 2010; Árnason et al., 2010; Árnason, 2015). 

Other methods for mitigating the effect of the MT static shift include 3D inversion of the 

MT phase tensor (Caldwell et al., 2004; Samrock et al., 2018), determination of the square 

root of the sum of the squared elements of the impedance (Rung-Arunan et al., 2022), 

averaging techniques (Tumbu and Mizunaga, 2020), and inverting for both 3D conductivity 

distribution and the elements of the distortion matrix (e.g. Avdeeva et al., 2015; Moorkamp 

et al., 2020; Soyer et al., 2021). Static shifts caused by topography can be corrected by 

modelling the topography in the survey area (Stark et al., 2013). However, static shift 

distortion is still an ongoing research topic and there is no general agreement on how to 

handle it.  
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Another simpler method for addressing static distortion in 3D MT inversion involves the 

following steps: First, finely discretize the upper part of the model. Then, reduce the 

regularization parameter in that part so that the structure in the upper zones can be arbitrarily 

rough while using more typical levels of regularization below. The upper zone becomes a 

scattering layer that can accommodate the effects of the static distortion. In this thesis, the 

static shift effects were assessed and corrected using TEM data and by modelling the 

topography in the starting model before 3D inversion was performed in the ModEM code 

(Egbert and Kelbert, 2012; Kelbert et al. 2014) and GeoTools-RLM3D software developed 

by CGG (Mackie and Watts, 2012). We found that the static shift is not only due to shallow 

conductors but also because of the rugged terrain. Therefore, it is important to isolate and 

understand the effect of terrain and increase confidence in interpreting the subsurface 

resistivity variations. 

Based on the split between the two modes of apparent resistivity at 100 Hz in principal axis 

rotation, 45 MT stations had an apparent shift that differed by a factor of >2 times, at which 

point the geometry of the resistivity model was likely to be noticeably affected in this 

geothermal context. However, a >5 times apparent static was detected at only 15 stations 

(e.g., see Figure 2.5) which might significantly affect the interpretation if not adjusted. 

Moreover, based on correlations with the TEM data, the average shift was only times 0.88 

(e.g., see Figure 2.6c), therefore, both modes were not commonly offset in the same 

direction. The sites located at the Rungwe and Ngozi volcanoes show large static shifts 

affecting the off-diagonal (xy and yx) components of the apparent resistivity curves 

throughout the frequency range (e.g., nz320 in Figure 2.5) probably caused by topography. 

We estimated and corrected static shift distortion at stations with coincident TEM data. We 

used the Pellerin and Hohmann (1990) method to match the Zxy and Zyx impedances by 

shifting the two modes to a synthetic MT curve derived from the TEM data. This was part 

of a 1D joint inversion of the MT and TEM data using the TEMTD software, as shown in 

Figure 2.6 panels b and c. 

Where TEM soundings were not available, we corrected MT stations for statics by aligning 

the apparent resistivity mode polarization with the topography at 100 Hz. We then adjusted 

it based on the expected topographic distortion based on Jiracek (1990). If an MT station 

was located on a ridge with its maximum polarization aligned with the ridge, we shifted the 

lower apparent resistivity mode to the higher mode in principal axis rotation. This evaluation 

at 100 Hz in a geothermal context is usually sufficient to isolate static distortion due to 

topography from the geological signal and from sources of noise such as capacity coupling 

(typically >300 Hz) or 50 Hz noise (UNEP/ARGeo, 2016).  
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Figure 2.6  A comparison between the field data affected by the static shift, and the static 

shift distortion corrected using TEM data and the 1D joint inversion result of MT and TEM 

data. (a) Field data for site ng30Ar affected by the static shift seen by the separation of the 

apparent resistivity curves, (b) MT sounding ng30Ar corrected for a static shift using TEM 

data. (c) Joint 1D Occam inversion of TEM and the average of the two modes of the MT 

data. The green curve to the right shows the resistivity Occam model vs. depth. The 

calculated responses of the resistivity model are given by the solid green lines in the two 

panels to the left. The shift multiplier is shown in the upper right-hand corner of the apparent 

resistivity panel.  

2.2  Transient Electromagnetic (TEM) method  

The Transient Electromagnetic (TEM) method is a geophysical technique that uses a 

controlled and time-varying magnetic field to induce currents within the Earth, providing 

information about the resistivity of the subsurface. A primary magnetic field is created by 

an artificial steady current source transmitted through a wire loop or dipole placed on the 
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ground. When the transmitter current is abruptly terminated, eddy currents are induced in 

the ground, creating a secondary magnetic field. This secondary field diminishes over time, 

inducing a voltage in a receiver coil. The measurement of the voltage in the receiver coil 

provides resistivity information as a function of depth (Árnason, 1989). 

Initially, after the transmitter current is terminated, the current in the ground is concentrated 

near the surface, and the measured signal predominantly reflects the resistivity of the 

uppermost layers. As time elapses, the current permeates deeper into the ground, and the 

measured signal provides insights into the resistivity of the deeper Earth layers. The depth 

of exploration is primarily determined by the product of the current and the area of the loop 

(transmitter moment) and the conductivity structure of the Earth. For more details, the reader 

is referred to Árnason (1989) and Spies and Frischknecht (1991). 

In this study, the TEM method utilized the central loop configuration, employing a square 

transmitter loop and an inductive receiver coil coupled to the receiver unit. The transmission 

frequency was regulated by a controller unit that manages the current switching on and off 

in the loop. The receiver measured the decaying voltage after the termination of the current 

by the transmitter, ensuring the measurement of small secondary voltages in the absence of 

the primary field when the current was off. 

TEM measurements are susceptible to distortions originating from cultural noise, 

instrumental noise from electronics, natural electromagnetic noise, and dimensional 

distortion, particularly related to topography (Stark et al., 2013). Some of these distortions 

can be mitigated through good site selection, repetitive stacking of measurements for each 

frequency, and the computation of averages. 

Because the TEM method does not measure electric fields, it is not affected by the static 

shift. Therefore, to support the geothermal resistivity model, co-located TEM and MT 

soundings often provide an effective technique to correct for MT static shift (Sternberg et 

al., 1988; Pellerin and Hohmann, 1990; Árnason, 2015). 

2.2.1  Data acquisition and analysi s 

The TEM data, used for correcting MT static distortion, were acquired using Zonge GDP32-

12 and Zonge GDP32-24-bit multifunctional receiver TEM systems, the GT30 battery 

transmitter and 100 m or 200 m square transmitter loops during the 2015 and 2020 

campaigns. The half-duty square wave current in the transmitter loop varied from 7 A to 21 

A at 16 Hz, 4 Hz and 2 Hz. The time derivative of the vertical magnetic field was measured 

by a magnetic sensor coil at the centre of the loop. At most of the MT sites around the 

Rungwe volcano and the surrounding area, it was not possible to acquire TEM data because 

the terrain and logistical challenges of the prospect area made TEM data acquisition too 

expensive or impractical and, in any case, central loop TEM can be more distorted by rugged 

topography than MT (Stark et al., 2013).  

The TemxZ software (Árnason, 2006a) was used to process the TEM data. The data from 

Zonge TEM equipment were analysed by omitting outliers, stacking and computing the 

apparent resistivity as a function of time after turn-off. The final output of the processed 

TEM data was *.inv files that were used for the 1D joint inversion with MT data using 

TEMTD software where the static shift factor was one of the parameters inverted for. Figure 

2.4d illustrates the 1D joint inversion of MT and TEM data for station ng30Ar.  
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2.3  Data modelling and inversion approach  

MT data forward and inverse modelling techniques are usually done after a thorough analysis 

of the data has been carried out, including dimensionality and directionality analysis and 

static shift evaluation and corrections. The modelling is done to obtain the conductivity 

distribution of the subsurface below an observation site in the survey area by converting the 

apparent resistivity as a function of period into a resistivity model as a function of depth and 

other spatial parameters in case of non-1D models. The MT forward modelling computes 

the impedances at a given observation site which are used to predict the MT responses in the 

model of the Earthôs resistivity structure. MT inverse modelling involves the recovery of the 

resistivity pattern from the observed MT responses at specific locations and frequencies in 

the survey area. The inversion process involves several runs of forward modelling and 

comparisons of observed and predicted MT responses from one or more models of resistivity 

by minimizing the misfit between the observed data and predicted data from the model until 

a good fit is reached (e.g., Constable et al., 1987; Chave and Jones, 2012). To obtain a good 

fit between the observed and predicted MT responses the inversion procedure requires to be 

supplied with a starting model with some adjustments of inversion parameters and boundary 

conditions which are implemented through a direct application of a non-linear least square 

approach. Such a conversion procedure requires an algorithm called an inversion algorithm 

installed in the computer and for larger models, a powerful computer may be required. The 

inversion problem is non-unique meaning that more than one model can be produced that 

satisfies the constraints applied. However, synthetic modelling can be used to show the 

expected resolution and understand the reliability of certain features. For detailed 

information about solving the MT forward and inversion problems, the reader is referred to 

Chave and Jones (2012).  

In this thesis, a 1D joint inversion of MT and TEM data was performed using the TEMTD 

software (Árnason, 2006b) for static correction, whenever possible. In performing the 3D 

inversion, two 3D inversion programs were used, the ModEM software (Egbert and Kelbert, 

2012; Kelbert et al., 2014) and the GeoTools-RLM3D software developed by CGG (Mackie 

and Watts, 2012). The first 3D MT inversion was done using the ModEM software (Egbert 

and Kelbert, 2012; Kelbert et al., 2014) using the static shift corrected off-diagonal 

impedance tensor components and Tipper of MT data. The on-diagonal elements were not 

employed during 3D inversion using ModEM code (running on a local workstation) to limit 

the possible bias due to their much lower signal-to-noise ratio and save computer time in 

order to run tests with many different starting models and inversion parameters. The final 

3D inversion model was obtained using unrotated full impedance tensor components and 

Tipper using the GeoTools-RLM3D software developed by CGG (Mackie and Watts, 2012) 

running on an external powerful multiprocessor parallel cloud. The details of the modelling 

process and the results obtained are discussed in paper II presented in this thesis.      

2.4  Resistivity methods applied to geothermal 

exploration in Tanzania 

The MT and TEM methods have been widely applied for geophysical exploration of 

geothermal systems in Tanzania since 2006. Employing TEM data for mitigating the static 

shift effects in MT has become a common practice. In particular, MT has been used in 
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characterizing the 3D resistivity distribution of the subsurface in several geothermal 

prospects including the high-temperature geothermal prospects in Ngozi and Rungwe 

regions (Alexander et al., 2016; Didas et al., 2023), as well as in low to medium-temperature 

prospects such as Kisaki, Luhoi (Armadillo et al., 2020), Kiejo-Mbaka (ELC and TGDC, 

2017; Rizzello et al., 2022), Songwe (Alexander et al., 2016), Ibadakuli (TGDC, 2022), and 

Mount Meru (Josephat, 2023). Currently, an MT survey campaign is underway in the Natron 

prospect, located within the eastern branch of the EARS in northern Tanzania. 

2.5  Resistivity pattern of geothermal systems 

Geothermal systems are characterized by variable subsurface resistivity patterns, typically 

influenced by salinity, water content, porosity, fluid temperature, and hydrothermal 

alteration resulting from geothermal activity (Ussher et al., 2000; Hersir et al., 2021). Dry 

rocks above or surrounding the geothermal system which are unaffected by the system 

generally have high resistivity. Brine, with its high concentration of dissolved ions forming 

conductive electrolytes in the rock matrix of the reservoir, can reduce significantlythe bulk 

resistivity at temperatures up to 300  (Violay et al., 2012). In the context of geothermal 

fields at depths shallower than 2 or 3 km the presence of smectite clay related to 

hydrothermal alteration or sedimentary deposition, their cation exchange capacity has been 

identified as a key factor in determining low resistivity zones detected by methods like MT 

in geothermal systems (Lévy et al., 2018; Hersir et al., 2021). 

