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ABSTRACT

TheMesozoic shelf margin in the Mahajanga Basin, northwest Madagascar, provides an example

where inherited palaeobathymetry, coupled with sea-level changes, high sediment supply and fluctua-

tions in accommodation influenced the stacking patterns and geometry of clinoforms that accreted onto

a passive rifted margin. Two-dimensional (2D) seismic profiles are integrated with existing field data

and geological maps to study the evolution of the margin. The basin contains complete records of

transgression, highstand, regression and lowstand phases that took place from Jurassic to Cretaceous.

Of particular interest is the Cretaceous, Albian to Turonian (ca. 113-93 Ma), siliciclastic shelf margin

that prograded above a drownedMiddle Jurassic carbonate platform. The siliciclastic phase of the shelf

margin advanced ca. 70 km within ca. 20 My, and contains 10 distinct clinoforms mapped along a 2D

seismic reflection data set. The clinoforms show a progressive decrease in height and slope length, and

a fairly constant slope gradient through time. The successive shelf edges begin with a persistent flat to

slightly downward-directed shelf-edge trajectory that changes to an ascending trajectory at the end of

clinoform progradation. The progressive decrease in clinoform height and slope length is attributed to

a decrease in accommodation. The prograding margin is interpreted to have formed when siliciclastic

input increased as eastern Madagascar was uplifted. This work highlights the importance of sediment

supply and inherited palaeobathymetry as controls on the evolution of shelf margins and it provides a

new understanding of the evolution of the Mahajanga Basin during the Mesozoic.

INTRODUCTION

Clinoform progradation through time is one of the pri-

mary processes by which basin margins grow. Clinoform

evolution and the sedimentary processes responsible for

their trajectories and growth have been studied exten-

sively (e.g. Posamentier & Vail, 1988; Pirmez et al., 1998;
Steckler et al., 1999; Steel & Olsen, 2002; Johannessen &

Steel, 2005; Kertznus & Kneller, 2009), and can be used

to reconstruct the tectonic and sedimentary history of

basin margins and to predict facies and facies distribu-

tions in the basin. Hence, there is significant scientific and

economic interest in understanding the underlying con-

trols on clinoform development.

Early sequence stratigraphic interpretations were based

on the hypothesis that variations in clinoform geometries

were due to changes in accommodation (e.g. Posamentier

& Vail, 1988; Posamentier et al., 1988). Current models,

however, accept that it is difficult to reconstruct the his-

tory of a basin margin solely with the premise that

changes in accommodation driven by eustatic sea-level

control the stacking pattern of large-scale clinoforms.

Rather, it is now understood that clinoform progradation

and their resultant geometries during shelf-margin accre-

tion are controlled by the complex interplay of tectonic

movement, eustatic sea-level changes, basin physiogra-

phy, sediment supply, sediment grain size and erosional

processes that can modify the outer edges of the platform

(Posamentier & Vail, 1988; Pirmez et al., 1998; Steckler
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et al., 1999; Steel & Olsen, 2002; Kertznus & Kneller,

2009). Trajectory analysis is a method that has been used

to decipher these processes (Helland-Hansen & Martin-

sen, 1996; Johannessen & Steel, 2005). For example, tra-

jectories have been used to reflect changes in relative sea

level (e.g. Muto & Steel, 2002) with flat or descending tra-

jectories indicating a decrease and ascending trajectories

an increase in relative sea level (Johannessen & Steel,

2005; Helland-Hansen & Hampson, 2009; Burgess &

Prince, 2015). Other studies have showed that this

inferred relationship of clinoform progradation and

eustatic sea-level changes is not always clear and can be

complicated by changes in accommodation, sediment sup-

ply, basin physiography and along strike variability in

basin configuration (e.g. Henriksen et al., 2011; Prince &
Burgess, 2013; Burgess & Prince, 2015; Anell & Midtkan-

dal, 2017).

This study evaluates the evolution of the Mahajanga

Basin, NW Madagascar (Figs 1 and 2) with the purpose

of (1) providing a robust stratigraphic framework for the

onshore portion of the basin using 2D seismic profiles and

previously published field maps and geological reports

and (2) improving the understanding of the sedimentary

succession in the Mahajanga Basin focusing on the Albian

to Turonian prograding siliciclastic shelf margin.

