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KeyPoints

1 Inthe ZombaGraben, southern Malawi, we identify 5 subparallel;3@km long3-
20 m highpreviously unrecognised fault scarps.

1 ~75% strain since rift initiation was focussed on the border faults, but the-fiftra
strainhasincreasel by ~25%during this period.

1 The Zombd>aben is a zone aklativelyhigh seismic hazard linking Lake Malé&wi
the UremaGraben in Mozambique.
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Abstract

The distribution ofdeformationduring early stages of continental rifting is an important
constrainton our understanding of continental breakugarly stage rifting isypically
considered to belominated byslip alongift border faults Thesubsequentransition to
focussedextension oraxialsegmentss thought torequire thinned crust and active
magmatismHere we studyhigh resolution satellitelataof the ZombaGrabenin southern
Malawi, an amagmatic rift with a shortX&5 Ma) history of extension, but littlprior
evidenceof active faultingWe discover active fault scarps that probably represent-late
Quaternary activity in the grabesmdrepresent gpreviously unrecgnised seismic hazard.
Bycompaingtotal fault displacementsincerift initiation with the heights oinewly
identified, recenty formedfault scarpswe constrainthe spatialevolution ofstrain through
the early stages of continental riftingVhereas75+ 18 % othe total extension was
accommodated by sliplongborder faults displacement alonghree intra-rift fault scarps
demonstrate thatcurrentextension igistributedthroughoutthe graben The border faults
remained activethroughout theperiod of rifting but displacemenbn the intrarift faults
has increased from 25 + 8@hthe total extensionaktrain,to 50 + 25%f the recent
extensioral strain Previous model®f the East African Rifiuggesthat the transition from
border fault dminatedto axialstrainis driven byfluids or runaway lithospheric thinning
Our observations demonstrate thaignificantintra-rift strain can occur in thickontinental

lithospherewith no evidence formagmatic fluids

Plain Language Summary

Whencontinents begin to stretchjndividual faults hosearthquakethat incrementally

accumulate slip to eventually foranrift valley.To estimate earthquake hazard, it is
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important to understand where these faults are located, and how much stretching they
accommodate. We analyse faults in the Zomba Graben, a young rift in southern Malawi
using highresolution satellite data. Since the rift formed, magtthe deformationhas

occurred at the edges of the rift valley. In contrast, steep scarps, indicate that more recent
earthquakes have occurred at both the edges and the middle of the rift valley. This shift
occurs much earlier than previously thought, and is not associatétwweicanic fluids
gSE1SYAy3a GKS 9 NIKQa ONMHzad & adzZa3SaidsSR
faults, and hence of earthquakes, is likely due to weaknesses in the middle and lower parts

2F GKS 9 NI KQa ONXzad o

1. Introduction

The development anthteraction of faultsdominatethe early stages of continental rifting
and contribute tothe eventualbreakup of continental lithosphere&Cpwie et al. 2005
Ebinger and Scholz, 2012urrent conceptual models suggest thdfting is initially
dominated byactivity on border fault§Ebinger, 2005Muirhead et al 2010 During these
early stagesintra-basinfaulting is limited to smaltlisplacemenfaults that accommodate
flexure, andstrainonly begins tanigrate tothe rift interior when magmaticintrusions
weaken thdithosphereand cause runaway thinnin@uck, 2004; Ebinger, 2005)owever,
becauseheselater phases omagmaticrifting are associated with changes in
sedimentation fault activity,and volcanism, patterns afitra-basinfaulting generated

during earlier stages of riftingre typicallyobscured.

The overall modeof a rift (e.g. narrow vs wideensuBuck 1991)s thought to be
predominately controlled by the interplay between Moho temperature, crustal thickness

and strainrate Buck, 1991; Huismans and Beaumont, 20Bvcontrast, thesurface

0oeée
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expression of aift - whether faults formsymmetricgrabens oasymmetrichalf-grabens,
and the length, orientation and segmentation of major faulis controlledby crustal
rheology (Huismans and Beaumont, 2Q@Hodge et al., 20)8Within the East African Rift
system there is evidencdor both narrowandwide rift modes §éensuBuck, 1991Ebinger
and Scholz, 20)2symmetric and asymmetric grabens (Ebinger e1899 Lao Davila edl,
2015 and a range ofelationships between fault strike, metamorphic foliation, amgjional
stressegHodge et al., 2018; Williams et ah revisior). Thelack of constraints ostrain
distribution, geochronology angeophysical properties East Africanakesit challenging to
ascertain the relative roles shallow crustal rheologyeatflow, crustal thickness arfahite

strain in shaping the geometry of incipient rift basins.

Toinvestigate thegeometry and straimlistribution within a youthful rift, we analysehe
geomorphic signature of an active normal fault arnayhe ZombaGraben, which isat the
southern end of thencipient,amagmatic MalawRft. The graben idominated by awest
dipping border faultbut we alsofind evidence foboth syn and antithetic normal faults in
its hanging wallAs well as the prominent border faultsewuse geomorphic analysis of high
resolutiontopographic datao detect five prewously unrecognised active fault scarps. We
compare footwall escarpmentbat are representative of the lontgrm pattern of strain in
the graben with fault scarpghat represent more recendlisplacementsThis analysiss then
usedto address how and wherift-related deformationis distributed betweerthe border
faults andfaults within therift interior. Ourfindingshave implicationgor our understanding
of the evolution of strain in thearly stages of continental riftingndthe associated seismic

hazard



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

2. Tectonic and Geological Setting

2.1. The Malawi Rift
The ~ 900 km long Malawi Rift System is located at the southern end of the largely
amagmatic western branch of the East Afrigift System (EARS; Ebinger et al., 1B8re
1). The rift along_ake Malawis defined bya series of asymmetric hadfrabens with
segmented border faults that offset Proterozonedium to high grade metamorphrocks
with fabrics formed in multiple cambrian orogenic event§i(jtz et al., 2018 The border
faults are~120 kmlongwith up to~6 km of throwrelated to the current rift regime
(Contreras et al., 2000; Ldavila et al., 2015 he locatios of faults in Lake Malavére
well constrainedby a numberof seismic surveys carried out in the la@cholz and
Rosendahl, 198&cholz, 1995; Lyons et &Q11; Shillington et al., 201 &s well asarecent
network of lake bottom and onshore seismometers in northern Malawi Bawizania
(Shillingtonet al., 2016; Accardo et al., 2018 heseseismic surveyslong withthe 2009
Karongaearthquakesequence that occurred within the hanging wall of the-biftunding
Livingstone Faulindicatethat both rift border and intrabasinal faults aurrently active at
the northern end of the Malawi RifB{ggs et al 2010, McCarntney and Scholz 2017, Gaherty
et al 2019) Active faultings also occurring at the southern end of the lake, as demonstrated

by the My 6.1 1989 Salima Earthquake (Jackson Bletikinsop 1993).

