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Highlights

1 To the SW, newfound strikglip fault links the Rukwa and North Malawi Rift (RNMRS)

1 Tothe NE, RNMRS brder faultsintervening faults and volcanic centers are colinear

1 RNMRS torderfaults andransfer structurealign with pre-existing basement fabrics

1 Basement fabrics guide the development of normal fault geometries and rift bifurcation

1 Basement fabricfacilitate the coupling of the RMRS tterfaultsand transfer structures

ABSTRACT

The Rukwa Rift and North Malawi Rift Segmerd (RNMRS) both definea majorrift-oblique
segment of the East African Rift System (EAR&)d #though hetwo youngrifts showcolinear
approaching geometrieshey areoften regarde asdiscreterifts due to the presence of the
intervening MboziBlock wplift located inbetween This problem has been complicated by the
dominanceof the Rungwevolcaric features along the northeastern boundary of the Mbozi Block
and lack of distinctnormal faultsalong the soutlvestern boundary of theblock Here, vwe
investigate the coupling of discreterift segments during the onset of continental rifting
modulatedoy thecontrol of pre-existing basemeriabrics e the development @he border fault
geometries andinkage across the intndft transfer zone We utilized the Shuttle Radar
Topography MissiorDigital Elevation Model{SRTM-DEM) to investigate the morphological
architecture of the rift domainsand aeromagnetic datand SRTMDEM to assessthe
relationships between thidt structures and the pexisting basement fabr{an planview). Our
results show that thereseniday morphologyof the RNMRSis chagcterized byalongrift

alternation ofrift shoulderpolarity, characteristic of coupled rift segmen@areful interpretation
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of filtered aeromagnetic mapalong the northeastern and southwestern boundaries of the
RNMRSrevealstriking alignment ofthe riftbounding faults witfcolinearNW-SE-trendng pre-
existing basementabrics. We find thatrift coupling along thenortheasterrboundary of the
Mbozi Block transfer zones accommodated by magmatisrilizing pre-existingfault systems
whereas, coupling along tremuthwestern boundary is accommodatedaimew-found dextral
strike-slip fault. Additionally, we show how the configuration of thepre-existing basement
fabrics may influence the development ofrectilinear or curvilineamormal fault geometries
(plarrview) along the rifts andthe formation of basinscalerift bifurcation aroundbasement
inter-rift transfer zong In summary, we suggest that thteucturalcontinuation ofthe boundary
faults along the RNMRSand their alignment with colinear baseméatirics demonstrateéhe
influence of structual inheritanceon the couplingand amalgamationof approaching rift

segments
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1.INTRODUCTION
Preexisting basement fabricare often majorfacilitators of continentalrifting environments
Mechancally, they represerareasof structuralweaknesshatcanbecome reactivated aadlow
rifts to propagatepreferentially along them(e.g., Daly et al, 1989). Several studies have
documented the relationships between rift faults and thepsting basement fabrics (e.g.,
Wheelerand Karson, 1989Kinabo et al., 200,72008; Taylor et al., 2011 Phillips et al., 2016;
Kolawole et al., 2018;Siuda et al., 2018 Further, recent studies have assessed the 3
dimensional relationship between fmesting basement thrusts and intifa normal faults,
revealing the control of the pexisting basement structures on the nucleation and strain
distribution along the normal faul{e.g.,Collanegaet al., 2018)In the CenozoicEast African
Rift System(EARS), which is divided into an Eastern,Vdestern and a Southwestern Branch
(Fig. 1A), severalzones of weldeveloped basement fabiiitfluence rifting. One of the best
recentlydocumented exampldsighlighting the influence of the Precambriddasemenshear
zones on riftingn eastern Africa isherole of theMwembeshiShearZoneon the development
of the Luangwa Rif(Fig. 1A; Sarafian et al., 2@). It was demonstrated th#tte Mwembeshi
Shear Zone acted as lithospheric conduifflfads to migrate up the lithosphere, thus facilitating
the weakening and subsequemtiation of the Luangwa rifin thePermaTriassic

However, the relationship betweeft segments along theesternbranch of the EARS
and the Precambrian shear zones is rather complex and wadetatiled and careful
examination. For example, therecambrianNW-trending Aswashear zone resulted in the
termination (rather than facilitation) of theortheastward propagation of tiAdbertine-Rhino
graben which represents the northerast segment ahe Western BranctKatumwehe et a|.

2015) (Fig. 1A). On a basin scale, previous studies have also shown thaixjsteng basement
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shear zones can influence the localization of fault developifeegt, Phillips et al., 2@
Kolawole et al., 2018)and in fact control fault segmentation and achmssin strain transfer at
later stages of rift development (e MuirheadandKattenhorn 2018.

The borderfaults along large continental rift systems, e.g., the EARS, are typically ~100
km long (e.g., Bster et al., 1997; LaDavila et al., 2015)and the development of such large
normal faults with complex segment linkage styles are yet to be fully understood (e.g., Fossen
and Rotevatn, 2016; Gawthorpe et al.,, 2003; Rotewdtral., 2018). However, since the
interactions between the large normal fawlithin juvenile extensional tectonic settingead to
the systematic coupling of rift segments across transfer zones (e.g., Corti, 2012), border fault
segmentation, geometriemd continuity between rift segments can provide insight into the
larger process of coupling between the segments of a rift system.

In this study, we focus onthe RukwaNorth Malawi segment othe EARS which isa
major rift-obligue segment of theéft syssem andserves as thecentral segment of theystem For
simplicity, we herdn refer to the Rukwa Northern Malawi Rift segment of the East African
Ri ft as t hTais segrEMiR S8otnposed of the Rukiift basin, the North Malawi
Rift basin and thé/bozi Block which represents theccommodation zabetween the two rifts
(Fig. 1B). We address the longstanding question of the role oflieed preexisting basement
structurs in the developmentf the trends and geometriax rift-bounding faults leading to
subsequent coupling of individual rift segmenhsring the onset of continentaifting. We
demonstrate that there is continuous structural connecéityg theboundaries of the RNMRS,
modulated by reactivation of th@recambrian metamorphic falsjcand show that the
characteristic planview geometries of therift-bounding faults are modulated by the

configuration of the basement fabric.
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2. GEOLOGIC SETTING

2.1. ThePrecambrian Domains

The RukwaNorth Malawi Rift Segment isocatedwithin the NWtrending Paleoproterozoic
Ubendianorogenicbelt which is sandwiched between tWechean Tanzanian craton in the
northeasaind the Bagweulu cratonic block to the southwéBigs. 2A-B; Fritz etal., 2013. The
Ubendian Beltis composed of differenPrecambrianterranes bounded bsteep shear zones
(Delvaux et al 2012). These terranes contain granuligeies metamorphic rocks (212025

Ma), amphibolitefacies metamorphic rocks and granitoids (39800 Ma) that have undergone
dextral strike-slip shearingand granitic plutons (1090120 Ma), (Fritz et al., 2013).The
Pakoproterozoic Usagaramrogenic beltthat extendsNE-SW perpendicular to the Ubendian
orogenic beltin southern Tanzanias composed of eclogites (~2000 Ma), volcassalimentary
cover with some lowgrade metamorphism (~1920 Ma), and granitoids and granitoid gneisses
(19001730 Ma) (Fritz et al., 2013). The Usagaran and Ubendliagenic beltgesulted from
collision with the Tanzaniaraton where the Usagararogenicbelt was thrust onto the craton
and the Ubendiawmrogenic beltwas accreted along the crafos  m decausenof strikslip
motion (Daly, 1988; Lenoir et al., 1994). The Ubendian Belt was reactivated several times, first
at ~1860 Ma as a shear zone, tlagain at ~800 Ma and was subsequently reactivated about
every 200 Ma (Lenoir et al., 1994)lapped shear zones along the Ubendian Belt include the
~600 km long and ~30 kiwide MugheseShear Zone, the Mtose Shear Zone, and the Chisi
Shear ZondFig. 2; Daly, 1988;Schenk et al., 200@®elvaux et al., 2012 Recent studies have
highlightedthe role of the Mughese Shear Zone in fault developmenttlandlistribution of

seisncity in NorthernMalawi Rift Basin Dawson et al. 203 Kolawole et al.2018)



188 2.2 The Rukwa RiftNorthern Malawi Riff and the Mbozi Block accommodation zoRENIRS

189 The RNMRS evolvedduring the Permdriassicepisode of rifting that affected southern and
190 eastern Africa, also known &&aroo rifting (Chorowicz, 2005)Outcrops of Karoo sediments
191 have been mappeadong the southern end of the Rukwa Rifigure2) and the northern section
192 of the North Malawi Rift Basin (Kilembe and Rosendahl,992). These sediments lie
193 uncorformably over thePrecambriarbasement and consist mainlyszndstone, shale, acdal

194 and thicken towards thaorder fauls providing evidence for reactivation of synthetic faulting in
195 the Permerriassic (Morley, 1992; Delvaux et al., 1992).

