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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 evalleggéothermal 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 Tanzahias been determined from the radially averaged
power spectra of the total magnetic figltterpretedas a proxy for the Curie Point Depth.
These findings have been correlated to the Moho degimatesrom seismic receiver
functions and 3D inversiorf gravity dataThe results indicate that high heat flow anomalies
(exceeding 100 mW/fhin Tanzania are situated along the EARS at the Proterozoic collision
boundaries. Generally, these high heat flow anomalies align with known surface geothermal
manifesations 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 todouysi

the most compelling areas for geothermal exploration in Tanzania are the EARS triple
junction in the Rungwe Volcanic Provin{i@VP), the north Tanzania divergent zone in the
eastern branch of the EARS, and the areas of the Proterozoic collisiatabes reactivated

by the EARS.

At a more detailed level, the project focuses on the RVP, one of the most promisinig areas
Tanzania for prospective geothermal resources. Higholution aeranagnetic data
combined with known faults, seismic epicentresid aknown surface geothermal
manifestations, including thermal springs, hot ground areas, and 3D MT resistivity
anomaliesare employed to identify concealed structures likely to enhance the permeability
of geothermal systems and to delineate structuredaanthtions likely to demarcate the
boundaries of geothermal systems within the RVP, particularly in the thregoroossing
prospects: Ngoziwith geothemometry >230°C), Songwe (112°C), and Kiejdbaka
(140°C). The 3D resistivity model derived from thgersion 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 -teghperature geothermal system
beneath Rungwe volcano in the RVP.

The 3DMT 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 chambegdsaisnag

a deep conductor situated approximately 6 km belowntely identified Ndaga ring
structure located between the Ngozi and Rungwe volcanoes and is supported by several
young monogegtic eruption centres, the Ngozi volcano to the north that develiopec

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 th@agaring structure is defined by the resistive phonolite
domes formed approximately 9 million years ago, predominai#ylain by young volcanic



lavas and/or pyroclastic materialslodelling results that have identified the Rungwe
geothermal prospect in addition to the previously interpreted Ngozi prospect have
significantly expanded opportunities for discovering geotla¢masources in the planned
drilling campaign

Structural investigations in the R\MRilizing magnetic dathave revealed that the potential

areas for geothermal resources in the RVP are located at the intersections between the NW
SE trending intraift faults with NESW, NS, and EW 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 ad development in the RVRAs 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-Bward modelling of magnetic anomalies, integcht

with previously reported faults, seismic epicentres, 3D magnetotelluric resistivity models,
and surface geothermal features.



PDtdr §ttur

Hér er i fyrsta sinn lagt mat & varmafleedio i Tansaniu, eina landinu i AAfsikur sem er

skorid i sundur af baedi eystra og vestra rekbelti Austiniku sigdalsins (EARS). Megin
markmid pessa verkefnis er ad meta umfang jardhitans a sveedinu med pvi ad samtulka MT
vidnamsmeelingar, og segulg pyngarmeelingar asaniitaekum upplysinguna svidiefna

og edlisfraedi bergsingardskjalfta og eldfjallarannsokna, jardefnafreedi og hdggunar.

Sveedisbundid varmafleedi i Tansaniu hefur verid metid Ut rir@dal aflrofi
heildarsegulsvidsins, midad vid dypi a Curie flotinn. Nidurstédur eru bornar samarpvid dy
a Moho samkvaemt vidtokufalli jardskjalfta og prividri talkun pyngdarmaelinga. Nidurstodur
benda til pess ad i Tansaniu sé varmafleedi umtaléweira en 100 mW/A) i Austur

Afriku sigdalnumvid plotuskilin fra frumlifséld. Almennt falla pessi hau fravik samad

pbekkt jarohitaummerki & yfirbordi og litid dypi & Moho (um-3B km). H& fravik i
varmafleedi sjast einnig midsveedis i meginlandskjarna Tansaniu og tengjast liklega
mottulstroki sem kemur fram i talkun skjélftameelinga. Samkveemt okkar nidurstddum eru
adhugaverdustu sveedin til frekari jardhitarannsokna i Tansaniu vid pripunkfostur-

Afriku sigdalnumneerri Rungwe eldfjallasveedin(RVP), auk frareksskila sigdalsins i
nordurhluta landsins og svaedinu vid plotuskilin fra frumlifsold sem EARS hefur mdyft

a nyjan leik

Hér er sjonum einkum beint ad Rungwe eldfjallasvaedinu, einu alitlegasta jardhitasvaedi
landsins.Nidurstodur flugsegulmeelinga med harri upplausn asamt stadsetningu pekktra
misgengja og jardskjalfta, jardhitaummerkja a yfirbordi par med g@ishverir og svaedi

med haum yfirbordshita auk viondmsfravika samkveemt prividri tdlkun MT
vidnamsmeelinga voru nytt til pess ad kortleggja sprungur sem ekki sjast a yfirbordi. paer

geta gefid visbendingar um g6da lekt i jardhitakerfinu og afmarkad jaréHite& Rungwe

svaediny einkum pau prju veenlegustu: Ngohit{ s a mk v b mt efnahitambl u
Songwe (112Mbalg K140 o). Vi An8msl| 2kan samk\
og eldri MT meelinga gegndi lykilhlutverki vid endurgerd hugmyndalikans af Ngozi
jardhitakerfinu. Likanid benti jafnframt til nys hhitakerfisdimRungwe eldstédinni.

Privio talkun MT meelinga bendir til pess ad par sé ad finna hahita jarohitakerfi,
varmagjafinrsékélnandi kvika. bPar séu tveir adskildir jardhitageymar, s& minni undir Ngozi
oskjunni og sé steerri undir Rungwe eldstodinni. Kvikulk@iur fram sem velleidandi
skrokkur & u.p.b. 6 km dypi nedan hinnar nykortlogdu Ndaga hringlaga myndunar milli
Ngozi og Rungwe eldstddvanna. Tilgatan um kvikuholf stydst jafnframt vid pad ad parna
eru noklur stok ung eldvorpNgozi eldstodin fyrir nordafproadist i dskju fyrir minna en
1.000 &rum sidan og fyrir sunnanRungwe eldstodin sem myndadist fyrir umQa@ arum.
Barmar Ndaga hringgangakerfisins takmarkaftavionamgonolit-gulumsemurdu til fyrir

um 9 milljon arum. Eftir pad hafa ung hraug/edagjéskalagstpar ofan a. Nidurstéour
reiknilikana hafa leitt likur adilvist Rungwe jardhitakersinstil viobotar vido Ngozi kerfid

sem var pekkt fyrir. Par med hafa aukist umtalsvert moguleikar a ad finna jardhita i
fyrirhuguduborverkefni.

Sprungikortlagning RVPsveedisins med segulmeelingum hientll pess ad veenlegar
jarohita audlindir & RVRveaedinu s¢ad finna par sem misgengi i sigdalnum med-8&
stefnu skera misgengi med NBV, N-S og AV stefnu. bessi belti par sem vaenta ma godrar
lektar afmarkast til vestur og til austurs af bergi fra forkambrium sem er almennt med lélega



lekt og gefa par af leidandi gédar visbendingar um jardhita audlindina &sR&Binu og
nytingu hennar. Til pess &ta sig frekar a eiginleikuRVP-svaedsinsvar héggunekortio
betrumbaett med tulkun flugsegulmeelinga og tvividilkun segulfrdvika asamt adur
kortlbgdum misgengjum, stadsetningum jardskjalfta, privioum vidnamslikbnum og jardhita
ummerkjum a yfirbordi.
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Pref ace

This PhD research project weerried outat the University of Iceland with threeaingoals:

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

to update the higkemperature 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 previusing 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 targetidgithe regional scale, thmagnetic 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 crusttesated from 3D inversion of gravity datt a more local scale

the magnetotelluric method has been used to investigate the geothermal systeigoai

and Rungwe prospects located in Rungwe Volcanic Province in southwest Tanzania and
update the exisg geothermal conceptual modef 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 eentres, 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 papeesIournal
of Geohermics while the third paper has been submitted to the Journal of African Earth
Sciencegsreviewed and resubmitted
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1 I ntroducti on

The distribution of egional thermal anomaliesf t he Ear t ho s detneatest car

potential areas with geothermal resources and impghewaderstanding of crustal thickness
and magma movement in the subsurf&mothemal systeraare foundn regions with high
thermalflux, particularly alongactivetectonicsettings such as tfeonvergent or divergent
plate boundariesThe East African Rift System (EARS) & good example on active
divergentectonicplatecontinenal rift zonewhich isrich ingeothermal resources associated
with shallow magmatic movement and deep circulation of meteoric water throughirfaults
athinning crustIn the EARS, thinning of the crust and rifting has been ascribed to stress
linked to plde tectonics and asthenospheric magma upwelling and convection processes
(Ebinger, 2005)The EARS is focusednd extends through weak zones of continental
continental convergent marginskifoterozoimrogenidoelts. Tanzania is one of the several
countiies in East Africa which is intersected by the EARS

An overall pattern of extensional stress within the EARS&@btatedthe development of

fault zones that localize magmatic intrusions and fracture zones that host geothermal
upflows. Hightemperatue 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 Aosletailedinvestigationof

these gelogical processes at both regional and volcanic scalesssntialfor updating
resourceconceptual models for geothermal exploration and exploitation within a specific
area. Furthermore, such research aids in the assessment of geohazard risks angkgontrib
to a deeper understanding of the underlying crustal structure.

This is the firssstudyto investigate therustal heat fluxistributionin Tanzanian order to
define potential geothermal areasth a focus on the Rungwe Volcanic Province (RVP)
SW Tanzania The project aims to assess the geothermal potential of the region by
integrating magnetotelluric, magnetic and gravimetric datad modelswith existing
petrophysical, seismological, volcanologicdtucturaland geochemical information ofeth
hot springs The study usethe magnetianethod to investigate the regional crustal heat flux
distribution in Tanzaniavhich is interpretedrom Curie Point Depths determined from
magnetic datavith the thicknesses of the crust estimated from the camstt&D inversion

of gravity dataAt a more local scalehe thesis focuses on the RVRifimlate the geothermal
conceptual model of the Ngozi prospect, develop a new resource conceptual ntbdel of
Rungwe geothermal system and support geothermal restamgeting in the RVP
Moreover, the studynvestigats likely permeable zones for geothermal well targeting
through the integrated interprétms of surface and subsurface structdresn magnetic
datawhich arecomplementedtby previously reportefaults, sesmic epicentrs, andexisting

and newresourcegeothermatonceptual models ithefour most promising prospedtsthe
RVP, namely Ngozi, Rungwe, Songwe and Kidjfibaka.
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1.1 Research background

Geothermal systems worldwide are known to exist mainlyaasaassociated with high heat
flows usually along major tectonic plate boundaries associated with young volcanic
activities, shallow magmatic plumbing systems, and occuyreh@arthquakes. In areas
with active geothermal systems underneath, the systemsally manifest on the surface as
geysers, fumaroles, mud pools, hot grounds, hydrothermally altered grounds, hot springs,
geothermal grasses and other hydrothermal phersmdéowever, not all geothermal
systems do manifest themselves on the surfacee@oss they do not or show very limited
surface manifestations. Such systems are commonly known as blind oblsemi
geothermal systems. Most hidden and blind systems ares<18fth as McGinness Hills
(140 MWe) and Blue Mountair>80 MWe) in Nevada. Peintial example of a serbilind
system currently producing power inclgdgvartsengi in SW Iceland (66 MWe and 190
MW1).

In developing geothermal resources, the area of interest is typically first investigated by
surface geoscientific studies which includgological 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 wedlrilling 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 deetinestigate 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 gecgiry/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 magnetand 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 mismsmic studies are used to infer active fault zpnes
possiblepresence of magmand 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. Hawr, 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, Mwakagli, Ngozi and Rungwe volcanoe$herefore, 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
presat 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 dpsis 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 dewping 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 chabmdew 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 areoncealed below recent sediments and volcanics and to
investigate their relationships with the hot springs, hot ground ,asedas the
interpreted geothermal systems in the Ngozi, Rungwe, SqraiejcMbaka in
the RVP. Our secondary goal is to ideptihore permeable zones suitable for
geothermal wells targeting in the RVP through identification of unmapped faults or
part of them below the thick pyroclastic materiading magnetic data, supported by
earthquakéocations and previously reported faudistributions.

The first goalWwasaccomplished in the first paper publishedseothermics. The second
objective was archived and published in the second paper again pubiished
Geothermics. The last objective was fulfilled in the third paper submittie tafrican
Journal of Earth Sciences presently being reviewed.

1.3 The East AfricdammRi ft Sy

TheAfrican continentaplate is in the process of splitting into two tectonic plates, the Nubian
plate and the Somali platkat divergeat a rate of 6 to 7 mmep yearforming the EARS
(Stamps et al., 2008The EARSstretches over a total distance of 4000 km from North
Africa in the Afar region in Ethiopian the northextending across Tanzania Beira,
Mozambiquen the soutlFigure 11).

The development ohe EARS is structurally controlled whereby the magmatic activity and
rifting from theMiocene to Quaternary is focused on the weak zones in Proteasagienic
belts (Ebinger, 2012 The rifting tensional forces which cause the development of EARS
have ben modellecand discusselly Ebinger (2012)attributed to thre@nain sources (i)
Tensional forces generated by-fesld plate motion, (ii) pressure and stress gradients
induced by asthenospheric upwelling (iii) traction forces at the base of lithoggnerated

by convecting mantle sufficient to ththe 100250 km lithospheric plates. However, it is
not clear which forces are predominant over the other Stamp et al. (2I¥) used
geodynamic modellingp quantify the forces driving presetidy continetal rifting in East
Africa and found that the development of tBARS isdriven mostly by tensional forces
associated wittithosphericgravitational potential energy gradients in the EARS and, the
minimumtensionaforcesresulting from basal shear alotige EARS
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Figure 11 The East African Rift Systgimodified after Benti et al., 2023Tanzaniathe
study areais outlined in whiteThe circles indicate thearthquakdocal mechanism
describing the deformation in thgarthds 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 bywestern 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 Trezania 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 intersectghe eastern branch in the Mbeya region (Figure 1.2). From the Mbeya region,
the two branches form the-8I trending Malawi rift that extends further south through
Malawi until it ends in Mozambique (Figure 1.2).

In general, the EARSs floored by the Proteozoic high-grade metamorphic basement
complexwhich 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 tifabinger et at.,
1989. The Karoo andCretaceous sedimeary formations are covered lblye Cenozoic
volcanic rocks of basaltic anachytic compositions which are also covered by recent
sedimentary rockéEbinger et al., 1989 The eastern brangk more prolific inmagmatic
activity due to significant thinmg of the crustenhaned upwelling of the asthenosphere
and lithospheric rupturéebinger, 2005Ebinger et al., 20021t is floored by thegneisgs

and granulite of the Neoproterozoic Mozambique belhd partly the Paleoproterozoic
Usagaran belin the SW Tanzaniguggesting a predominance of reworked Archean crust
(Fritz et al., 2013) The western branch is floored by thigh-gradeamphibolitic facies
metamorphic basement thie Paleoproterozoit/bendian belt anMesoproterozoi&ibaran

belt (Figurel.2,Fritz et al., 201B With theless thinning of the crushh¢ western branch is
generally scant imagmaticactivity except in a few places witbcalisedactive volcanoes
such as the Nyiragongelcanoin the Democratic Republic of Congo (DRC) aatlithe
triple junctionandadjacent aresin the RVP in SW Tanzanighe focus of this studyhere
multiple volcanoes exist including the Ngozi, Rungwe, Kiejo, Mwakaleli and Tukuyu
volcanoes anaghumerousmonogenetic volcanic centrésd from deep magmaticosrces
(Fontijn et al., 2010)

The tectonic saip of theeastern branch is controlled by theeexistingN-S and NESW
trending largescaleweak zonesvhereas thevestern branch is dominated by fire-existing
NW to NNW striking large-scale fault systes{Ebinger, 2005)These fault systentontrol
the geometry of theft forming a series of halHgrabensegmentsomedeveloped to form
the lakes (Figure 1.2) The current stress fieldf the EARSshows that thanajor fault
systemf the EARSare intersee@dand reactivatetly the ENEWSW trendingaultswith
strike-slip componentgEbinger et al., 2013hathave enhanceghagmaticactivity, fracture
permeability of the rocks, and development of potential geothermal sy&agmsHinz et
al., 2018)

TheEARS 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 ¢Bahti2023).