For prospects characterized as high-temperature magmatically heated geothermal systems, 

the lowest resistivity indicates smectite clay cap rock above the resistive geothermal 

reservoir. A shallow magmatic heat source would in general be conductive below the 

geothermal reservoir. Therefore, the overall resistivity patterns of high temperature systems 

are influenced by shallow magmatic heat source, geothermal reservoir and conductive 

smectite cap rock. Low-medium temperature fault-controlled deep circulation systems can 

be identified by imaging the conductive smectite clay cap rock. For a fault-controlled deep 

circulation system, a conductor related to magma shallower than 10 km will in most cases 

not be detected by resistivity soundings.  

The lower temperature part of the clay cap, is usually dominated by smectite which is 

unstable as the temperature increases above 80ᴈ. It is converted into chlorite (in the case of 

basaltic rocks) or illite (for andesite and rhyolite rocks). The proportion of chlorite or illite 

to smectite increases with temperature from 80ᴈ to 180ᴈ resulting in the disappearance of 

the low temperature clay minerals, in particular, smectite or zeolites at about 220ᴈ (Árnason 
et al., 2000; Lévy et al., 2018) . As the temperature increases the remaining small amount 

of smectite becomes highly resistive due to dehydration and above 240ᴈ chlorite/illite 

becomes dominant. Above the smectite-illite transition zone, the low resistivity is due to the 

higher cation exchange capacity in smectite than in the alteration minerals below. Because 

of its ability to reliably image temperature-dependent alteration patterns causing variation in 

resistivity in geothermal fields, the MT method has become the most important geophysical 

tool for characterizing the geometry of the geothermal reservoirs (Cumming, 2016a; 

Cumming and Mackie, 2010; Muñoz, 2014), and in combination with geological and 

geochemical information is used to develop the geothermal conceptual models used for 

targeting wells (e.g., Cumming, 2016b). The resistivity pattern of clay minerals has been 

used by several researchers to establish a relationship between temperature and permeability 



52 

of the system (e.g., Árnason et al., 2000; Ussher et al., 2000) assuming that the system is in 

equilibrium. Low permeability in the low resistivity zone above the reservoir is associated 

with a high content of smectite clay which usually deforms plastically under stress while 

illite and chlorite at high temperatures are more brittle and are available in large quantities 

above 50% are likely to form higher fracture permeability than smectite (Patrier et al., 1996; 

Lichoro, 2019). 

It is important to keep in mind that fossil hydrothermal patterns due to cooling of the system 

can have similar resistivity as active geothermal systems as found in many cases. On the 

other hand, in some active geothermal fields, the low-resistivity clay cap and high-resistivity 

reservoir may have no significant resistivity contrast according to MT models (e.g., Pellerin 

et al., 1996; Melosh et al., 2012). Therefore, to define the boundaries of the geothermal 

reservoir in such cases might be difficult and sometimes a risk when developing a conceptual 

model for such a system. Common examples of non-smectite clay caps include the 

intermediate resistivity mixed-layer smectite-illite or chlorite clay cap (e.g., Pellerin et al., 

1996) or the Tolhuaca geothermal field, Southern Chile (Melosh et al., 2012) where higher 

illite rich zones beneath the smectite zones act as the boundary of for some parts of the 

reservoir. Other similar examples include the Namora-I-Langit Geothermal Field which has 

a high resistivity chlorite-illite cap on its southwest edge (Cumming et al., 2000). Similarly, 

the low resistivity smectite zone in the EARS adjacent to Silali and other geothermal fields 

in Kenya that may be incorrectly interpreted as a geothermal clay cap is related to sediments 

and volcaniclastics deposited below the water table, whereas the geothermal fields are 

associated with a thinned and updomed low to moderate resistivity zone associated with clay 

cap (Lichoro, 2019).   

2.6  Magnetic method  

Magnetic measurements record the geomagnetic field and the total magnetization of rocks 

which is the vector sum of the induced and remanent magnetization. Furthermore, magnetic 

measurements also record magnetic diurnal variations caused by ionospheric and 

magnetospheric currents, which are subsequently eliminated from the data prior to 

interpretation using the magnetic base station data. Among all rock types, igneous, 

crystalline metamorphic rocks and banded iron formations that contain a significant amount 

of magnetite and pyrrhotite commonly have high total magnetization compared with 

sedimentary rocks and poorly consolidated sediments which have much lower magnetization 

(Reynold et al., 1990). Areas covered by igneous rocks, mafic and ultramafic rocks will 

produce higher magnitude anomalies compared to areas covered by felsic rocks (Hudson et 

al., 1999). Low magnetic anomalies can also be produced in regions where mineralized 

zones associated with strong epithermal, geothermal or hydrothermal silica alteration where 

magnetite has been altered to form non-magnetic sulphide minerals such as pyrite and 

chalcopyrite, molybdenite or galena. Low magnetic anomalies can also be produced by rocks 

that have undergone intense chemical weathering causing the conversion of magnetite into 

hematite due to the interactions of groundwater. The contrast in magnetic intensities between 

rocks is an important factor that has led to magnetic surveys being widely used to map the 

metamorphic basement rocks, igneous intrusions, dikes, lithological contacts, faults, folds 

and shear zones covered by sedimentary formations or thick weathered rock horizons. 
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In this thesis, the magnetic method is used for two main purposes: (i) in the first publication 

to infer and investigate the regional heat flux distribution of the crust throughout Tanzania 

in order to identify potential areas that may have geothermal resources and (ii) in the third 

publication to map surface and subsurface structures in the RVP. The primary objectives of 

the magnetic study in the RVP are to map the extent of known faults that are hidden below 

sediments and volcanics and to establish their relationships with the locations of seismic 

epicentres, hot springs, hot ground areas, and interpreted geothermal systems in the Songwe, 

Ngozi, Rungwe, and Kiejo Mbaka prospects. Our secondary goal is to expand the 

understanding of fault distribution within the RVP to predict the likely location of permeable 

zones and impermeable boundaries for potential geothermal resource targeting. 

2.6.1  Aeromagnetic  data processing  

To estimate the distribution of regional heat flux in the crust in Tanzania, we utilized the 

total magnetic intensity (TMI) field aeromagnetic data collected by Geosurveys in 1977 and 

1980. The data were collected along E-W flight lines spaced 1 km apart and 10 km tie lines 

spacing and draped at 120 m nominal ground clearance, covering a large part of Tanzania. 

In areas where no data were collected, such as over Lake Victoria, Kilimanjaro, and Uluguru 

mountains, we supplemented the TMI Earth Magnetic Anomaly Grid 2-arc-minute 

resolution (EMAG2) dataset. Additionally, we extended the coverage using EMAG2 data 

outside the political boundaries to resolve the extent of heat flux anomalies. EMAG2 is a 

free global satellite TMI dataset merged into a 2-arc-minute grid, upward continued 4 km 

above the geoid (Meyer et al., 2017). These data were draped to an elevation of 120 m using 

the ETOPO1 global relief model data with 1-arc-minute resolution (Amante and Eikin, 2009) 

and merged with the TMI of the 1977-1980 survey at a resolution of 250 m x 250 m. The 

resulting total TMI map is shown in Figure 2.7, top panel. 
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Figure 2.7  Top panel: total field magnetic map of Tanzania merged from the 1970-1980 

aeromagnetic survey and EMAG2 (Meyer et al., 2017) data set superimposed with the EARS 

main structures. Lower panel: distribution of 447 overlapping 50% square windows (e.g., 

red dotted window), each with a dimension of 110 x 110 km2 (1°x1°) used in the computations 

of the power spectra. Purple, green, blue and yellow windows represent the overlaps. 

2.6.2  Curie point depth estimation  

The depth to the bottom of the magnetic source (DBMS or Zb) is assumed to be the Curie 

point depth (CPD) at which magnetic minerals in the Earthôs crust reach their Curie 

temperature and at this temperature, rocks lose their permanent magnetism and become 

demagnetized. For magnetite, this is at 580  (Ross et al., 2006). The methods to estimate 

the depth of magnetic sources from magnetic anomalies can be grouped into two main 

categories: (1) power spectrum methods and (2) forward modelling and inversion methods. 

Power spectrum methods include using the power spectrum peak (Bhattacharyya and Leu, 

1975; Connard et al., 1983), the centroid method (Okubo et al., 1985; Tanaka et al. 1999), 

and the modified centroid fractal method (Bansal et al., 2010). Forward modelling and 

inversion methods (Ross et al., 2006) are used to model individual magnetic anomalies to 

determine the depth to the magnetic sources. All these methods work in the wave number 

domain and focus on the long wavelength part of the spectrum related to deep magnetic 

sources, typically resolved using a large size window. 

In this thesis, we used the centroid method to estimate the depth to the top (Zt) and depth to 

the centroid (Zo) of the magnetic body. We divided the area into overlapping windows and 

calculated the 2D radially averaged amplitude spectrum (RAAS) of the magnetic anomalies. 

Using Fast Fourier Transform (FFT), we analyzed the gridded TMI anomalies and extended 

each window to increase the resolution of our results. The window size was 110 km x 110 
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km, with a 50% overlap, totaling 447 windows (Figure 2.7, lower panel). It is important to 

note that using small windows may cause errors in estimating the depth to the magnetic 

source. Our window size of 110 km x 110 km can satisfactorily resolve the depth to the 

magnetic source down to a depth of 24.8 km. To validate results greater than 24.8 km, we 

recomputed using larger window sizes, for example, 220 km x 220 km, 400 m x 400 m and 

500 m x 500 m.  

The estimated depths to the top and centroid of the magnetic bodies were used to estimate 

the DBMS or Zb, a proxy to the Curie point depth, using the approaches described by Okubo 

et al. (1985) and Tanaka et al. (1999).  This procedure is discussed in detail in the first 

publication.    

2.6.3  Geothermal gradient and heat flow estimations  

The estimated DBMS or Zb in each window is used to determine the geothermal gradient by 

calculating the ratio of the Curie temperature of magnetite in the crust (~580 °C) to the depth 

of the base of the magnetic source (DBMS).                        
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The surface heat flow in each window is calculated based on 1D steady-state conductive heat 

transfer (Equation 11) with boundary conditions : as CPD (Martos et al., 2017). 
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where ή is the surface heat flow, ‗ is the average thermal conductivity coefficient of the 

rocks (assumed as 2.5 W/m ),  4 is the Curie temperature of magnetite the most abundant 

magnetic mineral in the crust.  

We use an average thermal conductivity of 2.5 W/m°C due to the dominance of Precambrian 

gneiss, granulite, and schist in Tanzania (Fritz et al., 2013, Figure 1.1), with conductivity 

values ranging between 2 and 3 W/m°C (Ray et al., 2015).  This assumption of 1D variations 

of thermal conductivity and the use of a 1D heat flow equation is a simplifiedstandard 

approach adopted in similar crustal studies. In the case of strong 3D variations in lithospheric 

thermal conductivity, the estimates made using our simplified assumption will be affected 

and, therefore, should be used as just a first approximation of the true heat flow.  

2.6.4  Structural interpretation from magnetic data in the RVP  

The processed TMI data collected in RVP were analysed to remove the linear trend caused 

by flight lines which might introduce significant noise in the magnetic data. To remove the 

noise caused by survey lines, a microlevelling filt er technique was applied to the TMI data. 

The resulting data were the corrected Total Magnetic Field Intensity (TMI), which was then 

gridded at a 250 m grid spacing using Geosoft Oasis Montaj software to create the TMI map. 

Subsequently, the reduction to the magnetic Pole (RTP) filtering technique (Baranov and 

Naudy, 1964) was applied to the TMI map to shift the anomalies over the source bodies and 

obtain interpretable magnetic anomaly maps that were consistent with the mapped geology 
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of the area. In addition to RTP, a 5 km low pass filter was applied to the RTP map to suppress 

the high-frequency anomalies and improve the quality of magnetic data that was used for the 

2D forward modelling of the main magnetic anomalies.  

The RTP and its low pass filtered map contain several anomalies originating from different 

sources, some of which are adjacent to each other, leading to interferences of the anomalies. 

