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Highlights

e This study provides new constraints on the evolution of the North Tanzanian margin.

Changes in canyon-channel systems were reconstructed from Oligocene to recent times.

Uplift of Pemba and Zanzibar islands controlled the evolution of slope systems.

Pemba and Zanzibar formed during mid-upper Miocene and Mio-Pliocene, respectively.

Extensional regime associated with islands’ emersion may be related with the EARS.

ABSTRACT
In this study, we investigate the tectonic and stratigraphic evolution of the northern Tanzania

margin (western Indian Ocean) to provide new insights on the structural drivers governing the



formation of Zanzibar and Pemba islands. Using 2D seismic reflection profiles and exploration
wells, we have reconstructed the evolution of the submarine drainage network throughout the last
30 Myr, from the Oligocene to recent times, providing a tape-recorder with which we determine the
different tectonic events that led to the eventual subaerial exposure of the islands. In detail, we
observe adecrease in the number of slope canyon-channel systems during the lower-middle
Miocene offshore Pemba Island that we interpret to represent the initial uplift of the island: tectonic
deformation of the seafloor impeded up-dip to down-dip sediment transfer, forcing the
abandonment of canyon-channel systems. At the same time, suhma,ne canyons were still active
offshore Zanzibar Island, located ~35 km south of Pemba, i"iui>aung that its uplift occurred later,
likely during the upper Miocene to lower Pliocene. The u.'ift of the islands increased the slope
gradient and promoted the formation of two newly disccve, ~d giant canyons that represent the main
feeder systems to this sector of the western Ind’a. O~ean since the Miocene. We propose a new
conceptual model for the post-Oligocene ave.ution of the area, highlighting the main tectonic
structures and their timing of formation. 'n this model, the onset of the anticlines of Pemba and
Zanzibar islands resulted from tectoric ‘nversion probably originated during the Oligocene-lower
Miocene due to reactivation of N »sozuic-aged rift faults. This compressional phase is followed by
the establishment of an extensi.n2i tectonic regime which promoted the subaerial exposure of the
islands since the middle Iv.iacene. Extensional faults, which dissect the post-Oligocene stratigraphy,
create horsts and grabens on a variety of scales, such as Zanzibar and Pemba troughs. These
grabens show comparative size and orientation to onshore rift basins, which may indicate a relation
with the tectonics of the East African Rift System. Our results provide new insights on the evolution
of one the least explored, though fascinating, continental margin settings worldwide that can

support future source-to-sink investigations in the region.

KEYWORDS: Tanzania margin; Pemba and Zanzibar islands, East African Rift System; Indian

Ocean; Submarine canyons; Tectonics.



1. INTRODUCTION

The outer shelf and upper slope regions of the East Africa continental margin offshore northern
Tanzania (western Indian Ocean) are dissected by the anticline of Pemba and Zanzibar islands (Fig.
1). The presence of these structures suggests that the evolution of the margin is more complex than
an idealized passive margin model (Sii and Underhill, 2015), which does not otherwise justify the
presence of shelf and upper slope sediments uplifted above sea level. In recent years, the existence
of an offshore branch of the East African Rift System (EARS) in the \ estern Indian Ocean has been
proposed to explain the formation of submarine grabens an 1 'ated uplifted regions with similar
orientation and geometry of onshore rifts, such as the Kerimbas Graben and Davie Ridge
(Mougenot et al., 1986; Franke et al., 2015; Klimke a.? Franke, 2016; Maselli et al., 2019).
However, as of today, only a few studies have fozu.»d on the origin of Pemba and Zanzibar islands
and related troughs, with Stockley (1942) f<st *,ostulating a separation of these islands from Africa
during the upper Miocene and a relation .ith the EARS tectonics. Yet, many questions about the
origin of the islands, the precise timira € *aeir formation, and the relation with the EARS tectonics
remain unanswered. Furthermore, 2 quantification of the effects of tectonic seafloor deformation on
the evolution of the slope deucsitional system is still lacking. These knowledge gaps prevent a
thorough understanding o. the evolution of the Tanzania margin, with implications for source-to-
sink sediment transfer in the western Indian Ocean.

In this study, we analyze 2D seismic reflection profiles and exploration wells to investigate the
Oligocene to Recent stratigraphy of the northern Tanzania margin offshore Zanzibar and Pemba
islands, from the outer shelf to about 3000 m of water depth. Our goal is to understand how slope
canyon-channel systems are progressively disconnected from their feeding systems and abandoned
as a result of the basin floor uplift. By dating changes in the submarine drainage network and
sediment fluxes, together with a quantification of the timing of fault activity, we aim to provide a

detailed chronology for the structural and stratigraphic evolution of the margin over the last 30



million years and explore the formation of the islands and how they relate to the tectonics of the

EARS.

2. GEOLOGICAL SETTING

The break-up of Gondwana started in the lower Jurassic and led to the formation of the rifted
margins of East Africa and Madagascar during the upper Cretaceous and lower Cenozoic (Heirtzler
and Burroughs, 1971; Mougenot et al., 1986). Sediment deposition along the conjugate margins
occurred during a tectonically quiescent period that was interrm. during the Eocene by the
formation of a new mantle plume impinging on the base of “ne thick cratonic African lithosphere,
which led to the initiation of the East African Rift Systen. (EARS; Burke, 1996; Ebinger et al.,
1998; Buitner, 2014). In Tanzania, the EARS has d2ve'oped in two branches, which formed
synchronously during the upper Oligocene - lownr 4ir,cene (Roberts et al., 2012). Normal faulting
has occurred along both the Western and Ec ster 1 branches of the rift, which are currently separating
at a rate of 4 mm yr'* and 2 mm yr" in t.~ northern and southern parts, respectively (Calais et al.,
2006). Regional doming and rift flank riift have had a profound effect on the development of
modern drainage systems as weli 3s regional climate, thus directly influencing sediment supply to
the western Indian Ocean (Senu.~bh: et al., 2006, Maselli et al., 2020).