196 Cenozoic ifting began in the Upper Miocene, characterized by normal faulting and basin
197 subsidence with theliagenesisof Red Sandstones and Lake Bed Sediments (Delvaux and
198 Hanon, 1991). Additionasubsidenceoccurred after the deposition of these packages, and in
199 different directions, evidenced by the drag orientations of sediment packages on the faults
200 (Kilembe and Rosendahl, 1992he Cenozoigifting featuredthe reactivation of older faults as
201 seen in semic profiles of the Rukw®ift in which the faults are mostly contiguous from Karoo
202 sediments to Red Sandstones to Lake Beds (Kervyn et al., 2006). The -degséettonic

203 activity in the RNMRS consists of limited volcanic eruptions, minor seismicitythie Mbozi

204 Blockregion and continued sedimentation in fRekwa and North Malawbasins (Delvaux and
205 Hanon, 1991).

206 The presentlay architecturef the RNMRS consists of tHeukwa Riftto the nortlvest

207  of the segmentwith the Lupa Faul{generallyconsidered the border faulbounding it tothe

208 northeastand the Ufipa Fault to the SWFi§. 1B). Towards the southeastern end of Rwkwa

209 RIift. It bifurcatesaround the Mbozi Block forming the SongWweough (ST)}o thenortheastand

210 the Musangano TrougfMT) to the southwest The Mbozi Block transitions into the North
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Malawi Rift (also known as the North Basin) which represents the southeastern end of the
RNMRSand it consists of a haffraben, bounded to the northeast by the Livingstone Fault (Fig.
1B). The Mbozi Block is referred to aan accommodation zonéecause it is thought to
accommodate and transfer relative strain between the Rukwa and North Malawi Rift Basins
(Delvaux and Hanon, 1993

The Mbozi is a mass of Precambrian basentleat is composed dfleta-basites and
intermediate granulites and quartzitdsthe Mbozi Terrane (Dalyl988)and is bounded to the
southwesterrby the Mughese Shear Zor{Eig. 2B), and overlain on the northealy the
volcanic deposits of thRungwe Volcaic Province (RVP) The RVP is a ~1500 kfrarea of
volcanic rocks and structures that evolved ca. 9 Ma (e.g., Fontijn et al., 202, strong
tectonic control on the lotiaation of volcanic centerbave been inferred (e.g-ontijn et al.,

2010, 2012)To the northeast of the RVP paorly defined NErending riftbasinoccurs known
as t he i U s, amhageu PerBid@rmgsio do Recent sedimentary rocks overlie the
Precambrian basemeibede 2002.

The crustal thickness beneath the Rukwa Rift is.5&m (Kim et al., 2009), but varies
between ~33 km and ~39 km along the rift shoulder (Ufipa Plateau) (Hodgson et al., 2017), and
increaseslightly to 41.742.1 km in the northwestemnost part of the rift where the rifting is
minimal. These suggest thaverall, the crustal thinning beneath the rift has begnimal but
may beslightly more beneath the Songwe Trougljirfju et al., 2018) Camelbeeclkand Iranga
(19969 estimated~42 km crustal thickness beneath the Songwe TroWhereas, araverage
crustal thicknessf 39 kmhas been estimated for tReingwe Volcanic Provinge-37-39 km for
the North Malawi Rift and38-42 km for the Proterozoic terrs surrounding the North Malawi

Rift (Borrego et al.2016 Njinju et al., 208).
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2.3. Kinematics of the RNMRS

The mode of opening of the RukwRrift i Northern Malawi Rift segment is controversial.
Overall, two models have been proposed. One of the models advocates for orthogonal rifting due
to the dominance of NWrending preexisting basement fabric in the region, which resulted in
the rotationof the EW directed regional extension into NEWV, thus producing NVgtriking
normal faults (e.g., Delvaux et al., 1992; Morley, 2010; Delvaux et al., 2012). The other model
argues for oblique extension primarily due to the obliqueness of the rift setmtd EW
directed extension, thus resulting in the development oftNWding dextralktrike-slip faults

(e.g., Chorowicz, 1989; Daly et al., 1989; Wheeler and Karson, 1994; Kervyn et al., 2006;
Mortimer et al., 2007). Both models are based on obsensfrom only the Rukwa Rift and
North Malawi Rifts, and did not consider the kinematics of brittle structures along the Mbozi

Block accommodation zone.

3.0 MATERIAL AND METHODS

In this study, we carried out detailed mapping of exposed and buried dguaieatswithin the
RNMRS. We utilized Shuttle Radar Topography Mission (SRTM) Digital Elevation Model
(DEM) to locatesurface expressions of fayland filtered aeromagnetic data to nthp plan

view trace obasementaults and metamorphic fabsc

3.1 SRTM DEM Data
We extracted topographical profiles along the length of the rift from the SRTM DEM data to
investigate surface morphology of the rift segmewtsach could provide insight intdhe

evolving nature of the rift architectuadong the RNMRS.

10
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3.2.Aeromagnetic Data
We combined three separate aeromagnetic surveys consisting of data acquired over northeastern
Zambia, southern Tanzania and Northern Malawi. The Tanzania survey was collected between
19771980 with flight height of200m and a flightine spacing of 1 km. The Zambia survey was
collected between 1978976 with a flight height of 150 m and a flight line spacing of-8000
m. The Malawi survey wasarried outin 2013 with a flight height of 80 m, adht line spacing
of 250 m Before nerging the three surveys, we first corrected for the skewness of the data by
reducing each of them to the magnetic pole (RTP). The RTP correction normalizes the magnetic
field to the magnetic field at the pok® the anomalies retain their correct striked shape,
allowing the mgnetic data to be interpreted gsologic structuresBaranov,1957;Silva, 1986.
Afterwards, we appliedpwardcontinuation(Henderson and Zeitz, 1948) 120 mto the RTP
corrected Malawdatg 50 m to theZambia data in ordeo mathematically normalize the three
datasetsto a 200 m observational heightWe then merged the three surveys into a single
aeromagnetic grid filed-urther, ve applied the vertical derivati(¥ DR) filter to the merged data
in order to enhance magnetic gradients associatedpoghiblebasement faultand basement
metamorphic fabrig(Salem et al., 2008).

The vertical derivative edgélter has been very effective in the mapping jplanview
trace ofburied active faultérom aeromagnetic data different parts of the EARS (Kinabo et al.,
2007, 2008; Kolawole et al., 20,1 208). Excluding the Rungwe Volcanic Province (RVP;
Figure 3) where volcanic materials overlie the crystalline basement, there is no information on
the presence of basaltic rocks along the fault segments interpreted in this study. Therefore, we
assume induced magnetization as pienary source of magnetizatioexcept in theRungwe

Volcanic Province (RVP)where volcanic deposits are present. However, we do not have

11
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information on remanent magnetization in the RVP at this tibwee to the higher spatial
resolution of the Malawaeromagneticata (62 m grid cell siz¢ compared tahose covering
Zambia (225 mgrid cell siz¢ and Tanzanig250 mgrid cell sizg, the magnetic anomalies are

most significantlybetter resolveth the Malawi part of the filtered aeromagnetic maps.