There may also be overlain sources located at different depths, resulting in a weak anomaly 

along with a strong anomaly. To enhance the discontinuities in a signal and to delineate the 

outline of anomalous magnetic field sources such as geological boundaries and structures 

like faults, shear zones, and dikes, different edge detection filters were applied to the gridded 

RTP map.  

The applied filters include the Analytic signal of the RTP (Roest et al., 1992), Tilt angle 

derivative (Miller and Singh, 1994), Total horizontal gradient (Cordell and Grauch, 1985), 

Vertical derivative (Cordell and Grauch, 1985), and the edge detection method that is based 

on the enhancement of the Total horizontal derivative of magnetic anomalies (Ferreira et al., 

2013). The results of the filtered magnetic data were gridded to produce the maps. 

We have used previously reported faults to consolidate the interpretation of the magnetic 

lineaments related to faults and define their lateral extent. In addition, we used the locations 

of seismic epicentres in the RVP compiled from several publications (e.g., Ebinger et al., 

2019) and the International Seismological Centre catalogue (2023) within the time range 

from 1900 to 2019 to identify the magnetic lineaments related to active faults in the RVP. 

This approach has significantly improved the structural understanding of the area and has 

defined potential zones for geothermal resources when interpreted together with the 

available geothermal conceptual models of the Songwe, Ngozi, Rungwe and Kiejo-Mbaka 

prospects.  

To understand the subsurface bodies which are likely causing the main magnetic anomalies 

in the RVP, the anomalies have been modelled using 2D forward modelling constrained by 

petrophysical and geochronology information derived from several publications (e.g., 

Marobhe, 1989; Fontijn et al., 2010; Sun et al., 2021) and the 3D MT resistivity model of 

the Ngozi and Rungwe prospects (Didas et al., 2023)  

2.7  Gravity method  

The gravity method involves measurements of variations in the Earth's gravitational field, 

which are caused by lateral variations of rock density. Practically, in gravity surveys, the 

different magnitude of gravity depends on latitude, elevation, topography of the surrounding 

terrain, earth tides, and density variations in the Earth's subsurface. Gravity contributions 

due to other factors than density are removed through data processing. Density variations in 

the Earth occur at different depths, the long wavelength regional anomalies are associated 

with deep sources and short wavelength residual anomalies are due to more local density 

variations in near-surface sources. In order to emphasize the interpretation of residual 

anomalies, the regional gravity anomaly is removed. The separation of the two gravity 

components can be done using different ways including (i) trend surface analysis which 

includes fitting and subtracting a low-order polynomial surface from the observed data and 

(ii) low pass filtering. In this study, low-pass filtering was employed. A detailed review of 
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the gravity method can be found in Telford et al. (1990), Blakely (1995) and Hinze et al. 

(2013).  

2.7.1  Data analy sis and modelling  

We have used a new high-resolution (5ô x 5ô arc minute) Satellite-derived Free-air anomaly 

Earthôs gravity field model compilation named SGG-UGM-2 (Figure 2.8a, Liang et al., 

2020). In order to avoid the gravity effect related to the topography we preferred to use the 

gravimetric complete Bouguer anomalies reduced from Free-air anomaly. Our first task was 

to determine the density of the excess mass at a topography above sea level and use this 

density to calculate the Bouguer anomaly from the Free-air. In the GMSYS-3D extension of 

Geosoft Oasis Montaj, we employed the ETOPO1 elevation map (Figure 2.7b, Amante and 

Eakins, 2009), to calculate the effect of the topography assuming various densities of the 

underlying formations as 2.4, 2.5, 2.6, 2.7, 2.8, 2.9 and 3.0 g/cm3. The Bouguer anomaly 

was obtained by subtracting each gravity effect response of the topography from the Free-

air anomaly.  

Density estimation  

We used two different methods, Parasnis (Parasnis, 1951) and Nettleton (Nettleton, 1939), 

to estimate the correct Bouguer density. 

In the Parasnis method, we determined the Bouguer density by performing a least square 

method using the slope of the best-fit line of the plot of the Free-Air anomalies (y-axis) 

against the topographic correction (x-axis). Our result showed a very low Bouguer density 

of ~0.7 g/cm3, which may not have a physical meaning.  

For the Nettleton approach, we established eight E-W profiles (Figure 2.8b), crossing 

topographic features, the western and eastern rift valleys, and plotted the Bouguer anomalies 

along each profile and compared them with the topography. The results for profiles 3 and 4 

are shown in Figure 2.9, and for profile 1, 2 and 5 to 8, the results are shown in Appendix 

D. Our results indicated that a density between 2.8 and 3.0 g/cm3 provided Bouguer anomaly 

with the least correlation with the topographic section. Based on these results, we chose to 

use a density of 2.8 g/cm3 for our reductions, likely to be correlated with the density of the 

Paleoproterozoic crystalline metamorphic rocks, whereas the volcanics are likely to have 

lower density and the recent sediments having much lower density. However, we noticed a 

strong positive correlation along the western rift, possibly caused by the Lake waters and/or 

low-density sediment rift fill. In addition, a high Bouguer anomaly appeared within the 

boundaries of Lake Victoria. To address this, we conducted a simple modelling to reduce 

the effect, using sediment thicknesses from the CRUST1.0 Global model of Earth's Crust 

(Figure 2.6c, Laske et al., 2013). The densities of water, sediments, and basement were 

assumed to be 1.0 g/cm3, 2.4 g/cm3, and 3.0 g/cm3, respectively (Armadillo et al., 2020; 

Rizzello et al., 2018). To validate the sediment thicknesses of the CRUST1.0 model, we 

compared it with wells drilled through the basement along the coastal region of Tanzania 

(Didas, 2016) and found good agreement. We observed that the CRUST1.0 model 

extrapolates thick sediments to the shoulders of the rift; therefore, we maintained the 

sediments along the rift zone while setting a zero-sediment thickness outside the rift zone. 

To compensate for the overcorrected Bouguer anomaly (i.e., Bouguer anomaly computed 

with a density of 2.8 g/cm3), we computed the contribution of the water and sediments using 



58 

density contrasts of 1.8 g/cm3 and 1.4 g/cm3, respectively, in reference to the density of the 

basement, with a density contrast set to zero below. Finally, we obtained the final Bouguer 

anomaly by compensating the overcorrection of the water and sediments to the original 

Bouguer anomaly. 

     

    

                                                                                                                 

Figure 2.8  Gravity data reductions: (a) Satellite-derived Free-air anomaly from Earthôs 

gravity field model compilation named SGG-UGM-2 (Liang et al., 2020). (b) Elevation map 

from ETOPO1 (Amante and Eakins, 2009). (c) Bouguer gravity anomaly computed using a 

reduction density of 2.8 g/cm3 before compensation for overcorrected Bouguer density. (d) 

150 km low pass filtered Bouguer gravity anomaly map of the study area. (e) Sediment 
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c 
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thickness compiled CRUST1.0 (Laske et al., 2013). (f) Thicknesses of the crust from seismic 

receiver functions. The black dotted polygon and the black lines are the Archean Tanzania 

craton and major faults, respectively.             

 

 

Figure 2.9  Bouguer gravity anomalies using density varying from 2.4 g/cm3 to 3.0 g/cm3 

along profile 3 and 4, compared with the topography and geological domains. ER: Eastern 

rift, WR: Western rift. For ages of the geological domains see Figure 1.2. In each profile, 

the top and bottom panel indicate the Bouguer gravity anomalies before and after correcting 

the effect of the water and sediments, respectively.   

Estimation of Moho depth from Gravity data  

To determine the Moho depth distribution in Tanzania, we conducted a constrained 3D 

inversion of the 150 km low-pass filtered Bouguer gravity anomaly map (refer to Figure 

2.8d). We applied the low-pass filter to eliminate high-frequency anomalies related to 

shallow crust features, leaving only low-frequency anomalies possibly associated with the 

Moho surface. 
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We chose not to model the local anomalies along the rift axis, as this would require 

separating anomalies related to basement topography from those linked to magmatic 

intrusions within the basement, which is beyond the scope of this thesis. While the depth to 

Moho is typically defined by seismic methods, the limited areal extent of seismic surveys in 

the study area presents a challenge for Moho modelling. Therefore, gravity modelling serves 

as an alternative, with the Moho interface representing the density boundary where density 

transitions from 2.67 g/cm3 to 3.30 g/cm3. 

Since the depth to Moho represents the crust-mantle intercept, we assigned a constant density 

contrast of 0.5 g/cm3, corresponding to an average crustal and mantle density of 2.8 g/cm3 

and 3.3 g/cm3, respectively. Given that gravity data inversion is susceptible to various factors 

such as data noise, geological heterogeneity, and non-uniqueness of solutions, effective 

regularization and the incorporation of a priori information are essential to minimize 

ambiguity. This is supported by previous studies (Kanda et al., 2019; Represas et al., 2012; 

Armadillo et al., 2020).      

To constrain the depths to the crust where the Moho interface is found, we utilized a priori 

information on crustal thickness, compiled from seismic receiver functions by various 

authors (e.g., Tugume et al., 2012; Plasman et al., 2017; Borrego et al., 2018). We performed 

a 3D inversion of the gridded Bouguer gravity anomaly map as the reference model to 

ascertain the density distribution of subsurface structures, until achieving a fixed density 

contrast of 0.5 g/cm3.  During the inversion, the depth to Moho was constrained by the 

thickness of the crust based on seismic receiver functions. 

The topography at the crust-mantle interface was derived by forward modelling Bouguer 

anomalies on the interface using techniques outlined by Parker (1972) and Blakely (1995) 

within the GMSYS-3D extension of Geosoft Oasis Montaj. Finally, we compared the results 

from the 3D inversion of gravity data with the crustal model from seismic receiver function 

analysis and the Global Moho depth (Laske et al., 2013). 
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3  Summary of results 

3.1  Paper 1 

The geothermal potential areas in Tanzania are generally located within the East African Rift 

System (EARS) manifested by the presence of surface geothermal manifestations. However, 

some areas in Tanzania remain unexplored due to limited accessibility. Semi-blind 

geothermal systems that cannot be identified based on the presence of surface geothermal 

manifestations may exist. To address these challenges, we employed the radially average 

power spectra of the total magnetic field using the centroid and de-fractal methods to 

estimate the regional crustal heat flux distribution in Tanzania. To evaluate the results 

against crustal thickness, 3D inversion of gravity data, constrained by existing Moho depth 

from seismic receiver functions, was utilized. By integrating the results with known 

geothermal prospects and surface geothermal manifestations, we were able to create a 

regional heat flux map of Tanzania highlighting the prospective geothermal areas. The 

overall findings of the study indicate the following: 

¶ High heat flow values (over 100 mW/m2) are located along the EARS and at the 

Proterozoic collision boundaries reactivated by the EARS. Newly identified areas 

with high heat flow values following the findings of this study include the western 

part of Tanzania between Lake Tanganyika and Lake Rukwa, where some pools of 

hot springs were found. 

 

¶ In general, high heat flow anomalies align with known surface geothermal 

manifestations and shallow Moho depth in the range of approximately 30 to 35 km. 

 

¶ A high heat flow anomaly is also observed in the central part of the Tanzanian craton, 

likely associated with the mantle plume imaged by seismic tomography. 

 

¶ According to the results, the most promising areas for geothermal exploration in 

Tanzania include the EARS triple junction in the Rungwe volcanic province, the 

north Tanzania divergent zone, and the areas of the Proterozoic collision boundaries 

reactivated by the EARS. 
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3.2  Paper 2 

Paper 2 investigates the subsurface resistivity pattern of the prospective high-temperature 

magmatically heated geothermal systems in Ngozi and Rungwe prospects. The study uses 

190 MT soundings to develop a 3D MT resistivity model integrated with known faults, 

geothermometry of the hot springs, and hot ground areas. This aims to support the 

development of resource conceptual models of the systems. Previous surface studies in the 

Ngozi prospect revealed a small geothermal reservoir below the Ngozi caldera, supported 

by the geothermometry of the neutral chloride hot springs at the bottom of the Ngozi caldera 

Lake. However, MT soundings supporting this interpretation were missing inside the caldera 

until this study, when several MT soundings were measured inside it. On the other hand, the 

Rungwe volcano was previously considered less likely to host high-temperature geothermal 

systems due to lack of surface geothermal manifestations. However, this study discovered 

hot ground areas with temperatures exceeding 53  on the northwest and southwest flanks 

of the Rungwe volcano. The 3D MT resistivity model provides further insights into these 

findings as follows: 

¶ Ngozi and Rungwe prospects comprise two separate systems, a small reservoir 

located below the Ngozi caldera and a large reservoir located below Rungwe 

volcano.  