Rifting within the western branch of the EARS is thought to have initiated in the Oligocene
(=25 Ma; Roberts et al., 2012). L-tevnperature cooling ages from the northern basin of
Lake Malawi indicates that regional scale cooling, aasetiwith the onset of rifting,
commenced at 23 Ma (Mortimer et al., 2016andthus earlier than previously proposed

age of ~9 Ma based on radiometric dating of volcanic and volcanoclastic deposits from
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northern Malawi(Ebinger et al., 1993Yhe age othe rift in central and southerMalawi is
however,poorly-constrained A 4.6 Maage has been proposddr the onset of sediment
accumulationirf I { S a tehtlalddsi-&850 km to the north of the Zomba Graben
from extrapolating the average rated$ sediment accumulation irl.3 Ma drill core (Lyons
et al 2015) to the entire sedimentary sequence (McCartney and Scholz Zbisyould
suggest a gradual southward propagation of the rift (Ebinger et al., 1987; Contreras et al.,
2000), which is consisht with diment thickness and footwall topography decreas
from north to south within Lake Malawspecht and Rosendall989; Flannery and
Rosendahl, 1990; Ld»avila et al., 2015Analternative hypothesis is that the onset of
extension is uniformlang the Malawi Rift, but thextensionrate is faster in the northern
part of the rift because the Euler pole of the plates is located south of the M&#dWCalais
et al., 2006 Saria et al., 2014tamps et al., 20)8Although here are currentlyfew
constraints on the age of the EARS to the south of Lake Mélayanya et al 2017)e
considerit unlikely that extension initiated in this region prior tike onset of sedimentation
in Lake MalawiThisplaces an approximate maxum age of the rifting in the Zomba

Graben as the mieMiocene to earlyPliocene

The mshorerift south of Lake Malawgonsists of three linked haffrabens (Figure 1,
Williams et al, irrevisior). The border faults havescarpment heightsf <1000 m, and ®
are less prominent than those within the ladeacDavila et al., 2005 The initiation and
accumulation of displacement on thefaultsis thought to havded to Lake Malawi
becoming externally drained via the River Shivhichlinksthe laketo the ZambeziRiver
(Dulanya 2017 Figure ). The NW-SE trendindviakanjira grabercontainstwo knownactive

faults: the ~55 kmlong Malombefault, andthe ~110 kmlong BililaMtakatakafault, a
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possible sourcef the 1989M,6.1 Salima Earthquak@ackson and Blenkinsd®93;Hodge
et al., 20182019. Immediately south of the Makanijira graben lies the Zordaben
which is the focus of this studynd described in more detail in section ZT2 the south of
the ZombaGraben, n the middle Shire Valleythe river drops by ~ 380m in elevation with
no evidence of active faultindgplanya, 2017Figurel). The NWSE trending Lower Shire
grabenlies~60km furthersouthand isa reactivatedKarocage basirboundedto the east
by the85 kmlongactive Thyolofault (Figurelb; Hodge et al.2019. TheEARS$onNtinues
south into the UremaGraben the site of repeated seismic activity following the 20d¢7.0

Machaze earthquak@_loyd et al 2019 Copleyet al., 2012.

2.2. The Zombd&raben
The Zombd&abenisa NESWtrendingsegment of the onshore Malawi Rifhere the
dominant structure is th&NW-dippingZombafault. TheZombaGrabenhastraditionally
been considered half-grabensimilar to those in Lake Mala\ig.g.Ebingeret al,, 1987) but
Lao Davila et al. (201B)apit asa~50km wide fultgraben bounded to the west bthe &

dippingLisungweault.

Thetopographyof the Zomba Grabers influenced bystructures withinthe basement
complex whichcomprises Proterozoic metamorghrocksof the Southern Irumide Belt and
subsequent intrusionOn the western side of the rift, theountainous Kirk range is
composed of metasedimentary schists, paragneisses and granalitdsontrasts with the
lower elevationeastern sidewhich iscomposed ofmeta-igneouscharnockitic granulites
(Figure2; Bloomfield and Garson, 196%ynand postkinematiéntrusions form local

regions of high topographyrhemost notabé of these ardghe ProterozoicChingale Ring
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Complexand theUpper Jurassitower Cretaceou€hilwaAlkaline Province which includes

the Zomba MassHjuartzsyenite and granite intrusio(Bloomfield 1965Eby et al 1995

Despite the apparent presence of border faults within the Zomba Graben, little is known
aboutthe distribution of faulingin the region and the way in which strain is distributed. A

set of escarpments in the centre of the gralat offset fluviolacustrine sediments have

0SSY OFNRA2dzaf e YI LIWSR | a WiSNNIctésfauE sarps dzNB a d

(Dixey, 1926) and inactive lageirassic or early Cretaceous faults (Dixey, 1938).

3. Active faults within theZombaGraben

Within Malawi, faults have beeidentified as active based dhe presence o& continuous,
steep scarpat the base of the footwall at the surfa¢dackson and Blenkinsop, 1997; Hodge
et al., 2018; 2019). xervationof softhangingwall sedimentspreserveduplifted river
terraces in the footwalland knickpoints in streams clog&ithin <100 mY}o the fault scarfs
were alsoused as evidence to confirm the faults are ac(@ekson and Blenkinsp997).
These criteria have been uspdor to this studyto identify three active faults south of Lake
Malawibut outside the Zomb&raben The Bilila Mtakatakavialombe and Thyolo faults
(Figure 1cHodge et al., 20)9As no active faults had previously been identified in the
ZombaGraben, gological maps were used to first identify faulikere Bloomfield(1965
identified tertiary-recent hanging wall sedimesifFigure 3a)The detailed topographic
analysis described below wésen used to determine whether a fault has formed an active
fault scarp in which case the fault would be considered currently aciVe supplement

these observations with fieldworfrom a 6week campaign in 2018.
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3.1. Topographi@nalysis to assess fault activity
We used a TanDEM digital elevation modéDEM) of the Zomb@&rabento identify and
analysefault scarps and the river channelsat cross then{Figure 3)TanDEMX DEM#$iave
a horizontal resolution of 12.5 m arah absolute vertical mean error of®t2 m(RMSE < 4.
m; Wessel et al., 20)8whichis sufficientfor measuring the rater-scale fault scarps in the
ZombaGraben.We corsider the presence of a linear scarp coinciding with changes in
channel incision and width, arfthnging walkediment depositionasevidence for actie

faultingduring the current rifting episodé~igure 3)

We produced slope mapsom the DEMby calculating the scalar magnitude of the slope
derivative using the grdgradient tool in the Generic Mapping Tools routines (Wessel and
Smith, 1998Figure 3phand use thesenapsto identify the location of theactive fault
scarpsWe noted any gapsn the scarpsor peaks and troughs in the displacement profiles,
that may be indicative of faukegmentation(following Hodge et al., 20)8WNe extracted

500 m longault-perpendiculartopographic profilegevery12 m, andstacked then at 100m
intervals The stacking has the effect of removing sheevelength random topographic
features not related to the fault such as local sedimentation and erosidmuoran
settlementsand vegetation close to the faulthe surfaceoffsetwas calculatedby fitting
regression lines to the footwall and hangwgll topographyof the stacked profilesand
measuringhe vertical difference between the extrapolateegressiorines at the point of
maximum steepness on the scawpuac, 1993Figureda). To estimate the uncertainty,

we applied a Monte Carlo approadly selectng 10,000 random subsets of poirfi®m the
footwall and hangingvall, and allowing theexact locatiorof the faultto vary. The variation

between profiles islue toa combination of differential geomorphic degradation of the fault
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scarpandvariationin fault offset that forms during an earthquakéxample profiles for
each fault are shown in Figure .A&le filter the resulting measurements along strike using a

3 km wide moving median (Hodge et al., 202819.