40RESULTS

4.1.Variation inrift morphologyfrom topographic profiles

We examinedifteen rift-orthogonaltopographicprofiles (spaced a0 km)along theRNMRS
(Fig. 1B) to understand the overallongstrike variation inrift morphology The nvestigation of
rift dynamics by careful analyses of the topographic structireas provided important
information on the subsurface architecture of rift systéars., Pik et al., 2008 Wichura et al.,
2011 Lao-Davila et al., 20%). Our morphological assessmegtibcus on the variation in the
scarpheighs (relief above the surfageof exposed normal fadtalong the RMNRS. This
provides the minimunestimate othe relativevertical displacemda of the fauls at the point of
assessent, hencethet e remposéd minimum vertical displacem&(EMVD) (Lao-Davila et
al., 205).

Profile 1 (Fig. 3), obtaired at the northern tip of the Rukwa Rift shoms pronounced
fault scarg, and the slight topographic high betweehake Tanganyikaand Ufipa Fault
representshe northernmost tipf the UfipaPlateauln Profile 2 thesurface morphology of the
rift shows sharp topograjgghgradientsbounding the Rukwa Rift Valley. These topographic
gradientscorrespond to thecarps of théJfipa Fault(600 m)and the Lupa Fau(Z50 m) In this
northern part of the Rukwa Rift, the Ufipa and Lupa Fsluétvecomparablescarp heights, thus

illustrating a typicalgraben structurdn Profile 3 therift structure changeinto ahalf-graben

12
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surfacemorphologywith the UfipaFault having a significantly higher escarpmtran the Lupa
Fault (~900 m difference)Profiles 4 to 7 showmthe same hal§grabenmorphologyfor the Rukwa
Rift asin Profile 3 however, we observe th#te Ufipa Fault scarp imuch higherthanthe
topograhy of the Ufipa Plateain its westalongProfile 4.

Along Profiles 6 and 7 we observe thathe Ufipa Fault scarp is lower than in the
northern profiles Profiles 1-5) and that the Lupa Fault scarp ialsohigher than in the norémn
profiles In Profile 7, the Rukwa Rift spl& into two basinseparated byhe Mbozi Blocksuch
that thewestbasin(Musangano Troughis bound by the Ufipa Fault to the sowtst and the
east basin $ongweTrough is bound by the Lupa Fauth the norteast Profiles7 to 9 shows a
continuous souttastvard decrease in the scarp heights i tUfipa and LupaFauls; and
althoughthe Ufipa Faultscarpis still visible south of the Mbozi BlocklongProfile 9,the Lupa
Fault scarp is significantly diminished.d®ite 9 shows a gentléopographidransition from the
Musangano Trough to the Mbozi Blgdbut to thenortheast of the Mbozi Block, thpography
spikes abruptlyrepreserihg the northern limitsof the Rungwe Volcani®rovince (RVP) In
Profile 1Q the Ufipa Fault bounds what appears to begbethernmost extent of the Musangano
Trough while theuplifted Mbozi T RVP domain dominates the terrain and drops off into the
Usangu Trough to theortheast.Profile 11transectghe northernmost tip of the Nortfalawi
Rift, where the RVP (bounded to the na&distby the Livingstone Faulscarp represents the
most dominant structure in the terrain andehgéretopographyof theMbozi Block andareas to
its southwestre relatvely lower.

Profiles 12 and l1dlustrate half-grabenmorphologies for the North Malawi RifiNorth
Basin)with the Livingstone Faulfnortheasbounding fault\dominatingthe topographyProfile

14 transects the transfer zone between the North and UBasjas of the Malawi Rift showing

13
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both the Livingstone border fault to the northeast and\Ntyika Plateau to the southweBt.ofile
15which transects the Usisya Basiescribes half-grabensurfacemorphologybutin which the

rift bounding faultis located on the southwest

4.2. Aeromagnetic lineaments and basement fabric
The RTP merged(Fig. 4A) and edgeesnhancedFig. 4B) aeranagneticmags over theRNMRS
provide a continuousplanview image of the basemerdtructuresalong the rift segment.
Although the Malawi part of the merged data has the highest resolution, the moderate resolution
of the Tanzania and Zambia parts of the data allows for considerable delineation of the trends of
magnetic anomalieOverall, the areas of basement exposurdsbé& high amplitude,high
frequencyand short wavelength magnetic anomaltbésit delineate lineaments interpretable
trends(e.qg., Kolawole et al., 2018Jhe high frequency lineaments can be easily observed on the
rift shoulders of the Rukwa and Noittalawi Rifts (Fig. /), andare commonly truncated at the
rift margins by the riftbounding faults (black arrows in FigB%

Within the rift valleys where sedimentary rockserlie the deephburied basement
rocks, thedetailedmagnetic fabric of the basement becomes suppressed such that gradients in
the magnetic data could correspond to fault offset within the magnetic sourc&(awgh and
Hudson 2007, 2011 Kolawole et al.2018) orremnantof the suppressedhagnetic éliation of
the source (Kolawole et al., 2018h the study area, thmagnetic anomaliewithin the rift
basirs are dominatedby relatively lower amplitudelonger wavelengthand lower frequency

anomalies

14
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4.3. SRTM DEM Fault trends and Aeromagngtieaments

We compare the aloraxis geometry of the ritbounding faults (from SRTM DEM) with the
metamorphic fabridin plan view)of the host basement rocks along the rift shoulders (from
filtered aeromagnetic data) (Figs11). Figures5-9 focus on the southwestern boundary of the
RNMRS, consisting othe Ufipa Faultof the Rukwa Rift the southwestern boundary of the
Mbozi Block and the southwestern boundary faults of the North Malawi Rift. Whereas, Figures
10 and 11focuson the northeaste boundary of the RNMRS, consisting of the Lupa Fault of
Rukwa Rift, the northeastern boundary of the Mbozi Block (i.e. the Rungwe Volcanic Province)
and the Livingstone Fault of the North Malawi Rif/e constrain our identification of the
Precambrian teanesand strike of their fabricsvith previousfield studies of the Precambrian
basement along the RNMRS8.g., Daly, 1988Wheelerand Karson, 1989Lenoir et al., 1994;
Theunissen et al., 1998oven et al., 1999; Fernandé&ionso et al.,, 2001; Ring &tl., 2002;
Schenk et al., 200@elvaux et al., 2012, Lawley et al., 2013; Kolawole et al., 2008rall,

within the study area, we observe that the basement fabrics exhibit two styles, (1) discrete fabrics
which include isolated magnetic lineamentsstifong amplitudeand (2) distributed fabrics
which encompasgabric sets of multiple mediwto-low amplitude magnetic lineaments as

distributed fabrics.