Of these, 938 MWe are generated in the Olkaria geothermal field in Kenya (Gutiérrez
Negrin, 2024) and 7.3 MWe installed capacity in Aluemgano geothermal field in
Ethiopia (Benti et al., 2023). Menengai with an estimated capacity of M&,Mlso 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 thergeadtresources 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 numsegeothermal 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 contaimnchosted, magmaticalieated
high-temperature geothermal systems whereas the western branch mainly hosts low to
mediumtemperature geothermal systems which are heated byciteatation in faults
However, the Ngozi and Rungwe prospects in SW Zamaare exceptions, as thépst
prospective higiemperature magmatically heated geothermal systems (Didas et al., 2023)
These prospects are locatatithe intersection of the eastgdsangu rift)and western
(Rukwa rift) branch of the EAR%nNd the ndhern part ofthe Malawi rift which is the
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southern segment of the western branch of the EARIS area isharacterized bgnagmatic
activity (Fontijn et al., 2010) low shear wavesesmic velocity zoneand thin lithosphere
(O'Donnell et al., 2013)The® characteristicare consistent with uprising asthenospheric
mantle and localed melting beneaththe RVP caused by thermal ocompositional
anomalies in the upper mantle, synrift or-pfelithospheric thining or a combination of the

two (Accardo et al2017) 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
spase and thin volcanics overlying fewer, less voluminous and much deeper magma
chambers (Chorowicz, 2005).
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Figure 12 Geological map of Tanzania modified from Fritz et al. (204/3) Didas et al.

(2022) showing the main geglical 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 tripljunction 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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14 Geot her mal Syshemanzani a

In Tanzania, most geothermal prospectsfaumd within the western branclin Rukwa

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

the Malawi rift segment (Figure 1.2 he four most advanced prosgis with estimated
reservoir temperature 280angregcbnemddi0®d i
(UNEP/ARGeo, 2016; Rizello et al., 2022; Asnin et al., 2022; Didas et al.,.Z0&8Ngozi

and Rungweprospectsare volcanchosted and probablymagmatially-heated located at

the southwest triple junction of the EARS (Figdr2), potentially hosting a reservoir with

at emperature greater t han tlir@dhe, Sohgve, sboaatedd er e
about 40 km northwest of Ngozi with an estindkte r e ser voi r temper at
(Alexander et al., 2016). THeurth prospect, KiejeMbaka, is located about 45 km south of

the Ngoziand Rungweprospectand has an estimated reservec
(Rizzello et al., 2022). NgozRungwe,Songwe andKiejo-Mbaka are thdour flagship
geothermal projectsf the Tanzania Geothermal Development Company Lin{it€aDC)

that have reached the drilling stage to confirm the resoDetailed surface studies were
completed between 2016 and230Geothermapraospectdn the eastern branch in Tanzania

are poorlydefined due to lack of detailed surface studidsey are generally defined by

regional studies anaccurrencesf the hotand thermasprings. The prospects include Lake

Natron, Manyara, and Eya$tigure 1.2) Other geothermal prospects are located outside the

EARS andgenerallyhostlow-temperaturesystems. Such prospects include Ibadaint

Majimoto (located in the Archean Tanzanian Cratdfijsaki and Luhoi(locatedin the

Mesozoic sedimentary basimtheeastern part of Tanzania

15 The studys ar ea

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 tleuthwest; 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 generdélgenintersected by the EARS which is
splitting the African catinent(Figure 1.2) The EARS has greatly influenced the distribution

of potential site$or geothermal resourc@s Tanzaniavhere most of the identified sites are
located(Figure 1.2)

The RVP has beennvestigated indetail inthis study It is in the Mbeya region in SW
Tanzaniaat theintersection of the eamt and westrn branch of the EARS. It comprises
five major volcanoes, Ngozi, Rungwe, KiegmdMwakalelivolcanoess well aghehighly
eroded Tukuyu volcano and numerous monegersmall votanic eruption centres. The
RVP is alsahe homeof several geothermal prospects in Tanzania, Ngozi, Rungwe,-Kiejo
Mbaka and Songwe prospeuthich form the focus of this study

16 Previous geot her ntaHe whOMK i n

Geothermal exploration in the RVP datesxkto 2006 whenthe German Federal Institute
of Geosciences and Natural Resources (BS&&)edthe firstdetailed geoscientific stigb
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in theNgozi and Songwe prospecthesecond detailed surfastudyin the Ngozi prospect

was done byhe United Natins Environmental Programme (UNER)collaboration with
TGDC and the Geothermal Development Company (GDC) of Kenya between 2015 and
2016.The EAGERTGDC collaboration further assessed the Songwe prospect (Hinz et al.,
2018). The KiejoMbaka prospectwas nvestigated in 2018 by El-Electroconsultin
collaboration with TGDC funded bythe Icelandic International Development Agency
(ICEIDA). The Rungwe prospedbasbeeninvestigatedrecentlywithin this PhD project
during thedetailedfollow-up study of the §ozi geothermal syste(NEP/ARGeo, 2016)

1.6.1 Ngozi and Rungwe prospects

The Ngozi and Rungwgeothermaprospects aré5 km apariat the triple junction of the
EARS in Mbeya regionlSW TanzaniaSince 2006 Ngoznas beemdentified by the TGDC
as the flagsip high-temperaturegeothermalprospect in Tanzania wita smallreservoir
interpretedbelow the Ngozi calderdake with atemperature>23@ estimatedfrom
geothermometrgf the chloride hot springs located on the bottom of the Ngozi calddéea
(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, 2018YEP/ARGeo, 201p
According toUNEP/ARGeo (2016)MT data from theNgozi prospect have strong 3D
effects manifested b$D distortion parameter$o excludehesestrong 3D effectat depths
corresponding to the frequency that indicated the onset of 3D efiieetdD Occanmand

layered MTinversion modelswith static distortion constrained by TEM, werencatedat

about 2000 m depth below surfatater, Didas (2018) reprocessed the RRAdTEM data

from the Ngozi prospect and performed 1D joint inversbthe MT and TEM datand
partially considered also the relialdeeper information below the clayap. 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 caldeddEP/ARGeo (2016) made the claim that
Ngozi was hermetically sealed. Some subsequent interpretationsidered 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 sepayatems at Ngozi and Rungwe

are more likely.

On the other hand, the Rungwe prospect was given less attention ldak &b potential
surface geothermal manifestatsoifheRungwe prospeatasinterpretedn 2023 by Didas

et al. (2023ps part of t/s PhD projectthanksto additionalMT surveydata soil temperature
andcarbon dioxiddlux measurements acquired by TGDC over an #rabextended from
the Ngozi prospect to theoutheasthrough the Rungwe volcano. The Rungwe geothermal
systemwas imaged ypthe 3D MT resistivity model a& large updoming of the conductive
clay capbelow the Rungwe volcarand is supported by the hot ground areas oB>58
thenorthwestand southeast flanks of the volcano

In 2024 the Wited Nations EnvironmentalProgramme (UNEP)and the United States
Energy AssociationSEA) in collaboration with TGDC organised a Technical Review
Meeting (TRM) in Mbeya regiono disaiss the two systems e Ngozi and Rungwe
prospect (Cumming et al., 2024). The TRkbught together a team of geothermal experts
from East Africa, New Zealand and USA. The TRbhcluded by supportinigpe findings
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of Didas et al. (2023) that Ngozi and Rpve are separate systensim well drilling is
planned in 2024 in thlgozi and Rungwe prospects.

1.6.2 Songwe prospect

Songwe isa low-temperaturggeothermal prospect located about 40 konthwestof the
Ngozi hightemperature prospeciThe geothermal systens ia deep circulatioffault
controlledsystemwith areservoir temperaturef 123 estimated from the geottreometry
of the hot springsThe prospect has been investigaitedeveral detailed surface syud
campaigns includinthe Geotherm group between 2086d 2013O0chmann and Garofalo,
2013, UNEP in 2015 to 2018UNEP/ARGeo0, 2016and UK funded EAGER program in
2018(Hinz et al., 2018)TGDC hasdeveloped severalirectuseprojects for agricultural
and heating processeBilot projects in Songwe includan egg hatchery for chicken
breeding a hot swimming pool an@ greenhouselGDC is planning a slimvell drilling
program to confirm the resource.

1.6.3 Kiejo -Mbaka prospect

The first detailed geothermal studies in Kidjfilnaka prospeciveredone in 2018 by EC-
Electroconsulin collaboration with TGDCfunded by ICEIDA (Hersir and Weisenberger,
2015).Before the 2018 study, tipeospectvas investigated bgregional study that tluded
geochemical sampling of the hot springs that was performed by JICA whitle country
of TanzanigJICA, 2014) The study by EL€Electroconsuland TGDC (201) revealed that
the KiejoMbaka prospegprobablyhostsa low-mediumtemperaturdault-controlleddeep
circulation geothermal systeassociated with the Mbaka Fawith areservoir temperature
of 14 estimated from geothermometry of the hot sprinfseir findings have been
supported by additional MT datquisitionand 3D resistivity modelling of the MT data
that was performed by Jacobs in collaboration with TG 202 to 2023 (Jacobs,
2023). For thedetailsabout the surface studies performed in the prospect agdakieermal
system andjeothermal conceptual modedeeRizello et al. (2022and Jacobs (2023)

In 202021, TGDC drilled three shallow wells thatahed a maximum depth of about 200
m and encountered warm shallaguifersnear the Mbaka border fault. One of the wells
flows with a temperature of about4and artesian pressure (2 bagll-head pressunehen
filled with hot water) fed from a depth of about 70 m. Other wells are sligbltier TGDC

is planninga slim-wells drilling campaign in thprospect.
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2 Met hods

21 TheMagnetotelluric method

2.1.1 Thetheo retical basis of the MT method

The Magnetotelluric (MT) method is a passive Electromagnetic (EM) explotatbnique

that wutilizes a broad spectrum of the Earth©o
than 0.0001 Hz to investigate the spatial vations in the electrical resistivity of the

subsurface at depths from less than a hundred metexéoakilometres Chave and Jones,

2012) The natural EM field signals originate from two distinct sour¢Eslow-frequency

(1 Hz to <0.001 Hz) EM sigral due tothe interaction of the solar wir{d continuous stream

of plasma, carrying a weak magnetic fiebd)dE a r tmhgbetic field(Parker, 1958); and

(2) hightfrequencysignals(>1 Hz to 10 kHzHue toglobal lightning activities€.g.,Simpson

and Bdr, 2005). Thesdar andlargescale sources are treated as uniform plane waves
propagating verticallin the highly resistive aand diffusively into th&arthwhich actdike

a good conductaiVozoff, 1972. Thefluctuating magnetic fielthduces an eletric current

within the Earthknown as telluric currenThemagnitudeof thetelluric currentdepends on

the electrical conductivityof the subsurfaceBased oPA mper eds | aw, measur
magnetic fluctuations at t ah @ectrie aurrenh id she sur f ac
subsurface (Chave et al., 201Zhe addition of electric field measurementt®@Ear t h 6 s
surface provides the electrical conductiviiglow that point, andhe transformation of

electric and magnetic field data into the frequemlomainhelpsto map the electrical

conductivity as a function of depth and positiBecause th&M fields are vecta; it is

possible to measure three componenti®magnetic field, and two horizontal components

of theelectric field on the surfacd the Earth, where the vertical electric field vernishes due

to the presence dheinsulating atmospher&Vhen measurements are made in the 1 Hz to

10* Hz frequency range, the method is referred tthaswudiofrequency magnetotelluric

(AMT) method. Thdow-frequency range of MT is typically applied for deep crustalle

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

study, a frequency range of 320 Hz to 0.001 Hz was used to investigate the geothermal
systensin the Ngozi and Rungwe prospects.

The MT method involves measuring the fluctuations of the natusaiyrringelectric and
magnetic field in orthogonal directions as means of determining the resistivity structure in
theEarth'ssubsurface. Themeasuements at the surface of both the amplitude and phase of
these fields are dependent on the electric:
geothermal areas, the electrical resistiwigriation is mainly influenced byseveral
parameters includintpe conductivity of the rock matripermeabilityand the pore structure

of the rock, the degree of fluid saturation, type of garel such as the content of water and
steam, salinity of the pore fluid, surface or interface of conductivity and tempeg(idérsér

et al., 2021 and references thereir)e shallower part of the geothermal systesmallyless

than 2 kmis typically dominated byhe very low resistivity of the hydrothernakltered
smectite clay capr sedimentary deposition withigh cationexchange capacitfCEC). In

the geothermal reservdaelow the clay cagvherethe rocks are porous and dominated by
high-temperature hydrothermal clay alteration minersigeh as chlorite and epidote
resistivity variation is controlled by poftiid, salinity of the pore fluid and temperatuvat
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to a lesser degree by the alteration minerals (Lévy et al., 28 8jeater depths, magma
chambers and partial melting of the rocks may be particudariguctiveand will providea
resistivity contrast witim the surrounding rock®.g.,Ussher et al., 20Q0T he interpretation

of the lowresistivity deeper bodiesowever,should be integrated with other data sets
therehave beema fewcases irgeothermal fieldsvherelow resistivityanomaliesnterpreted

at great depthas magma chambers turnedt to be graphiticbodies and ore minerals in
Paleoproterozoicschist (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 ~5(
the resistivity of the surrounding rhyolitic host rock (Martinez and Schulg)2Therefore,

in such cases, it is not possible to establish the presence of a magma reserveintivabed

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

2.1.2 Governing equations

The theory of the MT met h oodswhichrethitheaecticbed by
field E and magnetic field as vector fieldsn any medium(Chave and Jones, 201Zor

the derivation of the equations appliadhe MT method, the reader is referred to Ward and
Hohmann (1988), Simpson and Bahr (2005) &ithve and Jones (201Zfhe four

Maxwelld squations are described below:

nifA N ' AOG AfEIGEMA A AEEGH AL )

nfA T " AOG A&EICGEIAACT MG &HA A 8

nA 2 g AOBE AR ®
TO

n & 1 ' DA A8 c8

whereD is the electric flux density (C// B the magnetic flux density (T = V sAinE the
electric field (V/m),H the magnetic field (A/m)q the electric charge density (Cmj the
electric current dasity (A/n?) andt is time(s).

Equation 2.6l liesw tfher Galuessel ectri c fD(eilnd whe
C/3n is solferlejeecuea itco cghandE/ thensi ty

Equation (2&62)awsfbhet Baumsgn détaitc mlaigenled .i cl ff
by the magnRarie alnwalycse esponuarncde no free magnet

FaradayhsEgawti on (2.3) shows t hEi rc oau pdli onsge «
|l oop due to a ti mRalvanmg itnlge maxginetofc tthelidnd
Cur |l of magnetic fidicdawistthelegmagnet icariretne
j(in?A/amd time varying electric displaceme
Equati)dgn agnds oi sk Amwésr e a w

The expr &édagiacaaspi'mpcer e'as el aws ti ally decoupl e
presence of a | inmat eaquwaific@mps tci metdiamenbredlea
i ntroduced:
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Wheleli s the diel eeteiic pagemémitd vpeymeabil

magnetic per meato=l U9 HbMm) f ned sdpatectric per
spag=8. 83 EFYOm) . Va riamtdiaoes aissumed negligible
variations in tibe boéekscodbstcanmntvs tygre relate

| i gohitn, fr e pfptace (

Further molr eddd ncguirévyepnésr el(aEwguati on 2. 4) , I n the
el ectric fiel dnecdahuanenhy c bl{d w8 il felr tetngz efrroo m
and can be expressed as:

T AA ¥

whekAé s t he conductiorOh@rl.rath—ﬁ—ésaﬂB@ dinowha aes

current, whi ch is gener a}l eids bex tfrlauncetouvast i cnugr
primary current, which®&i suadsacmed to fl ow ab
Using theretbiacsns t(ud.i 5S0bam dl, 2MaABequmat i ons (2. 1
2.4) may be written as:

tA i &y
ntA T B
n A fia

0 @ m
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Hel moltz equations

The Equation2.8-2.11can be rearranged to yield an expression for extracting information
about the subsurface. Taking the curl of Equation (2.9) yields:

n on A nfnfA nA n Yy ¥t T i x-h,A

LA 1—=5 =5 N=5 5 1
Sin&# T, Equation (2.12) simplifies to the e
the diffusive wave(TOhamadiemi stics in a | oss
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The MT met hod works in the frequency domai n
domai n, the Fourier t r an sAfse ruma tnagromo nciocn vteir s

depend®meBe Equation (Relh@)t zxi e qpdathiedird r e que
domai n

n r A T 2.1
whefrdeenotes the complex wave number
r Bt AStY E | 2.1

The undamped wave pard,plifriay et é s cogwhHaotsdeab ys p
wavel emg2 'h/ne an d uncetdiveem tshkeaht &s t he | ow frequ
in MT make thengk(amihgipt apyna more jimplortant
This noti on qiusassti aatsivgcu mpd i tome and | eads to t h

t hBefal d:
Q| = 2.1
Foll owing the method used above, and consi
el ectric charges, thfidlidfoaasmnome Edjenitved i o
QF m 2.1

Equatidmy @hd (2.17) are fundament al for
describe the diffusive behaviour otfhMl ectro
met hod.