Rivers that cross normal faults record information about the timing and magnitude of active
faulting in their long profile (@. their change in @&vation with distance along the chanpel
and can be used as amdicator of fault activity in regions where the location of active faults
is poorly constrained (Boulton and Whittaker 2008)e extracted long profiles aiversin

the ZombaGraben with a dainage area greater than 6,000° msing TopoToolbox
(Schwanghart and Scherler, 201We identified changes in channel steepnebsit are
evidence operturbations to the poweilaw relationship S= ks A"?¢, between local channel
gradient § and upstream drainage are4, indetachment limited river§Whipple and

Tucker 1999). We use a reference concavity ingrexs: 0.45to calculate a normalised
channel steepness index valksn, using the 12.5 m resolution DERhus facilitating a
comparison between streams with a large range of drainage areas (Wobus et al., 2006)
Consistent alongtrike increases ifksn suggest a perturbation of the stream power lawe

to changes in uplift ratesaused byactivenormalfaulting (Wdbus et al., 2006Figure 3)

3.2. Descriptiorof fault scarps
Based on the topographic analysis we found evidence for five active fault scarps within the
ZombaGrabenthat we subsequently confirmeduringa 6-weekfield campaignn 2018 In
this section, we dgcribe thetectonic geomorphologwnd field observationsf the five
faultswhich includeswo border faults, Zomba andisungwe and three intrarift faults
Chingale Step, Mlungusi aMisimukwe. For each fault, & report thedimensionsof the

fault scarpsdiscovered at the base of footwall escarpme(d measurements are listed



221 TableSl-S11in the sipplementarymaterial), and describe the other features that led us to
222 conclude they are activdhe measurements are shown in Figbrand summarisd in Table

223 1.

224  TheNW-dippingZombafault bordersthe easternside of the Zomb&rabenandhasa~50
225 km long escarpment withraactivefault scarpat the basgFigureaand Figure §1The

226 mean height of the fault scarp is 15.6 + 5.2Fg(res 4a & 5a) and normalised channel
227 steepness values {i increase where rivers cross the faligureS1d. Higher kvalues 3
228 4 km into the hangingvall at the northern end of the fault are associated with the distal
229 edges of alluvial fans sourced from themba PlateauRigureS1d). The scarp is noticeably
230 steeper adjacent to the Zomba Plateau and2 kmstepto the north-westoccurs at the
231 northern end of the faulin front of the Zomba PlateafirigureS1bc). At the northern end
232 of the fault, triangularfacetswere observedin the field(Figure6a). Large alluvial fans the
233 hangingwall are composed of material derived from the Zomba Plateau and appear to have
234  been offset by the faulfFigureéb). In the middle of the fault, a17 m higHault scarpwas
235 observed during fieldworkFigure6c). At the base of the scarp,zone ohighly fractured

236 gneisswas observedgonsistent with a fault zon@~igure6d).

237 TheNW-dippingChingale Stefault (Figures 4a &b and Figure S94s located approximately
238 10km into thehangingwall of the Zombdault and has formed a-40 km longcomposite

239 scarpwith evidence for multiple offsetdgure4aand Figure §2and two segmentsHigure
240 5band Figurer). Although theaveragescarp heightlongthe wholefaultis 19.6 + 12.1 m
241 (black lineFigurebb), the scarp inthe northern segment (25.2 + 11.7 nis) higheron

242 averagethan thescarp in the southern segment (15.1 £ 10.6 m). In contrast, the height of
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the lowermost offset is approximately constant along the entire length of the fault (5.7 + 2.5

m; red line in Figuréb).

Whereriver channels cross th€hingale Stefault, KsnincreaseqFigureS2 and the
upstreamlong profilesare oversteegned(Figure7c-d and FigureS3). Plotting the elevation

of the top of the oversteepened reaches shows two fault segments separated by a zone of
linkage(Figure?). The river channel ithin this linkage zone shasiwo knickpointslikely
related to the separateinitiation of faulting of the southern and northern segmeni&gure

7¢). The consistent offset measured across the lowermost fault scarp (red lixigure5b)
suggestghat these segments have linkeéwl the timesince the active fault scarp begun to

be preservedand arenow operating as a single fault.scarp was visiblgong all sections
visited, with a zone of fault gouge and fractured basement rocks visible at the base of the
fault scarps in exposed stream beds (Figure 8)héKalira river sitethe fault surface itself
was visible with a polished surface and gitgides (Figur8). The composite scarp was not
visible in the field, althougmost accessible locations weoa the southern end of fault
where the difference between the total scarp and the lowermost scarp was sntiadier

along the northern segment ohe fault

TheSEdippingMlungusifault hasformed a~20km long scarp in the centre of the Zomba
Graben(Figures 4a &5¢) and has aneanscarpheight of6.9 = 3.1 mThe slope map shosa
prominent scarp along the entire length of the falfigureS4, whereasksn valuesare only
elevatedin the centre of the faultRigureS4l). The Shire Riverossethe southern end of

the Mlungusifault, where itchange from a wide, meandering channel with a floodplain in
the hangingwall, to a narrowjncised channel with an associated set of rapids as it crosses

into the footwall (Figure9). Along strike from this location, a steep fault scarp was observed



266 in the field (Figur®b) which has offset alluvidcustrine deposits found on the floor of the
267 graben.The central segment of the faldtarpis covered by lacustrine beach deposits
268 characterised byoundedto subrounded pebbles within elastsupportedsandy matrix

269 (Figure9b). Longterm footwall uplift has led to drainage reorganisation as riveraining
270 into the axial Mtsimukwe Riven the footwall of the Mlungusi faulire restricted to the

271 western side of the channel, distal to the faligureS4d.

272 TheEdippingMtsimukwefault has formed a-13km long scarp trendingN-S(Figures 4a
273 5d). The mearscarpheightis 3.6 = 0.7 mThe slope map showvikat the fault scarp is best
274  preserved in the central part of the fawdikcepta ~2 km long section where the fault

275 intersects a roadRigureS5h. The streams that cross the fault show a smalleéase irksn
276 value, with the largest increase in centre of the fablit there isno evidenceof

277 segmenation (FigureS5H.

278 TheEdippingLisungwefault is thewestern borderfault of the ZombaGraben(Figure 2 and
279 Figure5e). High slope valuebavea linear trend aligad with an increase it&nin the

280 streams that cross the escarpme(fitigure S6)The mean offset across thate-Quaternary
281 fault scarp is10.0 + 6.7 mKigures 4a &5e). No fieldwork was conducted on the Mtsimukwe
282 and Lisungwe faults fault due to access reasons, but the remote sensing observations
283 described above and seen in Figure S5 and Figbaee similar to the observations on faults
284 (e.g. Zomba, Chingale Step and Mlungusi faultsgre fieldwork was able toonfirm the

285 evidence gained remotely.