 

¶ The systems are located within the NW-SE trending fault zone covered by an 

extensive conductive clay cap with variable thicknesses, demarcated to the west and 

east by the impermeable Precambrian Metamorphic basement, extending 30 km from 

the Kiejo area SE of the Rungwe volcano to the Ngozi caldera.  

 

¶ A small geothermal reservoir is proposed below the Ngozi caldera by the present 

study. 

 

¶ The second reservoir is interpreted to be large and located below the Rungwe 

volcano, supported by an updomed base of the conductive clay cap below the 

volcano, typical of a boiling geothermal reservoir. Additional evidence for the 

existence of a geothermal reservoir at Rungwe includes hot ground areas with 

temperatures >53ᴈ mapped to the northwest and southeast of the volcano. 

 

¶ The absence of geothermal surface manifestations directly over the inferred Rungwe 

upflow zone is consistent with the effective sealing of the proposed underlying 

geothermal reservoir by the clay cap. The scarcity of thermal manifestations on the 

up-dip margins of the low-resistivity clay cap can be explained by the coincidence 

of the base of the clay cap with impermeable Precambrian formations and by 

structural boundaries.  

 

¶ An inferred magma chamber heating the Ngozi and Rungwe geothermal systems is 

imaged at a depth of ~6 km as a deep conductor located between the Ngozi and 

Rungwe volcanoes. 

 

¶ Combining the interpreted results, this implies that the Rungwe volcano has the 

highest geothermal resource potential where proposed drilling sites might intersect 

the interpreted high-temperature reservoir. 
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3.3  Paper 3 

Paper 3 focuses on the Rungwe Volcanic Province (RVP) in SW Tanzania, where 

aeromagnetic data are used to investigate surface and subsurface structures. The structures 

include faults and intrusions, which are mostly concealed by thick volcanic and sedimentary 

layers, sitting on top of Precambrian metamorphic rock. The magnetic lineaments are 

interpreted along with known faults and seismic epicentres in order to distinguish between 

magnetic features that are not related to the known faults and concealed active faults. For 

the purpose of identifying zones of probable high permeability that can be targeted for 

geothermal drilling, the identified faults are combined with known surface geothermal 

manifestations and existing geothermal models in the Songwe, Ngozi, Rungwe and Kiejo 

geothermal prospects. The main outcome is an updated structural map based on an 

interpretation of aeromagnetic data, constrained by 2D-forward modelling of magnetic 

anomalies, together with the distribution of previously reported faults, seismic epicentres, 

3D magnetotelluric resistivity models, and surface geothermal manifestations. This updated 

structural map may be used to support geothermal resource targeting in the RVP. The 

findings indicate the following: 

¶ Magnetic anomalies in the RVP, including the prominent Mbeya anomaly, are related 

to the high magnetic susceptibility or remanent magnetism of Precambrian rocks and 

Cretaceous carbonatite intrusions buried in the rift under a varying thickness of non-

magnetic sediments and volcanic rocks.  

 

¶ Magnetic lineaments are related to structures controlling the geometry of the 

Precambrian rocks and concealed dikes and the thickness of the sediments and 

volcanics.  

 

¶ The recent Ngozi and Rungwe trachyte volcanics have relatively low magnetic 

susceptibility comparable to the low susceptibility of the sediments in the rift basins.  

 

¶ The revised neotectonic structural map shows prominent NW, NE and NS-trending 

magnetic lineaments that correlate with previously reported faults and alignments of 

seismic epicentres in the study area and with the regional trend of the rift segments. 

The NE-trending magnetic lineaments are consistent with interpretations of the 

current stress field in the RVP.  

 

¶ The main volcanoes in the RVP, Ngozi, Rungwe and Kiejo, are aligned with the NW-

trending linear magnetic feature joining the Lupa and Livingstone rift border faults. 

This lineament is intersected and frequently displaced by the NE and NS-trending 

lineaments, suggesting that the NE to NS-striking structures are younger.  

 

¶ The Rungwe and Ngozi volcanoes, numerous monogenetic eruption centres and the 

Mwakaleli caldera which originated ca. 2 Ma ago following an ignimbrite eruption 

are located within a zone of low-intermediate magnitude magnetic features forming 

a basin-like structure surrounded by magnetic high anomalies of the Precambrian 

basement structures.  

 

¶ We interpret the intersections between the NW-trending intrarift faults and the NS 

and NE-trending faults as favourable locations for wells to target higher permeability 
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within the geothermal resource conceptual models previously constructed using 3D 

MT resistivity imaging integrated with supporting geoscience data. 
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4  General Summary and Conclusions 

The results of this PhD project provide a clearer picture of the geothermal potential areas in 

Tanzania and in particular the Ngozi and Rungwe geothermal prospects than previously 

known. The results are based on geophysical methods that are integrated with results from 

geochemical and geological surveys that provide constraints on the developed geothermal 

resource conceptual model. The following summary and conclusions can be drawn from this 

study. 

1. Zones with high heat flux in Tanzania are found along the East African Rift System 

and Proterozoic collision zones that have been affected by the EARS. 

 

2. The RVP is characterized by zones of varying magnetic values indicating rocks with 

different magnetic susceptibilities. The trachytic Ngozi, Rungwe and Mwakaleli 

volcanoes are characterized by relatively low magnetic values compared to the low 

magnetic values of the non-magnetic sedimentary formations within the rift 

segments.  

 

3. The Ngozi, Rungwe and Mwakaleli volcanoes and several monogenetic volcanic 

eruption centres are enclosed by a zone of low-intermediate magnitude magnetic 

features forming a basin-like structure surrounded by magnetic high anomalies of the 

Precambrian basement structures. This zone suggests an area with the following 

properties: (i) a hydrothermally affected area that has destroyed the magnetism of the 

rocks, (ii) oxidized rocks due to meteoric water that has converted magnetite into 

hematite and limonite non-magnetic minerals or (iii) area covered by non-magnetic 

sedimentary rocks covered by trachytic rocks with low magnetic susceptibility 

values.   

 

4. There are two types of prospective geothermal systems in the RVP, (1) magmatically 

heated high temperature systems in the Ngozi and Rungwe prospects and (2) low-

medium temperature deep circulation fault-controlled geothermal systems in the 

Songwe and Kiejo-Mbaka prospects.  

 

5. A large geothermal reservoir is proposed below the Rungwe volcano, supported by 

an updoming conductive clay cap and hot ground areas on its northwest and southeast 

flanks. The second, smaller reservoir is proposed below Ngozi caldera and is 

estimated to be >230ᴈ. 

 

6. The Ngozi and Rungwe geothermal reservoirs are interpreted as magmatically heated 

geothermal systems with a shallow magma chamber located between the Ngozi and 

Rungwe volcanoes. The 3D MT resistivity model images this magma chamber as a 

conductive body at a depth of ~6 km.  

 

7. The Ngozi and Rungwe geothermal reservoirs are likely hosted in four rock 

formations and possibly combinations of: (i) the old basalt, (ii) the neck of the 
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volcanic intrusion (iii) faulted red sandstone overlying the Precambrian basement or 

(iv) the Faulted Precambrian basement rocks. 

 

8. The Rungwe and Ngozi geothermal reservoirs are limited by faults and impermeable 

basements to the east and west, respectively. The combination of faults, the 

impermeable basement and the thick clay cap act as important barriers to the 

geothermal systems as manifested on the surface except below the Ngozi caldera 

Lake where the clay cap is very small or lacking leading to the discharge of the 

neutral chloride hot springs.  

 

9. The RVP is characterised by four structural trends, the NW-SE, NE-SW, ENE-

WSW, and N-S trending fault systems illustrated in a revised neotectonic structural 

map generated in this study by combining the magnetic lineaments supported by 

previously reported faults and alignments of seismic epicentres. The structural trends 

are consistent with the trends of the rift segments and the current stress field of the 

rift . The NW-SE lineaments are aligned with the Rukwa rift, the NE-SE are 

consistent with the Usangu rift and the N-S lineaments are aligned with the Malawi 

rift. The ENE-WSW fault system is consistent with the current active rift stress fields 

with strike-slip components.  

 

10. Ngozi, Rungwe and Kiejo volcanoes, the main volcanoes in the RVP, are aligned 

with the NW-trending linear magnetic feature joining the Lupa and Livingstone rift 

border faults. This magnetic feature is frequently displaced by the NE and NS-

trending lineaments, suggesting that the NE to NS-striking structures are younger. 

 

11. This study suggests that the intersections between the NW-trending intrarift faults 

and the NS and NE-trending faults are considered favorable locations for wells to 

target high permeability within the geothermal conceptual models previously 

constructed using 3D MT resistivity imaging integrated with other geoscientific data. 

The suggested fault intersections based on magnetic mapping are important locations 

which should be confirmed through ground mapping with Lidar support of subtle 

features that may be associated with very recent fault movement. 
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5  Further research 

To advance the result of this research project, several follow-up works are suggested: 

1. A geophysical investigation of the RVP, particularly the Kiejo, Mwakaleli, and 

Tukuyu volcanoes, to explore geothermal resources beneath these unexplored 

areas, leveraging the newly imaged prospective geothermal system below Rungwe 

volcano. 

 

2. Acquisition of additional MT data east of the Rungwe volcano to define the extent 

of the prospective geothermal system imaged below the Rungwe volcano. 

 

3. Advancing the study by conducting a gravity survey supported with the location 

of known faults, seismic epicentres, and findings from this project to map the 

subsurface structure in the RVP. 

 

4. For detailed imaging of geothermal systems and subsurface structures in the Ngozi 

and Rungwe prospects, a 3D joint inversion of MT and gravity data is 

recommended, enhancing the precision of targeting geothermal wells. 

 

5. Micro-seismic monitoring to map active fault zones and model the magma 

chamber imaged by MT data, which is interpreted as the potential heat source for 

the geothermal systems in the Ngozi and Rungwe prospects. 

 

6. Carry out detailed structural mapping assisted by remote sensing techniques such 

as Lidar to map active faults in the RVP. 

 

7. Seasonal monitoring of the hot ground areas at the flanks of the Rungwe volcano 

to track variations in these areas over time. 

 

8. A better definition of the geothermal resource in the Ngozi and Rungwe prospects 

includes: 

i) Modifying the UNEP (2016) proposed locations of the slim wells to target the 

up-doming resistivity pattern; 

ii)  Assessing well targets and the resource area using conceptual model isotherms, 

including cold water influx through vents and gaps in the low resistivity cap in 

the P90 conceptual model;  

iii)  Adding high-value datasets such as MT data set, ground mapping of active 

faults; and 

iv) Assessing the likelihood of outcomes based on comparative analysis of Ngozi 

and Rungwe with analogous drilled geothermal prospects in the EARS and 

worldwide.  
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Tanzania is  one  of  the  several countries intersected by  the  East  African  Rift  System  (EARS)  endowed by  a 

geothermal potential that  has been  explored only to a limited extent. Here we present the first heat  flux map over 

the region based  on the Curie point depth (CPD) estimation from aeromagnetic data. We have  estimated the base 

of magnetic sources as a proxy  for the  CPD from  the  radially average power spectra of the  total magnetic field 

using  the  centroid and  the  de-fractal methods. Our  results show  that  the  CPDs range ca.  11  to 43  km  and  are 

comparable to, but  more  detailed than global  CPD estimates. The heat  flow has then  been  computed assuming a 

constant thermal conductivity. In order to evaluate the  results against crustal thickness, we have  inverted the 

gravimetric regional field  data  constrained by  the  existing Moho  depth from  seismic  receiver functions. Our 

analysis has revealed high  heat  flow values (over  100  mW/m2) along  the  EARS and  at the  Proterozoic collision 

boundaries that  have  been  reactivated by  the  EARS. In  general, the  high  heat  flow  anomalies coincide with 

known surface geothermal manifestations and shallow Moho depth in the range ca. 30 to 35 km. A high heat  flow 

anomaly is also found  in the  central part  of the  Tanzanian craton, likely  related to the  mantle plume imaged by 

seismic  tomography. The most interesting areas  for geothermal exploration in Tanzania, according to our results, 

are the EARS triple junction in the Rungwe volcanic province, the north Tanzania divergent zone and the areas  of 

the  Proterozoic collision boundaries reactivated by the  EARS. 