4.3.1. Southwestetmoundary of th&RNMRS

In the northernmost part 8W Rukwa Rift (Chisi area)(Figs. 5AC), we observesurvilinear
fault geometries thabllow Precambrian fabri¢e.g., Ufipa, ChisiKalambo and Kanda Fasjit
In the Chisi areahe Rukwa Rift border faultonsists of théNorthernUfipa Fault segment and

the Chisi Fault segmenthe tip of theNorthern Ufipa Fault segmentterminates againghe

15
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WNW-ESE Chisi Fault at a high angléFig. 5A). The Chisi Faultligns with a strong WNW

ESE magnetihigh lineament(discrete fabrig (Fig. 5B-C) known asthe Chisi Shear Zone,
which extend eastwardnto the riftbasin(Theunissen et al., 1996; Boven et al., 1999; Schenk et
al., 2006;Fig. 2B). Also, the truncated Ufipa Fault segment aBgnith the Ufipa Terrane
basement fabrg (distributed fabrics)The North Ufipa Fault and Chisi Faulbk at a very high
angle to forma salient that point basinward (the Chisi Salient)

In the central part of thefipa Fault (Figs. 6AC), the fault segmentalso exhibit
curvilinear geometries and theard linkage of major fault segments occur at higlingles
(e.g.,Kwerarelay ramp).The Kwera relay ramp is the largest relay zone along the Ufipa Fault.
To the north of th&werarelay ramp, the fault trends paralleldonagnetic lineamendiscrete
fabric) that is located to its east, whereas, to thetved thisfault segment, thdbasement is
characterized by two crossitting sets (NNWSSE and NWSE) of distributed fabricsThe
NNW-SSE setepresent the fabrics of the Ufipa Terrane, but the oy SE is unknown at
this time.The Ufipa Fault segmentgppear to follow the NNWESEbasemenfabrics but side
stepsby means oshortfault segments that align witthe NW-SE fabric set To the south of the
relay ramp, théJfipa Fault strikes parallel to thdugheseShear Zone fabrigvhich is colinear
with the NNW-SSE set

Towards the southern part of thdfipa Fault, in Figures 7AC, we observe that
the Ufipa Fault segments exhibit rectilinear geometries such that it is difficult to delineate fault
bends that could correspond to breached relay rampsddition, we observe a stronger
alignment of thdJfipa Fault segments with thdugheseShear Zondabric within the area. To
the east of th&fipaFault, a fault that strikes parallel to tbépaFault separates

theMusangandrough from theéViboziBlock. TheMbozibasement is characterized by
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395 metamorphic fabrics that strik& NW-ESE to NWSE, oblique to the fault but in which subtle
396 bends in the fault trend align with the basement fabric.

397 In the southern part of tHdfipa Fault (Figs. 8AC), the fault is baracterized by two
398 segments. One of the segments represents a rectilinear southward continuatidsfipathault

399 and is bounded to the east by a linear ridge that separates it frddushagandrough (see

400 fMughese=a ul t 0 sTangumamHigs. 8tC). The other segment splays away from the
401 former and delineates a curvilinear geometry that looks like those in the northern and central
402 segments of th®fipaFault; this curvilinear segment bounds the southernmost part of
403 theMusangand r o u g hUfipaseae@ | fi 0 i-B). AFoungkaseyetBwh (see Fig. 8A),

404 the basement is partially buried and more deeply buried around Chitipa to the south. The
405 continuation of théJfipa Fault is only evident in the aeromagnetic data as a strong matpvetic
406 lineamentthat is bounded by bands of magndtigh lineaments (see magnetic fabrics
407 aroundKaseyetown in Fig. 8B). Within th&Kaseyearea, the N\Astriking MugheseShear Zone

408 fabrics are truncated by a discreteSNrending magnetibigh lineament (see area withparple

409 rectangle in Fig 8C). The magnetav lineament that projects as a southward continuation of
410 theUfipa Fault persists along tidugheseShear Zone fabric into tHearongaarea of the North

411 Basin of Malawi Rift where th®lugheseShear Zone is abrtlg truncated by th&arongaFault

412 (KF in Fig. 8C).The Mbozi Terrane fabric strike N\SE, at low angles to the trend of the
413 Mughese Shear Zone.

414 Detailed analyses of thenshorefaults along the hinge zone of the Northern Malawi Rift
415 (Karonga areaarewell documentedn Kolawole et al. (2018)Major onshorehinge zone faults
416 include the Karonga Fault (KF), St. Mary Fault (SMF), Kaporo Fault (KRk)aso Fault (LF),

417 Katesula Rult (KTF) and the Mbiri Faul{Figs. 9AC). Although theKarongaFault cuts le
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418 basement fabric, several basermertted buried faulsegmentsalong the rift margin align with

419 the fabric of theMugheseShear Zone Kolawoleet al., 2018). It is interesting to note that
420 theMbiri Fault, the longest fault (and potentially has thedatdhrow?) along the rift margin is

421 subparallel to the strike of the continuation of thBpaF au |l t i n tMughéeséFea uant ®a i (ni
422 Fig. 9C). Although segments of tMbiri Fault appear to align with thdugheseShear

423  Zonefabic, it is not clear if tle fault reactivated the southwestern boundary of the shear zone or
424 if the fault partially aligns withthe fabric of the shear zone. However, we observe thahéor

425 most part, the sidsteps along th#biri Fault align with thébasementabric.

426

427  4.32. Northeastern boundary of the RNMRS

428 In the northern part of the Lupa Fault, the fault trend defines long, rectilinear segments (Fig.
429 10A) and aligns with th&atumaTerranesimilar tothose observed in the southern part of
430 theUfipa Fault where faults ajn with the trend of th&lfipa Terrane (Fig. 7). AlthoughheE-

431 W trending fabric of théJsagararOrogenic Belt dominates the aeromagnetic data along the
432 northeastern Rukwa Rift shoulder (Fig. 10B), we also observe that closer to the Lupa Fault scarp,
433 there aresomelineaments that align with the fault. To the southwest of the Eapdt (within

434 the rift valley), a strong magnetiigh lineament which correspond to fGbisi Shear Zondsee

435 onshore continuation armutcrop of the shear zone in Fh), stike subparallel to the trend of

436 the Lupa Faultbut deviates more significantbgputhwardgFigs. 4B and 10.

437 The southern part of theupa Fault(betweenthe Katuma Terrane anthe Rungwe

438 Volcanic Provincgis characterized by curvilinedault segmentgFig. 10and 1). The Lupa

439 Terrane fabrics are oriented/NW-ESE, oblique to thelLupa Fault trend (Figs. 11AC).

440 However, subtle steps along the curvilinear fault segments align with the Lupa Terrane fabrics.

18



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

In the Rungwe Volcanic Proving®RVP), the magnetic lineamentdrike NW-SE (Fig.
11B), similar to tlose of the Mbozi Terrane (8B and @hdare truncated to the west by a strong
NNW-striking magnetic high lineamerftvhite arrows in Fig. 11B). Furthermore, we observe
that the volcanic centeedign with NNW-striking magnetigradientsuperimposean the NW
striking fabrics(black arrows in Fig. 11BSouth of the Rungwe Volcanic Provineggments of
the Livingstone Faulsystemdescribe rectilinear geometries aaliyn with strong magnetibigh

lineaments (shear zondfR)the Upangwa Terrane.

5.0 DISCUSSION

5.1. Rift architecture

The present morphologpf the RNMRS reflects thaesult of multiple episodes of riftinghat
have affected this part of eastern Africa i.e. a Pefmassic rifting episode (Karoo), a
Cretaceous episode and the ongoing Cenozoic rifting episagieqastaing, 199; Morley et al.,
1992. The Rukwa Rifthas beerdescribedasboth a graben(e.g.,Zhao et al. 1997 and half
graben(e.g.,Kilembe and Rosendahl, 1998ounded bythe oppositelydipping Ufipa and Lupa
normalfaults The Lupa Fault iscommonlyregarded as the major border fanfithe Rukwa Rift
due toits large throw of ~7 km (Peirce and Lipkoy1988 relative to the Ufipdrault (Fig. 12)
however,it has also been shown thhe Cretaceous an@enozoic seidhents in the rift thicken
towards both fault§Fig. 12; Morley et al., 1992 Zhao et al. 1997. In this study, our
topographical assessments (Fig. 3, profiled) $how thatthe scarp height of the Ufipa Fault
consistently exceeds that of the Lupa Fahloughout the rift segmentthus suggesting