286 3.3. Fault Kinematicand Extension Direction
287 The extension direction within the Zomi&aaben is approximately NV8E, as inferred from

288 measurements of slickensides along the Chingale Step Fault (Bigdrelunging 52°



289 towards 301°) and elsewhere in the graben (Bloomfield, 1965; Chorowicz and Sorlien, 1992).
290 The trend of these slickensides is orthogonal to the surface traces (015 £ 11°) of the 5 faults
291 indicating dipslip displacementThiscontradictsprevious riftwide estimates of NISW

292 extension (Delvaux and Barth, ZFigure 1)However, these estimates likely reflect that

293 normal faulting events in the Malawi Réte approximately purely diplip despiteregional

294  changes in fault strike (Williasret al.in review, asalso indicated by the 2009 Karonga

295 Earthquakes (Biggs et al., 2010), the 1989 Salima earthquake (Jackson and Blenkinsop,

296 1993), and a M=5.6 earthquake in March 2018 (red focal mechanism in Figure 1b)

297  Previous riftwide estimatesof NESW extension dtherefore not necessarily apply to the

298 Zomba Graben.

299 3.4. Distribution of contemporary strain in the ZomBeaben
300 We found evidence for five active faults within the Zon@yaben. The largest fault scarp

301 was found along th€hingale Step faylvhich is located in the hangingall of the border

302 fault. The distribution offault scarpswithin the grabens a notable featureThe across strike

303 spacing between the active faults is approximatelyl50km and the height of each ftu

304 scarp ranges between ~ahd~20 m.Thus,the strainwithin the ZombaGrabenover the

305 time period that the active fault scarps have formed is not localised on a single major border
306 fault but instead distributed across the width of the rifto explore whther this pattern of

307 distributed faulting is a londgived feature of the rift, we make an assessment of liveger

308 term deformation in the region and compare the pattemf strain over both timescales.

309 4. Fault activity since the onset of rifting

310 All five faults have formed active fault scarps at the base of a larger footwall escarpment,

311 which represents the longeterm topographic record of faulting. In this section, we
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measure this longeterm record of faulting which allows us to compare the distributidn
strain associated with the active fault scaf@ection 3with the strain in the Zomb&raben
since the onset of riftingVe consider the height of the footwall escarpmetd represent

the minimum throw on each faullince the onset of riftingas erosion of the footwall and
deposition of sediment in the hanging wall have likely reduced the total faulted relief. As
before, we extracted faulperpendicular topographic proék, but in this case, we stacked in
1 km wide bins and the profiles were 6 km long. As progressive fault slip results in rotation
of the footwallblock (Wernicke and Axen, 1988), weed the maximum elevation of the
footwall within 3km of the fault (relatie to the base of the scarp), rather than fitting
regression lines to the footwall and hanging wall slopeeFigure4b for examples from

the centre of each fau)t

We assume that there was little significant relief across the escarpment at the onset of
faulting and that there is no spatial variation in erosion and deposition rates across the
ZombaGraben.Neitherof theseassumptions apply to areas that have experienced local
intrusions into the Precambrian basement, therefore we disregard measuremeads im
these areas. To test these assumptions, we calculate the local relief: the range of
topography within a 1 km window. Although local relief is affected by basin infilling, low
values of local relidboth inside and outside the graben would sugge$ick of preexisting
topography and spatially uniform values of local relief in the hanging wall and footwall of
the faults would suggest a lack of significant erosion or sedimentation. Meanwhile, low
values of local relief are thought to be consistenthwow erosion rates (Montgomery and
Brandon, 2002)To assess the depth of hanging wall sediments we used logs from drinking

water boreholesdescribed on the geological maffSgure 2a; Bloomfield 1965).
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4.1. Footwall escarpments in the Zomba Graben
The most pominent footwall escarpment in the Zomliaaben is associated with the

Zomba fault. The mean relief the footwall of the Zomba fauls 326 + 113 m (Figuta).

The Zomba Plateau liés the north of the fault, and the footwall here is about 1 km higher
than in the basement gneisses to the south. As the Zomba Plateau has a higher elevation
than the surrounding landscape, we suspect it violates our assumption of no significant
topography prior to rifting hence we do not include it in our measurement efrttean

footwall uplift.

Along the Chingale Step fault, the mean height of the footwall escarpment is 84 £ 18 m
(Figure 5bexcluding measurements associated with qgpasting topography from the
Chingale Ring Structure and the Chinduzi Hill nephsieate province; Figure S2).
Boreholes drilled on the hanging wall reached depths of 41.5 m and 49.3 m without

reaching basement rock (Figure S2; Bloomfield, 1965).

The mean height of the footwall of the Mlungusi fault is 19 + @igure 5¢)The low
topographic expression of this fault may be due to higher sedimentation rates within the
centre of the graberas no footwall bedrock is mapped on the geological maps (Figure 2a).
However, during fieldworkyedrockwas observedhn the footwall of the faulin all bcations

visited, shown inFigurel9.

The mean height of the footwall along the Mtsimukwe fault is 38 + XEigure 5d) The
footwall of the fault is made up of Proterozoic gneisses, and two boreholes drilled through
the hanging wall sediments in 1954 ¢seigure S5d for locations) penetrated the basement

gneisses at depths less than 37 m (Bloomfield, 1965).
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The Lisungwe fault, the western border fault of the Zomba Graben, is divided into two
segments separated by an area of marble and metadolomite witl@rbasement gneiss.
However, this segmentation visible in the surface trace of the fault is only weakly wisible
the height of the footwall escarpment. The footwall escarpment is 277 = 76 m(Righre
5e)with Tertiaryrecent sediments in the hanginvgall (Figure S6f). As the fault is located
within the topography of the Precambrian Kirk Range, we removed thexisting
topographic signal by differencing the lem@gvelength topography (calculated using a fow
pass Gaussian spatial filter wherge 6 50km) and the preserttay topography. This residual
relief picks out the high frequency fauklated topography, which is identified by the sharp
elevation contrast between the footwall and the baitiked hanging wall block, but does

not significantlyaffect the estimated height of the footwall escarpment (Figure-Bpg

5. Straindistribution across the Zomb&raben

We calculate the cumulative strain since: i) the onset of faulting; and ii) since the formation
of the fault scarps (assuming an approxingteniform age of the fault scarpsvhich allows

us toassess anghanges in theelative distribution of strain across the riftrough time.

We calculatdinite strainacross the Zomba Grabesingthe England and Molnar (1997)

adaptationof the Kostro(1974) expression of strain rate
T L
- —B —— 06¢ 0 ¢ Q)

wherea is the surface area of the regiolf,is the length of faulk in that region,s¢is the
slip of faultkin that region] is the dip of faulk, 6 is a unit vector in the direction of slip
and¢ is a unit vector normal to the fault plan€he advantage of this adaptiontisat it is

independent of seismogenic thickness or shear modiWNs.assume pure diplip faults



379 that strike parallel to each othdsee sectiorB.3), such thaexis equal to zerpandes is
380 perpendicular to the mean strike of the faulfBhe onlyunknownterm isfault dip, for which
381 we assumenAndersoniarvalue of60° although using a randomlgkected fault dip,

382  within the usual range for normal faults (460 Collettini and Sibson 209 Iproduces

383 similar results (Figure ST)e calculated the straiwithin 5 km (across strike) by 3n

384 (along strikeyectangular boxesvith long axe®orientated 100?