For a geographicéék,,x,omigrtdni ng@aden gsiynsgg emo r t h

vertically downwards, respectivel vy, Equatio
the condarcdi angyl aw,bdtr e gue nddpseon ddniBt,n)i . e .
Therefore, the diffusion Equations have the
B=Boe' 4?Bie' k? 2.1

E=Eoe' 47Eie' k? 2.1

Bo, ,Bo,EidEr e t he el ectremagnkeace( »fExinieaker t i
t o vaniysbanfddre raBf=€Er== 0. Thus,f ofdqeatsiod ug i 2.n138
2.19 simplifies to:

B=Boe' kz2 )
E=Eoe! Kz 2.2
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2.1.3 MT signal penetration depth

Equat?2pPns@ggests the superpositio of two ch
sinusoidally with depth due to the Fmaginar
dependent attenuati onnv edrusee toof tthhee rreeaall tpearrnm.

skin odpeenent r at il omf dEeMwthi elhdi s defined as the

n
h
r

direction of propagation, at whi dh/defhei tasnpl i
original value, thandi san3b® €6ti mAhtedsfiL®om9
EM salg and the resistivity of the material v
Equation 2.23 bel ow.

g —— UTmaTQ a 223

wlerji,s t he aofestisa i fWnlfsydr fisscea he frequency of
fi @H4]

From the formutit me MT met Wo aioluinaa tnfga ¢ geucehmd yq u e
the smaller the comdudihievi bwef( hiitsleh ef edeagespeanre iy
the EM field penWwhternataens E M tfo etlhde oHaretxht.er nal
it diffuses downwards, but its penetration c
gi ven rcaisdtsrtiabvilifirmooqquency har monically oscill e
the surface penetrates to af rgeceuanrcay deEeN tfhi @ln

Theskin depths a very important factor in MT survey design and interpretalios small

in low resistivity formations and for higftequency 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 iEquation 223 holds for a seminfinite halfgpace 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 increasinggitee 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 actuaistribution of the electrical conductivity of the subsurface.

2.1.4 MT impedance, apparent resistivity , and phase
Ear tsh model of uniform conductivity

The MT i mpedance, apparent resistivity and p
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fieldni ndud@iemd&adaelt hof uniform conductivity.
full notati on, Equation (2.10) shows the fc¢
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The ratio of the orthogonal Zwommoaenoppobidt
Thapparent of et hssptahceel,f yqgm, uinsi tdse foifned as:

” L | =

I n the fred@edinsc yc adnoprdaegxn,and h#%s an associ at
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Thus, t hae omisd e ti 5 A ,r erseigsatriadvlietsys oofd ptahthee. u n d
Schmucker and nWeriaddcedded 1t9he-WWed mdpell a x t S cammsu ek ¢
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transfe€(édoampgpai ent o Equation 2.19):
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on their thickness and their resistivity, e
conductive | ayedesctale@®@n moe i setaisvid yl ayer s ( S}
1991)pan@(fzi)are the resistivities of two | a\)
|l ayer is M times that of the conductive | a
that the entire information abaoutfiteHa I|IEayer

EM I nduction in a 2D Earth

B anmglolEari zations

Figure 2.1 illusdirmdresi canasli mpadD)f i mad elwowi t |
boundary sixdi keagi om. thkee resistivity bounct
faul tkeor Edyectric currents on both sides of
the equation of continuity that assigns t he
be continuous on (Bqubhtisowe2. 70hmans tehwn be
current density to the electric field.
Jj,=sigma,*E,,=sigma2*E,
E-polarization B-polarization
X /Ex /Hx
Y 7 7
' Hy‘ Ey
Z Hz Ez

Sigma1 £ Sighna2

Evi¥Ey2

Figure 21 Two-dimensional resistivity model with a lateral contact striking-dinection.
The resistivity boundary separates two regions of diffesonductivityly | .. TheE-field
discontinuity arises from current preservation across the vertical contact.

For -tbmpgnent :

Q ,0 , O Q 2. 3.

The discotnmhe nuesiystiinvities causes a jump i
bondapypoyomMmpEonent in Figure 2. 1) .EfTihel & ainmgema
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magnetic petmeamiolfrmay and tangenti 8ar eompo
also continuous. The 2D assumption require
t han tdheeptshki(nEquation 2.23) and that all va

are zemo. (
Furthermore, the EMafn ¢éidedcumitedd @ar clhhoonpomaint a
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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 usthgee broadband Benix MTU-5A systems
(Phoenix, 2018) shown in Figure32 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 B ja selectable low pass,

high pass, and band pass filter

The magnetic field was measured by three-ftmse broadband induction coils (MTX50
and MTG50H). The electric field was measured by Lead Chloride-pwarizing,
broadband electrodes spacednsen 70 and 100 m apart. Analog signals were amplified
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and filtered befor@4-bit digitization with three sampling rates of 2,400 B30 Hz andl5
Hz.

Induction coil

Induction coil cables

Figure 23 PhoenixMTU-5A system (Phoenix, 2018) used for the daigusition.

GPS

Figure 24 The field setup of an MT station indicating relative electrode line and induction
magnetometer positionsiérsir et al, 2R1).

A typical MT data acquisition field layout is shown in Figuré.ZThe electrode lines
measure electrical potential differentgsically along theNorth-South(Ex componentand
EastWest(Ey component) directiondwo magnetic sensors aneientedalong theNorth-
South (Hx) and EaswWest (Hy) geomagnetidirectiors (tha may be easily referred to
geographical coordinates once the geomagnetic declination is krtowmeasure the
horizontal magnetic field whila third coil isinstalled vertically to measure the vertical
magnetic field(Hz). In Tanzaniathe magnetic declation isnearly1° which implies that
geomagnetic and geographical coordinates are almost identical.

MT data were collectedt a btal of 190 stationwith aspacing ranging from 600 m to 2000
m over anarea of approximately 700 Kracross the Ngozi anduRgwe volcanoes within
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the RVP. The data acquisitievascarried outoy TGDC crews and UNEBupported GDC
crewsin several field campaignghich were conducteldetween 2015 and 2023.

Theaverageecording time was abodB hours essentially deployedvemight when there
is a minimum effect ohonplarer electromagnetic fieldeChave and Jones, 2012)

2.1.6 |Impedance tensor and magnetic transfer functions

The impedance tensdt] and magnetic field Tippeﬂ} are thefundamentalMT
transfer functiongsimatedat a given angular frequeyic ¢ "f2om theMT time series.
Impedance tensor and Tippsontain information about the electrical structure of the Earth
below each measurement sitEhe MT transfer functions in fact depend on the electrical
resistvity distributionin 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 gjmplcause theonductivity
structure of the Earth varies laterally as well as with depth. Itis in fact deined an "adjustment
length" which indicates the lateral distance up to which resistivity variations affect the MT
impedance.

Thetime series of the two electrieeld 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 meth{®dzoff, 1991) using robust processing
techniqueand editing the re#ts (Egbert and Booker, 1986n the SSMT2000 program
(PhoenixGeophysics, 20059ndused to estimatie impedance tensaf )

o &® & O -
o & & o - & X

The magnetic field@ipper the magnetic transfer functioh) is defined by:
( 4(C 4( e 8 Y
wheree j j represent the coherent noise not modelled by tivear relationshipabove

The adoptedSSMT2000software Phoenix Geophysics, 2005usesan algorithm that
performs an iterative coherenbased sorting of the Fourimansformed data everdsid is

based on two main pressing stepflonesandJodicke 1984). The first steffransformghe
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 sigrs&taf a
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 @ffecting thelowest frequency) of the time serig3nce the time series V@ been
transformednto the frequency domain, the impedance amper may be estimated for each
chosen frequency dlsesecond step.

In order to attempt to filter ounoiseaffecieddata, the software applies different processing
schemes chosen by theew and based onuitiple andpartial coherencyJonesandJodicke
1984 that compare survey site channels with reference site cha@sats(e et a].1979,

and consider only data whose coherence is above a given Vakrefore cultural noise at
thesurvey site but not at the reference site mightebdeced. Moreover, the software applies
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a second stage of coherency processing that compares the telluric and magnetic results
derivedfrom the previousstage and selects datandows where electric and mgnetic
channels have acceptaloigherege (sedequations2.47 and2.48).

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 coatatteng

strike features which are excellent current channelers. In a purely layered earth (1D), the
Tipper would be zerand it is therefore used for detecting abdor 3D structuresThe

Tipper is a complex, frequenaependent quantity consisting adth real and imaginary
components. When plottexh a mapas induction vectorghe Tipper provides information
about the lateraistributionof conductors. Ta@induction vector magnitude is proportional

to the relative strength of the conductor, whichegates 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 AppendiXC) or the Wiese @nvention (Wiese, 1962), pointing away from conductors.

The induction vectors provide information about the subsurface resistivity structure and are
not affected by frequeneapndependent galvanic distortions caused by localized
heterogeneities (Wannamaledral., 1984).

In this thesis, most of the MT stations show 1zeno Tipper valuesThe MT data have
strong 3D effects manifested by 3D distortion parametekiding the phase tensors
(Caldwellet al., 2004) shown in Appendix Bherefore, we have perfaed 3D inversion,
incorporating both impedancand Tipper values to mapboth vertical and horizontal
electrical resistivity contrast¥ heseesistivity anomaliegclude the Mbaka fault and other
intrarift faults and fractures, sediment filling in locallleys, and the Ngo#Rungwe fault
zone. Thesdault systemshave been interpreted to host prospective -heghperature
geothermal reservoirs (Didas and Hersir, 2021; Rizello et al., 2022)

2.1.7 Remote reference technique and MT impedance estimation

MT measurenents 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
simutaneously at two separate locations: one within the survey area and another one far
from the survey area sevelfdls to 1000ef km distant Thehorizontalmagneticdata from

the survey area are then crassrelated with the data from the remote statemg only
correlated signals ammphasizedSometimes, 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 toemalland the noise is limited his processelps 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 contaminatiorcarsistent
correlationover large distances of the magnetic signal

However, when the noise at the remote station is coherent with the noise at the survey area,
the remote techniqueill not effectively remove the noise (Simpson and Bahr, 2005).
Therefore, it is very important to make good selection of the remote asit@n
electromagnetically quiet and undisturbed location and to opecatetinuously throughout

the surveytime. 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 beousadotve the effects of
geomagnetically induced currents in the power lines within thepenigd MT deadband.

In this study, because of many techneadl practicahnd field logistiacchallenges (including
local lightning, heavy rain, coherent noise)yds not possible to find a good location for a
remote reference site for the 202616 survey campaign. As a result, the raw data from
20152016 were not processed using remote referencingvbeiever possibldata from

one of the MT sites in the areath better data quality were used as a local remote reference
station However, for the 202Q022 MT survey campaign, the data were acquired together
with the remote reference statithrat was used teeduce measuremenobise

2.1.8 Apparent resistivity and phas e

The apparent resistivity and phase can be estimated from the MT impedance tensor. The
apparent resistivity ia kind of an averageetweerthedifferentelectricalresistivitiesof the
subsurface whicthediffusing EM field of varying frequencies traieethrough

The phase angke 7 representthe amount of time by which the harmonically oscillating
electric field lags or leads the harmonically oscillating magnetic. figdahsidering Q

time dependence of the fields: i) the phase is 4&t a halfspace; ii) for a 1D earth, the
phase increases from 45° witti iftthere is a resistivitgecrease at depth, whitedecreases

with 1/f if there is a resistivity increase at dep#tiso, for a seminfinite halfspace, the
apparent resistivitis 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 appassiivity takes

on intermediate values elsewhere in the frequency (i.e. psiapth) domainApparent
resistivity and phase for the EM fielder the offdiagonal components (i.ecy andyx), and

for the diagonal componentise(, xx, and yy)were calcuhted for ease of data visualization
(Figure2.5).

The gparent resistivity and phase fibie off-diagonalimpedance tensor elemerfssmilar
for the ondiagonal impedance tensor elements, xx andagg)given by

" —® and ¢ ] OAT —— 8 w

" —® and ] OAT —— C® T

where, Im means the imaginary component of the complex numberRand the real
component. Both apparent resistivity and phase are functions of an angular freguency
¢* "Qand' 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 resistiviiiiaseand Tipper were computedor every MT

station. The resulting apparent resistivities and phases were stsfeldctrical Data
InterchanggEDI) format, suitable for compatibility with geophysical inversion software.
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Figure 2.3shows an examplef apparentesistivity and phase curvésy- and yxmode)at
MT stations nz320 and nz3#2easured in thBlgozi prospect.

MT station nz342 is possibly affected the neaifield effect onlyaffectingthe yxmode
Since it affects the ymodeonly, we inferred thathis issue was due to the mostiyWE
trending220kV powerline.Theseobservationsire explained in Paper. lin such caseshe
mode which ismore affectedby the neafrfield, is usually the one more parallel to the
equivalent electrical dipole source,raported byPaduaet al. (2002).

20-nz320 Rotated to 0° 20-nz342 Rotated to 0°
OOy

10 |

o

App Resistivity (ohm.m})
sﬂ
Z

App Resistivity (ohm.m}

45 4

Phase (deg)
Phase (deg)

e A B I R I I I

Period {s) Pericd (5)
Figure 25 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 staticdssiftrtionof more than a
decade seen by the separation of the two apparent resistivity c@taon nz342 was
measured in the valley, north of Ngozi volcano and its yx mode waslgtafiegtedoy the
220kV powerline as revealed bthe yx apparent resistivity mode slopeeedingt5° and
phasespproaching)® from about 2 to 0.2 ®lease not¢hatx and y refer to the geographic
North and East directions, respectivefiRotated to0D a t the top right
resistivity panels indicates th#lterehhas been no rotation of the datath respecto the
geomagnetic coordinates

2.1.9 Directionality and Dimensionality of MT data

Before interpreting MT data, it is essential to analywedimensionality 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 statiom parameters. For single MT station parameters, the
resistivity pattern in the survey area can be categorized panagneters such #se Skew,

a dimensionless parameter that shows how the MT data vary from the ideal 2D model
computed from thempedancegsee Equatior2.53 below), the amplitude of & and Zy

relative to the amplitude ofwZand Zx in the principal axis rotation, from the split of the
apparent resistivity curvess well as the Tippemagnitude For multiple stations, phase
tensors and ind@ion arrows are emphasized more than impedance polar diagrams that tend
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to be biased by static shift. Based ondlksessment 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 opancipalhorizontal directior{across the geoelectric
strike direction) The horizontal angle perpendicular to that direction is c#flectlectrical

strike (see further in Hersir et a2021). In a 3D Earth, there is no specific strike direction
and resistivity changes in all three principal directiofs better understand the variations

in resistivity with depth in our study area, w@nducted 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 idergd potential areas for exploration drilling to confirm the
presence of geothermal resoutces

1D Earth case

In a 1D model, it is assumed that the Earth is agdtenadeof multiple horizontallayers.
In this casethe impedance tensor can be repreed as follows

0O T ® O
(0] &) nm O ® p

Only the orthogonal components of the magnetic and electric field are rétakependent
of the component orientationgnd the diagonal components are zero. Theliajonal
components (Zxy and Zyx) are equal in magnitude but have opposite sign

We used the TEMTD Linubased software (Arnason, 2006b) to perform 1D joint inversion

of the MT and TEMlata using tharithmetic meawalueof the offdiagonal components of

the impedance tensofFhe arithmetic mean was found to be more reliable and consistent
compared to other invariants such as the determinant and the geometrid hezafore jt

was closen as the most suitable parameter for the inversion process. It provided stable and
reasonable estimates for the resistivity valiseseach MT station, specifically for they

andj yx resistivities.The static shift distortionf MT data was correctettiroughthe 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 daiia io with the apparent
resistivity curve of the collocated TEM data.

We useda model composed of 50 layexth a noise floorfor the response datset to be

3%. Damping factors were applied to smooth the output model, and the misfit of the model
was evaluated using tloot-MeanSquare(RMS) factor. The highesRMS in the final ft

was less thad for all soundingsFigure 264cillustrates 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 wigithdand in onerincipal
horizontal direction, i.eqrthogonato thedirection along which the conductivity is constant,
the geoelectric striken this situation, the geoelectric strike direction, is determined by
mathematically rotating the impedan@ngor to align with the strike of thgeoelectric
structurethat may be causing curreahannelingas discussedn subchapte2.1.4 The
impedance tensor can be expressed as
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In the case of a perfectly 2D scenario, only the magnetic and eleetds' forthogonal
components are related, meaning that the diagonal compongnen(Z4y) 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 dimehsioaad geoelectric strike
direction are discussed subchapter 2.10.

When the electric field is parallel to the electromagnetic strike, it is referred to as Transverse
Electric (TE) mode ofE-polarization whereas, Transverse Magnetic (TM) modé-or
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 perpendiculayeioaieetric

strike We have not included th2D inversion results in this thesi®cause the resistivity
pattern is not generally 2D. The MT stations are 1D to a limited depth extent and are included
in AppendixB to illustrate the implications of noiserfthe resolution of resistivity below
individual stations.