The Tanzania margin pirescnts a few-km-wide shelf in the Rovuma delta region, where the slope is
dissected by the Kerimbas Graben and Davie Ridge, and an up to ~70-km-wide shelf where the
Rufiji and Ruvu river deltas develop (Anthony et al., 2021). The width of the shelf reduces to few
kilometers north of 5°30° S, where almost a kilometer-deep basin separates the mainland from
Pemba Island (Fig. 1). The complex Meso-Cenozoic geological history, combined with the lack of
detailed chronological constraints, has made understanding of these structures difficult. The
Kerimbas Graben and Davie Ridge, which are part of the Davie Fracture Zone (DFZ), deform the
slope in water depths greater than 1000 m. The DFZ was initially interpreted as the transform fault

system associated with the southward drift of Madagascar and extending between 20°S and 2.5°S



latitude (Mougenot et al., 1986; Reeves, 2000; Reeves, 2018 and references therein). Recent
studies, however, have proposed an alternative model for the formation of the DFZ and the uplift of
the Davie Ridge, thus, implying a different pre-rift paleo-position of Madagascar with respect to
Africa (Franke et al., 2015; Klimke and Franke, 2016; Vormann and Jokat, 2021). In this model,
Madagascar was located adjacent to present-day offshore Tanzania-Mozambique, and only the
southernmost portion of the DFZ, south of 10° S, was related to a strike-slip fault oriented roughly
parallel to the eastern coast of Africa. Consequently, the origin of the Kerimbas Graben and the
Davie Ridge has been related to transtensional forces due to the f~ve.~pment of an offshore branch
of the EARS since the Oligo-Miocene (Franke et al., 201io, Klimke and Franke, 2016). The
discovery of abandoned deep-water channels of Neogene 2qc along the crest of the Davie Ridge has
corroborated this new model (Maselli et al., 2019).

Zanzibar Island has a surface area of 1464 km? enc na, a maximum topographic elevation of ~120
m, while Pemba covers 988 km? and has a . nax.mum topographic elevation of ~90 m. The surficial
geology of Zanzibar Island is characteni.~d by Miocene sandstones, shales, and reef limestones
(Kent et al., 1971), while Pemba Isl>nd ~~nsists of Miocene shales and sandstones (Chake Chake
and Weti beds), and Pleistocene .~ef nmestones (Kent et al., 1971). Topography, surface geology,
and gravimetric data show that (he islands represent anticlinal folds and tilted fault blocks (Kent et
al., 1971; Sii and Undeinn: «u15), which structural axis is broadly oriented SSW-NNE and S-N for

Pemba and Zanzibar Island, respectively (Kent et al., 1971).

2.1. Pemba and Zanzibar islands: previous interpretations and models

One of the first reports on the evolution of the islands dates to the first half of the XX century, when
von Staff (1914) proposed that Pemba Island formed during the Pleistocene in response to the
tectonic activity of the East African rift. This hypothesis was refuted by Stockley (1928; 1942)
based on the timing of the transition between the fossiliferous Miocene Chake Chake beds and the

non-fossiliferous fluvial and estuarine Weti beds. The author counter-proposed that Pemba has not



been connected with Africa at least since the Miocene, while Zanzibar Island only since Pleistocene
times.

By analyzing new paleontological evidence from fossil fauna and flora, Moreau and Pakenham
(1940; 1941) concluded that the trough that separates Pemba Island from the continent resulted
from the Pleistocene activity of the East African rift, in agreement with von Staff (1914).

Later, Kent et al. (1971) analyzed gravimetric and seismic data in combination with three
exploration wells (including Zanzibar-1 and Pemba-5, Figs.1A and 2A) and reconstructed an
Oligocene-Miocene rock uplift of ~200 m based on subsidence ~'rv2s. The authors proposed that
Pemba and Zanzibar islands were already taking shape duri.iy *he upper Oligocene and Miocene
due to deformation associated with NNW-SSE and NE-S.'/ striking normal faults, and that the
Pemba trough formed in the Pliocene as an asymmet~ic draben. The islands’ development was
related to several deformational pulses that the zu.':or, tentatively dated as upper Miocene, upper
Pliocene, and a minor pulse in the lower P’2ist cene (Kent et al., 1971), also suggesting a relation
with the EARS considering the similar,’ of the Pemba-Zanzibar troughs with the onshore rift
valleys.

Terrestrial mammals with affin.;ies uf African continental faunas were discovered in middle
Miocene deposits on Pemba \:'and, thus revealing that the island was inhabited by taxa that
occurred on the African m.imiand at ca. 16.5 million years ago (Pickford, 2008).

More recently, Sii and Underhill (2015) presented a deep seismic profile across the islands (see line
drawing in Figure 1C) and used onshore (Zanzibar-1 and Pemba-5) and offshore (Simba-1)
exploration wells to derive the broad chronology of post-Cretaceous seismic horizons (Figs. 1B, C,
and 2). The authors proposed that the folds leading to the formation of the islands resulted from
long-lived and punctuated tectonic inversion of pre-existing normal faults, and that a lower
Oligocene to upper Miocene timing for this contractional deformation is coeval with the EARS

tectonics. The authors assumed that the DFZ acted as a buttress controlling the change in stress and



inducing uplift of the islands, and they proposed that the roughly E-W compression is still ongoing
while the faults still appear in net extension (Sii and Underhill, 2015).

However, more recent studies conducted on gravimetric and seismic reflection data concluded that
there is no evidence for the continuation of the DFZ offshore northern Tanzania and Kenya (Franke
et al., 2015; Klimke and Franke, 2016; Sauter et al., 2018; Vormann and Jokat, 2021). Sauter et al.
(2018) demonstrated that gravity anomalies previously interpreted as an expression of the DFZ are
related with a compressional phase between the Hautervian and Aptian (~132 to 120 Ma) that
produced reverse fault structures localized in deep-water anc anocting the Jurassic to lower
Cretaceous units. Furthermore, the moment tensors of offshc.e carthquakes recorded in the last 40
years (Yang and Chen, 2010), including the M 6.0 event .~at occurred near the coast of Dar es
Salaam on 12 August 2020 (Fig. 1A), indicate that the a2a :< roughly in W-E extension.

Davidson and Steel (2018) associated the formraw n of the Zanzibar and Pemba trough to the
transtensional strike-slip movement along N-S-trending faults, which are still active today, and

concluded that the two islands are baseme.:*-cored Neogene highs caused by inversion.

3. MATERIALS AND METHCS

3.1. 2D Seismic reflection data

This study is based on a .~t ur 5550 km of 2D multichannel seismic reflection profiles from the
Tanzania 1999/2000 Multiclient 2D survey, which was acquired by WesternGeco-Schlumberger
using a 5200-m-long streamer with hydrophones at a 12.5 m receiver interval. Due to the
commercial potential of the area for hydrocarbon exploration, these 2D seismic profiles are
truncated ca. 100 ms below the Oligocene interval (M2 horizon). The seismic data were reprocessed
in 2012 introducing an anisotropic Kirchhoff pre-stack time migration. The vertical resolution
between the seafloor and horizon M2 is from 6.25 m to 9.2 m, calculated considering a peak
frequency of 60 Hz and interval velocity of 1500 to 2200 m s™, as derived from checkshot data of

Well-1 (Fig. 1, see also Maselli et al., 2020).



We integrated this dataset with the 2D multichannel seismic reflection profiles acquired by Lamont-
Doherty Geological Observatory during the expedition V3618 (Rabinowitz, 2005), conducted in
1980 on board of the R/V Vema. These multichannel seismic data were acquired using a 1200-m-
long streamer with 12 channels and recorded at 4 ms intervals by using a Texas Instruments DFS IV
digital acquisition system (Rabinowitz, 2005). We also made use of the post-stack depth-migrated
(PSDM) 2D seismic profile presented by Sii et al. (2015), for which a line-drawing is shown in
Figure 1C.