385 We find differencedetweenthe distribution ofstrainsince the onset of faultingnd strain
386 overthe time periodsincefault scarps haveeen preservedFigurel0). 75 + 18% of strain
387 since the onset of faulting focussed on the bder faults (Zomba anbdisungweaults;

388 FigurelQb). The relief demonstrateshat significant motion hasccurredon both these

389 faults,but the graben is asymmetric, withb + 16% of the strain in the region of eastern
390 border fault (the Zombéault), and19 + 3% of strairacrosshe western border fault

391 (Lisungwdault; FigurelOb) with the remaining strain accommodated on intrabasin faults
392 Although the Zomba and Lisungwe fauwtdy partially overla@cross strikewhich may

393 indicatethey initially formed as separate hajfabens, both therofiles ofstrain (Figure

394 10b-c) and topograply (Figire 2c) suggest that the Zomb@raben is a fulgraben as

395 inferred by LaeDavlila et al(2015) However, he eastern border faulhiccommodates more
396 strain than the western border faufesulting in the asymmetric characteristics of a half

397 graben FigurelQOc; see alsdebinger et al., 1987).

398 In contrast,over the time period during which the active fault scarps have been preserved,
399 only50 = 126 of strain has occurred across the two border faligrel0a). In this time
400 period, the strain dominantly occurred across the Chingale fBiiglp(35 £21 %) and the

401 Zombaborder fault (42 £ 186), both Wdipping faults on the eastn side of the graben.
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Thisrelative changeis consistent with eithea decrease in the absolute strain across the
Zombaborder fault or an increase in the absolute strain across thenGale Stegault, and
without better time constraintswe cannot distinguish between these possibilities.

However, wecan conclude that a lower proportion of the strain occurred across the border
fault in this periodrelative to thetime since the onsebf faulting (FigurelOb-c). The high
uncertainty of the late Quaternary strain calculation is caused by high scarp height standard
deviation on the Chingale Step fault, the fault which accommodates the majority of the
intra-rift strain. This high standardeviation is due to segment linkage during the late
Quaternary which has caused an along strike displacement profile with dual maxima (Figure

5b & 7a).

A patternof increasing strain within the rift interior alsmcurs on the western side of the
graben, vihere the proportion of strain across thésungweborder fault decreased froni9

+ 3%to 6 + 26, while the proportioracross the Mlungudault increases from 2 + 0.5% to 8
+ 3% and the proportion of stramcross the Mtsimukwe fautemains the same withierror
(from 11 + 86 to8 = 3% FigurelOb-c). Although the lowest topography is currently found in
the centre of the rift, he graben still retains its asymmetric character, wigh+ 36 of the
strain across dipping faults in the east arn2R + 86 across#ipping faults in the west

The distributedpattern of strain means that neither fulbr haltgraben models apply.

Due to a lack of geochronological dates in the Zomba Graben, wetdmow the exact

timing of either the onset of faulting or the age of the fault scarps. Therefore, we are unable
to calculate the strain rate within the region or comment on changes in strain rate through
time. As a consequence, we have limitag analysis and discussion to changes in the

relativedistribution of strain in the two different time periods identified. We discuss the
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validity of this comparison before commenting on the implications that can be drawn from

our results for the dynamics of strain early stage rifts.

6. Discussiorandthe timing ofrifting in the Zomba Graben

6.1. Preservatiorof fault related topographysince the onset of rifting
The Zomba Graben is an ideal location for using topography to study the activity of faults

since the onsebf rifting, as a lack gfronouncedpre-existing topography is coupled with
low sedimentation and erosion rates. In this section we verify that these conditions apply
within the graben and show how our measurements of footwall topography allow a

comparisorbetween the activity of each fault since the onset of rifting.

In order forour measurementf footwall relief within 3km of the surface trace of each
fault to beavalidmarker of faultingsince the onset of riftingwe assumed that there was a
lack of significant topography in the graben prior to the current rifting epistde also
assumedhat rates of erosion and sedimentation across the graben are approximately
uniform. If this assumption is valid, then while the absolute values of footepdigraphy
that we measure may have been affected by erosion and sedimentation, the spatial
patterns of fault activity since the onset of rifting should have been presenuedtested
these assumptions by calculating the locglef (Figurell). In areasaway from the faults
and intrusions, the local relief (range of topography within a 1 km window of each p®int)
generally < 50 m and there is no discernifatial pattern of differentocal reliefvalues
within the ZombaGraben. In the footwall of th&Zomba fault, the local relief is more variable
but still includes large areaghere thelocal reliefis < 50 nwith similar values to the floor

of the ZombaGraben Locally high values are associated with intrusions into the
Precambrian basementhe low alues in the footwall of the Zomba faffigure 1a)and

the preserved back tilted footwall topographyigEre 2¢) is consistent witlihe preservation



449  of alow-relief pre-rift surface that has experienced little erosion since the onset of faulting.
450 The smilarity of the low relief values between the footwall of the Zomba fault and the floor
451 of the Zombasraben suggests regionally low erosion and sedimentation rates, with the
452  exception of the areas immediately surrounding the faults where values are letaligted
453 (Figurella). The median local relief in the regiortism (Figure 1b), whichis consistent

454  with low average erosion rates of <tdim yrt when compared to globalomparisons of

455 local relief and mean erosion raté§lontgomery and Brandon, 2002).

456 Where we were able to compile data from drinking boreholes drilled in the 1950s,

457 basement depthn the centre of the grabe(in the hangingvall of the Mtsiumkwe fault

458 was <40m, providing further evidence fdiow sedimentation rates since the onset of

459 rifting. If the Mtsimukwe fault has been active since fPkoceng(~5 Mg the minimum age
460 of the rifting in the regiol then the sedimentation rate would &x 103 mm yr?, which is
461 approximatelyl-2 orders d magnitudelower than sedimentation rates recorded in

462 northern Lake Malawi (Johnson et al., 2002), but approximately equal to our minimum
463 estimate of the throw rate of the fault (§ 10 x 1 mm yrt,-assuming the footwall

464 topography we have measuredas estimate of the minimum fault throwplthough this

465 leaves open the possibility that some faults in the centre of the rift may have been buried by
466 sedimentation, the lack of any more fauklated geomorphology along the River Shire
467 (other than that sea in Figured), suggestsve havenot missed any major faults. Moreover,
468 combining sizdrequency and displacemei¢ngth fault scaling relations indicates that with
469 a maximum fault length of ~50 km and a lower fault length of ~10 km we will have

470 accountedfor ~90 % of the tectonic strain in the regi(®cholz and Cowie, 1990).
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6.2. Age of the fault scarps
The faults in the Zomba Graben have offset the sedimertawer, whichincludes coarse

grained sandstones of the Matope beds, as well as sandy, pebbly -lhaustrine deposits

in the centre of the rift (Figure 2Howeverthe ages of theesedimentshave not been

verivied by geochronological datinQulanya (2017) correlated the Matope beds with the

Pliot f SAa320SyS RS@St2LISyld 2F GKS 3INIroSy o60KS
2017) based on stratigraphic mapping and age estimates from Bloomfield (1965). Optically
Stimulated Luminescence (Q%lges for surficial palaeftuvio-lacustrine deposits near Lake

Chilwa, 2630 km to the east of the Zomliaraben, are <50 ka (Thomas et al., 2009; Figure

1).