significantfootwall uplift alongthe Ufipa Fault
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Thesignificantlylower scarpheight of the Lupdault suggests either that it has not been
very activein Cenozoic time®r that it has been heavily erodsidce the cessation of Mesozoic
rifting. However, lased on these observationsg wterpret that in the earlier rifting episodes
(especially in thePermeTriassic Karoo episodg, the Lupa Fault played the role of the major
border fault such that the basin defines a typical-gn@ben geometry; but in the present
Cenozoic phase of riftinghe Ufipa Faultappear to havéeen preferentialllaccommodating
more strain Therefore, we suggest that thaiki®a Rift is possibly transitionng into an
asymmetriegrabengeometry An asymmetriegraben isa grabenwith EMVD greateron one
border fault compared to the othmme,such thathe basin polarity has shifted to tHi@ult with
the greatei@®xposed minimum vertical displacem@(EMVD) (Lao-Davila et al., 20%). The
implications of the present Rukwa Rift morphology on the Lupa Fault may reflect temporal and
spatial migration of straimccommodation from a previously dominant border fault into another
one that has been previously leksninant. This could possibly be explained by the Scholz and
Contreras (1998) suggestion that when abdfinding fault attains some limiting offset, noot

on the fault will cease, and strain kbk transferred to a new fault

5.2. The Southwestern Boundary of the RNMRS and relationships with Precambrian Basement
Fabric

In the Chisi areathe Northern Ufipa Faultsegmentterminates againghe ChisiShear Zone

along which the Chisi Fault segment develaop&de termination of the Ufipa Fault at its
intersection with tls shearzoneexemplifies one of the roles of pexisting basement structures

as temporalandbr spatialmechanical 'barrierdhat arrest anddelimit the continuous lateral

propagation of dault. Several studies on fracture propagation have demonstratefaittares
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are principally bifurcated, blunted, and/arrested when theintersectdiscontinuities, stress
barriers and/or rockayers of gynificantly-contrastingmechanical propertieslong their path of
propagation(e.g, Helgeson and Aydin, 1991; Gudmundsson and Brenner, 2001; Zhang et al.,
2007; Zhang and Jeffrey, 20080ther examples of normal fault termination at ldved
basement shear zones inclutle case of theAlbertineRhino Gaben terminating at th&swa
Shear ZondKatumwehe et al., 2015) and tkikavango Riftborder faults against the Sekaka
ShearZone (Modisi et al., 2000WWe suggest thaioth the reactivation of the Chisi Shear Zone
into the Chisi Fauland termination of fault segments at the shear z@meonstrate the strong
influence of the Chisi Shear Zone on the development of this part of the Rukwa Rift.

Although the northern segmertf the Ufipa Fault align withthe basement fabsdqFig.
5B-C) and the southern segments show even stronger alignment wiiNteSSEfabrics of
the Ufipa Terranendor Mughese Shear Zorn(€ig. 7), we find thathe central segmesbf the
fault show only partial alignment with ithbasement fabric (Fig. 6&). These observations
imply that, although the Ufipa Fault is thought to hdamgyely propagatedalong the Mughese
Shear Zone (Fig. 2; Delvaux et al., 2012), there is strongdgrataf theMughese Shear Zone
and Ufipa Terrane fabricon the fault development along its northern and southern segments
than in the central partVe suggest thahé partial control of tbse NNW-SSE fabricson the
central Ufipa Rult segmentss due tothe occurrence of a NVBE basement fabriseton the
Mughese Shear Zorand Ufipa Terranéabric (Fig. 6). This may als@xplain the localization of
the largest relagonealong the Ufipa Fault at its central segment.

The TundumaKaseye areaof Malawi, through the Misuku MountaingFig. 8A)
constitute thesouthern boundargf the Mbozi Block Although, he SRTMDEM shows that the

subaerial expression of the Ufipa Fault dies aatighly midway between Tunduma and
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509 Kaseye thefiltered aeromagnetic dataveals thain the subsurface, the faontinuesacross
510 the KaseyeChitipa areaas a distinct magnetiow lineament that bounds the Mughese Shear
511 Zone to the southand runssoutheastwardsto the Karonga ared@Fig. 8B) Upon closer
512 observation of te continuation of tis strong magnetiow lineamentin the KaseyeChitipa
513 area, wefind thatit cutsacross and offsets a-8l striking magnetitigh lineamentwhich
514 extendsB0 kmsouthwards into the Permigiassic Luangwa Rift iambia We interpret this N
515 S lineament as a mafic dikkat is posibly related toone ofthe earlier (Tressicor Cretaceous)
516 episodes of riftingwhich are known to have been associated with externsieestagediking
517 events inthe Luangwa Rift(e.g., Van de Velde and De Waegl@998 and Shire Graben in
518 southern Malawi (Castaing, 18P Sedimentary deposits in the Kaseyhkitipa area resulted in
519 the burial and lack of suderial exposure of this structure, thomaking this study the first
520 revelation of itexistencan Northwesern Malawi.

521 Our analyses of the geometry of itheerpreteddike structurgFig. 13A), here in referred
522 to as the Chitipa Dikeshowsa distinct difference in the geometry of the structior¢he north
523 where it is cut by the strong magneloev lineament (continuation of the Ufipa Fault) and to the
524  south(farther away from the fault intersectio®outh of Chitipa (Fig. 13B), we observe thia
525 northtrendingdike describes a consisteleft-stepping geometryhich diminishes across the
526 Chitipa town location and continues with a more rectilinear geonmatrthwardsinto the
527 Mughese Shear Zone ar@danis sidestepping geometry iypical of vertical sheet intrusiorsnd
528 are related teither magma intrusion into pexisting stepped joint syster(e.g.,Baer, 199) or
529 nearsurfacestress rotationgluring magma intrusiorfe.g., Fossen, 2010)In this study, tke

530 coincidence and strike of the dikéeps along the NWWo NNW- striking basement fabrimay in
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fact suggest the possible influence of 4esasting basement fabric on the stepping geometries of
dike intrusionsduring their emplacement lostmetamorphic rockéFig. 13B)

Further north,where the dike is cut by the continuation of the Ufipa Fdhé,filtered
aeromagnetic datahows the dike exhibiing consistent rightateral offsets across NASE
magnetic gradient@~ig. 13C) This clear distinction in the structural style of the dé@uth of
Chitipa and in the north across tbentinuation of the Ufipa Fault, suggest thia contrasting
structural stylesare associated with differegeologicalprocessesin a summary, we interpret
thatalong the southern boundary of the Mbozi Bldtle continuation of the Ufipa Fault, which
itself aligns with the Mughese Shear Zone fabric (Fig:(BBis a rightlateral strikeslip fault
that displaced a # trending Mesozoic (?) dike intrusig¢Rig. 13C) We further interpret that
this strikeslip fault reactivated the Precambrian Mughe3gear Zoneat some time post
Cretaceougi.e. related to the present Cenozoic rifting phaseld thereforeefer toit as the
A Mu g h e s eThi§ iaterprdtaton is further supported by the change imntbgphobgical
expression of the Ufipa Fauliom a typical singlescarp style into a narrow linear valieylge
style in the Tunduma area in the SRTM DEMd e fl i n eRg 8A). Thd @bsetvedi n
linear valleyridge geomorphologis typical of active strikeslip fault zones(e.g.,McCalpin et
al., 2009).In addition, previous field studies in the a(@&selvaux et al., 2012pbserved strike
slip displacementn rock outcropsaf unduma and Mbozi Qwsmtly ( A QO
Chitipa Dike as a strain marker, wibserve that the offsets increase northwards across multiple
splays of the Mughese Faudind estimatethat the displacement isiaximum at the major
Mughese Fault tracéhorthernmost extent of th&rike-slip fault zone).Since mafic intrusions
often produce magnetic anomalies larger than the actual size of the sdursgwactically

impossibleto estimatethe true cumulative strikeslip displacemenfrom the aeromagnetic data
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554 However,based on the lateral dike separation across the fault on our aeromagnetizedata,
555 estimate a minimum of 500 strike-slip displacemenalong the Mughese FaulEig. 13C) In
556 Figure 14, we presena conceptual model that summarizes our interpretationed@hiitipa Dike
557 geometry and thmteraction of the Mughese Fault with ttike.