1.   Introduction  based  on estimation of the  depth  to the  base  of the  magnetic sources 

(DBMS) from spectral analysis of the total magnetic intensity anomalies. 

In many  cases, DBMS can be used as a proxy  for the Curie point  depth 

(CPD) in  the  Earthôs  crust.  The  CPD is the  depth  at  which  magnetic 

minerals, principally magnetite, in the Earthôs crust lose their  magnetic 

properties when temperature increases above their Curie temperature of 

about  580Ǔ C (Hunt  et al., 1995). Once the CPD has been estimated over 

an area, it can be used to map the geothermal gradient and the heat flux, 

assuming mean  values  for the thermal conductivity. 

Aside from uncertainty in the computation of DBMS from magnetic 

spectra,   significant  sources    of   uncertainty  in   the   estimation   of 

Understanding the thermal structure of the Earthôs  crust  is essential 

in geothermal exploration and development. Although the in-situ crustal 

thermal gradient can  be measured directly by drilling  deep  boreholes 

(Nyblade  et al., 1990; Nyblade and Pollack et al., 1993; Nyblade,  1997), 

estimation of the thermal gradient and heat flow at a regional scale using 

direct  methods alone  suffers  from  many  drawbacks such  as high  cost, 

non-uniform distribution,  limited   investigation depth   and  disturbed 

temperatures due to shallow  groundwater circulation. One of the most 

commonly used  indirect method to characterize regional heat  flow  is 
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temperature  gradient in  this  study  include   the  assumption that   the 

DBMS is controlled only by temperature (at the  CPD) and  the assump- 

tion that heat transfer from CPD to the surface is only by 1D conduction. 

In addition to temperature, the DBMS can be controlled by lateral var- 

iations  in  lithology with  differing  magnetic properties (Bansal  et  al., 

2011;  Ross et al., 2006). The assumption of 1D conduction may not be 

valid where  the lithosphere thins in rift  zones, likely causing  significant 

2D,  3D  or  transient conductive and/or  convective heat  transfer,  for 

example in geothermal reservoirs. Therefore, it is important to interpret 

the  DBMS/CPD and  geothermal gradient estimates in  the  context   of 

alternative  constraints  provided by  the  tectonic  setting,   hydrologic 

regime, temperature measurements from deep boreholes, crustal 

Fig. 1.  Geological map  of Tanzania and  neighbouring countries showing the  main  geological domains with  the  EARS margins shown as thick  black  segment lines. 

The  white numbered circles  are  boreholes and  the  numbers displayed are  the  heat  flux  in mW/m2. The  red  drops  are  hot  springs. The  brown diamonds are  the 

Cretaceous-Tertiary Kimberlite pipes.  Map modified from  Fritz et al. (2013). The continuous thin  black  lines  define  the  political boundaries. The white dotted lines 

are  selected profiles for the  integrated interpretation of the  results shown in Fig. 9. 
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boundaries derived  from  seismic  and  gravity  measurements, and  the 

properties of geologic formations, including their  magmatic age, 

radiogenic heating, thermal conductivity and  magnetic parameters. In 

spite of such complications, similar CPD and thermal gradient estimates 

have been used to complement borehole thermal data worldwide where 

deep boreholes are unavailable or leave very wide gaps, for example in: 

northeast Japan (Okubo  and  Matsunaga, 1994);  Yellowstone National 

Park,   U.S.A.  (Bhattacharya  and   Leu,  1975);   Kyushu  Island,   Japan 

(Okubo  et al., 1985);  east and southeast Asia (Tanaka et al., 1999);  the 

African-Eurasian convergence zone in southwest Turkey (Dolmaz et al., 

2005);  south-central Europe  (Chiozzi  et  al.,  2005);  California, U.S.A. 

(Ross  et  al.,  2006). More  recent   examples include   Australia   (Kumar 

et  al.,  2021);  East  Africa  beneath the  Malawi  rift  zone  (Njinju  et  al., 

2019); Western U.S.A. (Bouligand et al., 2009); Greenland (Martos et al., 

2018);  Yukon, Canada  (Witter  et al.,  2018);  Antarctica (Martos  et al., 

2017, 2019; Dziadek et al., 2021); in the Adriatic Sea, Eastern Italy 

(Kelemework et al., 2021);  Colombian Caribbean (Quintero et al., 2019) 

and Mexico (Carrillo-de la Cruz et al., 2020a, 2021). 

Tanzania is one of the  several  countries intersected by the  East Af- 

rican   Rift  System  (EARS) with   geothermal  potential  that   has  been 

explored only  to  a  limited  extent  (Hochstein et  al.,  2000;  Mnjokava 

et al., 2015). A first attempt to study the regional heat  flow in Tanzania 

was made  on the  basis of several  shallow  boreholes (70ï300 m deep), 

sparsely   scattered  in  the   craton   and   the   surrounding  Proterozoic 

orogenic belts (Nyblade  and Pollack,  1993;  Nyblade,  1997). The results 

indicate heat  flow  ranges  of 60-74,  39ï62  and  20ï47  mW/m2 in the 

Mesoproterozoic Kibaran  belt, Neoproterozoic Mozambique belt and in 

Archean  Tanzanian craton, respectively. Heat  flow of 56 mW/m2  was 

obtained from an onshore deep hydrocarbon exploration well and 51-87 

mW/m2  further east  offshore  (Nyblade, 1997). An inferred average, 

maximum and minimum surface  heat  flow value of 106 ± 51, 68 ± 47, 

and  53  ± 19  mW/m2  in  the  eastern rift  (largely  in  the  Kenyan  rift), 

western rift  and  the  surrounding shield,  respectively, was  estimated 

from shallow  boreholes (Fadaie  and Ranalli, 1990). Location and values 

of the direct  available measurements are shown  in Fig. 1. Note that  the 

locations are  very  scattered and  focused  on  known  anomalous areas. 

Therefore, these  measurements cannot  be used  to obtain  a representa- 

tive regional heat  flux map.  Also, these  data  may be strongly  biased  by 

shallow  water  circulation (Nyblade  et al., 1990;  Nyblade  and  Pollack, 

1993). In recent  years,  the  geothermal potential of Tanzania has been 

investigated through several internationally funded  projects  focusing on 

a few promising prospect areas (Hersir et al., 2015; Kabaka et al., 2016): 

the  Songwe,  Kiejo-Mbaka   and  Luhoi  low-medium temperature 

geothermal systems  (Hinz et al., 2018;  Armadillo  et al., 2020;  Rizzello 

et  al.,  2018)   and  the  high-temperature Ngozi  prospect (Kalberkamp 

et al., 2010; Alexander  et al., 2016; Didas and Hersir, 2021). However, a 

regional heat  flux map  covering  the whole  of Tanzania and  the associ- 

ated  detailed tectono-thermal interpretations are still lacking. 

The goal of this study  is to produce a heat  flux map  of Tanzania by 

integrating the existing direct measurements with CPD estimations from 

the DBMS to assess geothermal development potential in the context  of 

the geology of the region.  The geology of Tanzania is dominated by the 

Tanzania Archean  Craton  which  is bordered by  Proterozoic orogenic 

belts  associated with  Gondwana amalgamation and  is crosscut  by the 

Cenozoic  EARS (Fig. 1). Mesozoic sediments cover  the  Neoproterozoic 

belt to the east. To support a new DBMS computation, we have merged 

two magnetic data sets, the total intensity aeromagnetic data acquired in 

Tanzania from  1977  to 1980  (Stendal et al., 2004)  and  magnetic data 

from the 2 arc-minute Earth Magnetic Anomaly Grid (EMAG2) described 

by Meyer et al. (2017). Using the centroid method of Okubo et al. (1985) 

and Tanaka  et al. (1999) and the de-fractal method (Salem et al., 2014), 

we  have   computed  the   DBMS from   spectral  analyses   of  magnetic 

anomalies. Heat flow is then estimated by assuming conduction from the 

CPD to the surface,  assuming a reasonably close match  of the DBMS to 

the  CPD. To further constrain the  potential for new  geothermal pros- 

pects,  we  have  integrated existing  crustal  thickness estimations from 

passive  seismic  data   with  3D  gravity   inversion to  obtain   the  Moho 

interface and  better  constrain how  the  CPD,  heat   flow  and  known 

geothermal sites are  correlated with  seismic  and  tectonic information. 

To provide a validation benchmark, we have  compared the  heat  flow 

estimates from  CPD to the  geothermal gradient found  in deep  hydro- 

carbon  exploration wells and analysed the relationship between the heat 

flow anomalies and the location of uranium deposits. 

2.   Geological and tectonic setting 

The  geology  of Tanzania consists  of Archean  cratonic nuclei  also 

known  as  the  Tanzanian craton   (Borg  and  Krogh,  1999;  Manya  and 

Maboko,  2003)  which  is surrounded by the  Proterozoic orogenic belts 

formed  as a result  of widespread continental collisions  during  Gond- 

wana  amalgamation (Boniface  et al., 2012;  Thomas  et al., 2016). The 

last collision  is marked  by the north-south trending Neoproterozoic Pan 

African  orogenic belt  (Mozambique belt)  that  forms  the  East  African 

orogen   (Fig.   1,   Meert   and   Lieberman,  2008;   Boniface,   2019).  In 

Permo-Triassic time, the East African orogen was overprinted by phases 

of  post-orogenic extension  which   resulted in  the  formation of  deep 

intracratonic NE-SW trending Karoo  basins  (Fig.  1)  and  initiation  of 

coastal  basins (Nicholas et al., 2007). In the Jurassic-Cretaceous some of 

the  Karoo  rifts  were  reactivated leading  to  the  successful  rifting  that 

separated Madagascar from East Africa and  to the  development of the 

continental passive margin  along the western coast of the Indian  Ocean 

(Reeves and De Wit, 2000; Bumby and Guiraud, 2005). From Neogene to 

the  present, the  craton   and  the  Proterozoic orogenic belts  are  over- 

printed by the EARS (Saria  et al., 2014;  Asefa and Ayele, 2020). 

2.1.   The Archean Tanzanian  craton 

The  Tanzanian  craton   extends   from   central  Tanzania  to  south 

Uganda and Kenya and adjoins the Congo craton  to its north  (Fig. 1). It is 

composed of orthogneiss basement dated  >3600 Ma intruded by large 

granitoid plutons   dated   between 2610  and  2815  Ma  (Kabete  et  al., 

2012b;  Thomas  et al., 2016). The emplacement of granitic bodies  was 

coeval  with  the  basaltic volcanic   rocks  erupted in  an  intra-oceanic 

setting  (Manya,  2001;  Manya  and  Maboko,  2003), metamorphosed to 

greenschist facies  (Tanzania greenstone belts)  that  hosts  world-class 

gold  deposits  (Kabete  et  al.,  2012a). During  the  Cretaceous and  Ter- 

tiary,  over  360  Kimberlite pipes  intruded the  Tanzanian craton  (Stie- 

fenhofer and  Farrow,  2004), including the youngest known  Kimberlite 

(>30 Ma) located  in the western side of the craton  (Fig. 1, Brown et al., 

2012). The craton  margins  are  tectonically sutured to adjacent forma- 

tions  by Proterozoic orogenic belts.  The NW-SE trending Paleoproter- 

ozoic Ubendian belt  limits  the  craton  to the  southwest (Manya,  2011; 

Boniface and Appel, 2017). The NE-SW trending Paleoproterozoic Usa- 

garan  belt  borders   it  to  the  south  (Thomas  et  al.,  2016), the  Meso- 

proterozoic Kibaran  belt  limits  it  to  the  west  and  the  N-S trending 

Neoproterozoic Mozambique belt  borders   it  to  the  east  (Fritz  et  al., 

2013; Thomas et al., 2016; Boniface, 2019). The Ubendian belt lies along 

a successful  branch of a Mesoproterozoic rift  that  opened  to form ocean 

basins  between the  Tanzanian craton  and  Bangweulu block  (Boniface, 

2019). From  Neogene  onwards, the  eastern branch of the  EARS has 

impinged across  the  eastern and  southern margins   of the  Tanzanian 

craton  (Ebinger  et al., 1997;  Saria et al., 2014;  Ebinger  et al., 2017). 