The floor of the Zomb&raben, which is covered by bofime-grainedfluvio-lacustrine
sedimentsand thecoarsegrainedMatope beds, lies ~10 m above the current level of lake
Malawi. Since thélid-Pleistocene Transitio(MPT; ~800 ka}the level of Lake Malawi has
fluctuatedwith high-stands up to ~150 m higher than the present lake level andstiawds
up to ~500 m lowefLyons, 2015; McCartney and Scholz, 2@®en et al, 1990AIthough
the exact magnitudes of these higéind lowstands are difficult to constrainhé last high
standisthought to have begun at ~75 kand continued to the preserday (Ivory et al.,
2016). Consequently, during higétands, lacustrine conditions presumably flooded the
Zomba grabenwhereaslow-stands were accompanied by the depositiorcofrsegrained
sediments(Lyons et al., 2032015. Therefore the fine- and @arsegrainedsediments on
the floor of the Zomba grabewere likely deposited during the lat®uaternary which
implies that the fault scarps we obsertreat have offsetand been draped bthese
sedimentshave formed during the late Quaternary time perie800 ka and maybe as

recently as £5-50 ka.A number of observations suggest that this interpretation is



495 reasonable: i) Theault scarps are generally steépigure 3b & Figure 4a); anjifieldwork

496 along theMlungusi faultfoundthe fault draped by dayer ofsubrounded torounded

497 cobbles(3-6 cm)in aclastsupportedsandy matrix that is consistent withlacustrine

498 palaeobeach depositikely deposited during a higgtandwithin Lake Malawiduring the

499 late Quaternary gince theMPT 800 kg. The heghts of the measured scarps are generally
500 greater than the displacements seen in single events for normal faults (e.g. Leonard, 2010),
501 therefore the scarps should be viewed as composite scarps representing the cumulative

502 offset from multiple earthquakes.

503 7. Strain Migration and Fault Evolutioduring rifting

504 Current conceptual models suggest thaettransition from rift border faults tantrarift
505 deformation occusover timescales of @5 Ma in the East African Rift as lithospheric
506 thinning leads to asthergpheric upwelling and production of magmatic fluids (Ebinger,
507 2005; Ebinger and Scholz, 2012; Buck, 209dyever,both our study andeismic

508 reflection profilesof Lake MalawfMcCartney and Schgl2016)show that both border
509 faults and intrabasin fautare activeeven inthis amagmatic rift segmenilhe reflection
510 studies have beennable to constrain the timing of the transitida axial deformation but
511 herewe show that the proportion of strain accommodated in the interior of the Zomba
512 Graben has increased from 25 + 8¥%ce the onset of riftingo 50 + 25% over theince the
513 fault scarps have been preserved in the late Quateriiaiyurel0). We discussour

514 mechanisms thaiayexplainthis changingstrain pattern across a distributed network of
515 faultsin an apparently notvolcanic rift: 1)cessation of border fault activify) lithospheric
516 flexure 3) a hidden fluid phaseand4) transient changes associatevith fault linkageWe
517 then discuss whether the pattern of strain can be explainethkyithosphericstructure,

518 including crustal heterogeneities.



519 7.1. Cessation of Border Fault Activity and Lithospheric Flexure
520 The maximum amount afisplacement anormalfault can accumulate, before it becomes

521 more favourable tdorm a new fault, is thought to be controlled by a combination of

522 effective elastic thicknesseismogenic thicknesandsurface processesuch afootwall

523 erosion and hangig wall depositior{Scholz and Contreras, 19%8ljve et al., 2014). The
524  exact mechanism of fault abandonment is debated but it generally requires tiaiaje

525 displacementg>5 km) thatiead to an increase ithe flexural restoring force and/or rotation
526 of the fault dip to unfavourable angleS¢holz and Contreras, 1998; Goldsworthy and

527 Jackson, 2001).

528 When rift border faults are abandoned, migration of fault activity into the hangialy of

529 the previously active fault is widely observesg¢Goldsworthy ad Jackson, 200 for

530 further discussioh Accardo et al. (2018) propose that the ~6 km of throw on the border
531 faults in the northern and central basins of Lake Malawi indicates that these faults are
532 approaching their maximum size and that the migratiostéin into the rift interior is

533 imminent or now occurring (e.g. the Karonga earthquake sequence; Biggs et al., 2010;
534 Kolawole et al., 2018). However, this mechanism is unliketptse the lateQuaternary

535 intrarift faulting in theZombaGraben becauseboth the border and intrarift faults have

536 been active during the lat®Quaternary and the topographic relief is relatively small (<1 km).
537 Similarly bending forces associated with flexure of the border fault hangiatjcaninduce
538 strainin the intrarift regionwithin the upper crustand although this has been proposed for
539 LakeMalawi (Kolawole et al., 2018), the low throasd thick elastic crust (~30 knm)the

540 ZombaGraben would generate negjble flexuralstrain (Jackson and Blenkinsop 1997,

541 Muirhead et al 2016)
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7.2. Influence of fluids
Magmaassisted rifting, where magmatituids and volatilesenableextension at lower

stresses than the available tectonic forces, is thought to play an important role in faagitatin
rifting in thick continental lithosphere (Buck, 2004; Ebinger et al., 20hére is no

evidence of active magmatic activity more than a few kilometres afrustal thinning in the
ZombaGraben (Reed et al., 261 Wang et al 2019 Furthermore, he ge@hemistry of hot
springsin southern Malawdoes not suggest a magmatic influence (Dulanya et al., 2010)
and the nearest active volcano, Rungwe, is located ~70tkhe north (Figurel).

However, decompression melting or lower crustal magmatic intrusiaht not lead to
perceptible surface effects, artere is evidence for neaerocrustal thinningoeneath
southern Malawi (Wang et al., 2019 anexamplefurther south and west in the EARSBw
seismic velocities suggest decompression melting in theeupsthenosphere of the
Okavango Deltadespite a very low level of extension and no surface volcanism or evidence

for mantle upwellingYu et al., 2017).