The terminology used for the description of the variation in ac~usd impedance is according to
Veeken et al. (2013): we utilize the term “hard kick” to indi~aw. a downwards increase in acoustic

impedance while “soft kick” denotes a downward decreas= 1. acoustic impedance.

3.2. Well data

Data from five exploration wells were use¢ 1 ir. this study (Figs. 1, 2). All the offshore wells are
crossed by at least one seismic profile (Fiy. 1A, B).

The southernmost well used in this st'*dy rznamed Well-1 for confidentiality, was drilled in 2014 in
a water depth of 1375 m (Figs. 'A, iB, and 2). Gamma-Ray (GR) data are available at a true
vertical depth below mean sea i.*7e, (ssTVD) between 1449 and 2442 m, while biostratigraphic data
are available only below 229 in ssTVD (Maselli et al., 2020).

Zanzibar-1 is located on Zanzibar Island at 35 m of elevation (Fig. 1A and 1B) and was drilled by
the British Petroleum Company (BP) in 1957. The well penetrates Quaternary to Mesozoic
sediments, reaching the upper Cretaceous at a depth of 4355 m (Fig. 2; Kent et al., 1971).

Pemba-5 was also drilled by BP in 1962 on the western side of Pemba Island at 25 m of elevation
(Figs. 1A and 1B). The youngest sediments encountered in the well near the topographic surface are
the Miocene ‘Weti beds’, while the oldest are upper Cretaceous at a depth of about 3886 m (Fig. 2;

Kentetal., 1971).



Simba-1 is located offshore Kenya in water depths of 921 m. The well was drilled by Total in 1978
and reaches a depth of 3604 m below the seafloor, recovering upper Quaternary to Cretaceous
sediments (Nyagah, 1994). The lithology and chronology of the Zanzibar-1 and Pemba-5 wells
were reported by Kent et al. (1971), while Nyagah (1994) reported those of Semba-1.

The Deep Sea Drilling Project (DSDP) Site 241, the northernmost well, was drilled in 1972
offshore Kenya in water depth of 4054 m and reached upper Cretaceous sediments at a depth of

1174 m below the seafloor (Schlich et al., 1974).

3.3. Methodology

Seismic and well data were interpreted using Petrel <o.“nvare by Schlumberger. We applied
conventional methods of Mitchum et al. (1977) to the s2is,ic stratigraphic interpretation, whereby
we sought to identify sequence boundaries rma.7er. by reflector terminations, through-going
horizons, and subdivide the succession uc‘ng seismic facies analysis. Five main horizons were
identified and mapped throughout the dat., namely M2, M2a, M3, M3a, and M4, from the oldest to
the youngest, plus the seafloor reflectinn “»,ater bottom). Horizons M2, M3, and M4 are the same as
those defined by Maselli et al. (2C*0).

The chronology of each horizon, wus estimated through well ties (Fig. 2A). Horizon M2 ties Well-1
at 2129 m ssTVD and it > aaed to 28 Ma (Rupelian to Chattian; Maselli et al., 2020). In DSDP
Site 241, M2 correlates with the Eo-Oligocene unconformity at ~4518 m ssTVD (Blow, 1969;
Schlich et al., 1974). M2 also corresponds to the Oligocene Unconformity of Sansom (2017, 2018).
Horizon M3 ties with Well-1 at 1655 m ssTVD and it is dated to 15 Ma (middle Miocene; Maselli
et al., 2020). M3 intersects DSDP Site 241 at a depth of ~4434 m ssTVD, where middle Miocene
sediments are encountered (Blow 1969). M3 can be correlated with the Near Top Miocene horizon

(NTM) of Sii et al. (2015).



Horizon M4 ties Well-1 at 1475 m ssTVD and it is dated 5.3 Ma (base Pliocene; Maselli et al.,
2020). M4 has been correlated with DSDP Site 241 at a depth of ~4202 m ssTVD, where lower
Pliocene sediments are encountered (Blow, 1969).

Horizons M2a and M3a encounter Well-1 at a depth of ~1987 m ssTVD and ~1540 m ssTVD,
respectively. Because biostratigraphic data are not available at these depths, the age of horizon M2a
can be broadly defined considering the sediment accumulation rate in the interval between M2 and
M3 horizons, which is 28.8 m/Myr (Maselli et al., 2020), and the distance of M2a to M2, which is
~142 m. Using this approach, the age of M2a is approximativetv 23 Ma. Similarly, the age of
horizon M3a can be broadly derived considering the sedimern. accumulation rate in the interval
between M3 and M4 horizons, which is 18.6 m/Myr (Ma<ei,: et al., 2020), and the distance of M3a
respect to M3, which is ~65 m. The age of M3a i3, .2nsequently, about 11.5 Ma. Physical
correlation of horizons M2a and M3a with DSDF &:e 241 was not possible, however their depth in
the well was obtained using their chronc’agy and is equal to ~4509 m and ~4334 m ssTVD,
respectively. The depths of the horizons 1. DSDP Site 241 have been used to obtain the porosity of
the units, as explained in the next sectior,

The five horizons plus the seaflc:r deiine five seismic units named U1, U2, U3, U4, and U5 that
were characterized using five .~iemic facies (Figs. 3, 4, 5). The interpretation also included the
identification of main e.nsiunal features, such as submarine canyons, based on reflection
truncations, geometry, and seismic facies of the infill. Time-to-depth conversion of horizon maps
was performed using a range of velocities from 1500 to 2200 m/s (Fig. 2B).

The volume of accumulated sediment was calculated for each of the five units using depth
converted surfaces (Table 1). Volume values were also corrected for sediment compaction using
Equation 1 (Steckler and Watts, 1978; Angevine et al., 1990):

Vs = Vg + Vp(9s — ¢5) 1)

where Vs is the volume corrected for the compaction, Vg is the volume at a given depth, ¢ is the

porosity at surface and ¢ is the porosity at a given depth. Porosity values used in this work are



from the well DSDP Site 241 (Deep Sea Drilling Project, 1989), which were fitted with an
exponential curve of the form of Equation 2 from Athy (1930a) to account for the compaction of
sediments (Table 1):

pp = 71.754 ¢~0:001+z 2

In the Equation 2, z is the depth in meters from the seafloor. The value of porosity at the surface is
comparable with value in DSDP drill holes in the Indian Ocean (Métivier et al., 1999).

Sediment fluxes in 10° km®Myr and sedimentation rates in m/Myr were quantified for both the
compacted (Vg; Table 1 and Fig. 2B) and decompacted voli'mes (Vs; Table 1) of each unit
considering an area of ~37100 km?. We evaluated the error ir se.iment flux calculations to be 200
km® considering the vertical resolution of the seismic 2nu = 20% of uncertainty in the porosity
values as discussed by Métivier et al. (1999).