2.2.   Proterozoic orogenic belts 

The    Paleoproterozoic   Ubendian-Usagaran   orogenic   belts    are 

comprised of medium to  high-grade metamorphic rocks,  granitic and 

gabbroic intrusions, and  volcanic  rocks  (Lenoir  et  al.,  1994;  Mruma, 

1995)  formed  as  a result  of subduction and  tectonic collision  events 

caused  by Gondwana amalgamation in Tanzania (Boniface,  2019). The 

Neoproterozoic Mozambique belt comprises juvenile  rocks including the 

nappes  of anorthosite-gabbro suites  with  emplacement ages  between 
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700  and   900  Ma.  They  had   subsequently  been   metamorphosed to 2.3.   Mesozoic rifting 

amphibolite to granulite facies between 620 and 550 Ma (Möller et al., 

2000;  Kröner et al.,  2003;  Thomas  et al., 2014), corresponding to the 

tectono-thermal events of the East African Orogen (Sommer  and Kröner, 

2013) resulting from the closure of the Mozambique Ocean between 850 

and  620  Ma (Fritz  et  al.,  2013;  Mole  et  al.,  2018). The  East  African 

Orogen  extends  from southern Israel,  Sinai and  Jordan in the  north  to 

Mozambique and  Madagascar in  the  south  (Stern,  1994;  Fritz  et  al., 

2013). The  late  PaleozoicïMesozoic Karoo  sedimentary basins  devel- 

oped in the Paleo-Mesoproterozoic crust (Wopfner, 2002)  and the 

Mozambique belt  which  is  overlaid by  the  Mesozoic  passive-margin 

coastal    sedimentary   basins    (Fig.    1,    Kent    et    al.,    1971).   The 

Paleozoic-Mesozoic sediments have  a significant role in the  geology  of 

geothermal prospects including a clay cap and/or reservoir in Songwe 

(Alexander et  al.,  2016;  Hinz  et  al.,  2018), Ngozi  (Alexander et  al., 

2016), Kiejo-Mbaka  (Rizzello et al., 2018)  and  Luhoi (Armadillo et al., 

2020)  prospects. From  Neogene  onwards, the  EARS has  disrupted the 

Proterozoic orogenic belts. 

The Mesozoic rift  consists  of the deep intracratonic NE-SW trending 

Karoo Basins (e.g., Ruhuhu, Kilombero and Kilosa basins, Fig. 1) and the 

southeast coastal  Basins of Tanzania (Nicholas  et al., 2007). They were 

formed  as a result  of the  breakup of Gondwanaland from  Permian to 

Late-Cretaceous (Bumby and Guiraud, 2005) and the development of the 

passive  continental margin   along  the  western margin   of  the  Indian 

Ocean (Kent et al., 1971;  Bussert et al., 2009). The coastal  and offshore 

sedimentary basins  consist  of  marine and  terrestrial  sediments over 

4000  m thick  (Didas,  2016)  that  host  a potential hydrocarbon system 

(Kagya, 1996), with discoveries of natural gas totaling more than 57 TCF 

(TPDC, 2021). 

2.4.   The East Africa rift  system (EARS) 

The Cenozoic  EARS consists  of two branches, the  western rift  with 

scant  magmatic eruption  products (Ebinger,   1989)   and  the  eastern 

branch with  much  more  prolific  magmatic eruption activity   (Foster 

et al., 1997;  Ebinger  et al., 2017). The eastern branch starts  at the Afar 

Fig.  2.  TMI map  of Tanzania and  neighbouring countries merged from  EMAG2 (Meyer  et al.,  2017) and  1977-1980 surveys (Stendal et al.,  2004). The  area  was 

divided into  447  overlapping square windows, each  with  a dimension of 110  × 110  km2 (1Ǔ x1Ǔ ) used  for the  computations of the  power spectra. The purple, grey, 

yellow, blue and white windows in the NE (upper right) corner represent how the windows overlap at 50%. The black  square shows  the location of window 173 with 

the  computed 1D radially power spectrum shown in Fig. 3. The Tanzanian craton is outlined with  a dotted black  line.  Thick black  segment lines  indicate the  EARS. 
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triple  junction in southeast Eritrea  and north  Ethiopia and is developed 

mostly  within  the  Neoproterozoic Mozambique belt  (Fig.  1).  The  rift 

stretches to  the  south  through  Ethiopia, Kenya  and  north   Tanzania 

where it forms the north  Tanzania divergent zone (NTDZ) defined by the 

Manyara and  Eyasi  rift  zones  that   extends   into  the  Archean   craton 

(Fig. 1). The western branch stretches from northern Uganda  within  the 

Ruwenzori belt  and  extends  south  along  pre-existing structures in the 

Mesoproterozoic    Kibaran     belt     and     further    south     along     the 

Ubendian-Craton suture  through the Irumide belt in Malawi and central 

Mozambique (Fig.  1,  Ebinger  et  al.,  1989). South  of  the  Tanzanian 

craton  and  southwest of the  Ubendian belt,  the  EARS has  reactivated 

Karoo aged faults within  the Mesozoic Karoo rifts (Le Gall et al., 2004). 

In Tanzania, the eastern and western branches of the EARS converge  in 

the  Mbeya  area  forming  a triple  junction within  the  Rungwe  Volcanic 

Province  (RVP, Fontijn  et  al.,  2012), and  then  form  the  N-S trending 

Malawi rift  which extends  further south to Malawi and Zambia where  it 

terminates. Recent  seismological studies  (e.g.,  OôDonnell  et al.,  2013; 

Mulibo  and  Nyblade,  2016)  have  proposed inferred extension of the 

eastern branch through the  Neoproterozoic Mozambique belt  crossing 

the Tanzanian coastal  basins. 

to compute the  power  spectrum (Ravat  et al.,  2007). Therefore, addi- 

tional   independent geothermal, geological   and  geophysical data  are 

usually  needed to verify  the  correspondence between DBMS and  CPD 

(Okubo  et al., 1985). 

There  are  several  methods to  estimate the  DBMS from  magnetic 

anomalies, as described for instance in Carrillo-de la Cruz et al. (2020a) 

and Kelemework et al. (2021). In this study,  we have  used the centroid 

method (Okubo  et  al.,  1985;  Tanaka  et  al.,  1999)  and  evaluated the 

results   against   the  de-fractal method  (Salem   et  al.,  2014).  All  the 

methods work  in the frequency domain  and  use the low wavenumbers 

(long wavelength) part  of the spectrum, assuming that  they  are related 

to the  deep  magnetic sources  (Spector  and  Grant,  1970;  Bhattacharya 

and Leu, 1975). 

The theoretical 2D spectrum of the total magnetic field for a random 

and  uncorrelated  distribution of  magnetization (Pt)  is  presented  by 

Blakely (1995) as a function of magnetization power spectrum (Pm), top 

depth  (Zt) and bottom depth  (Zb) of the anomalous body. 
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In Eq. (1),  Cm  is a proportionality constant that  depends on the  di- 

rection of magnetization and  geomagnetic field,  kx ,  ky   are  the  wave- 

numbers in 2  ́radian/km in the x and  y directions, respectively. Their 

Euclidean norm k is expressed as |k| =         + k2  , and Zt  and  Zb are the 

3.   Geophysical data  and methods 

3.1.   Aeromagnetic data  x
k2 

x             y 

We have  used the  total  magnetic intensity (TMI)  airborne anomaly 

data (Fig. 2) collected by Geosurveys  in 1977 and 1980 along E-W flight 

lines  spaced  1  km  apart, sampled  every  50  m  and  draped at  120  m 

nominal ground clearance over large  parts  of Tanzania (Stendal et al., 

2004). No data  were  collected over  Lake Victoria  and  the  Kilimanjaro 

and  Uluguru  mountains to the  north, northeast and  east,  respectively. 

Hence,  we have  used  the  TMI Earth  Magnetic  Anomaly  Grid 2-arc-mi- 

nute  resolution (EMAG2) dataset as  a supplement for  the  uncovered 

areas.  EMAG2 are open-source global  TMI datasets compiled from sat- 

ellite,  ship,  and  airborne magnetic measurements and  merged  into  a 

2-arc-minute grid  upward continued at  4 km above  the  geoid  (Meyer 

et al. (2017). These data were draped to an elevation of 120 m using the 

ETOPO1 global relief model data  with 1-arc-minute resolution (Amante 

and  Eakins,  2009)  and  merged  with  the  TMI of the  1977ï1980 survey 

(Fig. 2). The two magnetic grids have been merged  using the Knit Grids 

utilities in the Seequent Geosoft Oasis Montaj package. Along the suture 

line, the mismatch in the grid values is corrected by adjusting the grids 

on either  side of the path,  propagating the  correction required at each 

suture   point   in  a  circle  whose   radius   is  equal   to  the  user-defined 

correction  width.  This  method  provides  smooth   blending  without 

over-smoothing high-frequency variations which  may  occur  along  the 

suture  path.  The final grid was sampled  at 250 m spacing. 

depths   to  the  top  and  bottom, respectively, of  the  magnetic source 

assumed to  be  a  slab.  Finally,  Ūm   and  Ūf   are  the  directional factors 

related to the magnetization and geomagnetic field, respectively. When 

the 1D radially averaged power is computed, the terms Ūm , Ūf  and Pm (kx , 

ky ) become  constant. Hence, the power  spectrum is expressed as: 

2 

0Ëȟ:ȟ: !Å ȿȿ ρ Åȿȿ  (2) 

where,  P is the 1D power  spectrum and A1 is a constant. 

In terms of centroid depth  Z0 , (i.e., the midpoint between the top and 

bottom of the magnetic source)  Eq. (2) can be written as (Okubo  et al., 

1985;  Tanaka  et al., 1999): 

where  A2  is a constant. 

(3) 

For low wavenumbers of the radially averaged amplitude spectra Eq. 

(3) can be written as (Tanaka et al., 1999): 

(4) 

where A3 is constant. The centroid depth Z0 can, therefore, be calculated 

from the slope of the low wavenumber segment  of the spectrum. 

For the depth  to the top of the magnetic source Zt , which normally is 

obtained in the medium to high wavenumber range of the spectrum, Eq. 

(3) can be written as (Spector  and Grant,  1970), 
 

1 

3.2.   Curie point depth (CPD) estimation methodologies 

The depth  to the bottom of the magnetic sources (DBMS) can be used 

as a proxy for the Curie point  depth  (CPD), where  temperature becomes 

so high that  magnetic minerals in the Earthôs  crust  lose their  magnetic 

properties (Okubo et al., 1985). The most common  magnetic mineral in 

the Earthôs crust is magnetite, an oxide of iron but other metals influence 

the  magnetic properties of minerals, including copper,  cobalt,  manga- 

nese, magnesium and nickel, causing the Curie temperature to vary from 

440  to 580Ǔ C (Hunt  et al.,  1995). However, because  magnetite is the 

dominant magnetic mineral, its Curie temperature of ~ 580Ǔ C is usually 

assumed to be the reference temperature for the CPD (Hunt et al., 1995; 

Ross et al., 2006). The assumption of DBMS as a proxy for CPD may be 

biased   for  many   reasons.   For  instance, DBMS may  be  related to  a 

contrast in  lithology such  as sub-horizontal detachment faults  or  un- 

conformity or contact between young  volcanic  rocks overlying weakly 

magnetic thick sedimentary rocks (Bansal et al., 2011; Ross et al., 2006) 

or its computation could be distorted by the window size of the data used 

(5) ln(P(k))2 = A4   - |k|Zt 

where,  A4 is a constant. 