Earthquakes occur in Malawi throughout the-88km thick crust (Tedla et al., 2011

Jackson and Bh&insop, 199; Craig et al., 20)1consistent with estimates of effective

elastic thickness in excess of 30 km (Ebinger et al., 1988)can occur in magmatic rift

zones if border faults penetrate into the lower crust, or if melt and volatile migration into

the lower crust causes localised weakening, which can also trigger seismicity (Ebinger et al.,
2017).However, arrent imaging othe lower crust in Malawi desnot allow us to

discriminate between tasemechanisns andalternativeexplanationgor the deep

seismicity, thainclude 1)a dry, strong, granulite facies lower cridackson et al., 2004))

above average lithospheric ttiness (Chen and Molnar, 1983), or 3) localised zones of weak

rheology within a strong, elastic lower crust (Fagereng, 2013).
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7.3. Transient Changes Associated with Fault Evolution
The process of fault segment linkage can lead to an increase in fault sliporeges

timescales of 300 ka (Taylor et al., 20Q4hiscan subsequentlgnablea newly linked fault

to accommodate a greater proportion of the regional extension raiy(or et al., 2004;
Cowie et al., 2005 We infer segment linkage on the Chingale Séejt that may have
occurred as recently abe late-Quaternary Figure7), suggesing that faults in this region
grow throughlinkagethat occursbefore they have accumulated significant.€.>1 km)
offsetsand on short timescalesf < 800 ka (angossibly <~50 kaTY hisrapid linkage, before
continued slip accumulation, is consistent with the recent hybrid fault growth model where
slip accumulates at a constant fault length after an initial growth phase (Rotevatniet al.,
pres9. The segment lirkge we observenay have driven the apparent increase in strain
within the rift interior. However, when faults are closely spaced, as they are in the Zomba
Graben, acrosstrike caseismic elastic stress changes edsodrive transient variations in
fault slip rates (Cowie et al., 2012). Elastic interactions between faults can therefore change
slip rates on individual faults over the time scale of a few earthquake cycles (Eoalie

2012. With only one example, we cannot tell whethidae observed increse in intrarift

strain is a londived feature of the rift, or a transient feature only representative of the time
window we sampledi.e. since the fault scarps have been preserved in theQataternary)
Nonetheless, although elastic fault interacticen likely contributing to the temporal
evolution of strainacross the network of faults in théombaGraben, theycamot explain

the initial formation of a distributed fault network.

7.4. LithosphericStructure
The roles of crustal thickness, lower crustaatogy, and lithospheric thermal structure in

developing enémember narrow or wide rifts have been well studiedd. Buck, 1991,
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Huismans and Beaumont, 200Typically, strain in narrow rifts concentrates in the weakest
part of the lithospherewhile in wide rifts, lower crustal viscous flow drives distributed
deformation in the upper crust (Buck, 1998puthern Africa has unusually thick continental
lithosphere(140-180 km; Craig et al., 201Igsulting from multiple episodes of orogenic
thickening(Friz et al., 2013)and 3842 km thick crust (Tedla et al., 201Wang et al 2019
The available constraints on the lithospheric properties of the Zo@hhen suggest that
conditions are similar to the very young (220 Ka) OkavangRift (Craig efal., 201).
However, we have demonstrated that strain within tharrow (<50 kmgombaGraben is
distributedwhereasthe Okavango Rifis >150 km wide and deformation is localised to <50
km wide zones at the edges of the (binger and Scholz, 201Zhus,the currently
available constraints on lithospheric properties cannot explain the differences between

these two rifts.

Numerical simulations demonstrate that a strong, ductile lower crust promotes distributed
faulting due to enhanced upper crustal fainteractions during rifting (Heimpel and Olson,
1996). The crust in southern Malawi is made up of high grade metamorphic fabrics that lack
hydrous minerals with low friction coefficients (Hellebrekers, etrateview, and exposed

fault rocks are nodemonstrably different in composition from these high grade basement
rocks (Williams et alsubmitted). Thus, distributed faulting in the Zomba Graben cannot be
attributed to reactivation of preexisting frictionally weak planes in the brittle regime.

However, lateral heterogeneity in the lower crust, such as an anastomosing shear zone
system, would enable strain localisation in lower viscosity zones in an otherwise cold, strong

layer (Fagereng, 2013). Such localisation at depth may guide deformatiarnmaih the
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overlying brittle crust, such as the oblique strike of faults in southern Malawi, relative to the

regional extension direction (Hodge et al., 2018; Williams eirateview.

Thehypothesis of dower crust with rheological heterogeneiti) satisfies the requirements
for a dominantly strong lower crusii) can explain the deep seismicity observed in the
Malawi rift; iii) facilitates the formation of a distributed fault network at the surface; and i
does not require preexisting frictionalveaknesses in the upper crust. This suggests that
patterns of strain distribution in amagmatic rifts may not be solely controlled by rift
maturity; instead, rheological heterogeneity in the lower crust and elastic fault interactions

in the upper crust mawlso have important effects.

8. Implications for Seismic Hazard.

Our analysi®f highresolution satellite topographizas identifiedfive active faults in the
ZombaGraben but arrent assessments afeismic hazarth Malawido not extendsouth of
LakeMalawi(Midzi et al., 1999; Hodge et al., 201Based on standard scaling laws
(Leonard, 2010these15-50 kmlongfaults couldhost earthquake®f Mw 6.3-7.1,
assuminghat faults do not fail in smaller individual segmeraad that multiple separate
faults do not slip in the samevent Theadministrative regions within 30 km die Zomba
Grabencontains 22%of the Malawian populatiorf~ 4 million peoplg including themajor
population and administrative centres Blantyre (population-800000) andZomba
(population:~100,00Q Malawi National Statistics Office, 2018heproximity of these
newly-identified faultsto this number of peopl@resents a significant challenge for both
seismic risk and regional developmeRurthermore, the path of the Shire River is strongly
affected by rift topography, and a large earthquake on the Mluntaust in particular could

affectboth irrigation andflooding on a regional scass well as dam stability on the Shire
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River This is particularly importantas8: 2 F al f I 6A Q& St SOGNAOAGE@

hydroelectric damsvithin the middle Shire valleffaulo et al., 20156

In slowy deformingregions and or regions withpoor seismic detection infrastructureyen
decadal longnstrumental catalogues are unlikely tecord a representative enough sample
of seismicity tasufficientlyassesseismic hazardncluding faultmapsin probabilistic
seismic hazal analysisan overcome this problerfiPace et al., 2098but this requires
estimates of both earthquake magnitude and recurrence interval. In Lake Mal&erew
fault slip rates have not been measurédlhdge et al. (2015ssigned the plate motion to
individual faultsin their hazard assessmeriowever, he discovery omultiple, subparallel
fault scarsin the ZombaGrabensuggestdonger earthquake recurrence times and lower
probabilitiesof peak ground acceleration for a given return peribdrthermoee, increases
in the number of faults within a regioalso leadto more variable fault slip ratesvhich in
turn can result in earthquakelusters(Cowie et al., 2012)rhe 2009 Karonga earthquake
sequence in northern Malawi illustrates thstichclustersoccur in the East African Rift
(Biggs et al., 2010but instrumental records are not sufficient to determine how
widespreadhis behaviour isEarthquake clustergresent an additional challenge for
seismic hazard assessment as theyravecaptured bytime-independent probabilistic

seismic hazard assessments

9. Conclusion

We analysehighresolution TanDEMK data to identify lateQuaternary faults scarps on five
faultsin the ZombaGraben southern MalawiWe compared the activity of the faglin the
graben since the onset of riftingith the displacement accumulatesincefault scarps have

been preserved at the base of footwall escarpmehit® show how 75 + 18 % of ain was