The reconstruction of the canyon pathways was a:h. *v.d by creating an “Empty 3D cube” on Petrel
that allowed the correlation of the mapg 'd 'orizons in a pseudo-3D approach. Although this
approach helped to reduce uncertainties 1 the correlation of erosional features across different
seismic lines, alternative interpretaticns .= still possible, given the wide spacing of the control lines
(30-50 km between N-S seismic :'nes, 25-30 km between W-E seismic lines). These uncertainties
may affect the pathway of the ~~nyons that were reconstructed for each horizon, but not their
number nor the regiona. cnianges visible in the different horizons, thus not affecting our

interpretations and conclusions.

4. RESULTS

Seismic interpretation results are presented for four seismic profiles: three oriented N-S and named
L1 to L3 from proximal to distal (Fig. 4), and one oriented W-E and named L4 (Fig. 9). L1, L2,
and L3 intersect the slope at ca. 1000 m, 1500 m, and 2000 m water depth, respectively, while L4

crosses the slope in between the two islands.



For each horizon, surface and thickness maps have been created to visualize the pathways of the
canyons and the distribution of sediment depocenters (Figs. 6 and 7). Fault interpretations have

been also performed for all the four profiles (L1 to L3 in Fig. 8, L4 in Fig. 9).

4.1. Seismic facies and their interpretation

The first seismic facies (SF1) is characterized by high to low amplitude, mostly parallel, continuous
seismic reflections (Fig. 3). SF1 has been interpreted to represent deep marine fine-grained pelagic
sediments (Stow and Piper, 1984; Thiéblemont et al., 2020> Scismic facies SF2 is mainly
characterized by high to medium amplitude seismic reflectior:s rat are continuous and consistently
dipping reflections that create wedge-shaped units awav tiom the axis of the u-shaped erosional
features (i.e., channels). This facies is identified as channe: levee sediment deposits (Mayall et al.,
2006; Janocko et al., 2013). Seismic facies SF3 i3 . aily chaotic, and when reflections are visible,
they are discontinuous to wavy and/or cont: rter., with variable amplitude, from high to transparent-
low (Fig. 3). We interpreted this seismic =cies to represent mass-transport deposits (MTDs), such
as blocky submarine landslides or larne-c~.le debris flow deposits (Frey Martinez et al., 2005; Bull
et al., 2009; Maselli and Knelle:, 20.8). Seismic facies SF4, which is characterized by variable
amplitude, continuous to disro:.*irdous, wavy to sub-parallel reflections, is mainly present within
erosional features (Fig. o, anu thus interpreted to represent channel-fill deposit (Mayall et al.,
2006). The last seismic facies (SF5) is characterized by moderate-low amplitude, semi-continuous,
mounded to wavy reflections which are interpreted to be associated with bottom current deposits,

such as contourite drifts and sediment waves (Rebesco et al., 2014).

4.2. Slope canyon-channel systems: seismic stratigraphy, surface and thickness maps
4.2.1. Unit U1 and horizon M2
Unit U1 is confined between horizons M2 and M2a (Fig. 4). It is characterized by parallel to wavy

reflection packages that change laterally low to high-medium amplitude and continuous or semi-



continuous reflections (seismic facies SF1, Fig. 3). A few canyon incisions about 2 km wide and 75
to 375 m deep, with facies SF3 and SF4 infill, can be seen on seismic lines L1, L2, and L3 (black
arrows in Fig. 4; Fig. 5). Corrected sediment flux for the unit U1 is 1337 km*/Myr (Table 1).

Horizon M2 is characterized by a high-to-medium seismic reflection amplitude and marks a net
change in seismic facies from an overall high-amplitude sequence below M2 to a lower amplitude
sequence above, which starts with unit U1. The surface map of horizon M2 shows a gentle slope
with a topographic depression between Pemba and Zanzibar islands (Fig. 6A), with deepest part on
the southern end of the latter. This depression is also visible in th~ suithern portion of seismic line
L1 (Fig. 4). The surface map of horizon M2 (Fig. 6A) and th: u.*ckness map of U1 (Fig. 7A) show
about ten W-E oriented incisions located along the seismic (‘ne L2, that appear less evident where
seismic line L1 is located. Larger channels, still orient2a "N-E, are visible in deeper waters, with
three channels that probably feed the area subsecuw 'tl', occupied by the larger canyons C1 and C2
(Figs. 6A and 7A). The truncation of the se: ‘mi-. line L3 below the M2 horizon does not exclude the
possibility that large canyons preexistea hefore the Oligocene. Four additional channels can be
observed on the east side of the structure! figh (H, Figs. 6A and 7A), which represents a permanent
feature through time. Unit 1 thick: ass 1nap shows high thickness values on the northern flank of the
canyon C1 (depocenter d1, Fig. 7/\) and towards the western side of the map (depocenter d2, Fig.

7A), which corresponds to *he wopographic depression described before.

4.2.2. Unit U2 and horizon M2a

Unit U2 is bounded by horizon M2a at its base and horizon M3 at its top (Fig. 4). U2 is
characterized by medium frequency parallel continuous seismic reflections, mostly with low to
medium amplitude (seismic facies SF1, Fig. 3). High to medium amplitude, hummocky to
discontinuous and chaotic reflections (seismic facies SF3, Fig. 3) are present in the infill of u- and
v-shaped erosional features. Sediment flux for unit U2, corrected for compaction, is 2144 km*/Myr

(Table 1).



Horizon M2a is a hard kick characterized by continuous low to medium seismic amplitude
reflections, characterized by multiple erosional features, about 4 km wide and from 75 m to 600 m
deep. In the northern and southern portions of seismic line L2 (Figs. 4 and 5), the M2a surface is cut
by incisions that are less than 1 km wide and up to 150 m deep. The channels are larger, up to 2 km
wide, in the middle of the seismic section (Figs. 4 and 5). In the seismic line L3 (Fig. 4), canyon C1
(about 20 km wide and 600 m deep) and canyon C2 (8 km wide and 675 m deep) are fed by smaller
channels visible along line L2 (Fig. 4 and 5). These two canyons are visible along the entire
stratigraphic section, up to the modern seafloor. Moving from N t~ S clong seismic lines L1 and L2
(Figs. 6B and 7B), the number of channels, mostly W-E orie’ie' increases from two to four in the
northern portion of the map and from five to twelve in tro middle portion. A sinuous erosional
feature (S), which is visible in the map of Figures 6P o~d 7B, appears to follow a preexisting
incision, but it is also characterized by a new triul v from NW, where a topographic high (H) is
present. This H separates the northern cany n 7.1 from the southern canyon C2, where the sinuous
feature and five channels converge (Figs. CB and 7B). Its eastern side is characterized by four small
incisions (Figs. 6B and 7B).