3D Earth case

The Earth is generally 3Dherefore,resistivity varies with depth and in all horizontal
directions. In a 3D Earth model, all the components of the impedance tensor -a@eramon
ard, the diagonal elements of the impedance tenspradd Zy, do not become zero
simultaneously in any rotated coordinate system. Similarly, théiaffonal elements of the
impedance tensorngandZyy differ. Therefore, for a 3D Earth model, all the tandements
are considered (Chave and Jones, 200i8)MT parameters are described by ittn@pedance
and induction terms iEquations 2.47 and 2.48

In this thesis, a 3D resistivity modelling of MT data was perforosdg two software, the
ModEM software Egbert and Kelbert, 2012; Kelbert et al., 2014) and Ge®Tools
RLM3D software developed by CGG (Mackie and Watts, 2@yZphverting theunrotated

(i.e. alignedalong thegeomagnetioiorththat is practically parallel to the geographic North
given the delination lower than 1in thesurveyareg full impedance tensor elements«{(Z

Zyy, Zxy, and Zx) together with the vertical to horizontal magnetic transfer functions from
the 190 MT stationsThe final inversion using GeoToeRLM3D used all componentsf
stations edited to reduce noise, whereas preliminary 3D MT inversions using ModEM
utilized the generally lower noise -@liagonal impedance dat@he two inversion codes
produced similar results, however, GeoTeRISM3D imaged a deep conductor not reeehal

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. Aetdvequencies, the MT
responses are influenced by chanige®sistivity at bothgreater deptlandgreater 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 pprent resistivities 7 and” 1 spectra, which are compared
directlytothe’ 7 and” 1 spectran an appropriate rotation

Skew, Ellipticity and Phase tensor

TheSkew (S) is a dimensionless parameter that shows how the MT dgt&rear the ideal
2D modelasdefined by Swift (1967) and is expressed by the folloveggation
Y CEB) o
W W
Ellipticity (E) is the ratio of the magnitude of the differencéha&frotated diagonal elements
to the sum of the rotated ediagonal elements of the rotated impedance tensor as defined
by Ranganayaki (1984) by the following equation:
0 ——7F T
W W

According to Ranganayaki (1984) if E is < 0.1 the subsurface struoayee considered
mainlyasiD.

Phase tensanalysis (Caldwell et al., 2004 the other handan help to characterizke
1D, 2D and 3Ddimensionalityand geoelectric strike direction without imposing the
condition of 2D dimensionality of the subsurfatée the Skew andEllipti city, the phase
tensos are sensitive to dimensionality of the subsurface but uBkewvand Ellipticity,
phase tensors anot affected byhe static distortion

To assess the subsurface dimensionality below the survey area,t@hs@esare often
represented asllipseswith principal phase values of the tensor represented by major and
minor axes of the ellipseespectively coloured bythe normalizedskew angleindicating

the dimensional indicatoPlotting the phase tensor ellipses on a map reviedsstrike
direction and dimensionality of the subsurfdéer 1D Earth, the phase tensor will plot as a
circle. For 2DEarth, the phase tensor will plot as an ellipse with the major axis equal to the
magnitude of the maximum value of the diagonal phassoteelements. For 3D Earth, the
phase tensor will be an ellipse and will align perpendicular to the most conductive direction.
Usually, lowSkew values of <0.2ndicatethe resistivity geometry dhe subsurface d

or 2D while a largeSkew angle implies a 3D structure

Our observe@kewvaluesin the Ngozi and Rungwe prospeats generally large anchply
astrong 3D effectAppendixB provides phase tensor ellips#SMT datafor the periods of
0.1s,1.0s,10 s and 1002 10 sand longer periodghe dataretypically 3D. Therefore

to resolvethe 3D subsurfacggeometry we performed the 3D inversion for the MT data in
this study.

Tipper

Based on theolane wave assumptiatime vertical magnetic fields are created by lateral
conductivity gradiens i n t he Ear tTipgesTl (v is hoszeno Bbmve@an T h e
1D conductivity structures, and zero above a 1D conductive structure (Berdiclangsky
Dmitriev, 2008). TypicallyTippers are used to detect 2D and/or 3D conductivity structures
(e.g., Samrock and Kuvshinov, 2013; Morschhausal..e2019 Hersir et al.2021).
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In this study, we estimatetipper magnitudes by measuring the vertical component of the
magnetic fields. Th&ippers showed large values greater than zero, indicating that the
subsurface in the study area is generally 2B

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., A@&8son et al., 2030
Generally,static shif originates from3D structural effects that are on a scale too small to
resolve given thérequency range and station spacing used in the surveyeas with flat
topography MT static shift is likelgaused bynear surface inhomogetties typically
produced by hydrothermal alteration in geothermal areas near the sounding site at a depth
less than the minimum MT skin depig, Chave and Jones, 201 areaswith rugged
surfaces such as many volcanoes, the static shift is more likely to be causee by t
topography €.g, Stark et al., 201)3whereas the electric current flux is forced to spread out

in topographic highs, thus lowering resistivity, and concentrating in topographic lows,
thereby increasing resistivity (Arnason, 201¢gardless the origiof the static shift, there

are several approaches to explain and model staticexBorple the static shift caused by
topography can be modelled by using the techniquesgfJiracek(1990, Stark et al.

(2013 and Arnasor(2015 while static causetly inhomogeneities can be modelled using

the approach by Pellerin and Hohmann (1990)

Practically, he static shift effect can be seen a&hift of onemodewhich could be detected

by mode separatioor both modes of the apparent resistivity curves af $dunding data
e.g., nz32qQFigure 25) across the entire frequency range (Park and Livelybrooks, 1989).
Another way to evaluate the static shift effect is by obseviagertical shifts between the

Xy and yx apparent resistivity pseuekections. If notcorrectedfor before orduring
inversion, the static shift can le&wlincorrect resistivity values and a misleading pattern of
resistivity, particularly with respect to adjacestationsnot 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 figfiper is generally not affected by
statics sincd is only related to magnetic field components.

Various methods are employed to cotretatic shifts, withone ofthe most common
techniqusinvolvesthe use of active EM methods such as Transient Electromagnetic (TEM)
measurements tprovide an alternative constraint owearsurfaceresistiviy. The MT
apparent resistivity curves are tretjusted 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 statiom$henthe shallow structure is effectively 1@.9.,
Sternberg etlg 1988; Cumming and Mackie, 2018rnason et al., 2010rnason, 2015)
Other methods fomitigating the effect othe MT static shift include 3D inversion of the
MT phase tensofCaldwell et al., 2004; Samrock et al., 201@gtermination of the square
root of the sum of the squared elements of the imped@wegArunan et al., 2022)
averaging techniqug3umbu and Mizunaga, 202@nd inverting for both 3D conductivity
distribution and the elements of the distortion ma(eiy. Avdeeva et al., 2015joorkamp

et al., 2020; Soyer et al., 202Btatic shifts caused by topography can be corrected by
modelling the topography in the survey af&ark et al., 2013 However, static shift
distortion is still an ongoing research topic dhdre is nogeneralagreement on how to
handle it
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Anothersimpler 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 thatdtructure 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 distbrttbrs thesis, the

static shift effectswere assesse@dnd corrected using TEM data and by modelling the
topography in the starting model before 3D inversion was performgt ModEM code
(Egbert and Kelbert, 2012; Kelbert et al. 2014) and GeoTRbM3D software developed

by CGG (Mackie and Wts, 2012) We found that the static shift is not only due to shallow
conductors but alsbecause othe rugged terrainTherefore it is important to isolate and
understand the effect of terrain and increase confidence in interpreting the subsurface
residivity variations.

Based on the split betwe#me twomodes of apparent resistivity at 100 idzrincipal axis
rotation 45 MT stations had an apparent shift that differed by a factor tifite® at which
point the geometry of the resistivity model wasly to be noticeably affected in this
geothermal context. However, a tihesapparent static was detectationly 15 stations
(e.g., see Figure 2. which might significantly affect the interpretation if not adjusted.
Moreover, based on correlations wihe TEM data, the average shift was dirtyes0.88
(e.g, see Figure Bg), therefore,both modes were not commonly offset in the same
direction. The sites locateadt the Rungwe and Ngozi volcanoes show large static shifts
affecting the offdiagonal (xyand yx) components of the apparent resistivity curves
throughout the frequency range (erg320 inFigure 25) probably caused by topography.

We estimated and corrected static shift distortion at stations with coincident TEM data. We
used the Pellerinrl Hohmann (1990) method to matitte Zxy, and Zx 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
Figure2.6 panelsh andc.

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 Jirac#K.(f%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 miodarincipal axis rotationThis evaluation

at 100 Hz in a geothermal context is usuallifisient to isolate static distortion due to
topography from the geological sigraid from sources of noise suchcapacity coupling
(typically >300 Hz) or 50 Hz nois&JNEP/ARGeq, 2016).
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Figure 26 A comparison betweedhe field data affected by the static shift, and stegic

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 esistivity curves,b) MT sounding ng30Ar corrected for a static shift using TEM
data. €) 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-tigimid corner of the apparent
resistivity panel.

22 Transient Electromagnetic (TEM)

The TransientElectromagnetic (TEM) method is a geophysical technique that uses a
controlled and timearying magnetic field to induce currents within tBarth, providing
information abouthe resistivity of thesubsurface. A primary magnetic field is created by
an atificial steady current source transmitted through a wire lmogipoleplaced 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 dirsinitretime,
inducing a voltage in a receiver coil. The measurement ofdhagein the receiver coil
provides resistivity information as a function of depihnason, 1989

Initially, after the transmitter current is terminated, the current in thendrisuconcentrated

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 efdiepeEarthlayers. The depth

of exploration is primarily determined by theoduct of the current and the area of the loop
(transmitter momengnd the conductivity structure of tBarth For more detailshie reader

is referred tdArnason (1989xndSpies 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
frequencywasregulated by a controllamit that manages the current switching on and off

in the loop. The receiver measdtée 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 whe the currentvasoff.

TEM measurements are susceptible to distortions originating from cultural noise,
instrumental noise from electronics, natural electromagnetic noise, and dimensional
distortion, particularly related to topograp(8tark et al., 2013 Some of these distortions

can be mitigated through good site selecti@petitive stacking of measurements for each
frequency, andhe computation of averages.

Becausghe TEM method doesot measure electric fielgdst is not affected by the static
shift. Therefore,to support the geothermal resistivity moded;located TEM and MT
soundings often provide an effective technique to correct for MT static(Skeitnberg et
al., 1988 Pellerin and Hohmann, 1998rnason, 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 GDP324-bit multifunctional receivelTEM systems, the GT30 battery
transmitter and 100 m or 200 m square transmitter loops during the 2015 and 2020
campigns. Thehalf-duty square waveurrent in the transmitter loop varied from 7 A to 21

A at 16 Hz, 4 Hz and 2 HZ he 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 si@sdathe
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 cawoiteedistorted by rugged
topography than MT (Stark et al., 2013).

The TemxZ software (Arnason, 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 aa function of time after turoff. 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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23 Dat ammodel lamdg i nversion approach

MT dataforward and inversmodellingtechniques aresually done after a thorough analysis
of the data has been carried out, including dimemditynand directionality analysis and
static shift evaluation and corrections. The modelling is donebtain the conductivity
distribution of the subsurfadeelowan observation sit@ the survey areby converting the
apparent resistivity as a functiohperiod into a resistivity model as a function of degotd
other spatial parameters in case ofd@hmodels The MT forward modellingcomputes
theimpedancest a given observatisgitewhich are used tpredictthe MT responses in the
modeloftheEa t h 6 s r e s i .9V inwerise modeBing muolees the recovery of the
resistivity pattern from the observed MT responsespatific locations and frequencies

the survey area. The inversion process invos@geralruns of forward modelling and
comparisons of observed and predicted MT responsesoinerar more models of resistivity
by minimizing the misfit between the observed data and predicted data from theumtddel

a good fit is reache(k.g., Constable et al., 198Zhave and Jones, 201%o obtaina good

fit between the observed and predicted MT responseasuwlesionprocedure require® be
supplied witha startingnodelwith some adjustments of inversion parameaes boundary
conditionswhich areimplemented through direct apptiation of a nodinear least square
approachSuch a conversioproceduraequires an algorithm called an inversion algorithm
installed in the computer and for largeodek, a powerful computer may be requirddhe
inversion problem is neaonique meaninghat 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 featti@s.detailed
information about solving the MT foravd and inversion problems, the reader is referred to
Chave and Jones (2012).

In this thesisa 1D joint inversion of MT and TEM dataas performedisingthe TEMTD
software(Arnason, 2006bjor static correction, whenever possiblie performing the 3D
inversion, two 3D inversion programs were used, the ModEM software (Egbert and Kelbert,
2012; Kelbert et al., 2014) and the GeoTe®lsM3D software developed by CGG (Mackie
and Watts, 2012 hefirst 3D MT inversion was done usirige ModEM software (Egbert
and Kelbert, 2012; Kelbert et al2014) using the static shift corrected -diagonal
impedance tensaomponents andipper of MT dataThe ondiagonal elements were not
employed during 3D inversion using ModEM cddenning on a local workstation) torit

the possible bias due to their much lower sigoaloise ratio and save computer time in
order to run tests with many different starting models and inversion paranidternal

3D inversionmodel was obtainedsing unrotated full impedance tensmmponents and
Tipper usinghe GeoToolsRLM3D software developed by CGG (Mackie and Watts, 2012)
running on an external powerful multiprocessor parallel clobe details of the modelling
process and the results obtained are discussed in paper |l pdeigethis thesis.

24 Resistivity met hoose oaphpelrinead
exploration in Tanzani a
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 hasecomea common practicen particular MT has beerusedin
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characterizing the 3D resistivity distribution of the subsurfacesaweral geothermal
prospects including théigh-temperature geothermal prospects in Ngozi and Rungwe
regions(Alexander et al., 2031®idas et al., 2023 as well as in low to mediwtemperature
prospects such as Kisaki, Luh@irmadillo et al., 202]) Kiejo-Mbaka(ELC and TGDC,
2017 Rizzello et al., 202 Songwe(Alexander et al., 20)61badakuli(TGDC, 2022, and
Mount Meru(Josephat, 2033Currently, an MT survey campaign is underway in the Natron
prospect]ocatedwithin the eastern branch of th&ES in northern Tanzania.

25 Resi st ipwaitttyorfn geot hesrymdle m

Geothermal systems are characteatibg variable subsurface resistivity patterns, typically
influenced by salinity, water content, porosity, fluid temperature, and hydrothermal
alteration resulting from geothermal activitygsher et al., 20QMersir et al. 2021). Dry

rocks above or surumding 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,redacesignificantlythe bulk
ressti vity at t e mpV¥iolag étalr, 2082 Inuthpe cantext & @ebthermal
fields at depths shallower than 2 or 3 krhet presence of smectitglay related to
hydrothermal alteration or sedimentatgposition their cation exchange capacity Hzeen
identified as a key factor in determinifayv resistivity zones detected by methods like MT

in geothermal systemg&dvy et al., 2018Hersir et al.2021).

For prospectcharacterized asigh-temperaturanagmatically heated geothermal systems,
the lowest resistivityindicates smectite clay cap rock above the resistive geothermal
reservoir.A shallow magmatic heat source would generalbe conductive below the
geothermal reservoir. Therefotbg overall resistivity patternsf high temperaturgystems

are influenced by shallow magmatic heat source, geothermal reservoir and conductive
smectite cap rock.ow-medium temperature fautontrolled deep circulation systems can

be identified by imaging the conductive smectite clay cap féeka faulicontroled deep
circulation system, a conductor related to magma shallower than 10 kin mitist cases

not be detectely resistivity soundings

The lower temperature part of the clay cap, is usually dominated by smectite which is
unstable as the temperatunereases abo&03 . 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 f@0® to 1838 resulting in the disappearance of

the low temperature clay minerais particular smectite or zeolites at ab®20 (Arnason

et al., 200Q Lévy et al., 2018. As the temperature increases the remaining small amount
of smectite becomes highly resistive due to dehydration and abowe edlrite/illite
becomes dominant. Above the smeeiliite 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 temperatudependent &ration patterns causing variation in
resistivity in geothermal fieldshe MT method has become the most important geophysical
tool for characterizing the geometry of the geothermeslervoirs(Cumming, 2016
Cumming and Mackie, 201Qylufioz, 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 establrstationship between temperature and permeability
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of the system (e.gArnason et al., 200@ssher et al., 20QGssuming that the system is in
equilibrium.Low permeability in the low resistivity zone above the reservoir is associated
with a high content o§mectite 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 sméetiteier et al., 199,
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 manyQragbs.

other handin some active geothermal fields, the lossistivity clay cap and higtesistivity
reservoir may have no significant resistivity conteastording taM T models(e.g., Pellerin

et al., 1996; Melosh et al., 2012)herefore, to define the boundaries of the geothermal
reservoir in such cases midig difficult and sometimes a rigkhendevelopinga conceptual

model for such a system. Common examples of -asprectite clay caps include the
intermediate resistivity mixethyer smectitédllite or chlorite clay cap (e.gRellerin et al.,

1996 or the Tehuaca geothermal field, Southern Childe{osh et al., 2012where higher

illite rich zones beneath the smectite zones act as the boundary of for some parts of the
reservoir. Other similar examples include the Nanridrangit Geothermal Field which has
ahigh resistivity chloritellite cap on its southwest edg€iimminget al, 200Q. Similarly,

the low resistivity smectite zone the EARSadjacent td&ilali and other geothermal fields

in Kenyathat may be incorrectly interpreted as a geothermal claiseafated to sediments

and volcaniclasticgleposited below the water taplhereas the geothermal fields are
associated with a thinned and updomed low to moderate resistivity zone associated with clay
cap(Lichoro, 2019.