558 In Tunduma area (Fig. 8AYhe presence of discrete breaching of the linear rimge
559 stream channels suggest that the stsike displacement along the Mughese Fault is Aiksty
560 a shortlived event that occurred at some time in the past during the development of the RNMRS.
561 The curvilinear fault scarp adjacent to the Mughese Fault at Tundinmas singlescarp
562 morphology(not linearridge morphology}ypical of normal faultsas seen othe other segments
563 of the Ufipa Fault Therefore, we interpret this curvilinear fault scaga possibleld segnent
564 of the Ufipa Fault h at pirateds By t he Maligfaulk tues,sugdestimgkpbase in
565 whichthe Ufipa Faultaccanmodatd strikeslip displacement

566 Along the southwest margin of tiNorth Malawi Rift(Karonga areafhe Mughese Fault
567 diffuses into a zon®f wide-spread faultingwhere the southeastard bend of the Mughese
568 Shear Zone controls the development ofribemal faultsand recent seismicity along the basin
569 hinge marginFig. 9A-C) (Kolawole et al., 2018Dawson et al., 20)8Further south of Karonga
570 town, the NNWstriking Mbiri Faultis the dominanfault structure in terms of its length (and
571 displacement?along this part of the hinge zone of the North Malawi RMe do not observe
572 anydirectspatialconnectivity between the Mughese Fault and the Mbiri Féldivever,based
573 on the sukparallel geometryfoboth faultsandthe structural dominance of the Mbiri Fault in the
574 area, v suggest that the Mbiri Fauttould possiblyrepresenta continuation of the Mughese
575 Faultinto the hinge zone of the Malawi Rift North Basihis also important to note thateh

576 Mbiri Fault is synthetic to the Livingstone border Fawollowing the observations and
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577 interpretationsabove, wesuggesthat there exists well-developed continuous connectivity of
578 rift-related structures along the southwestern boundary of the RINfBigated by theextent

579 of the Mughese Shear Zone and the Ufipa Terrhmerestingly thelinking of the oppositely

580 dipping Ufipa andMbiri Faults by the Mughese strikdip fault describes astructure that

581 overall, is similar to that of the Morleyet al. (1990) convergeatpproaching normal fault

582 system

583

584 5.3. The Northeastern Boundary of the RNMRS and relationships with Precambrian Basement
585 Fabric

586 The northern segment of the Lupa Fault exhibits clear alignment with the trend of the Katuma
587 Terrane (Figl0) and with a few interpretable magnetic lineaméhkely due tolow resolution

588 of the aeranagnetic data We also note that the Lupa Fault is sudrallel to the Chisi Shear

589 Zone in this aredrarther south of the Lupa FafiKapalalaKanga areaFigs. 10 AC), thefault

590 segment®ccur at a high angl® the Usagaran Belt anbupa Terrane fabrg; thus indicatingan

591 apparentack of control ofpre-existing basement fabric on the propagation of the southern Lupa
592 Fault, except in the cocidence of the fault steps with the trend of the basement fabrics.

593 The southern segment of the Lupa Fault transitions into the Rungwe Volcanic Province
594 (RVP) where surficial cover of volcanic depositbscures the southward continuatiohthe

595 Lupa Fault(Fig. 11A) In addition, the presence of mafiolcanic depositsn the RVP(e.g.,

596 Fontijn et al., 2012jnakes it difficult to make reliableinterpretationof the magnetic fabric of

597 theunderlying Precambriabasemen(Fig. 11B) However we find that a distinct magnetiigh

598 lineament aligns with th®lbaka Fault surface tracevlite arrows inFigs. 11A and 11B). Also,

599 the distribution of volcanic centeis the RVPshowalignmentwith both the Mbaka Fault trace
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600 and a subtlecurvilinear gradient (black arrows in Fig. 11B)Further south, the curvilinear
601 gradient connects with the Livingstone Fatiie northeastern border faolt the North Malawi
602 Rift. This curvilinear gradientoincideswith the location and extents tfie secalled fiNgozi
603 Rungwe Lin® of Fontijn et al. (201Q)describedasa buried fault system that served as a conduit
604 for magmatic fluids to migrate to the surfagalcanic vents Therefore,althoughit is possible
605 that the magnetic anomaliem this area areaffected by remanent magnetization from the
606 volcanic depositsye interpretthat thisaeromagnetic gradient providespassiblesubsurface
607 evidenceof the fault system (NgozirRungwe Line)that connectsghe Lupa Fault and the
608 Livingstone Faultacrossthe RVP.The filteredaeromagnetic data and previous field studies
609 (e.g., Wheeler and Karsoi989 shows that the Livingstone Fault segments align \aitd
610 reactivated the fabric of the Upangwa Terranf~igs. 11BC). The observations and
611 interpretations abovsuggest that there exists a wadlveloped continuous connectivity of fift
612 related structures along the northeastern boundary of the RNM&&ever, the relationship
613 between the basement fabric and the buried faults beneatbltaaic deposits remains clear.
614

615 5.4.Implications forRift Development

616 5.4.1 Rift Coupling

617 In the Rukwa Rift, lhe substantialdominance of the Ufip&ault rift shoulderover that of the
618 Lupa Faultmayimply that the Ufipa Fault is the preseday active border fault of the Rukwa
619 RIift. This propositiormay besupportedoy thehypocentral location of the 1994 Mw5Rikwa
620 earthquakeand its aftershoksvith epicentral location in the northern part of the (Ftg. 12;
621 Zhao et al., 1997)The nodal planes othe earthquake focahechanism solutiomre broadly

622 consistent with the orientation of both the Lupa and Ufipa faaltsl relative position of
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623 aftershocks to the main shock is well determined (Fig. 12; Zhao et al., I88¥idering the
624 uncertainty range of the earthquaktg spatial distribution of the aftershocks relative to the
625 main shock delineates a shbrizontalfault zonethat most fits the subsurface projection of the
626 Ufipa Fault(Fig. 12) In addition, feld investigatios of the Kwera relay ramp (see Fig.for
627 location revealed features thadicate recent activity alonghe Ufipa Fault(Delvaux et al.,
628 2012) Camelbeeck and Iranga (1996) observed several lower Icegssmicity in the Rukwa
629 Rift with most of the events clsing beneath the Songwe Trouglddahe Rungwe Volcanic
630 Province(southern parts of the rift; Fig. 1B)he locations of the clusters suggest activity along
631 thesouthern Lupa Fault and Mbeya Range Fault. However, siecscdrp height (and throw?)
632 of the Ufipa Fault decreases southwarBig).( 3), and the throw on the Lupait increases
633 southwards (and rapidly along the Songwe Trou@hdrley et al., 1992), we infer that the
634 present border fault role of the Ufipa Fault excludestheéhermost parts of the Ruk\t.