The thickness of unit U2 is oveall righer than unit Ul (Fig. 7B), with two large depocenters
corresponding to canyons C1 ai.1 22, and a smaller one (d3) on the eastern flank of the high (Fig.

7B).

4.2.3. Unit U3 and horizon M3

Unit U3 is confined between horizons M3 and M3a at its base and top, respectively (Fig. 4). Itis
characterized by two seismic facies: (1) medium frequency, continuous and mostly parallel
reflections, with low to medium seismic amplitude (seismic facies SF1, Fig. 3) and (2) high to
transparent amplitude, discontinuous/chaotic reflections which can be observed mainly within
channel incisions (seismic facies SF3, Fig. 3). Reflections of this unit appear locally truncated by

the M3a surface at its top. Corrected sediment flux for the unit U3 is 3009 km*/Myr (Table 1).



Horizon M3 is a continuous hard kick, medium to low amplitude reflection, and it appears
concordant with the underlying reflections. The horizon is cut by about thirty-four incisions that are
about 1 to 8 km wide (Table 1; Figs. 4 and 5). Changes of seismic facies within the infill of the
channels and truncated reflections were used to recognize different episodes of incisions (Fig. 5,
L2-C and L2-D). In the seismic line L2 (Fig. 4), the channels are smaller to the north than to the
middle or south of the seismic line. In the seismic line L3, the canyons C1 and C2 have a reduced
depth when compared with the canyons at the time of M2a. The northern canyon C1 is about 20 km
wide and 375 m deep, while the southern canyon C2 is about 8 ™ v.:ide and 450 m deep (seismic
line L3, Fig. 4).

Horizon M3 shows a higher number of incisions compared o horizon M2a (seismic line L2, Fig. 4;
central-north and south portions of Figs. 6C and 7C). Smai: to medium channels are visible from N
to S in the seismic lines L1 and L2. Seven incis’ai. from W-NW converge into canyon C1, while
six channels converge into C2 (Figs. 6C ¢1d ~C). In the southern part of the surface map, three
incisions continue to the E without convorging into the canyon (Figs. 6C and 7C). The sinuous
erosional feature (S) oriented mostlv W F that goes into canyon C2 is also characterized by few
tributaries from the north and :-om the south. The structural high (H, Figs. 6C and 7C) is
characterized by four small inci_iors on the eastern flank, as visible in the seismic line L3 (Fig. 4).
Unit U3 exhibits an overa:! aecrease in thickness from W to E across the study area (Fig. 7C), with
just few depocenters on the eastern side. High thickness values can be noted mostly along the
seismic line L1 and on the southern portion of the seismic line L2 (Fig. 7C). On the seismic line L3
(Fig. 7C), higher thickness values are visible at the locations of canyons C1 and C2. Sediment
depocenters are visible moving east from canyon C1 (d4, Fig. 7C) and in the NW corner of the map

(d5, Fig. 7C).

4.2.4. Unit U4 and horizon M3a



Unit U4 lies between horizons M3a at its base and M4 at its top (Fig. 4). The unit is characterized
by two seismic facies: parallel, continuous, and medium amplitude reflections (seismic facies SF1,
Fig. 3) and medium amplitude continuous but wavy reflections (seismic facies, SF5, Fig. 3). The
infill of the channels exhibits two other seismic facies: (1) low to medium-frequency, continuous or
semi-continuous reflections, with high to low seismic amplitude (seismic facies SF4, Fig. 3); (2)
high amplitude, chaotic, highly discontinuous, and low frequency reflections (seismic facies SF3,
Fig. 3). Corrected sediment flux for the unit U4 is 1778 km®/Myr (Table 1).

Horizon M3a is a hard kick identified by a continuous parallel ref'ac.i9n, which changes from high
amplitude to low amplitude moving towards deeper waters (i"'gs. 4 and 5). M3a can be traced
across most of the study area, but in the farthest outboara _~ction the horizon is truncated by the
upper horizon M4 at the location of canyon C1(seismiz n.2e L3 in Fig. 4; Fig. 5, L3-F). Horizon
M3a is cut by a series of channels, between 1 anc! . «r., wide and 75 to 150 m deep (Figs. 4 and 5).
The largest and deepest channels are obsen »d i'1 the middle of seismic lines L2 and L3 (Figs. 4 and
5, L2-D).

Horizon M3a (upper Miocene, Fig. £N) rd the thickness map of Unit 4 show a reduced number of
v-shaped incisions W-E orientea, con.pared to M3. In particular, the number of channels visible
offshore Pemba Island is less 17 compared with the number of channels observed in the previous
unit U3 (Table 1), while v ¥siure Zanzibar the number of channels remains constant (Figs. 6D and
7D). Moving from south to north, five channels from W-NW converge as tributaries into canyon
C2, following pre-existing erosional features (Figs. 6D and 7D). Thirteen channels converge into
canyon C1, as it can be observed in the northern part of the map (Figs. 6D and 7D). The structural
high (H, Fig. 6D) is also incised by four small channels on its eastern flank (Figs. 6D and 7D).

Unit U4 highlights a large depocenter in the SW area of the map (Fig. 7D). Reduced sediment
thickness characterizes the NW part of the map compared to the underlying Unit U3, while a small

depocenter is visible in the NE portion (d6, Fig. 7D).



4.2.5. Unit U5 and horizon M4

Unit U5, confined between horizon M4 and the seabed (Fig. 4), is characterized by four seismic
facies: (1) low to medium amplitude, wavy and mostly continuous and medium frequency
reflections, in continuity with the unit below (seismic facies SF1, Fig. 3); (2) high amplitude semi-
continuous reflections (seismic facies SF4, Fig. 3); (3) chaotic to discontinuous reflections (seismic
facies SF3, Fig. 3), interrupted laterally by (4) high amplitude, wavy to hummocky and continuous
to discontinuous, reflections (seismic facies SF5, Fig. 3). Sediment flux for unit U5, corrected for
compaction, is 1390 km®Myr (Table 1).

Horizon M4 is characterized by a hard kick, mostly continucus vith medium to high amplitude. A
clear decrease in channelization can be noted moving raruwward in the seismic lines L2 and L3
(Fig. 4 and Fig. 5). In the northern and southern parts of the seismic line L2, the few visible
incisions are about 1-2 km wide and less than 75 . reep, while in the central portion of the line
they are about 6-10 km wide and about 30C m ~,f deep. In the seismic line L3, the incisions reach a
maximum width of 20 km and depth ot 200 m (Fig. 5 L3-F). Horizon M4 shows eight channels
oriented mostly W-E and converginq ‘no the canyon C1 (Figs. 6E and 7E). Five channels,
including the sinuous erosional :~atwe (S), feed the canyon C2 (Figs. 6E and 7E). Only three
incisions are observed in the eas:=r side of the structural high (H, Figs. 6E and 7E).