26 Magnetic method

Magnetic meaurements record the geomagnetic field and the total magnetization of rocks
which is the vector sum of the induced and remamagnetizationFurthermore, magnetic
measurements alsoecord magnetic diurnal variations caused by ionospheric and
magnetosph@ currents, which are subsequently eliminated from the data prior to
interpretation using the magnetic base station dataong all rock types, igneous,
crystalline metamorphic rocks and banded iron formations that contain a significant amount
of magnetie 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 hgher magnitude anomalies compared to areas covered by felsic Hodso( 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 smagnetic 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 magoetit
hematite due to the interactions of groundwater. The contrast in magnetic intensities between
rocks is an important factor that has led to magnetic satweing widely used to map the
metamorphic basement rocks, igneous intrusions, dikes, lititaloghntacts, 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 purposiesth@) first publication

to infer andinvestigate the regional heat flalkstribution of the crust throughout Tanzania

in order to identify potential areas that may have geothermal resources and (iijhindthe
publication to map surface and subsurface structures in the RVP. The primary objectives of
the magnetic study in tHRVP 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 sytte/@ernigwe,

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 fiaxthe crust in Tanzania, we utilized the

total magnetic intensity (TMI) field aeromagnetic data collected by Geosurveys in 1977 and
1980. The data arecollected along BV flight lines s@ced 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 datavecollected, such as over Lake Victoria, Kilimanjaro, and Uluguru
mountains, we supplemented the TMI Bamlagnetic Anomaly Grid -Aarcminute
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 iat@arcminute 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 wittadc-minute resolution (Amante and Eikin, 2009)

and merged with the TMI of thE9771980 survey at a resolution of 250 m x 250 m. The
resulting total TMI map is shown in Figurer2top panel
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Figure 27 Top panel total field magnetianap of Tanzania merged from the 197080
aeromagnetic surveand EMAG2 (Meyer et al., 201data sesuperimposed with the EARS
main structuresLower panet distribution of 447 overlapping 50% square windo{esy.,
red dotted window)each with a dimension of 110 x 11FKiix1°) used in the computations
of the pover specta. 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 (DBMSypisZassumedo bethe Curie

poi nt depth (CPD) at whi ch nbaegah éheii Curiemi ner al
temperatureand at this temperature, rocks lose their permanent magnetism and become
demagnetized-or magnetite, thisiat 580 ( R a Shemethods ta éstimate 2 0 0 6 )
the depth of magnetic sources from magnetic anesiahn begrouped into two main
categories: (1) power spectrum methods and (2) forwedkllingand inversion methods.

Power spectrum methodscludeusing the power spectrum peak (Bhattacharyya and Leu

1975 Connard et a].1983), the centroid method (Okubo &t 4985; Tanaka et al. 1999),

and the modified centroid fractal method (Bansal et al., 2010). Forward modelling and
inversion methods (Ross et,&006) are used to model individual magnetic anomalies to
determine the deptto the magnetic sources. Alhése methods work in tiveave number
domainand 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 tA8 &pd(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 griddddahomalies 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 windoyW&Egure 27, lower panel) It is important to

note that using small windows may cause errorsstimating the depth to the magnetic
source. Our window size of 110 km x 110 km can satisfactorily resolve the depth to the
magnetic sourcdownto a depth of 24.8 km. To validate results greater than 24.8 km, we
recomputed using larger window sizes, foaple, 220 km x 220 k@00 mx 400 m and

500 mx 500 m

The estimated depths to the top and centroid of the magnetic bodies were used to estimate
theDBMS or %, a proxy to the Curie point deptising the approaches described by Okubo

et al. (1985) and'anaka et al. (1999). This procedure is discussed in detdikifirst
publication.

2.6.3 Geothermal gradient and heat flow estimations

The estimated DBMS orwdn each window is used to determine the geothermal gradient by
calculating the ratio of the @ie temperature of magnetite in the crust (~580 °C) to the depth
of the base of the magnetic source (DBMS).

T S
" Al OE KOIARIEAT O ¢® v

The surface heat flow in each window is calculated based on 1D steddyconductive heat
transfer (Equation 11) with boundary conditionsas CPD (Martos et al., 2017).

- 4
N 1— QN0

wheren is the surface heat flow, is theaverage thermal conductivity coefficient of the
rocks (assumedas 5 W/ #h is)ithe 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 Tanzafetz et al., 2013Figure 1.1) with conductivity

values ranging between 2 and 3 W/n{Ray et al., 2015)This assumption of 1D variations

of thermal conductivity and the use of a 1D heat flow equaticm sgmplifiedstandard
approach adopted in similar crustal studieshe case oftrong3D variations idithospheric
thermal conductivitythe estimates made using our simplified assumption widffieeted

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
noisecaused by survey linesnaicrolevellingfilt er technique was applied to the TMI data.

The resulting data @rethe 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 teetmagnetic 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 addidin to RTPa 5 km low pass filter wasppliedto the RTP mafo suppress
thehigh-frequencyanomalies 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 megntain 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 sting 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 appliegriddbd

RTP map.

The applied filters include th&nalytic signalof 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), anddtige 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 da¢ee griddedo produce thenaps.

We have usegreviously reportedaults to consolidate thénterpretationof the magnetic
lineaments related to faults addfinetheir lateralextent. In addition, we used the locations

of seismicepicentres in the RVP compiled from several publications (Elinger et al.,
2019) andthe Intermational Seismological Centre catalogi@®23)within the time range
from 1900 to 2019 to identify the magnelimeamentgelated to active faults in the RVP.
This approach has significantly improved the structural understanding of the areasand
defined potential zones for geothermal resources when interpreted together with the
available geothermal conceptual modelsh&fSongwe, Ngozi, Rungwe and KielMbaka
prospects.

To understandhe subsurface bodies whiake likely causinghe main magnetic anates

in the RVP, the anomalies have beeodelledusing 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 rdgistiodel of

the Ngozi and Rungwe prospects (Didas et al., 2023)

27 Gravity met hod

The gravity method involves measurements of variations in the Earth's gravitational field,
which are caused bteral variations of rock density. Practically, in gravity seys, the
different magnitude of gravity depends on latitude, elevation, topography of the surrounding
terrain, earth tides, and density variations in the Earth's subsurface. Gavityputions

due to other factors than density are removed through datagsing. 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 neasurface sources. In ordén 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 lesvder polynomial surfackom the observed dat@nd

(ii) low pass filtering. In this study, loywass filtering was employed. A detailed review of
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the gravity method can be found Tielford et al. (1990), Blakely (1995) and Hinze et al.
(2013)

2.7.1 Dataanaly sis and modelling

We haveusedanewhighe s ol uti on (56 x-deBvedFregaicanomaly ut e)
Earthdos gravity field -UGMd2efigure 28anpiang ettali, on n a
2020). In order to avoid the gravity effect related to thedoggohywe preferred to use the
gravimetric complete Bouguer anomalies reduced from-&remomaly. 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 anonmfatyn the Freeair. In the GMSYS3D extension of

Geosoft Oasis Montaj, we employte ETOPOL1 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%7, 2.8, 2.9 and 3.0 g/éniThe 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 (Net€d3®)n, 1
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 béstine of the plot of the Fredir anomalies (yaxis)

against theopographic correan (x-axis). Our result showed a very low Bouguer density

of ~0.7 g/cm, which may not have a physical meaning.

For the Nettleton approach, we established eighV fprofiles (Figure Bb), crossing
topographic features, the westand eadrnrift 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, and for profile 1, 2 and 5 to 8, the results are shown in Appendix

D. Our results indicated that a ity between 2.8 and 3.0 g/2provided Bouguer anomaly

with the least correlation with the topographic section. Based on these results, we chose to
use a density of 2.8 g/érfor our reductions likely to be correlated with the density of the
Paleoproterpoic crystalline metamorphic rocks, whereas the volcanics are likdigue

lower densityand the recent sedimeritavingmuch lower densityHowever, we noticed a
strong positive correlation along the western rift, possibly caused by the Lake waters and/
low-density sediment rift fill. In addition, a high Bouguer anomapypearedwvithin 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 lof E2mist
(Figure 2.6c, Laske et al., 2013). The densities of water, sediments, and basement were
assumed to be 1@cn?®, 2.4g/cn?, and 3.0 g/cr) respectively (Armadillo et al., 2020;
Rizzello et al., 2018). To validate the sediment thicknesses of RuST1.0 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; thereforenaiugtained the
sediments along the rift zone while setting a zm&diment thickness outside the rift zone

To compensate for the overcorrected Bouguer anomaly (i.e., Bouguer anomaly computed
with a density of 2.8 g/cfh, we computed the contribution oftlwater and sediments using
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density contrasts of 1.8 g/érand 1.4 g/crf 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 overcorractaf the water and sediments to the original
Bouguer anomaly.
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Figure 28 Gravity data reductions(a) SatellitederivedFreea i r anomaly fr om E
gravity field model compilation named S&&M-2 (Liang et al., 2020)b) Elevation map

from ETOPO1 (Amante and Eakins, 2009). (c) Bouguer gravity anomaly computed using a
reduction desity of 2.8 gén? before compensation for overcorrected Bouguer der(sijy.

150 kmlow pass filtered Bouguer gravity anomaly map of the study area. (e) Sediment
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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.

PROFILE 3: BA Before and After Sediments correction Compared with
Topography and Geological domains
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Figure 29 Bouguer gravity anomalies using density varying from 2.4 Yfor8.0 dcn?
along profile 3 and 4, compared with the topography and geological dontdR&astern

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 lzafdrafter 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 loypass filtered Bouguer grity anomaly map (refer to Figure
2.8d). We applied the lovpass filter to eliminate higfrequency anomalies related to
shallow crust features, leaving only ldvequency anomalies possibly associated with the

Moho surface.
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We chose not to model the locahomalies 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. Whikeptheto

Moho is typically defined ypseismic methods, the limited areal extent of seismic suimeys

the study arepresents a challenge for Moho mddwj. Therefore, gravitynodellingserves

as an alternative, with the Molaterfacerepresenting the density boundary where density
transitons from 2.67g/cm?® to 3.3 g/cn?.

Sincethedepth tavioho represents the crustantle intercept, we assigned a constant density
contrast of 0.5 g/cf corresponding tan average crustal and mantle density of @@’

and 3.3 g/cr) respectively. Givethat gravity data inversion is susceptible to various factors
such as data noise, geological heterogeneity, aneunigiuneness of solutions, effective
regularization and the incorporation of a priori information are essential to minimize
ambiguity. This issupported by previous studies (Kanda et al., 2019; Represas et al., 2012;
Armadillo et al., 202Q)

To constrain the depttie the crust where the Moho interfaisefound we utilized a priori
information on crustal thickness, compiled from seismueirger functions by various
authors (e.g., Tugume et al., 20P2asman et al., 201Bprrego 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 subsurfairacsures, until achieving a fixed density
contrast of 0.5 g/cin During the inversion, the depto Moho was constrained by the
thickness of the crustased orseismic receiver functions.

The topography at the crustantle interface was derived by fondanodelling Bouguer
anomalies on the interface using techniques outlined by Parker (1972) and Blakely (1995)
within the GMSYS3D extension of Geosoft Oasis Montaj. Finally, we compared the results
from the 3D inversion of gravitglatawith the crustal moddrom seismic receiver function
analysis and the Global Moho depth (Laske et al., 2013).
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3 Summary of resul ts

31 Paper 1

The geothermal potential areas in Tanzania are generally located within the East African Rift
System (EARSnanifested byhe presence @urface geothermal manifestations. However,
some areadn Tanzaniaremain unexplored due to limited accessibili§emiblind
geothermal systems that cannot be identified based on the presence of surface geothermal
manifestations magxist. To address tree challenges, wemployedthe radially average

power spectra of the total magnetic fialding the centroid and deactal methodgo

estimate theegional crustal heat flux distribution in Tanzanialo evaluate the results
against crustal thickness, 3Bviersion of gravity data, constrained by existing Moho depth
from seismic receiver functions, was utilizely integrating the results with known
geothermal prospects and surface geothermal manifestations, we were able to create a
regional heat flux map ofTanzania highlighting the prospective geothermal aréhs.

overall findings of the study indicate the following:

f High heat flow values (over 100 m\W9)rarelocatedalong the EARS and at the
Proterozoic collision boundaries reactivated by the EARSwly identified areas
with high heat flow values following the findings ¢fis studyinclude he western
part of Tanzania between Lake Tanganyika and Lake Rukwa, wberepools of
hot springs were found.

1 In general, high heat flow anomalies align with knowurface geothermal
manifestations and shallow Moho depth in the range of approximately 30 to 35 km.

1 Ahigh heat flow anomaly is also observed in the central part of the Tanzanian craton,
likely associated with the mantle plume imaged by seismic tomograph

1 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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32 Paper 2

Paper 2 investigates the subsurface resistivity pattetihegirospectivehigh-temperature
magndically heated geothermal systems in Ngozi and Rungwe prospects. The study uses
190 MT soundings to develop a 3D MT resistivity moofeégrated 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 resebsdow 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 sadings were measured insitleOn the other hand, the
Rungwe volcano was previously considered less likely to hosttaigperature geothermal
systems due to lack of surface geothermal manifestations. However, this study discovered
hot ground areas witttmp er at ures exceeding 53 on the
of the Rungwevolcano. The 3D MT resistivity model provides further insights into these
findings as follows:

1 Ngozi and Rungwe prospects comprise two sepawseems, a small reservoir
located below the Ngozi calderand a large reservoir located below Rungwe
volcano.

1 The systems are located within the NSE trending fault zoneovered by an
extensive conductive clay cap with variable thickegsgemarcated to the west and
east by the impereable Precambrian Metamorphic basen®xtending 30 km from
the Kiejo area SE of the Rungwe volcano to the Ngozi caldera.

1 A small geothermal reservois proposedelow the Ngozi calderby the present
study.

1 The second reservoir isiterpreted to bdarge and located below the Rungwe
volcang supported by a updomedbase of theconductive clay cap below the
volcanq typical of a boiling geothermal reservoir. Additionavidence for the
existence of a geothermal reservoir at Rungwe inclua#sground eeas with
temperatures >33 mappedo the northwest and southeast of the volcano.

1 The absence of geothermal surface manifestations directly over the inferred Rungwe
upflow zone is consistent witthe effective sealing of the proposed underlying
geothermal reservoir by the clay cdphe scarcity of thermal manifestations on the
up-dip margins of the lowesistivity clay cap can be explained ttne coincidence
of the base of the clay cap with impermeable Precambrian formations and by
structural boundaries.

1 Aninferred magma chambbeating theNgozi and Rungwe geothermgJstems is
imagedat a depth of~6 km as a deep conductor locatbdtween the Ngozi and
Rungwe volcanoes

1 Combining the interpreted results, this implies that the Rungwe volcano has the

highest geothermal resourpetential where proposed drilling sites might intersect
the interpreted higllemperature reservoir
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33 Paper 3

Paper 3focuseson the Rungwe Volcanic Province (RVP) in SW Tanzania, where
aeromagnetic datareused tanvestigatesurface and subsurface struetst The structures
include faults and intrusions, which are mostly concealed by thick volcanic and sedimentary
layers, sitting on top of Precambrian metamorphic rock. Magnetic lineaments are
interpreed along with known faults and seismic epicesire order to distinguish between
magnetic features that anet related tothe known faultsand concealed active fauliSor

the purpose ofdentifying zonesof probablehigh permeability that can be targeted for
geothermal drilling, the identified faults earombined with known surface geothermal
manifestations and existing geothermal modlelthe Songwe, Ngozi, Rungwe and Kiejo
geothermal prospectsThe main outcome is an updated structural map based on an
interpretation of aeromagnetic data, constraibgd?2D-forward modelling of magnetic
anomaies, togetherwith the distribution of previously reported faults, seismic epicentres,
3D magnetotelluric resistivity models, and surface geothermal manifestations. This updated
structural mapmay beused to supporgeothermal resource targeting in the RVP. The
findings indicate the following:

1 Magnetic anomalies in the RVP, including the prominent Mbeya anomaly, are related
to the high magnetic susceptibility or remanent magnetism of Precambrian rocks and
Cretaceousarbonatite intrusions buried in the rift under a varying thickness ef non
magnetic sediments and volcanic rocks.

1 Magnetic lineaments are related to structures controlling the geometry of the
Precambrian rocks and concealed dikes and the thickness eé&dimaents and
volcanics.

1 The recent Ngozi and Rungwe trachyte volcanics have relatively low magnetic
susceptibility comparable to the low susceptibility of the sediments in the rift basins.

1 The revised neotectonic structural map shows prominent NV\adEN Strending
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 NEtrending magnetic lineaments are consistent with interppatatof the
current stress field in the RVP.