The Cretaceous evolution of the basin margin, as evi-

dent from 2D seismic reflection profiles, was significantly

influenced by eustatic fluctuations, basin physiography

and by the breakup of eastern Gondwana. From Albian to

Turonian (ca. 113-93 Ma), a siliciclastic margin pro-

graded above a drowned Middle Jurassic carbonate plat-

form that substantially controlled accommodation during

progradation. The progradational sequence is character-

ized by sigmoidal and oblique/tangential clinoforms

(Mitchum et al., 1977). Successive clinoform mapping

illustrates the basinward migration of the Mahajanga

Basin margin throughout much of the Mesozoic. Clino-

form height and slope length decrease through time and

display a flat to slightly downward-directed shelf-edge

trajectory with clear tangential oblique clinoforms. The

trajectory and clinoform geometry change at the end

Turonian to ascending and sigmoidal, respectively,

Fig. 1. Topographic relief map of east-

ern Africa with the location of major

basins. Red box highlights the location of

the study area within the Mahajanga

Basin in northwest Madagascar.
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accompanied by a decrease in clinoform height and slope

length driven by a systematic decrease in accommodation.

The trajectory of the shelf edge is interpreted as the result

of a constant and high supply of sediment sourced from

the uplifted eastern margin of Madagascar and the geo-

metrical characteristics of the clinoforms are interpreted

to have been influenced by sediment supply and basin

physiography. This study sheds light on processes and

factors controlling shelf-margin accretion and provides an

example from an understudied basin in East Africa.

GEOLOGICAL SETTING

Tectonic background

The Mahajanga Basin evolved into a passive margin after

the successful localization of rifting processes and the initi-

ation of seafloor spreading in the West Somali Basin with

chron M40ny, at ca. 170 Ma (Gaina et al., 2013). The
breakup event followed discrete rifting events that started

as early as the Permian in Gondwana (Schandelmeier

et al., 2004; Leinweber & Jokat, 2012). The West Somali

Basin appears to have transitioned to seafloor spreading

simultaneously or just after spreading initiated within the

Mozambique Basin to the south (Eagles & K€onig, 2008;

Nguyen et al., 2016). The breakup event began with a

NNW-SSE plate motion between Africa and eastern

Gondwana, which was composed of Madagascar, Sey-

chelles, India, Antarctica and Australia (Eagles & K€onig,
2008; Gaina et al., 2013, 2015; Nguyen et al., 2016;

Reeves et al., 2016). The motion of Madagascar from East

Africa changed to a more N-S drift at ca. 140 Ma (Gaina

et al., 2013). Seafloor spreading in the West Somali Basin

slowed from ca. 132 Ma and ceased at ca. 123 Ma, coin-

ciding with stress changes in plate boundaries between

Madagascar, India, Australia and Antarctica (Gaina et al.,
2013, 2015). As spreading halted in the West Somali

Basin, the plate boundary relocated to the east, accommo-

dating transpressional motion between India and Mada-

gascar, responding to the breakup between India and

Australia–Antarctica (Gibbons et al., 2013; Gaina et al.,
2015). Strike-slip motion between Madagascar and India

continued until ca. 88 Ma when spreading initiated in the

Mascarene Basin between Madagascar and India–Sey-
chelles (Gaina et al., 2015). Breakup between India–Sey-
chelles and Madagascar was also coeval with regional,

possibly, Marion hot-spot related volcanism that is identi-

fied across Madagascar and India (Storey et al., 1997;

Torsvik et al., 2000; Melluso et al., 2001; Bardintzeff

et al., 2010; Cucciniello et al., 2013). In the Mahajanga

Fig. 2. Geological map of the Maha-

janga Basin, northwest Madagascar with

location of 2D seismic profiles used in

this study. Geological map is highly

modified from Roig et al. (2012). See
Figure 1 for location of study area.