The thickness map U5 sno s value increasing trending diagonally from SW to NE, with the highest
thickness in the northern part of the map (Fig. 7E). Small incisions are visible along seismic lines
L2 and L3, and two depocenters are observed in correspondence of C1 and C2 (Fig. 7E).

The seabed horizon is represented by a hard kick, with high seismic amplitude and continuous
reflectivity. The seafloor (Figs. 6F and 7F) shows five channels converging into the canyon C1,
while the sinuous erosional feature and two other channels converge into the canyon C2 (Figs. 6F
and 7F). In the southern part of the map only one W-E oriented channel does not converge into the

C2 (Figs. 6F and 7F).



The total sediment thickness (M2-seafloor, Fig. 7F) highlights a relatively uniform thickness
distribution, with higher values associated with sediment depocenter d7 (Fig. 7F), and canyons C1
and C2, and are also visible on the eastern flank of the structural high (H) and along the sinuous
erosional feature (S, fig. 7F). Areas with reduced sediment thickness are visible along the northern

portion of line L1, on both flanks of canyon C1, and in the NE corner of the map (Fig. 7F).

4.3. Fault distribution and timing: N-S and W-E views of the margin structures

Normal faults are widespread in the study area, and three ~xwnsional domains have been
distinguished (Figs. 8 and 9). The first fault domain (Group 1} 1> ~haracterized by normal faults (dip
~50°) that detach in pre-Oligocene units and do not offse. the M2 horizon (Figs. 8 and 9). The
second domain (Group 2) contains normal faults (dip ~%b-~0°), detaching pre-Oligocene units and
truncating horizon M2 and units above (Figs. 8 21u ) In some cases, the faults reach the seafloor,
creating a visible offset, which is indicative f r_cent tectonic activity. The third extensional domain
(Group 3) included all normal faults above the M2 horizon, also cutting the seafloor (Figs. 8 and 9).
Faults are more numerous in the upprar <'ope than in the deeper parts of the basin (seismic line L1
Fig. 8 and line L4 Fig. 9). On the w~veswern side of the seismic line L4 (Fig. 9), the mapped horizons
are strongly dissected by nume, ~'5 normal faults forming a deep trough, already identified on the
surface and thickness niap> (F1gs. 6 and 7). Seismic reflections in onlap within units U1, U2, and
U3, and the presence of growth strata may indicate syn-tectonic deposition of these units (western
side of line L4, Fig. 9A). However, because the dataset, including seismic line L4, is cut below
horizon M2, we cannot exclude that the displacement of the high angle normal faults started before
the Oligocene. Syn-fault deposits are less evident for unit U4 and U5 (Fig. 9A). Furthermore, the
thickness of unit U5 in seismic line L4 is affected by the presence of a mass-transport deposit,
which prevents us to quantify if syn-tectonic deposition occurred (Fig. 9A-a). All the faults on the
west side of the seismic line L4 dip to the west and cut the seafloor (Fig. 9B). About 15 km

eastward from the starting point of the seismic line, there are both east and west dipping faults



forming horsts, grabens, and half-grabens (Fig. 9A-b). The deformation generated by these faults
changes the dip of the reflectors from W-dipping to E-dipping, forming an anticline (Fig. 9). As
visible moving eastward on the seismic section, fault density decreases and the faults are
dominantly E-dipping (Fig. 9B).

The timing of the deformation has been evaluated for each group, observing the relationships
between mapped horizons and faults domains. Group 1 fault activity started in the Eocene-
Oligocene, and we interpret the Base Miocene M2 horizon to mark the cessation of this tectonic
phase. Furthermore, in the N-S seismic lines there is no evidence 2f syn-tectonic deposits that
would indicate an alternative timing (Figs. 8 and 9B). Fau’ss 1 Group 2 offset the M2 horizon
(Figs. 8 and 9B), therefore, they are younger than the fain in the first group. Consequently, we
consider the onset of Group 2 fault activity to begin dun. 2 the upper Oligocene-lower Miocene.
Furthermore, some of Group 2 faults cut the seaflc r ¢hus indicating that the tectonic activity has
been ongoing from Oligocene until recent ti nes. Faults in Group 3 include every fault that detach in
units above the M2, thus the tectonic activ.*v of this group postdates the lower Miocene (Figs. 8 and
9B). Some of Group 3 faults also cffset ‘he seafloor, indicating that the tectonic activity is still

ongoing (Figs. 8 and 9).

5. DISCUSSION

5.1. Evolution of the deep-water drainage network and constraints on the timing of the uplift
of Pemba and Zanzibar islands

The formation of the Zanzibar and Pemba islands has long attracted the interest of the scientific
community studying the Tanzania margin and the tectonics of the EARS. These islands are unusual
for a passive margin setting, which should be characterized by thermal subsidence and thus have no
tectonic forces to explain uplift of these anticlines above sea level (Sii and Underhill, 2015). In this
study, we reconstructed the evolution of the deep-water drainage network to provide new insights

on the formation of the two islands.



On seismic data (Figs. 4 and 5), we observed that several erosional features, including canyons C1
and C2, originated at horizon M2a and cut into horizon M2, completely removing unit U1 in some
areas (seismic line L3, Figs. 4, 5 and 7a). The chronological constraints available indicate that the
inception of canyons C1 and C2 dates back to about 23 Ma, age of M2a horizon (Fig. 4). Submarine
channels became more numerous from horizons M2a to M3, in combination with an increase in
sediment flux from 1337 to 3009 km*/Myr (units U1 to U3, Table 1 and Fig. 2B). A similar trend in
sediment flux has been obtained by Said et al. (2015) (Fig. 2B). At that time, coincident with the
middle-Miocene Climatic Optimum (MMCO, Mudelsee et al., 2015, East Africa was subjected to
strong annual monsoonal cycles (Said et al., 2015) which eccentuated the denudation of uplifted
regions on land and increased sediment supply to the wes.arn Indian Ocean, thus explaining the
progradation of deep-water channel system.

Moving upward through the sequence, a reorgan.‘at.on of the deep-water drainage network is
observed offshore Pemba Island where seis:aic .ines show a decrease in the number of the channels
starting at horizon M3a (~11.5 Ma; Figs. =, 6D and 7D). At the same time, offshore Zanzibar Island
the channels continue to be numernus 21d active, as suggested by the aggradational stacking
pattern. At horizon M4 (5.3 Ma), a sigynificant reduction in the number of channels can be noted
also offshore Zanzibar Island > t'ie southward end of the seismic lines (Figs. 4, 6E and 7E). We
interpreted this variation s an effect of the uplift of the islands, with Pemba forming first, as
evidenced by the decrease in channelization in the middle-upper Miocene, and Zanzibar forming
later, during the upper Miocene to lower Pliocene.