1 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 frequemlisplaced by the NE and N8ending
lineaments, suggesting that the NE to-8§fking structures are younger.

1 The Rungwe and Ngozi volcanoes, numerous moreigesruption centres and the
Mwakaleli caldera which originated ca. 2 Ma ago following annidpmite eruption
are located within a zone of leiwtermediate magnitude magnetic features forming
a basinlike structure surrounded by magnetic high anomalies of the Precambrian
basement structures.

1 We interpret the intersections between the N@hdingintrarift faults and the NS
and NEtrending 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 geoscesdata.



4 Gener al Summary and Conc

The results of this PhD projeptovidea clearerpicture of the geothermal potential areas in
Tanzania and in particular tidgozi and Rungwe geothermal prospetian previously
known. The results are based onogéysical methods that are integrated with results from
geochental and geological surveys that providenstraintson the developed geothermal
resource conceptual modé&he following summary and conclusions can be drawn from this
study.

1. Zones with Igh heat fluxin Tanzania aréound 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 susceptibilitieI.he trachytic Ngozi, Rungwe and Mwakaleli
volcanoes are characterized by relatively low magnetic valoieparedo the low
magnetic values of the neanagnetic sedimentary formations within the rift
segments.

3. The Ngozi, Rungwe and Mwakaleli volcanoes aswleral monogenetic volcanic
eruption centres are enclosed by a zone ofiftermediate magnitude magnetic
features forming a basiike structure surrounded by magnetic high anomalies of the
Precambrian basement structures. This zone suggests an #drehenollowing
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 nemagnetic minerals or (iigreacovered bynon-magnetic
sedimentary rocks covered by trachytic rocks with low magnetic susceptibility
values.

4. There are two types pfospectiveggeothermal systems in the RR) magmatically
heated high temperatusystemsan the Ngozi and Rungwe prospects gaylow-
medium temperature deep circulation fazdhtrolled geothermal systems the
Songwe and KiejMbaka prospects.

5. A large geothermaleservoir isproposedelowthe Rungwe volcanpsupportedy
an updonng conductive clay cap artbt ground areasdts northwest and southeast
flanks. The second, smaller reservoirppposedbelow Ngozi caldera and is
estimated to be >230.

6. The Ngozi and Rungwe geothermal reservoirs are interpaistadhgmatically heated
geothermal systems with a shallow magma chamber located between the Ngozi and
Rungwe volcanoed he 3D MT resistivity model images this magma chanasea
conductive bodyat a depth of 6 km.

7. The Ngozi and Rungwe geothermal resewvaire likely hosted infour rock
formationsand possily combinationsof: (i) the old basalt, (ii) the neck of the
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10.

11.

volcanic intrusion (iiiYfaultedred sandstoneverlying the Precambrian bEment or
(iv) theFaulted Precambrian basement rocks.

The Rungwe and Ngozi geothermal reservoirs are limited by faults and impermeable
basementdo the east and westespectively. Thecombination offaults, the
impermeable basement and the thick clay eap as important barriers to the
geothermal systemas manifesed on the surface except below the Ngozi caldera
Lake where the clay cap is very small or lacking leading to the discharge of the
neutralchloride hot springs.

The RVP ischaracterisedy four structural trendsthe NWSE, NESW, ENE

WSW, and NS trending fault systemilustrated in a revised neotectonic structural
map generated in this studhy combining the magnetic lineaments supported by
previously reported faults and alignments of s@spicentresThestructural trend

are consistent with the trends of the rift segments and the current stress field of the
rift. The NWSE lineaments arealigned with the Rukwa riftthe NE-SE are
consistentvith the Usangu rifand theN-S lineaments aaligned withthe Malawi

rift. The ENEWSW fault systenis consistent with the current actirié stress fields

with strike-slip components

Ngozi, Rungwe and Kiejo volcanoes, the main volcanoes in the RVP, are aligned
with the NWirending linear magrie feature joining the Lupa and Livingstone rift
border faults.This magnetic feature iFequently displaced by the NE and NS
trending lineaments, suggesting that the NE tesiiRing structures are younger.

This studysuggestghatthe intersectionsdiween the N\Atrending intrarift faults

and the NSand NEtrending faults areonsideredavorable locations for wells to
target high permeability within the geothermal conceptual models previously
constructed usingD MT resistivity imaging integrated wibthergeoscientific data

The suggested fault intersectidressed on magnetic mappiage important locations
which should be confirmed througitound mappingvith Lidar supportof subtle
features that may be associated with very recent fault movement



5 Further resear ch

To advancehe result othis research project, several follayp worksare suggested

1. A geophysical investigation of the RVP, particulattiye Kiejo, Mwakaleli, and
Tukuyu volcanoes, to explore geothermal resources beneath theseousxpl
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. Advancingthe study by conducting a gravity survey supported thigHocation
of known faults, seismic epicenggeand findings from this project to map the
subsurface structure in the RVP.

4. For detailed imaging of geothermal systems and subsurface structuregoth
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 imagelly MT data, which isnterpreted as thpotential heat source for
the geothermal systemstime 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 hgtound 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:

1) Modifying theUNEP (2016)roposed locations of the slim wells togat the
up-doming resistivity pattern

i) 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 modlel

iii) Adding highvalue datasets sicasMT data set, ground mapping of active
faults and

iv) Assessing the likelihood of outcomes basedanparative analysis of Ngozi
and Rungwe with analogous drilled geothermal prospects in the EARS and
worldwide.
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Tanzaniais one of the severalcountriesintersectedby the East African Rift System (EARS) endowedby a
geothermapotentialthat has been exploredonly to a limited extent.Here we presenthe first heat flux map ovel
the regionbased on the Curie pointdepth(CPD) estimationfrom aeromagnetidata.We have estimatedhe bast
of magneticsourcesas a proxy for the CPD from the radially averagepower spectraof the total magneticfield
using the centroidand the de-fractal methods.Our resultsshow that the CPDsrangeca. 11 to 43 km and are
comparableo, but more detailedthanglobal CPD estimatesThe heat flow hasthen been computedassuming
constantthermal conductivity.In orderto evaluatethe resultsagainstcrustalthicknesswe have inverted th
gravimetric regionalfield data constrainedby the existing Moho depthfrom seismic receiverfunctions. Our
analysishas revealechigh heat flow values(over 100 mW/n?) along the EARSand at the Proterozoiccollision
boundarieghat have been reactivatedby the EARS. In general,the high heat flow anomaliescoincidewith
known surfacegeothernal manifestationsand shallowMoho depthin the rangeca. 30 to 35 km. A high heat flow
anomalyis also found in the centralpart of the Tanzaniarcraton,likely relatedto the mantle plumeimagedby
seismic tomographyThe most interestingareas for geothermalkxplorationin Tanzaniaaccordingto our results
are the EARStriple junctionin the Rungwevolcanicprovince,the north Tanzanialivergentzone and the areas of
the Proterozoiccollision boundariesreactivatedby the EARS.

1. Introduction

based on estimationof the depth to the base of the magretic source:
(DBMS) from spectrahnalysis of the total magnetiantensityanomalies

Understandinghe thermalstructureof the E a r tclugi ssessentia
in geothermal exploratioand developmentAlthoughthe in-situ crusta
thermalgradientcan bemeasuredirectly by drilling deep borehole
(Nyblade etal., 1990 Nyblade and Pollack et al., 1993 Nyblade, 1997,
estimatiorof the thermalgradientand heat flow at a regionalscaleusing
direct methodsalone suffers from manydrawbackssuch as high cost
nonuniform distribution, limited investigationdepth and disturbe:
temperatureslue to shallow groundwatercirculation.One of the mos
commonlyused indirect methodto characterizeregionalheat flow is

In many cases,DBMS can be used as a proxy for the Curie point deptt
(CPD) in the E ar tchust.sThe CPDis the depth at which magneti
minerals, principallynagnetitejn the E a r tctusi lpse their magneti
propertiesvhen temperaturéncreaseabove their Curie temperatureof
about 580 (Hunt etal., 1995. Oncethe CPDhasbeen estimatedovel
an area, it can be usedto map the geothermagradientand the heat flux,
assumingnean values for the thermalconductivity.

Aside from uncertaintyin the computationof DBMS from magneti
spectra, significant sources of uncertainty in the estimation of
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temperaturegradientin this study include the assumptionthat the
DBMSis controlledonly by temperaturdat the CPD)and the assumg
tion that heat transferfrom CPDto the surfaceis only by 1D conductior
In additionto temperaure,the DBMS can be controlledby lateralvar-
iations in lithology with differing magneticproperties(Bansal et al.,
20171 Rosset al., 2009. The assumptiorof 1D conductionmay not be
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valid where the lithospherehins in rift zones,likely causingsignificant
2D, 3D or transientcorductive and/or convectiveheat transfer, fo
examplein geothermakeservoirsThereforejt is importantto interpre
the DBMS/CPD and geothermalgradient estimatesin the context of
alternative constraintsprovided by the tectonic setting, hydrologic
regime, temperaturr measuremen from deef boreholes crusta
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Fig. 1. Geologicalmap of Tanzaniaand neighbouringcountriesshowingthe main geological domainsvith the EARSmarginsshownas thick black segmentines.
The white numbereckircles are boreholesand the numbersdisplayedare the heat flux in mW/n?. The red drops are hot springs.The brown diamondsare the
Cretaceoud ertiary Kimberlite pipes. Map modified from Fritz et al. (2013) The continuousthin black lines define the political boundariesThe white dottedlines

are selected profiles for the integratedinterpretationof the resultsshownin Fig. 9.
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boundariesderived from seismic and gravity measurementsaind the
properties of geologic formations, including their magmatic age
radiogenicheating,thermal conductivityand magneticparametersin
spite of such complicationssimilar CPDand thermalgradientestimate
have been usedto complemenboreholethermaldata worldwidewhere
deep boreholesare unavailableor leave very wide gaps,for examplein:
northeastlapan(Okubo and Matsunagal994); YellowstoneNationa
Park, U.S.A.(Bhattacharyaand Leu, 1975; Kyushu Island, Japa
(Okubo et al., 1989; eastand souheastAsia (Tanakaet al., 1999; the
African-Eurasiarconvergenceonein southwesfTurkey (Dolmaz et al.,
2005; southcentral Europe (Chiozzi et al., 2005; California, U.S.A
(Ross et al., 200§. More recent examplesinclude Australia (Kumai
et al.,, 2021); East Africa beneaththe Malawi rift zone (Njinju et al.,
2019; WesternU.S.A.(Bouligandetal., 2009; GreenlandMartos etal.,
2019; Yukon, Canada(Witter et al., 201§; Antarctica(Martos et al.,
2017, 2019 Dzadek et al., 2021); in the Adriatic Sea, Easternltaly
(Kelemeworket al., 2021); ColombianCaribbean Quinteroet al., 2019
and Mexico (Carrillo-dela Cruz et al., 20205 2021).

Tanzaniais one of the severalcountriesintersectedoy the EastAf-
rican Rift System (EARS) with geothermal potentiathat has beel
exploredonly to a limited extent (Hochsteinet al., 200G Mnjokave
et al.,, 2015. A first attemptto study the regionalheat flowin Tanzani
was made on the basisof seweral shallow boreholeg70i 300 m deep)
sparsely scatteredin the craton and the surrounding Proterozoi
orogenicbelts (Nyblade and Pollack, 1993 Nyblade, 1997). The results
indicate heat flow ranges of 60-74, 39162 and 20i 47 mW/m? in the
Mesoproterozoi&ibaran belt, NeoproterozoidVlozambiquebelt and in
Archean Tanzaniarcraton, respectively Heat flow of 56 mW/m? was
obtainedrom an onshoredeep hydrocarbon exploratiowell and 51-87
mw/n? further east offshore (Nyblade, 1997). An inferred average
maximumand minimum surface heat flow value of 106 + 51, 68 + 47
and 53 + 19 mW/n? in the easternift (largely in the Kenyan rift),
westernrift and the surroundingshield, respectively,was estimatec
from shallow boreholegFadaie and Ranalli, 1990. Location and value:
of the direct available measuremerdse shown in Fig. 1. Note that the
locationsare very scatteredand focused on known anomalousareas
Therefore these measurementsannot be used toobtain a represent
tive regionalheat flux map. Also,these datamay be strongly biased by
shallow water circulation(Nyblade et al., 199G Nyblade and Pollack,
1993. In recent years, the geothermalpotential of Tanzaniahas beetr
investigatedhroughseveralinternationallyfunded projectsfocusing on
a few promisingprospectreas(Hersir et al., 2015 Kabakaet al., 2019:
the Songwe, Kiejo-Mbaka and Luhoi low-medium temperatu
geothermakystems(Hinz et al., 201§ Armadillo et al., 2020 Rizzellc
et al., 2018 and the high-temperatureNgozi prospect(Kalberkam|
etal., 201G Alexander et al., 2016 Didasand Hersir, 2021). Howevers
regionalheat flux map coveringthe whole of Tanzaniaand the as®ci-
ated detailedtectonethermalinterpretationsare still lacking.

The goal of this study is to producea heat flux map ofTanzaniaby
integratingthe existing direct measurementsith CPDestimations frot
the DBMS to assesgeothermabevelopmenpotentialin the context of
the geology of the region. The geology of Tanzanias dominatedby the
TanzaniaArchean Craton which is borderedby Proterozoicorogeni
belts associatedvith Gondwanaamalgamatiorand is crosscut by the
Cenozoic EARS(Fig. 1). Mesozoic sedimentsover the Neoproterozoi
belt to the east. To supporta new DBMS computationwe have merge:
two magnetialata sets,the total intensityaeromagnetidata acquiredn
Tanzaniafrom 1977 to 1980 (Stendalet al., 2004 and magnetiadatz
from the 2 arcminuteEarth Magnetic Anomaly Grid (EMAG2) describe
by Meyer et al. (2017) Using the centroidmethodof Okubo et al. (1985
and Tanakaet al. (1999)and the de-fractalmethod(Salemet al., 2014),
we have computedthe DBMS from spectral analyses of magneti
anomaliesHeat flow is then estimatedy assumingonductionfrom the
CPD tothe surface, assuminga reasonablyclose match of the DBMS ta
the CPD. To further constrainthe potentialfor new geothermalpros
pects, we have integratedexisting crustal thicknessestimationsfrom
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passive seismic data with 3D gravity inversionto obtain the Moho
interface and better constrairhow the CPD, heat flow and knowr
geothermakites are correlatedwith seismic and tectonicinformation
To provide a validation benchmarkwe have comparedhe heat flow
estimatesrom CPDto the geothermalgradientfound in deep hydro-
carbon explorationwells and analysedhe relationshipbetweerthe hea
flow anomaliesand the locationof uraniumdeposits.

2. Geologicaland tectonic setting

The geology of Tanzaniaconsists of Archean cratonicnuclei also
known as the Tanzaniancraton Borg and Krogh, 1999 Manya anc
Maboko, 2003 which is surroundeddy the Proterozoicorogenicbelts
formed as a result of widespread continentalollisions during Gond
wana amalgamatior(Boniface et al., 2012 Thomas et al., 2016. The
last collision is marked by the northrsouh trending Neoproterozoi®ar
African orogenicbelt (Mozambiquebelt) that forms the East African
orogen (Fig. 1, Meert and Lieberman, 200§ Boniface, 2019. In
PermoTriassictime, the EastAfrican orogen was overprintedby phase
of postorogenic extensionwhich resultedin the formation of deej
intracratonicNE-SW trending Karoo basins (Fig. 1) and initiation of
coastalbasins(Nicholas et al., 2007). In the JurassieCretaceousome of
the Karoo rifts were reactivatedleading to the successfulrifting tha
separatedviadagascafrom EastAfrica and to the developmenbf the
continentalpassivemargin along the westerncoast of the Indian Oceal
(Reevesand De Wit, 200Q Bumby and Guiraud 2005. From Neogeneta
the present,the craton andthe Proterozoicorogenicbelts are over
printedby the EARS (Saria et al., 2014 Asefaand Ayele, 2020).

2.1. TheArcheanTanzaniancraton

The Tanzaniancraton extends from central Tanzaniato south
Ugandaand Kenyaand adjoins the Congocraton to its north ig. 1). It is
composedf orthogneisdhasementated >3600Ma intrudedby large
granitoid plutons dated between2610 and 2815 Ma (Kabete et al.,
2012h Thomas et al., 2016. The emplacemenbf granitic bodies was
coeval with the basaltic volcanic rockseruptedin an intra-oceani
setting (Manya, 2001, Manya and Maboko, 2003, meamorphosetb
greenschisfacies (Tanzaniagreenstonebelts) that hosts world-clas:
gold deposits (Kabete et al., 20129. During the Cretaceousand Ter-
tiary, over 360 Kimberlite pipes intrudedthe Tanzaniancraton (Stie
fenhoferand Farrow, 2004), includingthe youngestknown Kimberlite
(>30Ma) located in the westerrside of the craton (Fig. 1, Brown et al.,
2012. The craton margins are tectonicallysuturedto adjacentforma
tions by Proterozoicorogenicbelts. The NW-SEtrending Paleoprote
ozoic Ubendianbelt limits the craton to the southwest(Manya, 2011,
Boniface and Appel, 2017). The NE-SWtrending Paleoproterozoit/sa
garan belt borders itto the south (Thomas et al., 2016, the Meso
proterozoicKibaran belt limits it to the west and the N-S trendin¢
NeoproterozoicMozambiquebelt borders it to the east (Fritz et al.,
2013 Thomasetal., 201§ Boniface,2019. The Ubendiarbelt lies alon¢
a successfulbranchof a Mesoproterozairift that openedto form oceal
basins betweenthe Tanzaniarcraton and Bangweulublock (Boniface,
2019. From Neogene onwards,the easternbranchof the EARShas
impinged across the easternand southernmargins ofthe Tanzania
craton (Ebinger et al., 1997 Sariaet al., 2014 Ebinger et al., 2017).