Then the approach of Okubo et al. (1985) and Tanaka  et al. (1999) is 

used to calculate the DBMS or Zb . 

(6) DBMS = ( 2Z o   -  Zt ) 

where,  Zo is the centroid depth of the magnetic source and Zt is the depth 

of the top. 

In  the  de-fractal method,  Salem  et  al.  (2014)  assumed that   the 

observed amplitude  AF  spectrum may  be  corrected considering the 

fractal  sources  using the relationship: 
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computations, we have  used the MAGCPD package  (Carrillo-de la Cruz 

et al., 2020b). 
(7) 

where  K is the norm  of the wavenumber and Ŭ is the fractal  parameter. 

The method evaluates Zt, Zb and Ŭ computing the forward modeling and 

evaluating the  match  between the  modeled and  corrected spectrum, 

albeit  with  high  fractal  parameter Ŭ values  tending to overcorrect the 

spectrum (Carrillo-de la Cruz et al., 2020b). 

In this study, we have estimated CPD using both the centroid method 

(Okubo  et  al.,  1985;  Tanaka  et  al.,  1999)  and  the  de-fractal method 

(Salem  et al.,  2014). For the  centroid method computations, we have 

used  the  frequency domain  algorithms available in the  MagMap  See- 

3.3.   CPD computations by the centroid method 

We have  applied the  centroid method (Okubo  et al., 1985;  Tanaka 

et al., 1999)  to square  windows  of dimension 110 km × 110 km (ca. 1Ǔ 

× 1Ǔ ) running over the study area with 50% overlap. The CPD estimation 

has been  performed on a total  of 447 windows. In the case of windows 

with resulting DBMS larger  than  25 km (8% of the total), we have used 

larger  size windows  of dimension 220 km × 220 km (ca. 2Ǔ × 2Ǔ ). 

The size of the windows  has been chosen on the basis of the following 
quent Geosoft Oasis Montaj package. For the de-fractal method 

Fig. 3.  1D radially averaged power spectrum and  computed parameters for window 173,  indicated with  black  square in Fig. 2. (a) the mean centroid depth (Z0 ), (b) 

mean top  depth (Zt ) of the  magnetic sources, over  the  window, respectively, as estimated from  the  slope  of the  interpolated red  line.  Its corresponding CPD (Zb) is 

16.44 ± 2.0 km. Images  (c-e) indicate the same  parameters in a large  window (200  km) centered at the same  location as 173  and  computed using  de-fractal method. 

The  two  methods reproduce similar CPD results. For the  de-fractal method, the  2.65  fractal parameter produced a good  match and  minimum misfit  between the 

observed and  modeled spectra. The error between the corrected and  modeled spectrum is computed as 95% confidence interval represented by the greyish curves  in 

panel 3e. 

ὃ ὑȟὑ ὃ ὑȟὑ  ὑ
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considerations: arbitrary choice of the fractal parameter and is relevant to cases where a 

deeper  range  of the CPD is of interest, for example, in areas  of cratonic 

crust  like much  of Tanzania. (i)  As small as possible window  size is essential in order to detect  the 

expected short  CPD wavelength variations across the EARS. 

(ii)  The 110  km window  size was used  in a similar  work  by Njinju 

et  al.  (2019),  who  applied the  same  methodology along  the 

Malawi  Rift, just to the south  of Tanzania. 

(iii)  It has been  proposed recently by Kelemework et al. (2021) that 

for the centroid method the window  size should  be between 3ï5 

times  the  average depth  of investigation. We, therefore, expect 

reliable  results  for CPD depth  up to 22 (110/5) to 36.6  (110/3) 

km,  that  is up  to about  30  km using  the  110  km size window, 

while for the 220 km size window  we expect reliable  results up to 

at least CPD of 44 km. 

3.4.   CPD computations by the de-fractal method 

In  order  to  overcome the  simplifying assumption  of random and 

uncorrelated magnetic sources,  we have  applied the  de-fractal method 

(Salem et al., 2014; Carrillo-de la Cruz et al., 2020a) to square  windows 

of 300 and 200 km size covering  the study  area  with  50% overlap. The 

size of the windows  in this approach is larger  than  in the previous one, 

because  according for instance to Kelemework et al. (2021), it must be 

larger than minimum 5 times the expected CPD. Since the use of 300 and 

200 km windows  gave very similar  results,  we consider here the results 

obtained with  the  use  of the  200  km  size window, giving  the  higher 

lateral resolution (Fig. 5a). 

The fractal  exponent of the de-fractal method allows the user to take 

into  account different magnetization distributions linked  to  different 

geological  conditions (e.g.,  Bouligand  et al.,  2009;  Carrillo-de la Cruz 

et al., 2021). On the other  hand,  the major drawback with this approach 

is that the choice of the fractal parameter is not straightforward. Li  et al. 

(2019) have  observed that  the fractal  exponent and  Curie depth  are so 

strongly  inter-connected that  they  cannot  be  reliably estimated inde- 

pendently. In  the  de-fractal approach (e.g.  Carrillo-de la  Cruz  et  al., 

2020a) the strategy is to choose the fractal parameter that gives the best 

fit  between the observed and the modeled spectrum computed from the 

current estimation of the  top and  bottom of the  magnetized layer  (see 

Fig.  3cïe  for  example).  Therefore,  this  approach is  also  subjective 

because   of  the   broad   minimum  fitting   errors   that   often   occur   by 

applying a range  of fractal  exponents and  because  of the  correlation 

between  the   fractal   parameter  and   the   CPD  that   affects   forward 

modeling (Li  et al., 2019). 

Generally  speaking, the CPD estimations we have obtained using the 

de-fractal method (Fig. 5a) show similar  patterns as using the centroid 

method (Fig. 5b),  but the centroid method gives generally deeper  CPD 

than  the de-fractal method (see Figs. 3 and 5). The tendency of the de- 

fractal   method to  overcorrect the  spectra and  produce erroneously 

small  Curie depths  has  been  widely  reported (Li  et al.,  2019;  Keleme- 

work  et al., 2021). Therefore, the  DBMS and  CPD estimates using  the 

de-fractal method can be considered to be biased  to shallow  depths  at 

lower confidence than the centroid method estimates, in the context  of a 

region  dominated by cratonic crust  but bordered by rifting. 

The optimum window  size is still a matter of scientific  discussion  (e. 

g., Blakely, 1995; Maus et al., 1997; Ravat et al., 2007; Bouligand  et al., 

2009;   Bansal  et  al.,  2011;   Li  et  al.,  2013;   Abraham   et  al.,  2014; 

Nwankwo, 2014;  Andres et al., 2018)  and is in general  unique  for each 

area (Kumar et al., 2020; Ravat et al., 2007). It is small over tectonically 

active  areas  with  high heat  flow and large in stable  regions  such as the 

cratonic areas  (Ravat  et al., 2007;  Kelemework et al., 2021). A typical 

approach is to choose a window  large enough  to show a clear peak in the 

very low wavenumber band of the spectrum (e.g. Ravat et al., 2007). We 

tested  different window  sizes, such as 500, 400, 300, 250, 220, 110 km. 

However, the peak was never been clearly  detected, possibly because  of 

the  presence of a uniformly magnetized layer,  a spectral peak  repre- 

sented  by a single  point,  presence of layered  sources  (Blakely,  1995; 

Ravat et al., 2007)  or the method used to generate the power  spectrum 

(Bansal  et al., 2006). The absence  of a spectral peak  has also been  re- 

ported by Ravat et al. (2007) and Bouligand  et al. (2009) and no peak is 

visible  in the  spectra shown  in Carrillo-de la Cruz et al. (2020a). Our 

final choice  of a 110  km window  is justified  because  temperature gra- 

dients  measured in deep petroleum exploration wells are in the range of 

22ï58   Ǔ C/km   in  different  geologic   settings   of  Tanzania  (Fig.  6a). 

Assuming a Curie temperature of 580Ǔ C, this range  implies  a maximum 

CPD of 26.4 km. Because this value is <30 km our 110 km window  size 

(approximately 4 times the maximum CPD) seems to be suitable. 

The selection of the wavenumber bands for the computation of Zt and 

Z0  in each window  was based  on a physical  inspection of the spectra of 

the  respective window  (e.g.  Bansal  et  al.,  2011). After the  reconnais- 

sance of the evident linear features in each plot, a straight line was fitted 

based  on  the  least-squares method. Therefore, the  wavenumber band 

where  the  fit  is performed varies  from  plot  to  plot  for each  window. 

Fig. 3a,b show an example of linear  fitting for window  173. Considering 

all the windows, the centroid depths  Zo were estimated from the slope of 

the  spectrum in the  wavenumber range  0.0079-0.079 1/km, while  the 

average depths  to  the  top  of the  magnetic sources  Zt  were  estimated 

within  the wavenumber range  0.0794-0.5 1/km. 

We have  also to underline that,  in estimating the  depths  to the  top 

and  bottom of the  magnetic sources,  the  centroid method assumes  a 

random and  uncorrelated  distribution of  the  magnetic sources   (e.g. 

Spector and Grant, 1970). This hypothesis has been questioned by many 

authors who  have  suggested that  a fractal/scaling distribution of the 

magnetic sources would be more realistic (Pilkington and Todoeschuck, 

1990, 2004; Maus and Dimri, 1995; Salem et al., 2014). Hence, a scaling 

exponent has  been  proposed to  be  applied to  the  power  spectrum to 

account for the random magnetization and  geological  variability (Ban- 

sal and  Dimri,  1999,  2001,  2005,  2010;  Pilkington and  Todoeschuck, 

1993;  Maus  and  Dimri,  1995;  Dimri  2000;  Dimri  et  al.,  2003;  Bansal 

et al., 2006). Kelemework et al. (2021) have observed that  the centroid 

method assumption of  random and  uncorrelated  distribution of  the 

sources  usually  overestimates the CPD. Therefore, the results  from this 

method could  be interpreted as a likely deeper  limit  of the  DBMS esti- 

mates of the CPD (Fig. 5b). Therefore, the centroid method continues to 

be used (e.g. Njinju et al., 2019; Dziadek et al., 2021)  since it avoids the 

3.5.   Evaluation of the CPD errors 

The errors  of the  centroid and  top  depths  of the  magnetic sources, 

ȹZ0  and ȹZt , have  been  computed from the slope error  of the linear  fit 

(e.g.,  Ravat  et al., 2007;  Kelemework et al., 2021). Uncertainty of the 
depth  to the bottom of the magnetic sources  (ȹZb ) has been  computed 

using the standard propagation error  formula  (e.g. Martos et al., 2019): 

 (8) 

The resulting statistical errors  of the centroid and top depths  of the 

magnetic sources  have  been  found  to be in the range  of 0.24ï1.05 and 

0.01ï0.34 km, respectively. The corresponding error  of the DBMS, ȹZb , 

is in the range  0.5ï2.1  km. This approach and similar  magnitude errors 

have  been  obtained by many  authors, e.g. 0.16ï2.16 km in Coahuila, 

Mexico  (Carrillo-de la  Cruz  et  al.,  2020a), less  than   2  km  beneath 

Thwaites  Glacier in West Antarctica (Dziadek  et al., 2021)  and 0.53 km 

in Soutpansberg Basin, South Africa (Nyabeze  and Gwavava,  2016). The 

same computations applied to the de-fractal method have  yielded  very 

similar  results. 

All  the spectral methods and the estimates of fitting  error  have  lim- 

itations that  must  be considered when  interpreting the accuracy of the 

results  with  respect   to  both  DBMS and  CPD. Errors  in  choosing   the 
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value,  we  have  chosen  2.8  × 103   kg/m3 because  it showed  the  least 

correlation with the topography and is representative of the widespread 

exposure of crystalline rocks in the region. 