© 2017 The Authors
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Basin, this volcanic activity culminated in ca. 200 m of

Turonian to Coniacian (92-84 Ma) basalts (Besairie, 1972;

Storey et al., 1997; Torsvik et al., 2000; Figs 2 and 3).

Following the initiation of rifting processes (ca. 170 Ma)

and subsequent demise of spreading within the West

Somali Basin at ca. 123 Ma (Gaina et al., 2013), the

Mahajanga margin persisted as a passive margin and was

slowly filled with marine and nonmarine deposits. The

proximal rift margin deposits are exposed present day

onshore (Figs 2 and 4). Early uplift and basin tilting

events appear to be associated with evolving plate bound-

aries, as rifting and seafloor spreading relocated eastwards

and transpressional processes occurred on the eastern mar-

gin of Madagascar at 130-125 Ma and ca. 120-88 Ma (e.g.

Gaina et al., 2013, 2015). This tilting was possibly ampli-

fied due to sedimentary loading and flexure within the

Mahajanga and Morondava basins (Seward et al., 2004;
Emmel et al., 2012), and also due to a modern-day reacti-

vation of the hinterland due to the upwelling of the

asthenosphere under central Madagascar (e.g. Roberts

et al., 2012; Pratt et al., 2016).

Stratigraphy

Mesozoic and Paleogene strata are exposed and can be

mapped in the outcrops of the Mahajanga Basin (Fig. 2).

The basic stratigraphy and sedimentology of the entire

succession was first documented by Besairie (1972), who

provided a broad-ranging lithological and palaeontologi-

cal overview of the succession. The expansive early work

of Besairie (1972) set the stage for interpreting the deposi-

tional history of the Mahajanga Basin and provided a

Fig. 3. Highly simplified stratigraphy

and lithological column fromMahajanga

Basin, NWMadagascar. Lithological col-

umn modified and simplified from

Besairie (1972). Absolute ages at epoch

boundaries from Gradstein et al. (2004).
See Figure 4 and text for details on seis-

mic surfaces and packages.

© 2017 The Authors
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(a)

(b)

(c)

Fig. 4. (a) Uninterpreted seismic line from the Mahajanga Basin. (b) Interpreted schematic diagram of seismic line. Notice the expo-

sure of sloping segments and topsets of clinoforms onshore Madagascar. Seismic surfaces and packages are described in the text. (c)

Chronostratigraphic interpretation (Wheeler diagram) of seismic profile in 4a. See text for details. See Figure 2 for location of seismic

line. Seismic line courtesy of OMNIS and CGGMCNV (GeoSpec).

© 2017 The Authors
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regional stratigraphic framework across the basin using

lithological and palaeontological data (Fig. 3). More

recent studies have dealt specifically with improving the

lithostratigraphy and chronostratigraphy of the basin fill

(e.g. Papini & Benvenuti, 1998; Rogers et al., 2000, 2013),
but have focused mainly on Upper Cretaceous strata due

to the presence of superbly preserved vertebrate fossils

(e.g. Rogers, 2005; Rogers et al., 2003, 2007, 2013). Even
though much of the Triassic to Paleogene succession

remains only generally described, an overall description

of the stratigraphic succession is provided below using

previously published data (e.g. Besairie, 1972; Luger

et al., 1994; Papini & Benvenuti, 1998, 2008; Rogers

et al., 2000, 2013; Abramovich et al., 2002; Geiger et al.,
2004; Fig. 3).

The Upper Triassic–Lower Jurassic sedimentary suc-

cession is known as the Isalo Group and is character-

ized by continental sandstones interbedded with

mudstones that vary in thickness from 10 to 100s of

metres across the basin (Besairie, 1972; Fig. 3). The

Isalo Group is informally subdivided into three units:

Isalo I, II and III. In the Morondava Basin, Geiger

et al. (2004; Fig. 1) suggest that the Isalo I and II are

Triassic in age and the Isalo III Lower Jurassic. This

subdivision helps constrain the age of strata in the

Mahajanga Basin although the absolute ages of the Isalo

units are uncertain. A gradual change from siliciclastic

to carbonate deposition occurs during the Middle

Jurassic in the Mahajanga Basin (Besairie, 1972), in the

Morondava Basin to the south (Luger et al., 1994; Gei-

ger et al., 2004; Fig. 1) and in the Antsiranana Basin to

the north (Papini & Benvenuti, 2008; Fig. 1). Carbon-

ate deposition became dominant during Callovian

(Besairie, 1972) and an abundance of marine fossils

indicates that widespread marine conditions were estab-

lished in the basin. The Upper Jurassic sedimentary

succession is characterized by 100 to ca. 200 m of

shales and mudstones interbedded with beds of lime-

stone, marl and sandstone, indicative of persistent mar-

ine conditions. Besairie (1972) noted a significant

basinwide gap in deposition during the Late Jurassic

that he attributed to a possible submarine erosional

event. Shale deposition continued throughout the Early

Cretaceous until the Aptian–Albian, during which up

to 600 m of sandstone and conglomerate were deposited

(Besairie, 1972), marking the transition from carbonate-

to siliciclastic-dominated deposition. The thickest sand-

stone deposits are concentrated east of the city of

Mahajanga (Fig. 2) and disappear in the northern and

southern parts of the basin (Besairie, 1972). Besairie

(1972) suggested that Aptian–Albian to Turonian

deposits formed mainly in a continental environment,

although he did recognize occasional marine tongues

(Fig. 3). Turonian to Coniacian deposits are character-

ized by continental sandstones and mudstones and

extruded basalts (Besairie, 1972; Storey et al., 1997;

Torsvik et al., 2000; Fig. 3). Continental and shallow

marine deposition continued until the end Cretaceous,

with shallow marine conditions persisting in the Paleo-

gene (Besairie, 1972; Papini & Benvenuti, 1998; Rogers

et al., 2000, 2013; Abramovich et al., 2002).

DATA ANDMETHODOLOGY

Forty-one 2D onshore seismic reflection profiles are used

in this study; twenty-eight are dip oriented, six are obli-

que oriented and seven are strike oriented (Fig. 2). A

stratigraphic framework is developed using a published

geologic map of the Mahajanga Basin (Roig et al., 2012)
and available palaeontological and stratigraphic data (e.g.

Besairie, 1972). Proprietary well data near the seismic

profile shown in Figure 4 and stratigraphic contacts

mapped in outcrop provide a direct calibration and a rea-

sonable framework for correlation and age constraint of

mapped seismic horizons (Figs 2 and 5).

The sedimentary succession is subdivided into five seis-

mic packages (SP) based on seismic characteristics (Fig. 4).

Each package is separated by bounding surfaces (SS) that

are defined on the basis of seismic amplitude and continuity

as well as stratal termination patterns (Fig. 4). The top and

bottom rollover points of clinoforms (e.g. Patruno et al.,
2015) are qualitatively interpreted and used to interpret

compacted clinoform height, slope gradient and slope

length (Fig. 6). Clinoform heights assume a 1 : 1 conver-

sion between two-way travel time and depth. This conver-

sion is in agreement with the thickness observed from the

three wells near the seismic profile in Figure 4. The 1 : 1

conversion would assume a velocity of 2400 m s�1 for the

sediments. This is an approximation designed to enable the

comparison of the geometrical characteristics of the clino-

forms in this study with those in other basin margins. Given

the shallow depth of burial of the Albian–Turonian clino-

forms, this time–depth approximation should not introduce

a significant error. The same is not true below the Upper

Jurassic shales, where the Middle Jurassic carbonate plat-

form, Lower Jurassic to Triassic sediments and basement

are likely to have significantly increased velocities.

Clinoform geometrical characteristics are calculated

using the aforementioned time–depth conversion. Length

is the distance between top and bottom rollover points of

a clinoform and slope gradient is the angle between clino-

form height and the distance between the two rollover

points (Fig. 6). Successive top rollover points define the

overall trajectory of the shelf edge (Fig. 6). These trajec-

tories and the corresponding angle between rollover

points are calculated by flattening the seismic line on a

maximum flooding surface (SS3 – see below), which is

the best candidate for a nearly horizontal marker (Hel-

land-Hansen & Hampson, 2009).