2.2. Proterodic orogenicbelts

The Paleoproterozoic UbendiarUsagaran orogenic belts are
comprisedof mediumto high-grademetamorphicrocks, granitic anc
gabbroicintrusions,and volcanic rocks (Lenoir et al., 1994 Mruma,
1995 formed as aresult of subductionand tectonic collision event:
causedby Gondwanaamalgamationin TanzaniaBoniface, 2019. The
NeoproterozoidMozambiquebelt compriseguvenile rocks includingthe
nappes of anorthositegabbrosuites with emplacementges betweer
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700 and 900 Ma. They had subsequentlybeen metamorphose to
amphiboliteto granulitefacies betweer620 and 550 Ma (Moller et al.,
2000; Kroner et al., 2003 Thomas et al., 2014), correspondindo the
tectonethermaleventsof the EastAfrican Orogen (Sommerand Kroner,
2013 resultingfrom the closure of the MozambiqueOceanbetweer85C
and 620 Ma (Fritz et al.,, 2013 Mole et al.,, 2018. The EastAfrican
Orogen extends from southernisrael, Sinai and Jordanin the north to
Mozambiqueand Madagascain the south (Stern, 1994 Fritz et al.,
2013. The late PaleozoitMesozoicKaroo sedimentarybasins devet
oped in the PaleeMesoproterozoiccrust (Wopfner, 2002 and the
Mozambiquebelt which is overlaid by the Mesozoic passivemargir
coastal sedimentary basins (Fig. 1, Kent et al, 1971). The
PaleozoieMesozoicsedimentshave a significantrole in the geologyof
geothermalprospectsncluding a clay cap and/or reservoilin Songwi
(Alexanderet al., 2016 Hinz et al., 2018, Ngozi (Alexanderet al.,
2019, Kiejo-Mbaka (Rizzello et al., 201§ and Luhoi(Armadillo et al.,
2020 prospectsFrom Neogene onwards,the EARShas disruptedthe
Proterozoimrogenicbelts.
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2.3. Mesozoicrifting

The Mesozoicrift consiss ofthe deep intracratonidNE-SWtrending
Karoo Basins(e.g., Ruhuhu Kilombero and Kilosa basins, Fig. 1) and the
southeastoastal Basinsof Tanzania(Nicholas et al., 2007). They were
formed as a result of the breakupof Gondwanalandrom Permian tc
Late-CretaceougBumby and Guiraud, 2005 and the developmentf the
passive continentalmargin alongthe westernmargin of the Indiar
Ocean(Kent et al., 197%; Bussertet al., 2009. The coastal and offshore
sedimentarybasins consist of marine and terrestrial sedimentsover
4000 m thick (Didas, 2016 that host apotential hydrocarbonsysten
(Kagya, 1996, with discoverie®f naturalgastotalingmore than 57 TCF
(TPDC,2021).

2.4. TheEastAfrica rift system(EARS

The Cenozoic EARSconsistsof two branchesthe westernrift with
scant magmaticeruption productgEbinger, 1989 and the easter
branchwith much more prolific magmaticeruption activity (Foste
et al.,, 1997 Ebinger et al., 2017). The easterrbranchstarts at the Afar

40°0’E

0°0’

13 24 42 77

TMI (nT)

Fig. 2. TMI map of Tanzaniaand neighbouringcountriesmergedfrom EMAG2 (Meyer et al., 2017 and 19771980 surveys(Stendalet al., 2004). The area was
divided into 447 overlappingsquarewindows,each with a dimensionof 110 x 110 km? (ltklc) used for the computation®f the powerspectraThe purple,grey
yellow, blue and white windowsin the NE (upperright) cornerepresenhow the windowsoverlapat 50%. The black squareshows the locationof window 173 with
the computedlD radially powerspectrumshownin Fig. 3. The Tanzaniarcratonis outlinedwith a dottedblack line. Thick black segmentines indicatethe EARS.
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triple junctionin southeasEritrea and north Ethiopiaand is developec
mostly within the NeoproterozoicMozambiquebelt (Fig. 1). The rift
stretchesto the south through EthiopiaKenya and north Tanzani
where it forms the north Tanzaniadivergentzone (NTDZ) defined by the
Manyaraand Eyasi rift zones that extendsinto the Archean crator
(Fig. 1). The westernbranchstretchedrom northernUganda within the
Ruwenzoribelt and extends south along pre-existingstructuresin the
Mesoproterozoic Kibaran belt and further south along the
UbendianCratonsuture throughthe Irumidebelt in Malawi and centra
Mozambique(Fig. 1, Ebinger et al., 1989. South of the Tanzania
craton and southwestf the Ubendianbelt, the EARShas reactivate
Karoo aged faults within the Mesozoic Karoo rifts (Le Gall et al., 2004).
In Tanzaniathe easterrand western branchesf the EARS converge in
the Mbeya aredorming a triple junctionwithin the RungweVolcanic
Province (RVP, Fontijn et al., 2012, and then form the N-S trendin¢
Malawi rift which extendsfurthersouth to Malawi and Zambia where it
terminates Recent seismologicalstudies (e.g., O6 Do n et all, P013
Mulibo and Nyblade, 2016 have propo®d inferred extensionof the
easternbranchthroughthe NeoproterozoicMozambiquebelt crossini
the Tanzaniarcoastal basins.

3. Geophysicaldata and methods
3.1. Aeromagnetiadata

We have usedthe total magneticintensity (TMI) airborneanomaly
data (Fig. 2) collectedby Geosurveysin 1977 and 1980 along E-W flight
lines spaced1 km apart,sampled every 50 m and drapedat 120 m
nominalgroundclearanceover large parts of Tanzania(Stendalet al.,
2004). No data were collectedover LakeVictoria and the Kilimanjarc
and Uluguru mountainsto the north, northeastand east, respectively
Hence, we have used theTMI Earth Magnetic Anomaly Grid 2-arc-mi-
nute resolution(EMAG2) datasetas asupplementfor the uncovere
areas. EMAG2 are opensourceglobal TMI datasetcompiledfrom sat
ellite, ship, and airborne magneticmeasurementand merged into a
2-arcminute grid upward continuedat 4 km above the geoid (Meyel
etal. (2017) Thesedata were drapedo an elevationof 120 m using the
ETOPOlglobal relief model data with 1-arcminuteresolution(Amante
and Eakins, 2009 and merged with the TMIof the 1977 1980 surve)
(Fig. 2). Thetwo magnetiogrids have been merged using the Knit Grids
utilities in the SeequenGeosoftOasisMontaj packageAlong the suture
line, the mismatchin the grid valuesis correctedby adjustingthe grids
on either side of the path, propagatinghe correctionrequiredat eacl
suture point in a circle whose radiusis equal to the userdefinec
correction width. This method provides smooth blending withot
oversmoothing higifrequencyvariationswhich may occuralong the
suture path. The final grid was sampled at 250 m spacing.

3.2. Curie point depth (CPD) estimationmethodologie

The depth to the bottomof the magneticsources(DBMS) can be used
asa proxy for the Curie point depth (CPD), where temperaturebecome
so high that magneticmineralsin the Ear t h 6 s tha@rrmagneti
propertiegOkubo et al., 1985. The most common magnetianineralin
the E a r tciushis magnetitean oxide of iron but other metals influence
the magneticpropertiesof minerals,including copper, cobalt, manga
nese,magnesiunmand nickel, causingthe Curie temperaturéo vary from
440 to 580C (Hunt et al., 1995. However,becausemagnetiteis the
dominant magnetimineral,its Curie temperaturef — 580Cis usually
assumedo be the referencaemperaturdor the CPD(Hunt et al., 1995
Rosset al., 2009. The assumptiorof DBMS asa proxy for CPDmay be
biased for many reasons.For instance,DBMS may be relatedto &
contrastin lithology such as sub-horizontaldetachmentfaults or un-
conformity or contactbetweenyoung volcanic rocks overlying weakly
magnetiahick sedmentaryrocks (Bansalet al., 2011, Rosset al., 2006
or its computatiorcould be distortedby the window size of the data used
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to computethe power spectrum(Ravat et al., 2007). Therefore add
tional independentgeothermal,geological and geophysical data are
usually neededto verify the correspondenceetweenDBMS and CPLC
(Okubo et al., 1985.

There are several methodsto estimatethe DBMS from magneti
anomaliesasdescribedor instancean Carrillo-dela Cruz et al. (2020a
ard Kelemeworket al. (2021) In this study, we have usedhe centroic
method(Okubo et al., 1985 Tanaka et al., 1999 and evaluated tt-
results against the defractal method (Salem et al.,, 2014). All the
methodswork in the frequeny domain and usethe low wavenumbei
(long wavelength)part of the spectrumassuminghat they are relate«
to the deepmagneticsources (Spector and Grant, 197G Bhattachary
and Leu, 1975.

The theoreticalD spectrunof the total magnetidield for a randon
and uncorrelated distributiorof magnetization(P,) is presentedby
Blakely (1995)asa functionof magnetizatiopower spectrum(Py,), tof
depth (Z;) and bottomdepth (Zy,) of the anomaloushody.

0 EFERORD tw# 0 EFE g sg sA %8 p Asse 1)

In Eq. (1), G, is a proportionalityconstanthat dependn the di-
rection of magnetizatiorand geomagnetidield, ki, k, are the wave
numbersin 2° radian/kn in the x and ydirections,respectively Their

Euclideamorm k is expresseds |K| =~ " + k% ,and Z, and Z, arethe
X y
depths to the top and bottom, respectively,of the magneticsource
assumedo be a slab. Finally, U,, and U; are the directional factor:
relatedto the magnetizatiorand geomagnetidield, respectively.Wher
the 1D radially averagdpower is computedthe terms Uy, Us and P (Ky,
ky) becomeconstantHence, the power spectrums expresseas:
OBtk 1A p AsE )

where, P is the 1D power spectrumand A, is a constant.

In terms of centroiddepth Zy, (i.e., the midpointbetweerthe top anc
bottomof the magneticsource) Eq. (2) can be written as (Okubo et al.,
1985 Tanakaet al., 1999:

OER R h 1 Ass Ase Ass 3
where A; is a constant

Forlow wavenumbersf the radially averagedmplitudespectra=q.
(3) can be written as (Tanakaet al., 1999:

17952 . @)

where Az is constantThe centroiddepth Z, can, thereforepe calcuated
from the slope of the low wavenumbesegmentof the spectrum.

For the depth to the top of the magneticsource Z;, which normally is
obtainedn the mediumto high wavenumberange of the spectrum,Eq
(3) can be written as (Spector and Grant, 1970),

IN(PKY= A, - KIZ, (5)

where, A4 is a constant.
Then the approachof Okubo et al. (1985)and Tanaka etl. (1999)is
usedto calculatethe DBMS or Z,,.

DBMS = (27, - Z,) (6)

where, Z isthe centroiddepth of the magnetisourceand Z; isthe depth
of the top.

In the defractal method, Salem et al. (2014) assumecdhat the
observedamplitude Ag spectrummay be correctedconsidering th
fractal sour@s using the relationship:
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where K is the norm of the wavenumbeand Uis the fractal parameter
The method evluatesz;, Z, and Ucomputingthe forward modelinganc
evaluatingthe match betweenthe modeledand correctedspectrun
albeit with high fractal parametetU values tendingto overcorrecthe
spectrum(Carrillo-dela Cruz et al., 20208).

In this study, we have estimatedCPDusing both the centroidmethor
(Okubo et al., 1985 Tanaka et al., 1999 and the defractal methot
(Salem et al., 2014). For the centroid methodcomputationswe have
used the frequencydomain algorithmsavailablein the MagMap See

quent Geosof Oasis Montaj package For the defractal methoc

Geothermics03 (2022)102431

computationsye have usedthe MAGCPD package (Carrillo-de la Cruz
et al., 20208.

3.3. CPDcomputationsby the centroid methoc

We have appliedthe centroidmethod(Okubo et al., 1985 Tanake
etal., 1999 to squarewindows of dimension110 km x 110 km (ca. 1Y
= 1Y runningover the study areawith 50% overlap The CPDestimatiol
has been performedon a total of 447 windows.In the caseof windows
with resultingDBMS larger than 25 km (8% of the total), we have use
larger size windows of dimension220 km = 220 km (ca. 2Ux ZC).

Thesizeof the windows hadeenchosenon the basisof the following

Centroid method
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1.0}

0.5

. 7, = 222 4001
05
10
(b)
155 05 0 T5 70

Wavenumber K (1/km)

Zy=9.32km £0.99 km

7y = 1644 km + 2.0 km

Defractal method

1.0
\zo= 9.32 40.99
o)
%05} \,
HL{E\ \\
x  0f
S
A
E-05F
1.0f
(@)
1.5 0 0.5 1.0 15 20
Wavenumber K (1/km)
Values: Z = 2.22 km +£0.01 km
I Zo=7.89 +1.13
—
= |
Z|E
< |N
S—— .
=
-"'n n,;:: m‘u 0.06 ()_;:x ujl n_lli n‘H n_llh n_lw.\' 0.2
Wavenumber, k(1/km)
3
= — Observed spectrum
- Corrected spectrum
Modeled spectrum
~ M\ ———— 95% confidence interval| |
=
= 0
1
E -l

0.05 0.1 0.15

Wavenumber, k(1/km)

0.2

Z, = 030 £0.09

0.05 0.1 0.15

Wavenumber, k(1/km)

Values

Fractal exponent «:2.65
Z; = 0.30 km +0.09 km
Zo="7.89 km +1.13 km

7, =15.47 km + 2.25 km
Misfit = 0.1590

Fig. 3. 1D radially averagegowerspectrumand computedparametergor window 173, indicatedwith black squaren Fig. 2. (a) the meancentroiddepth(Zy), (b)
meantop depth(Z;) of the magneticsourcespver the window, respectively as estimatedrom the slope of the interpolateded line. Its correspondindCPD (Zy) is
16.44+ 2.0 km. Images (c-e) indicatethe same parameter# a large window (200 km) centeredht the same locationas 173 andcomputedusing de-fractalmethod
The two methodsreproducesimilar CPD results.For the de-fractal method,the 2.65 fractal parametemproduceda good matchand minimum misfit betweerthe
observedand modeledspectraThe error betweerthe correctedand modeledspectrums computedas 95% confidencenterval representedy the greyishcurves in

panel3e
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considerations

(i) Assmall aspossiblewindow sizeis essentiain order to detect the
expectedshort CPDwavelengthvariationsacrossthe EARS.

(i) The 110 km window size was used in a similar work by Njinju
et al. (2019) who applied the same methodologyalong the
Malawi Rift, just to the south of Tanzania.

(iii) It has been proposedecentlyby Kelemeworket al. (2021)tha
for the centroid methodhe window size should be between3i 5
times the averagedepth of investigation.We, therefore,expec
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 sizewindow we expectreliable results up tc
at least CPDof 44 km.

The optimumwindow sizeis still a matterof scientific discussion(e.
0., Blakely, 1995 Mausetal., 1997 Ravatet al., 2007 Bouligand et al.,
2009 Bansal et al.,, 2011, Li et al, 2013 Abraham et al.,, 2014
Nwankwo,2014 Andres et al., 2019 and is in general unique for eacl
area (Kumar et al., 202G Ravatetal., 2007). It is small over tectonically
active areaswith high heat flow and large in stable regions such asthe
cratonicareas (Ravat et al., 2007 Kelemeworket al., 2027). A typica
approachs to choosea window large enough to show a clear peakin the
very low wavenumbeband of the spectrune.g. Ravatet al., 2007). We
tested differentwindow sizes,suchas500, 400, 300, 250, 220, 110 km.
However the peak was never been clearly detectedpossibly becauseof
the presenceof a uniformly magnetizedayer, a spectralpeak repre
sented by a single point, presenceof layered sources (Blakely, 1995
Ravat et al., 2007 or the methodusedto generatehe power spectrur
(Bansal etal., 2006. The absenceof a spectralpeak has also been re-
portedby Ravatet al. (2007)and Bouligand et al. (2009)and no peak is
visible in the spectrashown in Carrillo-de la Cruz et al. (20209. Oui
final choice of a 110 kmwindow is justified becausetemperaturegra
dients measuredh deep petroleumexplorationwells are in the range of
2258 T/km in different geologic settings of Tanzania(Fig. 6a).
Assuming a Curie temperaturef 580, this range implies a maximun
CPDof 26.4 km. Becausethis value is <30km our 110 km window size
(approximately4 times the maximumCPD)seens to be suitable.