635 It has also been observed that the early stage of continental rifting is typically
636 characterized by the development of al@xgs alternating polarity of rift segments, rift border
637 faults, uplifted rift flanks(e.g.,Bosworth, 1985; Rosendahl, 1987aywad and Ebinger, 1996
638 Lao-Davila et al., 2015). The zones of polarity changes (transfer/accommodation semeso
639 transfer extensional strain betwete rift segments and link the border faulthich often have
640 variable structural styles and geometiies.,Morley et al., 1990Wilson, 1999. Within young
641 continental riftsettings, interactions between skdarge border faults lead to the systematic
642 coupling ofborder faults andift segments acroghe transfer zonesand subsequent growth of
643 the rift system (e.g., Corti, 2012Along the RNMRS,the alternatingocation of the of rift
644  shoulder uplift (SW in Rukwa Rift and NE in North Malawi Riftypical of coupled rift

645 segmentssuggest that the RNMR&n be considerea coupled rift segmenEurther, our study
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646 hereshows that there ig fact, continuous structural continuation along the northeastern and
647 southwestermnargirs of the RNMRS, typical of a coupled rift segmeXxithough, studies in th

648 EARS and illustrations of its rift segmentsad always assumed this to be true, we hgre
649 provide evidence supporting, ifor the first time.In the West Antarctic rift systemthe

650 localization of recent volcanismlong transverse structuregthin an accommodation zonthé

651 Discovery accommodation zensuggests activstructuralinteractions between the flanking rift
652 segmentsWilson, 1999. Thereforewe further suggest that the focusing of Neogene volcanism
653 (e.g., Fontijn et al., 2010, 2012) along the northeastern bounddaults of the Mbozi

654 accommodation zone (Fig5A) may beindicaive of the ongoingcoupling of the Rukwa and
655 NorthMalawiRifbs nort heastern border faults

656

657 5.42.Rift Kinematics

658 Several studies havsuggestedhat thedevelopment of thdRNMRS has been dominateloly

659 dextral strike-slip kinematics (e.g.Chorowicz, 1989Daly et al., 1989Wheeler and Karson,
660 1994 Kervyn et al., 2006Mortimer et al., 200 However,analyses ofault architecture, fault

661 kinematics paleostresand presentlay earthquake focal mechaniswlutionin the Rukwa Rift

662 show that the presesarchitecture of the rift largely develop&dthin a pure extensional setting
663 with extension direction orthogonal to the trend of the RNMRS (Morley, 2010; Delvaux et al.,
664 2012).FurthermoreDelvaux et al.(2012) observed dextral strikglip faulting along the fault
665 systems bounding the Rukwa Ryt concluded that the strigip eventwas transitory and was
666 associated with an early Mesozoic transpressional event that resulted in the inversion of Karoo
667 sedments.In this stidy, weobserve thexistenceof a welltdefined stike-slip faultbounding the

668 SW margin of the Mbozi Blockhatreactivated the Precambrian Mughese Shear Abieealso
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observelack of presemiday activity along the strikeslip fault andthat this fault displaced a
buried mafic dikewith at least 500 m of dextraffset

In the absence of chronological data on the mapped di&epsitthat tre dike ismost
likely associate with the widespreathte-Karoo dike swarmsbserved irthe Luangwa Rift and
Shire Graben (southern Malawi) (Castaing, 1t9%an de Velde and De Waele, 199%/e refer
to this strikeslip fault as thdiMughese Fault and the buried dike as tli€hitipa Diked. The
Chitipa Dike, presented for the first time in this work, magnstitute the most excellent record
of strikeslip kinematics along the RNMR®\though, air results agree with Delvaux et al.
(2012)in that the strikeslip faulting along the RNMRS was shdisted, we suggest thduture
geochronological analyses of this intrusion may provide the -rabable constrainon the
timing of strikeslip faultingevent.It is also interesting to note that if the Mughese stsilk@
fault is postKaroo, its development rapsents a late reactivation of the Mughese Shear Zone in
the evolution of theRNMRS. However, late reactivation of rifblique basement shear zongs
not uncommon in rift basins (e.g., Muirhead and Kattenhorn, 2018).

Following the considerations abovee \wiesentcartoonsof the RNMRS, illustrating the
continuous structural connectivity along the northeast and southwest boundaries guided by the
basement fabricé-ig. 15B) andpossible subsurface geometries and interactions of the domain
boundingstructures (Fig. 3B-E). The inferred dominance of the Ufipa Fault in tloethern and
central parts of th®ukwa Rift (Fig. 12) suggest possible truncation of the Lupa Fault at depth,
such that the load of the basin hanging wall block is being carrigtebyfipa Fault (Fig. 8B).
However, seismic data is needed to confirm this interpretafitmillustrate a possible spatial
relationship between the RVP magma pathways and the Mbozi Block bounding faults in Figure

15C. In Figure BD-E, we show a generaéd basin geometry and flip in border faptilarity
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from the Malawi Rift North Basin to the Usisya Basi@verall, we posit that, along the
northeastern boundary of the Mbozi Block transfer zone strain is accommodated by magmatism
utilizing preexisting failt systems, whereas, along the southwestern boundary, strain is

accommodated by dextral strikép faulting.

5.5.Control of basementabrics onnormal fault geometries
Overall, dong the border faults of the Rukwa Rift, we find teabngly-curvilinear normal fault
geometries(in planview) occur in three distinct settings. Ona, areaswhere the basement
fabrics describehigh curvatures (>15°fe.g., in the Chisi area, northern segment of the Lupa
Fault Fig. 5). Secondjn areasof superposition otliscordant sets of basement fabrioswhich
the overall fault strike is parallel to one of the satd relay ramp breadhaults follow the other
fabric set that is oblique to the overall fault strifeeg.,central segment of Ufipgault Fig. 6).
Third, in areas where the fasifiropagate at highngle to the strikef the basement fabrics (e.g.
in the KapalalaKangaarea, southern segment of the Lupa Fault; Fig. Ib0yeneral, along the
RNMRS, we find that in areas where the basement fabrics show low curvatures (<10°), the fault
segments tend to describe long, rectilinear geometries with narrow or almost unidentifiable
breachedelay zones (e.g., Southern Ufipa Raldig. 7; Mughese Fault, Fig. 8; Livingstone
Fault, Fig. 11). We suggest that the control of rectilinear (<10° curvature) basement fabrics on
the propagation of normal faultsayresult in the development of rectilinear fault segments with
greater likelilmod of occurrence of narrow relay ramps anetdiip fault linkage.

Curvilinear normal faults have been observed at various scales and at different
extensional tectonic settings (Fossen and Rotevatn, 2016). However, the first order curvilinear

normal failts are typically characterized by segment boundaries with sali@sissjcthat plunge
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basinward e.g., Saltake salient and Transverse Mountain salients of the Wasatch Fault in Utah
(Fig. 16A), and the Gullfaks salient in the North S&&g. 16B) (Fos€n and Rotevatn, 2016).
Also, the reported curvilinear faults show characteristic basid concave geometries.
However, the South Oquirrh Mountains normal fault zone, although curvilinear (Wu and Bruhn,
1994), exhibits striking basiward convex geometriyn which the cusps point into the footwall

of the fault(Fig. 16A) Wu and Bruhn (1994) suggested that convex curvilinear geometry of the
South Oquirrh Mountains normal fault zone developed by sequential propagation of the fault into
its footwall, guidedby linkage across smaller -@chelon faults created by the lateral shear
components at the tips of the propagating fault. Here, in the Rukwa Rift, we observe both
convex and concaweurvilinear normal fault geometries along the Ufipa and Lupa Fathis.
central Ufipa Fault (Fig. 6) and southern Lupa Fault (Kapd¥adeambani area in Fig. 10L)
exhibit convexcurvilinear normal fault geometriesvhereas thenorthern Ufipa Fault and the
Chisi Faultdemonstrateconcavecurvilinear fault geometriefinked at the Chisi salien) (Fig.

5). Also, we find striking similarities between the concavend convexcurvilinear fault
geometries of the Rukwa RifFig. 16C)with those inthe southern Malawi Rift (Fig, 1B), the
Jurassic sedimentary sequence ofrtbghern North Sea riffGullfaks area)Fig. 16B) andthe
ProvoSalt Lake City aregdFig. 16A) As show in Figure 16D,he segments of thdilila-
Mtakataka Fault in southern Malawi Riffresentexcellentexamplea of convexcurvilinear
normal faultgeometies (Jackson and Blekinsop, 199Recent studies on the relationships
between the basement fabrics and Bida-Mtakataka Rult segmentgJohnson et al., 281
Hodge et al., 2018) show that some of the segnaggsar talign with the distributed basement

fabrics,while othes cut across the basement fatric
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Based on the observations above, we presenteptualmodels for the control of
various configurations gire-existing basement fabrics on the develepirof curidinear normal
fault planview geometriegFig. 17). We show how discrete and distributed basement fabrics and
combinations of the two categories of fabrics can influgheglanview geometry of normal
faults. However, there is need to better understahdhe influence of the basement fabrics on
the geometries of curvilinear normal faults idignensions, (2the influence of the extension
direction on the development of the obsenavilinear normalfaults in areaswhere the
basement fabric present mechanical anisotropy.