© 2017 The Authors
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OBSERVATIONSANDRESULTS

Seismic surfacesand packages

The sedimentary succession in the Mahajanga Basin is

subdivided into five seismic packages (Fig. 4). These

packages are described based on seismic facies (e.g.

Mitchum et al., 1977) and combined with outcrop data

from Besairie (1972; Fig. 5) to interpret depositional

environments and system tracts. Individual packages are

separated by basinwide correlative seismic surfaces

(Fig. 4). Seismic packages and their bounding surfaces

represent significant changes in basin configuration,

accommodation, sediment supply or tectonics. Seismic

surfaces and their significance are described and later

combined with seismic packages to describe the history

of the basin fill.

Seismic surfaces

Seismic surface one (SS1) underlies seismic package 1

(SP1) and is characterized by a high-amplitude seismic

reflection (Fig. 4). Clear truncation termination patterns

are evident below SS1 and define an angular unconfor-

mity. Seismic reflections above SS1 are parallel to SS1. In

the northwestern part of the data set, the surface is diffi-

cult to correlate due to poor image quality and edge of the

Fig. 6. Simplified cross-sectional schematic profile of a clinoform highlighting depositional provinces, geometries calculated in

this study, and points of significant change in slope (rollover points). Modified from Helland-Hansen & Hampson (2009). Grey

box contains a schematic profile of the two types of clinoforms recognized in this study. Modified from Mitchum et al.
(1977).

Fig. 5. Three-dimensional diagram displaying the methodology used to establish the chronology of seismic surfaces using the geolog-

ical map of the Mahajanga Basin. See Figure 2 for location of seismic line. Seismic line courtesy of OMNIS and CGGMCNV (GeoS-

pec). Geological map is highly modified from Roig et al. (2012). Diagram not drawn to scale. See Figs. 2 and 4 for scale.

© 2017 The Authors
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data set. SS1 is interpreted as the breakup unconformity

between Madagascar and Africa and could be Bajocian in

age (ca. 170 Ma) based on geological ages from the out-

crops (Fig. 5), magnetic isochron interpretations (e.g.

Gaina et al., 2013) and similar observations from the

southern Morondava Basin (e.g. Geiger et al., 2004).
SS2 overlies SP1 and underlies SP2 and is easily corre-

lated due to its high amplitude and continuity (Fig. 4).

The surface is flat in the southeastern part, but changes to

a dipping surface marking the point of maximum progra-

dation of SP1 in the northwestern part of the data set.

Seismic horizons below the surface are parallel to SS2.

Those above are parallel and exhibit a low-angle onlap

termination pattern in the southeastern side of the data

set. High angle onlap termination patterns are clear in the

northwestern side of the data set against the dipping seg-

ment of the surface. SS2 is interpreted as a maximum

regressive surface (Catuneanu, 2002) due to a slightly

progradational SP1 below (see description below) and

onlapping termination patterns above. The surface is

interpreted as Middle Jurassic based on the seismic tie

with outcrop data (Fig. 5).

SS3 overlies SP2 across a conformable and flat surface

(Fig. 4). SP3, however, downlaps onto SS3 in the south-

eastern parts of the data set and changes to a parallel sur-

face in the northwestern part of the data set. SS3 is a low-

amplitude horizon, but it is continuous across the basin.

It is interpreted as a maximum flooding surface (Posa-

mentier et al., 1988) because of the downlapping surfaces
above. The surface is interpreted as Late Jurassic–Early
Cretaceous based on the seismic tie with outcrop data

(Fig. 5).

SS4 is a high-amplitude surface that separates SP3 and

SP4 (Fig. 4). The surface is flat in the southeastern part

and slightly dips in the northwestern part of the data set.

Surfaces below display a truncation/toplap termination

pattern; surfaces above are parallel and in some cases dis-

play an onlap termination pattern. SS4 is interpreted as a

subaerial unconformity in its southeastern extent and a

correlative conformity in the northwestern part of the

data set and is of Albian–Cenomanian age (Fig. 5).