The selectiorof the wavenumbebandsfor the computatiorof Z; anc
Zy in eachwindow was basedon a physical inspectionof the spectraof
the respectivewindow (e.g. Bansal et al., 2017). After the reconnais
sanceof the evidentlinear featuresn eachplot, a straightline wasfitted
based on the leastsquaresmethod. Therefore the wavenumbebanc
where the fit is performedvaries from plot to plot for each window
Fig. 3a,b show an exampleof linear fitting for window 173. Considerin
all the windows,the centroiddepths Z, were estimatedrom the slope of
the spectrumin the wavenumberange 0.00790.0791/km, while the
averagedepths to the top of the magneticsources Z; were estimate
within the wavenumberange 0.07940.5 1/km.

We have also to underlinethat, in estimatingthe depthsto the tog
and bottom of the magneticsources, the centroid methodassumese
random and uncorrelateddistribution of the magneticsources (e.g
Spector and Grant, 1970). This hypothesisias been questionedy many
authorswho have suggestedhat a fractal/scalingdistribution of the
magneticsourceswould be more realistic(Pilkingtonand Todoeschuck
1990 2004 Mausand Dimri, 1995 Salemet al., 2014). Hence,a scalin¢
exponenthas been proposedto be appliedto the power spectruntao
accountfor the randommagnetizatiorand geologicalvariability (Ban
sal and Dimri, 1999 2001, 2005 201Q Pilkington and Todoeschuck
1993 Maus and Dimri, 1995 Dimri 200Q Dimri et al., 2003 Banséa
et al.,, 2006. Kelemeworket al. (2021)have observedhat the centroic
method assumptionof randomand uncorrelated distributiorof the
sourcesusually overestimatethe CPD. Therdore, the results from this
methodcould be interpretedas a likely deeper limit of the DBMSesti
mates of the CPD(Fig. 5b). Thereforethe centroidmethodcontinuega
be used(e.g. Njinju etal., 2019 Dziadeket al., 2021) sinceit avoids the
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arbitrarychoice of the fractal parameteand is relevanto caseswhere a
deeper range of the CPDis of interest,for examplejn areasof cratonic
crust like much of Tanzania.

3.4 CPDcomputationsby the de-fractal methoc

In order to overcomethe simplifying assumptionof randomand
uncorrelatedmagneticsources,we have appliedthe de-fractalmethoc
(Salemet al., 2014 Carrillo-dela Cruz et al., 20209 to square windows
of 300 and 200 km size covering the study area with 50% overlap.The
size of the windows in this approachis larger than in the previousone
becauseaccordingfor instanceto Kelemeworket al. (2021) it must be
larger than minimumb5 times the expectedCPD.Sincethe useof 300 and
200 km windows gave very similar results, we considerhere the result:
obtainedwith the use of the 200 km size window, giving the highe
lateral resolution(Fig. 5a).

The fractal exponenbf the de-fractalmethodallows the userto take
into accountdifferent magnetizationdistributionslinked to differen
geological conditions(e.g., Bouligand et al., 2009 Carrillo-de la Cruz
et al., 2027). On the other hand, the major drawbackwith this approac
is that the choice of the fractal parameters not straightforwardLi et al.
(2019) have observedhat the fractal exponentand Curiedepth are sc
strongly inter-connectedthat they cannot be reliably estimatedinde
pendently.In the defractal approach(e.g. Carrillo-de la Cruz et al.,
20209 the strategyis to choosethe fractal parametethat givesthe bes
fit betweerthe observedand the modeledspectrumcomputedrom the
currentestimationof the top and bottom of the magnetizedayer (se¢
Fig. 3cie for example). Therfore, this approachis also subjectiv
because of the broad minimum fitting errors that often occur by
applying a range of fractal exponentsand because of the correlatiol
betweenthe fractal parameterand the CPD tha affects forwarc
modeling(Li et al., 2019.

Generally speakingthe CPDestimationsve have obtainedusing the
defractal methodFig. 5a) show similar patternsas using the centroic
method(Fig. 5b), butthe centroidmethodgives generallydeeper CPC
than the defractal methodsee Figs. 3 and 5). The tendencyof the de-
fractal methodto overcorrectthe spectraand produce erroneousl
small Curie depths has beenwidely reported(Li et al., 2019 Keleme
work et al., 2027). Therefoe,the DBMS and CPD estimatesusing the
defractal methodcan be consideredo be biased to shallow depths ai
lower confidencehan the centroidmethodestimatesin the context of &
region dominatedby cratoniccrust but borderedby rifting.

3.5. Evaluationof the CPDerrors

The errors of the centroidand top depths of the magneticsources
0¥, and g, have tkeen computedrom the slope error of the linear fit
(e.g., Ravat et al., 2007 Kelemeworket al., 2027). Uncertaintyof the
depth to the bottomof the magneticsources( @) has been compute
using the standardoropagatiorerror formula (e.g. Martos et al., 2019:

y: v (8)

The resultingstatisticalerrors of the centroidand top depths of the
magneticsourceshave been found to be in the range of 0.24 1.05and
0.01' 0.34km, respectivelyThe correspondingrror of the DBMS, q¥,,
is in the range 0.5 2.1 km. This approachand similar magnitude erro
have beenobtainedby many authors,e.g. 0.161 2.16 km in Coahuila
Mexico (Carrillo-de la Cruz et al.,, 20209, less than 2km beneat
Thwaites Glacier in West Antarctica(Dziadek et al., 2021) and 0.53 km
in SoutpansberBasin, South Africa (Nyabezeand Gwavava, 2016). The
same computationsappliedto the defractal methochave yielded very
similar results.

All the spectralmethodsand the estimatef fitting error have lim-
itationsthat must beconsideredvhen interpretingthe accuracyof the
results with respect toboth DBMS and CPD. Errors in choosing the
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correct wavenumberband over which a linear fit is calculatedmay
produceunpredictableerrors that are very difficult to evaluate.Also,
depth estimationis very sensitive tosmall variationsof the fracta
parameterMoreover, depth estimationsmay be biasd by sources a
different depths which may affect the top depth estimationsdue tc
strong overlappingof the relatedspectralcomponentgHussein et al.,
2013 Kelemeworket al. (2021). Uncertaintiesderived from thes:
problemscoud be quantitatively estimatedusing Bayesian inversior
(where parametergelatedto the thicknessof magneticsources are
expressedh probability terms) becauseof its capabilityto incorporat
prior informationsuch as measurementsom deg wells (Mather anc
Fullea, 2019 Audet and Gosselin,2019 Losinget al., 2020. However
the CPD uncertaintycomputedusing the Bayesian approachrequire
very large window sizes 15-30 times larger than the deepest possibli
magnetidase in the study area (Mather and Fullea, 2019. Moreover, it
is likely that factors other than curve fitting, like the separatiorof DBMS
from CPDwhere deep lithology lacks magneticsources (Kumar et al.,
20217), cumulativelycontributegreateruncertaintyto the CPDestimate
Therefore the errors in CPD areexpectedo be much greaterthan the
estimateditting errors and are likely to be of the order of many kilo-
meters (e.g. Ravat et al., 2007 Mather and Fullea, 2019.

To addres this uncertainty the thermalgradientderived from the
CPD estimateshas beeninterpretedin the context of other data sets
includinggeothermapradientand heat flux estimatedrom deep wells.
resistivity distribution from magnetotellug surveys, phase velocity
variationsfrom seismic tomographytectonicsetting of the regions anc
Moho elevationsrom seismic and gravity inversions.

3.6. Geothermalgradientand heatflow estimations

The estimatedDBMS can be used to determinethe temperature
distribution at depths and consequentlythe geothermalgradient
(Okubo et al., 1989. Firstly, we have assu“naeda proxy betweerthe
DBMS and CPD. The geothermalgradient g has been calculatedin
each window as the ratio of the Curie temperaturgT;) of magnetite
(580CC) in the crust and the estimatediepth to the baseof the magneti
source (DBMS) or Z,, assumedo be the Curie point depth (CPD)in eacl

window.

d_T.

&z ©)

The surface heat flow g, in each window is computedunder the
assumptiorthat 1D steadystateconductiveheat transferdominatege.
g. Martos et al., 2017).

q;=a° (10)

Where, &is the average thermatonductivitycoefficient of the rock.
We choose to use an averagethermal conductivity of 2.5 W/mC
becausethe basementocks in Tanzaniaare dominantlythe Precarr
brian gneiss, granuliteand schist (Fritz et a., 2013 Fig. 1) with acon
ductivity range betweer2 and 3 W/mC (Ray et al., 2015.

3.7. Gravity data analysis

We have usedgravity inversionto obtain Moho depth estimate®ver
the large areasnot covered by seismic data. The Moho depth estimate
are used taomparethe CPDand the associatedeothermalgradient
and heat flow derived from aeromagnetidata against crustal thickness
We use thenew high resolution( 5x65 @rc minute) satellitederivec
FreeAir gravity field model compilation SGGUGM-2 (Liang et al.,
2020) asour gravity data. In order to remove the gravity effect relatedto
the topographywe have computedhe completeBouguer anomalyusing
the ETOPOL1 elevation map (Amante and Eakins, 2009, assuming
Bouguerdensitiesn the range2.4 to 3 x 10° kg/m3. Asafinal reference
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value, we have chosen 2.8 x 10° kg/m3 becauseit showed the leas
correlationwith the topographyand is representativef the widespreac
exposureof crystallinerocks in the region.

The useof a Bouguerdensity of 2.8 x 10> kg/m® will overcorrecthe
gravity over areaswhere there is a significantthicknessof sediment:
and/orwater. We, therefore,have taken into accountthe density re-
ductionsdue to water (in the lakesand the Indian Ocean)and sediment
using the sedimentthicknesses compilatiofiom the CRUST1.0Globa
model (Laskeet al., 2013, verified againstwells drilled to the basemet
along the coastal region of Tanzania(Didas, 2016. The densitiesof
water and sedimentswere assumedo be 1, and 2.4 x 10° kg/m3,
respectively.Finally, we obtainedthe Bouguer anomalycompensate
for water a&d sediments.To downweightthe effects of the shallow
intra-crustal density variations,we have applieda 150 km low pas:
filter.

The final griddedBouguer anomaly(Fig. 4) indicatesa broad zone of
gravity low along the easterrrift axis and thesurroundingarea whick
extends south to the ArcheanTanzaniarcraton. This anomalyis prob
ably causedby a combinatiorof featuresncludingthe pre-existingthick
crust causedby Precambriartectoniccollisions (Nyblade and Pollack,
1992), thickeningof the crust due to Neoproterozoicollisional event
during the formationof the Mozambiquebelt (Simiyu and Keller, 2001,
Fritz et al., 2013, Cenozoic low density volcanoclasticrocks with
thicknessreaching2 km on the rift flanks (Baker etal., 1989, crusta
thickeningdue to intrusionsnear Moho (Hay et al., 1995 and thelow
density mantle beneattthe apex of the Kenyan dome (Simiyu and Kel-
ler, 1997). The gravity low in the craton follows the trend of the are:
with Kimberlite pipes, indicatingthick crust.

3.8. Estimationof Moho depthfrom gravity data

To infer the Moho depth distributionin Tanzaniawe performeda
constrained3D inversionof the 150 km wavelengthcut-off low pas
filtered Bouguer gravity anomalycorrectedfor the sedimentqFig. 4).
We used the GM-SYS 3D Geosoft Seequensoftwarepackage Forwarc
modelling is based on a combinationof FastFourierTransformanc
spacedomainalgorithmsto calculatethe total responseof the mode
(Parker,1973. The inversionfor solving the Moho depths is based or
the procedureproposeddy Parker and Huestis (1974)which assumese
simplified model of fixed densitiesof the crust and mantle. The algo
rithm solvesiteratively for the thicknessof a single layer representin
the crud. This simplification in the model probablyintroducesthe
greatest departurfieom reality. The optimal solutionis obtainedwher
modeledBouguer anomalyis close to the measuredBouguer anomal’
within a given error. We assigneda constantdensity contrastof 0.5 %
10® kg/m?® to the crust/mantleboundary assumingveragerustal and
mantle densitiesof 2.8 and 3.3 x 10° kg/m>, respectivelySince the
inversionof gravity data is strongly affected by the non-uniqueness ¢
the sdutions, addition of an a priori constraintis neededo reduce the
ambiguity (Kanda et al., 2019 Represaset al., 2012. As an a priori
constraint,we have used the crustal thicknessderived from seismi
receiver functions compiled from several authors(Last etal., 1997
Dugda et al., 200% Wolbern et al., 2010 Tugume et al., 2012
Kachingwe et al., 2015 Hodgson et al., 2017 Plasmanet al., 2017
Borrego et al., 2018. The seismic receiverfunction crustal depth esti
mationshave been gridded(Fig. 5d) to form a startingmodel for the
gravity inversion and were used asa referencemodel during the
inversion.The final crustal elevationmodel we have obtaineds showr
in Fig. 7 and describedn paragrapH.2. Thefinal RMSerror is 1.4 mGal
Finally, we have validatedour results against the Global Moho depth by
Laske et al. (2013) There is a good first-order match betweenoul
inversionand the global model over the areascovered by the receive
functionssince our model has used receiverfunctionsas constraints.In
the large areaswhere receiverfunctionsestimationgrom the global datz
set are notavailable,our model shows more detail. Note that the low
pass filtering appliedto the Bouguer gravity anomalyused for the
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Fig. 4. The 150 km low passfiltered Bouguermgravity anomalymap, used herefor the inversion.The dashedvhite ellipse indicatesthe Kenyan dome.The Tanzanian
cratonis outlinedwith a dottedblack line. Thick black segmentines indicatethe EARS.

inversionmay have affected shortwavelengtlcontributionsfrom Moho,
expectedor instancealong the rift axis.

4. Results

4.1. Curie point depth,geothermalgradient,heatflow and the geologyof
Tanzania

Overall results of the CPD, geothermapradientand heat flow est
mated from magneticdata are shown in Figs.5 and 6. As a referencein
Fig. 5¢c we have reportedthe Global CPDestimatedby Li et al. (2017)
Our estimatedCPDsrange betweenll and 43 km beneaththe geoic
(Fig. 5a,b), the geothermalradientranges betweenl4 and 53 “C/km
(Fig. 6a) while the heat flow valuesrange betweer34 and 132 mw/m?
(Fig. 6b). Asindicatedin Fig. 5a,b, shallow CPDsare observedlong the
easternbranchof the EARSfrom Kenya through northern Tanzanii
where they terminateat the Eyasirift as it diverges into the Archeal
Tanzaniarcraton (anomaly2, Fig. 5a,b). In the westernbranch,shallow
CPDsare seensouthwestn the Rungwe volcanic province(RVP) and in
the Rukwa rift. The northernpart of the Malawi rift is characterizé by
shallow values of CPDswhich increasepartially to the south in Lake
Nyasa. Other parts of the westernrift valley associatedvith shallow
CPDsare the centraland southerrparts of the Tanganyikaift basin and

areasaroundLake Kivu in RwandathroughnorthwestBurundi.

Apart from the EARS, shallow CPDsgenerallyfollow the Proterozoi
continentalcontinentalcollision boundarieganomalie®, 3,4, 5,8 & 9)
from the northeastthroughsouth: (i) at the Neoproterozoiccollision
boundariesbetweenthe Archean crust(Western Granulite) and the
Neoproterozoic Mozambique belt (anomaly 2), (ii) aong collision
boundariesbetweenthe southernmargin of the Archean Tanzania
craton and the PaleoproterozoitJsagararlJbendiarbelts (anomaly4 &
5), (iii) at the collision boundarybetweenMesoproterozoitrumide anc
PaleoproterozoicUsagaranbelts (anomaly 8), (iv) at the collision
boundarybetweerthe Irumidebelt and Mozambiquebelt defined by the
Ruhuhuand Kilombero rifts (anomaly9). An unexpected pervasizne
of shallow CPDsin the Tanzaniarcraton (anomalyl, Fig. 5a,b) is founc
south of Lake Victoria includingthe Ibadakuligeothermaskite with the
65 hot springs, where there is no surfaceexpressiomnf intensefaulting
relatedto the EARS. However, this anomalyis also observedin the
global CPD(Fig. 5c¢, Li et al., 2017 and is relatedto a relatively shallow
Moho depth (Fig. 5d) and the deeper low phase velocity from seismit
tomography(Mulibo and Nyblade, 2013. The area is known for the
world-class gold and diamond deposits hosted in metabasaltsanc
CretaceouKimberlites pipes, respectively.Geochemicastudies of the
hot springs indicatethe absenceof a shallow magmaticheat sourceand
thereforethey have beenclassified asbeing aresult of adeepcirculation
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