A
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distributed on the border faultsince the onset of rifting whereas the more recent past,
since theactivefault scarps have bediormed, ~50% of the strairhasaccumulatedwithin
the rift interior. This presents new insights into thehaviour of rifts during the incipient
stages of continental extension in a regiginthick lithosphere and nactive volcanismin
contrast to the prevailing paradignit suggests thagarly, amagmatic stages of continental
extensioncan be distributed eross both rift border and intraift faults. We find evidence
for linkage of fault segments within the rift interi¢inat occurs prior to the accumulation of
significant fault offset, and possibly on rapid, leaternary timescale®Vhile the overall
mode of rifting is likely to be controlled by the rheology of the lithosph&re suggest that
upper-crustal fault interactions and strength variatiowghin the lower crust can lead to
spatiallydistributed and temporally transient faultingithin early sage rifts.Finally, we find
that the onshore rift in Southern Malawepresents a significant, byireviously

unappreciated source of seismic hazard witthie East African Rift.
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Figurel: The location of the ZnbaGrabenwithin the East African Rifind Malawi (a) The
location of Malawi within the East African Rift. Black triangles show the active volcanoes
within the rift. (b) Seismicity in the Malawi rift and the location of thembaGraben Dots
showNational Earthquake Information Centre (NE@jthquakes from 19~2018 coloured

by depth. Focal mechanisms for all events greater tkah.0 are from Craig et al. (2010)

with the exception of the red focal mechanism which shows the location and CMT
mechanism of the 17 March 2018 Nsanje earthquake. ThexSkdirectionis from Delvaux

and Barth (2010). (c) Overview map of southern Malawi showing the location of the Zomba
Graben relative to other known faults in the region. Faults where scarps have been detected

and measured are indicated in black. Faults which are sisges active but with no



962 measurements of throw or where no fault scarp has previously been detected are shown in

963 blue. GPS vector from Stamps et al. (2018) is shown in red.
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Figure2: Geology and topography of the ZomBaaben (a) Geological map dfi¢ Zomba
Grabenadapted from Bloomfield (195(b) TanDEMX digital elevation model of the Zomba
Graben (c) Swathopographic profile across the Zomkaaben. The gray shading indicates
the maximum and minimum topography in a 5km either side of the dashedn part b.

The solid line indicates the mean elevation.
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Figure 3: The method used to identify and measure the activity of the faults in the Zomba
Graben. A small section of the Chingale fault is used as an example. For full details of each
fault see the supplementary material. (a) Geological maps (Bloomfield, 1965) were used to
identify locations where scarps or terrace features Aadtiaryrecentsediments in their
hangingwall. (b) TanDEMX DEM, with the location of the fault identified by #regehin
elevation and indicated by the black arrows. (c) Slope map that shows a linearly aligned
increase in slope values that correspond to the terrace feature in part a and the increase in
topography in part b. (d) The normalised channel steepness imtegases in the footwall

of the fault as the river channels cross the fault.



983

984

985

986

987

988

989

990

991

E Fault scarp height

I} Footwall escarpment height

1
ragy within 3 ki of faul

760 {Zomba fault B 1200 - e footwall |
740 - hanging wall footwall |- 1000 1509+ 5m
800 B
720 - B f
~écarp height = 15.0 + 0.4 m 600 “|hanging wall f;?j: i
700 B 400 - Zomba fault|-
T 1 1 1 1 1 1 1 1
| i | i | n L " L | | | |
— 960 Chingale Step fault  composite scarp = 12.1 +0.3 -~ 1200 A B
5 540 4 composite scamp - 5 1000 -
B 520 - — | § 8001 I
[0} % 600 183+3m ==
% 500 B @ 400 Chingale Step fault}|-
é T T T T T %‘(} T T T T
1 " 1 1 1 1 1200 L L L L
= {Miungusi fautt L T , L
§ 500 |Miungusifau 8 1000 1 o PP T -
T 480 — —— = 800 - 480 - N
g I g;') 1000 0 -1000 -2000 2000 4000
~ 460 scarp height =6.9 +0.1 m o P 600 —_—
= 440 : : [ [ [ B X400 1 | | Mlulngusi fault
£ ' ' ' . £
- : , : ' ' < 1200 : ' ' '
Mtsimukwe fault
g 560 |Mtsimukwe fau i g 1000 B
- — =
T 540 1 e - O 8007 -
@ 520 scarp height =5.4 £0.2m @ 600 153t3m = a
L - 400 - Mtsimukwe fault|-
500 1 N 1 N 1 N T ' T I 1 1 1
460 L L 1 1 1 L L L L
Lisungwe fault 1200 A B
440 B 1000 B
420 ~ - 800 1 ]
height =8.2 +0.1 i - B
400 - seapneg "L 600 267+ 7 m )
400 Lisungwe fault}-
1

1 N 1 N ' I ' T I 1
-200 -100 0 100 200 -2000 0 2000 4000 6000 8000

Distance from fault (m)

Figure 4: Examples of topographic profiles used to asses

(a) Example topographic profiles used to calculate the he

Distance

s fault activity in the Zosblea.

ight of the fault scarps in the

ZombaGraben. The fault scarps are characterised by locally steep slopes at the base of the

larger footwall escarpments. Along the Chingale Step fau

It, a catepssarp is observed

with the lower and upper slopes offset in at least two difference events. For all other, only a

single offset was observed. (b) Example of the topographic profile used to calculate the

height of the footwall escarpment, which we use @ proxy for minimum throw. The height

is measured as the maximum relief within 3 km of the foo

twall.
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Figure5: Fault scarp height (black) and footwall escarpment height (purple) for the five
faults in the Zomb#&raben. Note horizontal and scarp heigitales are all equal but

footwall relief scales differ in each plot. For the scarp height, the circles show the individual
measurements, the solid black lines is the 3 km wide moving median withstleerar

shaded. (a) The Zomba fault. (b) The Chinga&le fault. The red lines and points indicates

the height of the lowest scarp on the composite scarp (see Figure 3 and S2). The black line
and points are the height of the composite scarp. The shaded area is where offsets have
been eroded by the LisanjalavBr. (c) The Mlungusi fault. (d) The Mtsimukwe fault. (e) The

Lisungwe fault.
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Figure 6: Field observations of the Zomba fuIt. (a) Triangula facets black dashed lines)
observed at the northern end of the fault. Thangingwalfootwall contact of the facets is

not visible in this photo. (b) Alluvial fan observed in the section of the fault where the
Zomba plateau is in the footwall of the fault. The black arrows indicate the location of the
fault, the white arrows sbw where the fault crosses and offsets the alluvial fan. The age of
the alluvial fan is not known. (c) The fault scarp at the southern end of the Zomba fault
(indicated by black arrows). (d) Fractured basement rock consistent with a fault zone
observed whee exposed in stream beds at the base of the fault so@)pSteep scarp at the
base of the footwall escarpment. A scarp height of ~17 m was measured in the field and is

consistent with the measurements made using remote sensing @agare 5.
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Figue 7: Rivers crossing the Chingale Step fault. (a) The elevation of the knickpoints, at the
top of oversteepened portions of the river lopgofiles(see Figure S3apovethe fault

scarp (blue squares). Red shows the offset across the lower fault scénp @ingale Step

Fault (light red is % error). The gap is due to erosion by the Lisanjala River (stream 7). (b)
Map of the footwall river channels that cross the Chingale Step fault. Channels 7 and 9 were
not analysed as they both exhibit behaviour whigould suggest that they were not
detachment limited and both cross multiple lithologies in the footwall of the Chingale Step
fault. (c) Stream 8 which is found in the linkage zone between the northern and southern

segment of the fault and displays twogminent knickpoints. (d) Stream 14 shows a clear