The use of a Bouguer density  of 2.8 × 103  kg/m3 will  overcorrect the 

gravity  over  areas  where  there  is a significant thickness of sediments 

and/or water.  We, therefore, have  taken  into  account the  density  re- 

ductions due to water (in the lakes and the Indian Ocean) and sediments 

using the sediment thicknesses compilation from the CRUST1.0 Global 

model (Laske et al., 2013), verified against  wells drilled  to the basement 

along  the  coastal  region  of Tanzania (Didas,  2016). The  densities  of 

water  and  sediments were  assumed to  be  1,  and  2.4  × 103   kg/m3, 

respectively. Finally,  we obtained the  Bouguer  anomaly compensated 

for  water   and  sediments. To  downweight the  effects  of  the  shallow 

intra-crustal density  variations, we  have  applied a  150  km  low  pass 

filter. 

The final gridded Bouguer anomaly (Fig. 4) indicates a broad  zone of 

gravity  low along  the eastern rift  axis and  the surrounding area  which 

extends  south  to the  Archean  Tanzanian craton. This anomaly is prob- 

ably caused by a combination of features including the pre-existing thick 

crust  caused  by Precambrian tectonic collisions  (Nyblade  and  Pollack, 

1992), thickening of the crust  due to Neoproterozoic collisional events 

during  the formation of the Mozambique belt (Simiyu and Keller, 2001; 

Fritz  et  al.,  2013), Cenozoic  low  density   volcanoclastic  rocks  with 

thickness reaching 2 km on the  rift  flanks  (Baker  et al., 1988), crustal 

thickening due to intrusions near  Moho (Hay et al., 1995)  and  the low 

density  mantle  beneath the apex of the Kenyan dome  (Simiyu  and Kel- 

ler, 1997). The gravity  low in the  craton  follows the  trend  of the  area 

with  Kimberlite pipes,  indicating thick crust. 

correct   wavenumber band  over  which  a  linear  fit  is calculated may 

produce unpredictable errors  that  are  very  difficult  to evaluate.  Also, 

depth   estimation is  very  sensitive   to  small  variations of  the  fractal 

parameter. Moreover,  depth  estimations may  be  biased  by sources  at 

different depths   which  may  affect  the  top  depth   estimations due  to 

strong  overlapping of the  related spectral components (Hussein  et al., 

2013;   Kelemework  et  al.  (2021)).  Uncertainties derived   from  these 

problems could  be  quantitatively estimated using  Bayesian  inversion 

(where parameters related to  the  thickness of  magnetic sources  are 

expressed in probability terms)  because  of its capability to incorporate 

prior  information such  as measurements from  deep  wells (Mather  and 

Fullea,  2019;  Audet and Gosselin, 2019;  Lösing et al., 2020). However, 

the  CPD uncertainty computed using  the  Bayesian  approach requires 

very  large  window  sizes 15-30  times  larger  than  the  deepest  possible 

magnetic base in the study area (Mather  and Fullea, 2019). Moreover,  it 

is likely that factors other than curve fitting, like the separation of DBMS 

from  CPD where  deep  lithology lacks  magnetic sources  (Kumar  et al., 

2021), cumulatively contribute greater uncertainty to the CPD estimate. 

Therefore, the errors  in CPD are expected to be much  greater than  the 

estimated fitting  errors  and  are  likely  to be of the  order  of many  kilo- 

meters  (e.g. Ravat et al., 2007;  Mather  and Fullea,  2019). 

To address  this  uncertainty, the  thermal gradient derived  from  the 

CPD estimates has  been  interpreted in the  context  of other  data  sets, 

including geothermal gradient and heat flux estimated from deep wells, 

resistivity distribution  from  magnetotelluric surveys,   phase   velocity 

variations from seismic tomography, tectonic setting  of the regions  and 

Moho elevations from seismic and gravity  inversions. 

3.6.   Geothermal gradient and heat flow estimations 
3.8.   Estimation of Moho depth from gravity data 

The  estimated DBMS can  be  used  to  determine the  temperature 

distribution  at   depths   and   consequently  the   geothermal  gradient 

(Okubo  et  al.,  1985). Firstly,  we  have  assumed a proxy  between the 

DBMS and  CPD. The geothermal gradient 
 
ÖT

) 
has  been  calculated in 

To infer  the  Moho depth  distribution in Tanzania, we performed a 

constrained 3D inversion of the  150  km  wavelength cut-off  low  pass 

filtered  Bouguer  gravity  anomaly corrected for the  sediments (Fig. 4). 

We used  the  GM-SYS 3D Geosoft  Seequent software package. Forward 

modelling is based  on  a  combination of  Fast-Fourier Transform and 

space-domain algorithms to  calculate the  total  response of the  model 

(Parker, 1973). The inversion for solving  the  Moho depths  is based  on 

the procedure proposed by Parker  and Huestis (1974) which  assumes  a 

simplified model  of fixed  densities of the  crust  and  mantle. The algo- 

rithm  solves iteratively for the  thickness of a single  layer  representing 

the  crust.   This  simplification in  the  model  probably introduces the 

greatest departure from reality. The optimal solution is obtained when 

modeled Bouguer  anomaly is close to the  measured Bouguer  anomaly 

within  a given  error.  We assigned  a constant density  contrast of 0.5 × 

103  kg/m3 to the crust/mantle boundary, assuming average crustal  and 

mantle  densities of 2.8  and  3.3  × 103   kg/m3, respectively. Since  the 

inversion of gravity  data  is strongly  affected  by the  non-uniqueness  of 

the solutions, addition of an a priori constraint is needed to reduce  the 

ambiguity (Kanda  et  al.,  2019;  Represas  et  al.,  2012). As an a priori 

constraint, we  have  used  the  crustal   thickness derived   from  seismic 

receiver functions compiled from  several  authors (Last  et  al.,  1997; 

Dugda   et  al.,   2005;   Wölbern  et  al.,   2010;   Tugume   et  al.,   2012; 

Kachingwe  et  al.,  2015;  Hodgson  et  al.,  2017;  Plasman et  al.,  2017; 

Borrego  et al., 2018). The seismic  receiver function crustal  depth  esti- 

mations have  been  gridded (Fig. 5d)  to form  a starting model  for the 

gravity   inversion  and   were   used   as  a  reference  model   during   the 

inversion. The final crustal  elevation model  we have obtained is shown 

in Fig. 7 and described in paragraph 4.2. The final RMS error is 1.4 mGal. 

Finally, we have validated our results  against  the Global Moho depth  by 

Laske  et  al.  (2013). There  is  a  good  first-order match   between our 

inversion and  the  global  model  over  the  areas  covered  by the  receiver 

functions since our model  has used receiver functions as constraints. In 

the large areas where receiver functions estimations from the global data 

set are  not  available, our  model  shows  more  detail.  Note that  the  low 

pass  filtering   applied to  the  Bouguer  gravity   anomaly used  for  the 

Öz 

each  window  as the  ratio  of the  Curie  temperature (Tc ) of magnetite 

(580Ǔ C) in the crust and the estimated depth  to the base of the magnetic 

source (DBMS) or Zb assumed to be the Curie point  depth  (CPD) in each 

window. 
 

ÖT     Tc 
(9) 

Öz 
= 

Zb 

The  surface  heat  flow  qs   in  each  window  is computed under  the 

assumption that  1D steady-state conductive heat  transfer dominates (e. 

g. Martos et al., 2017). 
 

Tc 
qs = ɚ 

Z 
(10) 

b 

Where, ɚ is the average thermal conductivity coefficient  of the rock. 

We  choose   to  use  an  average  thermal  conductivity  of  2.5  W/mǓ C 

because  the  basement rocks  in Tanzania are  dominantly the  Precam- 

brian  gneiss, granulite and schist (Fritz et al., 2013,  Fig. 1) with  a con- 

ductivity range  between 2 and 3 W/mǓ C (Ray et al., 2015). 

3.7.   Gravity data analysis 

We have used gravity  inversion to obtain  Moho depth  estimates over 

the large  areas  not covered  by seismic data.  The Moho depth  estimates 

are  used  to compare the  CPD and  the  associated geothermal gradients 

and heat flow derived  from aeromagnetic data against  crustal  thickness. 

We use  the  new  high  resolution (5ô x 5ô arc  minute) satellite-derived 

Free-Air  gravity   field  model   compilation SGG-UGM-2 (Liang  et  al., 

2020) as our gravity data. In order to remove the gravity effect related to 

the topography we have computed the complete Bouguer anomaly using 

the   ETOPO1  elevation  map   (Amante   and   Eakins,   2009),  assuming 

Bouguer densities in the range 2.4 to 3 × 103  kg/m3. As a final reference 
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Fig. 4.  The 150 km low pass filtered Bouguer gravity anomaly map,  used  here  for the inversion. The dashed white ellipse  indicates the Kenyan  dome. The Tanzanian 

craton is outlined with  a dotted black  line.  Thick  black  segment lines  indicate the  EARS. 

inversion may have affected short-wavelength contributions from Moho, 

expected for instance along the rift  axis. 

areas  around Lake Kivu in Rwanda  through northwest Burundi. 

Apart from the EARS, shallow  CPDs generally follow the Proterozoic 

continental-continental collision boundaries (anomalies 2, 3, 4, 5, 8 & 9) 

from  the  northeast through south:  (i)  at  the  Neoproterozoic collision 

boundaries between the  Archean   crust  (Western   Granulite) and  the 

Neoproterozoic Mozambique belt (anomaly 2), (ii)  along collision 

boundaries between the  southern margin   of  the  Archean   Tanzanian 

craton  and the Paleoproterozoic Usagaran-Ubendian belts (anomaly 4 & 

5), (iii)  at the collision boundary between Mesoproterozoic Irumide and 

Paleoproterozoic  Usagaran  belts   (anomaly  8),  (iv)  at  the   collision 

boundary between the Irumide belt and Mozambique belt defined by the 

Ruhuhu and Kilombero rifts (anomaly 9). An unexpected pervasive zone 

of shallow  CPDs in the Tanzanian craton  (anomaly 1, Fig. 5a,b) is found 

south  of Lake Victoria  including the Ibadakuli geothermal site with  the 

65Ǔ C hot springs, where there is no surface expression of intense faulting 

related to  the  EARS. However, this  anomaly is also  observed in  the 

global CPD (Fig. 5c, Li  et al., 2017)  and is related to a relatively shallow 

Moho depth  (Fig. 5d)  and  the  deeper  low phase  velocity  from  seismic 

tomography (Mulibo  and  Nyblade,  2013). The  area  is known  for  the 

world-class  gold  and   diamond  deposits   hosted   in  meta-basalts and 

Cretaceous Kimberlites  pipes,  respectively. Geochemical studies  of the 

hot springs indicate the absence  of a shallow  magmatic heat source and, 

therefore, they have been classified as being a result of a deep circulation 

4.   Results 

4.1.   Curie point depth, geothermal gradient, heat flow and the geology of 

Tanzania 

Overall  results  of the  CPD, geothermal gradient and  heat  flow esti- 

mated  from magnetic data  are shown in Figs. 5 and 6. As a reference, in 

Fig. 5c we have  reported the Global CPD estimated by Li et al. (2017). 

Our  estimated CPDs range  between 11  and  43  km beneath the  geoid 

(Fig. 5a,b),  the  geothermal gradient ranges  between 14 and  53 Ǔ C/km 

(Fig. 6a) while the heat  flow values range  between 34 and 132 mW/m2
 

(Fig. 6b). As indicated in Fig. 5a,b, shallow  CPDs are observed along the 

eastern branch of  the  EARS from  Kenya  through northern Tanzania 

where  they  terminate at the  Eyasi rift  as it diverges  into  the  Archean 

Tanzanian craton  (anomaly 2, Fig. 5a,b).  In the western branch, shallow 

CPDs are seen southwest in the Rungwe volcanic  province (RVP) and in 

the Rukwa rift.  The northern part  of the Malawi  rift is characterized by 

shallow  values  of CPDs which  increase partially to  the  south  in Lake 

Nyasa.  Other  parts  of the  western rift  valley  associated with  shallow 

CPDs are the central and southern parts of the Tanganyika rift  basin and 