Tectonic uplift of the islands is not the only process that may be responsible for the disappearance
of deep-water channels along the Tanzania margin: a reduction in sediment supply due to climate,
modifications in the drainage network on the continent, and/or sea level fluctuations could have
generated similar results. After 15 Ma, the MMCO was followed by a glaciation and a global sea
fall (Mudelsee et al., 2015; Miller et al., 2020), and by an accentuated Indian Ocean monsoon at ~7

Ma (Prell and Niitsuma, 1989; Quade et al., 1989), which would have promoted an increase of



sediment supply to the basin and channel development (Posamentier and Allen, 1999). Instead, the
channels offshore Pemba Island disappeared at around the same time of horizon M3a (Fig. 4, 6D
and 7D). Consequently, it is reasonable to infer that global sea level change and climate are not the
primary drivers influencing the reduction of slope channels offshore Pemba, lending support to our
interpretation.

The disappearance of the channels offshore Zanzibar Island during the upper Miocene to Pliocene
age corresponds to the sea level highstand of the Pliocene Climatic Optimum (Miller et al., 2020).
Furthermore, during the Plio-Pleistocene, East Africa underwent 2" &, *dification (Cane and Molnar,
2001; Haug et al., 2001) which Said et al. (2015) interpreted  “e the cause of the decrease of the
sediment supply. Consequently, constraining the main factor controlling channel abandonment
offshore Zanzibar Island is more difficult as tectonirs, ~ea level, or climate could have been
responsible for the reduction of sediment supply t2 .« asin and thus slope channels.

The influence of sea level changes during he Jpper Pleistocene and Holocene is different for the
two islands and better constrained. Whi:» Pemba remained an island during the last sea level
lowstand (~20 ka) because the trouch s>rarating Pemba from the mainland to the west and from
Zanzibar to the south reached ca. 00 11 water depth, Zanzibar was connected to the mainland until
the beginning of the Holocene ‘P.endergast et al., 2016). Post-glacial sea level rise and vertical
tectonic movements ahov.~a e isolation of Zanzibar during the Holocene (Kourampas et al.,
2015). Sediments sourced by the Ruvu River have infilled almost completely the Zanzibar trough,

widening the continental shelf in this area (Figs. 1 and 10D).

5.2. Tectonic and paleogeographic reconstructions

Many authors have proposed that the islands of Pemba and Zanzibar, and associated troughs,
represent an expression of the EARS (von Staff, 1914; Stockley, 1928 and1942; Moreau and
Pakenham, 1940 and 1941, Kent et al., 1971; Sii and Underhill, 2015), nevertheless the tectonic

drivers leading to their formation are still a matter of debate. The most recent model was proposed



by Sii and Underhill (2015; see line drawing in Figure 1C). They suggested that the folds leading to
the emergence of the islands were created by punctuated contractional deformations associated with
the tectonic inversion of pre-existing buried normal fault during the lower Oligocene to upper
Miocene, which is coeval with the EARS tectonics. The authors also assumed that the DFZ acted as
a buttress for the contractional deformation, inducing uplift of the islands with the original normal
faults remaining in net extension. However, more recent studies conducted on free-gravity anomaly
data, and deep seismic reflection and refraction data demonstrated the absence of the DFZ offshore
northern Tanzania and Kenya (Franke et al., 2015; Klimke and Erai.!“e, 2016; Sauter et al., 2018;
VVormann and Jokat, 2021).

By integrating the initial observations from Sii et al. (2015, and Sii and Underhill (2015) with the
new results of this study, we propose that the two islanu- are horsts bordered by antithetic and
synthetic normal faults (Fig. 1C). These faults g-nc-at:d the footwall uplift forming the islands of
Pemba and Zanzibar during the middle-L2pe. Miocene and upper Miocene — lower Pliocene,
respectively, and dissect the seafloor, tes..*ving recent tectonic activity (Figs. 8 and 9). A regional
stratigraphic section across Pemba tro'wa into Pemba Island (Fig. 10E, Parson et al., 2013,
published in Davidson and Steel, 2018, indeed indicates that the island is an antiform dissected by a
west-dipping normal fault bou~diag the trough. Furthermore, gravity anomalies parallel to the
western margin of Pemua .10 canzibar islands indicate that the two troughs have a similar structure
(Sandwell et al., 2014; Sinha et al., 2019). The extensional regime started in the lower Miocene and
is still ongoing, as indicated by the lack of reverse faults dissecting post-Miocene deposits (Figs.
1C, 8 and 9B), the occurrence of surface cutting normal faults (Figs. 8 and 9B), and moment tensors
of offshore earthquakes (Fig. 1A; Yang and Chen, 2010). This extensional regime post-dates a
phase characterized by tectonic inversion of Mesozoic-aged rift fault that can be traced back to at
least the lower Oligocene, as suggested by Sii and Underhill (2015). This inversion was responsible
for the initial uplift of the islands but not their exposure above the sea level. The subaerial exposure

of the island was instead driven by footwall uplift and likely related to the East African rift



extension, as suggested by previous studies (Kent et al., 1971; Franke et al., 2015; Davidson and
Steel, 2018). Rift-related normal faults have dissected the anticline of Pemba, thus explaining
westward dips of the bedding in both the hanging wall and footwall of the W-dipping normal fault
bordering the Pemba trough. We do not exclude that the structures developed during the Cenozoic
are super-imposed on older faults formed during the Karoo rift, as suggested by the similar
orientation between the Pemba trough and the Selous Basin (Yemane et al., 2002, and reference
therein). Still, a full understanding of the drivers of the pre-Oligocene tectonic inversion and of the
geodynamic processes leading to the formation of the Neogene ctructures is beyond the scope of
this paper, also because of the lack of seismic data imaging thz u>eper stratigraphic intervals.

In Figure 10, we present a paleogeographic model of the reyinn from pre-Oligocene to recent times
that includes the development of the two islands with re'ate X tectonic structures and the evolution of
the slope canyons. The formation of large anticline: (Figs. 1C, 9) likely pre-dates the deposition of
M2 and may record the first modification f s.afloor topography related to the tectonic inversion
(Figs. 10A, 11 — tectonic event T1). We \~terpreted this first inversion-related uplift to deform the
seafloor topography, with minor infl'*ance on channels’ development. The extensional deformation
started in the lower Miocene (Fig. 11 — tectonic event T2) which is clearly testified by fault groups
2 and 3 (Figs. 8 and 9B), svn-u~rysitional faulting (Fig. 9A), and reflection terminations in units
U1, U2 and U3 (Figs. 4 a1, b and 9A). This extensional stage promoted the asynchronous exposure
above the sea level of Pemba (Figs. 10B, 11 — tectonic event T3) and Zanzibar (Figs. 10C, 11 —
tectonic event T4) islands, and the formation of the grabens, affecting the deep-water depositional
system. Pemba and Zanzibar troughs acted as a major sink for sediments supplied from the
mainland, inducing the disappearance of slope channels since the middle-upper Miocene (Figs. 4,
7D-E, 10B, C and 11). The tectonic processes that have generated the uplift of the islands also
contributed to the formation of the two large canyons C1 and C2 (Figs. 4, 6B, 7B, 10D and 11).
Canyon C1 has a width of c. 30 km and depth of c. 500 m at >2,200 m water depth and represents

the main conduit of sediments for this sector of the western Indian Ocean during the last 20 Myr.