Although, Fossen and Rotevatn (2016) prowdealence ofsubsidiary shortut faulting
acrossa salient, suggesting ampendingevolution of concaweurvilinear faults into rectilinear
faults, it is not yet clear if the model applies to comeexvilinear normal faults since the two
styles of faults are geometrically different. Howewvitre synthetic Bilila-Mtakataka and the
ChirobweNcheu Fauk (Fig. 16D) in southern Malawi Rift may provide somsight. Since the
ChirobweNcheu Fauliis older than theBilila-Mtakataka Faul{Jackson and Blekinsop, 1997
the rectilinear geometrpf the ChirobweNcheu Fault suggestthat the apices of convex
curvilinear segments malikewise eventually get breackheto form morerectilinear fault
segmentsConversely, & observethe opposite of thisnodelalong the Lupa Fauliyherethe
morerectilinear northern Lupa Fault has accommodated much less strain compared to its
curvilinear southern segment whitlas themost strain within the Rukwa RiftMorley et al.,

1992. Therefore, we suggest that although the model of temporal progression from a curvilinear

to rectilinear fault geometry may apply to some large normal faults, it may not apply to others.
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5.6. Rift Bifurcation

The basinscalesplaying of the Rukwa Rift around the Mbozi Block into the Musangano
and Songwe Trough(Fig. 1B) obviously represesata smallerscaleof rift bifurcation when
compared to the continentatale bifurcation of rift systems around microplates. Examples of
such continentascale rift bifurcation include thieranchingof the East African Rift around the
Tanzaniamicroplateinto the western and eastern brandtég. 1A;e.g.,Rosendahl, B.R.,987.
Versfelt and Rosendahl, 1989he Red Sea Rift around the Sinaicroplate into the Gulf of
Suez Riftand Dead Sea Transform, and ®euth Atlantic Rift around the Sergipe miplate
into the TucaneRecdncavo Riftand SergipeAlagoas Transform(e.g., Szatmari and Milani,
1999 (Figs. 18AC). Based on scale distinction, we therefore refer to the contindgfbtaystem
scale bifurcation adirst (1% order rift bifurcation (Figs. 18AC) and therift-basin scale
bifurcation assecond () order rift bifurcation (Fig. 18D-F). Similar to the Rukwa Rift, "®
order rift bifurcations are common along the East African Rift Systexamples include the
Southern Malawi Rift bifurcation around the Shire Horst, the Shire Graben bifurcation around
the Namalambo Horst, and the Albertine Graben bifurcation around the Rwenzori Block (Fig.
18B; e.g.,Castaing, 198, Koehn et al., 2008;ao0-Davila et al., 20%; Xue et al., 201y

Regardless of scale, umerical models have showed thatherited structural
heterogeneityand lateral strength variations are key controls on rift bifurcation (e.g., Brune and
Autin, 2013;Brune et al., 2017 However, it appears that'brder bifurcations commonly occur
at the tip of preexisting microcratonic blocks along the path of propagation of a continental rift
system (e.gFig. 18A). Also, 2™ order bifurcations appear to occur at the transfer zoesgeen
approaching rift segmentsossibly due t@ high tendency for the development of interfingering

fault blocksin the transfer zondsetween colinear approaching rift segme&Msrley, 1995 and
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lateralrotation of the trapped blocks the transfezonesbetween overlapping approaching rift
segmentsKoehn et al., 2008

It is possible thathe bifurcation othe Rukwa Riftaround the Mbozi Blocks related to
the location of the block within the transfer zasfehe colinear approaching Rukvaad North
Malawi Rift segmentsHowever,we suggest that the basement fabrics of the Ubendian Belt
around the Mbozi Block transfer zone could be playing a complementary role in facilitating and
guiding the intrarift bifurcation of the Rukwa Rift aroundhé block.Our filtered aeromagnetic
map (Fig. 4B) shows that the block is dominated by a WRS¥E and NS fabrics. According to
Daly (1988), the Metdasites and intermediate granulites and quartzites of the Mbozi Block are
characterized by lineations thikend NESW. These observations, however, suggest that the
Mbozi Block fabricsstrike at oblique to higkangles to the trend of theolinear fabrics of the
basement terrandmundingthe Mbozi Block KatumaUpangwa Terranes to the northeast, and
those of he Ufipa Terrane to the southweahdthe mainrift-boundingfaults(the Lupa, Ufipa
Livingstoneand MugheseFaulty (Fig. 15A). Therefore, we suggest that the colinear fabrics of
the basement terranes surrounding the Mbozi Blegkch are already controlling the
propagatiorand linkingof the riftboundingfaults may be playing significantrole in guiding

the bifurcation of the Rukwa Rift around the Mbozi BldEkgs. 4B, 7, 8 and 1L

6.0 CONCLUSIONS

Our topographic analyses of the morphology of the RNMIR& detailed study of the
relationships betweeihe preexisting basement fabric and iftlated faults provide, for the first
time, evidence supporting the coupling of the Rukwa and North Malawi ®iir topographic

analyses in the Rukwa Riftiggestthat the Ufipa Fault is the presetdy active border fault of
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therift. We find that theUfipa fault is the dominant topographic feature in the resrilpart of
the RMNRSand diminishes as it encounters the Mbozi block where it becomes a strike slip fault
(Mughese Faulf)at which point théorder faultpolarity flips and the Livingston€ault is the
dominant faulin the southern part of the RNMRS

Further, we demonstra the continuity structues along the northeastern and
southwesterrmargirs of the RNMRS We show that this structural connectiviigross the
Mbozi Block transfer zone between the rifgsguided by the prexisting Precambrian terran
fabrics and associated shear zon¥ge show thatthe coupling of the RNMRS along the
northeastern boundary of the Mbozi Block transfer zone is accommodated by magmatism along
the linking faults, whereas, coupling along the southwestern boundary is accommodated by
strike-slip fauling. Overall, we suggest that the continuation of the boundary faults along the
RNMRS, and their alignment with colinear Precambrian basement fabric and shear zones
indicate the influence of the pexisting basement structures on thepdimg and amalgamation
of approachingolinearrift segmentsOn the basirscale bifurcation of the Rukwa Rift,ennfer
that the discordance of the basement fabrics within the Mbozi Block transfer zonedoftthe
basement terranes bounding it may éndacilitated the development of intriét bifurcation of
therift around the transfer zone

Furthermorewe showthe influence of prexisting basement fabrics on the development
of the RNMRSas evideredin the geometryterminationand kinematics of the ritbounding
fault segmentsOur observations suggest that curvilinear normal fault geomekeasioped in
areas whereghe basement fabrics are either curvilineeomposed of superposeskts of
differenty-orientaed fabrics or not favorably oriented to thextensionaktress field Whereas,

long, rectilinear fault geometries with narrow or almost unidentifiable breaetey zones
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developed in areas where the -prasting basement fabrics are roughly rectilinear, suggesting
thegreater likelihood of occurrence of 4ip-tip linkage of fault segments.

Finally, we presenthe existence of a buried P@enozoic strikeslip-faulted mafic dike,
which we suggestis pdentially the most excellent record of striéip kinematics alonghe
RNMRS. We furthersuggest thafuture geochronological analyses of this intrusion may provide
the mostreliable constraihon the timing ofthe controversiastrike-slip faultingeventalong the

RNMRS
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