6. CONCLUSIONS

We used seismic reflection data and exploration wells to investigate changes in the stratigraphic and
structural configuration of the northern Tanzania margin, offshore Pemba and Zanzibar islands, to
infer a sequence of tectonic events that resulted in the formation of the two islands. Regional
correlations of dated seismic horizons, integrated with pseudo-3D reconstructions of deep-water
canyon-channel systems through time, indicate a decrease of the slope channels offshore Pemba and
Zanzibar islands during the middle-upper Miocene and during the ''o,.2r Miocene to lower Pliocene,
respectively. We interpret that the decrease of channels was r.rii.arily driven by the deformation of
the seafloor caused by tectonic inversion, which progressi.2ly disconnected slope canyons from
their feeder systems and ended with the formation of the .<lands. Given the lack of reverse faults
dissecting post-Miocene deposits, we propose trav he islands have been uplifted in two different
phases. First, Mesozoic-aged rift faults he /e .een reactivated and tectonically inverted until the
upper Oligocene forming antiforms, with Zanzibar and Pemba islands at its crest. This resulted in
partial uplift of the islands, but not theii <ub-aerial exposure. Subsequently, an extensional regime
started during the lower Miocenc orowably related to the offshore propagation of the EARS. The
pre-Oligocene inverted structu.=c have been dismembered by normal faults, active from the
Miocene to present day, wici created the Pemba-Zanzibar troughs through footwall uplift that led
to the subaerial exposure of the islands. The tectonic processes that influenced the evolution of the
margin contributed also to the formation of two large deep-water canyons, C1 and C2, which are
the main sediment conduits from the continent to the western Indian Ocean since the lower

Miocene.
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FIGURES

Figure 1. A) Bathymetry of the western Indian Ocean in the offshore northern Tanzania. Black and
blue lines are the seismic profiles acquired by WesternGeco and Lamont-Doherty Geological
Observatory (expedition VV3618), respectively. The violet line marks the location of the 2D seismic
reflection profile presented for the first time by Sii et al. (2015), and here named PSDM, which line

drawing is shown in figure 1C. The orange square is the area for which structural and thickness



maps have been calculated (Figs. 6 and 7). B) Bathymetric map of the western Indian Ocean
showing the location of the main structures. White arrows show the GPS velocity data (ellipses are

95% confidence) and are from Saria et al. (2014). C) PSDM line drawing from Sii et al. (2015).

Figure 2. A) Stratigraphic summary of the wells Well-1, Zanzibar-1, Pemba-5, Simba-1, and
DSDP-241. w.d.: water depth; elev.: elevation. B) Sediment fluxes along the Tanzania margin
corrected for compaction, using porosity values from DSDP-241 (Table 1; DSDP-241, 1989). The
blue line indicates the sediment flux from Said et al. (2015), *~hi;~> the pink line indicates the
sediment fluxes calculated in this study. Velocity values were ex‘racted from the Well-1 (Maselli et
al., 2020). Age constraints for the mapped horizons (M2 to *4) are from Blow (1969), Schlich et

al. (1974) and Maselli et al. (2020). U1 to U5: units classiniod in this study.

Figure 3. Key seismic facies identified in “2e ~tudy area based on reflection attributes (geometry,
internal configuration, amplitude, and co:.*inuity) and proposed interpretation for the environment

of deposition. MTD: Mass-transport Aepu<ie.

Figure 4. Seismic lines L1, 1. and L3, N-S oriented (see location in Fig. 1), showing the five
seismic horizons and units investigated in this study (age of the horizons provided in Fig. 2). Black
arrows used to indicate the incisions at M2 horizon. Black squares indicate the position of close-up
views presented in Figure 5. C1: Canyon 1; C2: Canyon 2. Triangles indicate the intersection with

seismic lines L4 and PSDM.

Figure 5. Close-up views of the seismic lines marked in Figure 4 by black squares providing details

of the seismic facies.



Figure 6. Surface elevation maps of the horizons with 250 m spacing contours in white. Solid black
lines indicate the position of the incisions at the surface while dashed black lines indicate potential

channel pathway/position. C1: Canyon 1; C2: Canyon 2; H: Structural high; S: sinuous incision.

Figure 7. A-E) Thickness maps of the different units with position of the incisions (solid black
lines) visible on the horizon at the base of each unit. Dashed black lines indicate potential channel
pathway/position. F) Total sediment thickness map, with incisions visible at the seafloor and
contour lines showing the depth of horizon M2 (Fig. 6A). C1- C.ayon 1; C2: Canyon 2; H:

Structural high; S: sinuous incision; d1-d7: depocenters.

Figure 8. Seismic lines L1, L2, and L3 showing the classn.~ation of the fault groups. Black dashed
lines indicate the five seismic horizons. Triangles i1, ‘icute the intersection with seismic lines L4 and

PSDM.

Figure 9. Seismic line L4 with the fire ¢2ismic horizons and units (A) and the classification of the
fault groups (B). Triangles indicte we intersection with seismic line L1, L2, and L3 and the
location of the structural high (!} .n B, black dashed lines indicate the five seismic horizons, while

the black dot line indicates *he projection of a portion of the PSDM seismic line (Fig. 1C).

Figure 10. A-D) Conceptual model of the evolution of the study area from pre-Oligocene to present
day. E) Line drawing adapted from Parson et al. (2013), published by Davidson and Steel (2018),
showing large west-dipping normal fault bounding the west side of Pemba. Position of the line

drawing indicated in magenta in Figure 10-D.



Figure 11. Tectono-stratigraphic summary of the study area with mapped horizons and the timing of

slope channels development from Zanzibar to Pemba islands, main tectonic events, and formation

of the islands. C1: Canyon 1; C2: Canyon 2; s.l.: sea level; ?: uncertain information.
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Table 1. For each units this table shows a summary of: seismic facies, number of channels,

compacted and corrected unit volumes, sediment fluxes and related sediment accumulation rates.
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Highlights
This study provides new constraints on the evolution of the North Tanzanian margin.
Changes in canyon-channel systems were reconstructed from Oligocene to recent times.
Uplift of Pemba and Zanzibar islands controlled the evolution of slope systems.
Pemba and Zanzibar formed during mid-upper Miocene and Mio-Pliocene, respectively.

Extensional regime associated with islands’ emersion may be related with the EARS.