SS5 separates SP4 and SP5 across a conformable sur-

face (Fig. 4). The surface has a low amplitude and is con-

tinuous across the data set. The surface is flat with a slight

dip in the northwestern side of the data set. SS5 onlaps

onto SP4 in the southeastern part of the data set. SS5 is

interpreted as a maximum regressive surface (Catuneanu,

2002) of Turonian age (Fig. 5) separating lowstand

deposits below and transgressive deposits above.

Seismic packages

The sedimentary interval below SP1 is difficult to

describe with the current data set. Previous studies in the

Mahajanga and Morondava basins have shown that the

basement and sedimentary package below the carbonate

platform include tilted, distorted and highly discontinu-

ous seismic horizons. The sedimentary fill appears to have

been deposited in small grabens and half grabens sur-

rounded by rotated basement blocks and horsts (e.g.

Luger et al., 1994; Geiger et al., 2004; Tari et al., 2004;
Giese et al., 2012; Figs 4 and 8). The sedimentary fill is

interpreted to be age equivalent to the Late Triassic to

Early Jurassic fluvial and lacustrine deposits that accumu-

lated in grabens and half grabens as rifting between Africa

and Madagascar began (Besairie, 1972).

SP1 unconformably overlies the Late Triassic–Early
Jurassic sedimentary fill across SS1 and underlies SS2

across a conformable surface. SP1 is characterized by

high-amplitude and parallel seismic reflections. The

package displays a typical rimmed platform morphology

(e.g. Pomar, 2001; Fig. 4) that is aggradational from SS1

to SS2. SP1 has a clear shelf to slope break and is inter-

preted as a Middle Jurassic carbonate platform based on

the tie to outcrop observations to the southeast made by

Besairie (1972; Fig. 5). The lower part of the package

may correlate to the first marine incursion in the Maha-

janga Basin and represents a change from a siliciclastic- to

a carbonate-dominated margin. Mapping of the SS2

shelf/slope break reveals a westward-facing convex shelf-

edge morphology across the basin (Fig. 7). The geometri-

cal characteristics of the clinoforms in SP1 are uncertain

because seismic data seaward of the shelf edge is of poor

Fig. 7. Map of the Mahajanga Basin with the interpreted Mid-

dle Jurassic and Albian–Turonian shelf edges. The Middle

Jurassic shelf edge is characterized by a westward facing convex

morphology, while the prograding Albian–Turonian shelf edges
are concave. Shelf-edge numbers correspond to the same num-

bered clinoforms in Fig. 9.

© 2017 The Authors
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quality and the bottomsets are not well imaged (Fig. 4).

The relief from shelf to basin floor, however, appears to

be significant (e.g. Tari et al., 2004; Fig. 8).
SP2 overlies SP1 across a conformable parallel surface

(SS2) and underlies SP3 across a conformable downlap-

ping surface (SS3). SP2 is thick in the northwestern

part of the data set where it onlaps SS2 basinward of

the Middle Jurassic shelf edge. The package thins else-

where and is parallel to SS2 landward of the Middle

Jurassic shelf edge. The package is interpreted to repre-

sent a lowstand to transgressive/flooding event that is

Late Jurassic–Early Cretaceous in age with a capping

maximum flooding surface (SS3). The onlap surfaces on

the northwestern part of the data set define the maxi-

mum progradation of SP1. These onlapping surfaces

could be talus deposits from the previous Middle Juras-

sic carbonate shelf (SP1) or it could record deposition in

a starved setting as the carbonate platform was flooded

and the carbonate factory shut down. In outcrop,

Besairie (1972) noted a change to shale- and mudstone-

dominated deposition with abundant pyrite, anhydrite

and glauconite which could have been deposited in deep

water settings.

SP3 downlaps onto SS3 in the southeastern part of

the data set and progressively becomes parallel to SS3

on the northwestern side of the data set (Fig. 4). SP3

is characterized by at least six well-developed clino-

forms that are complete (topset, foreset, bottomset;

Fig. 6) and mappable across the entire data set. The

clinoforms are mainly tangential oblique (Mitchum

et al., 1977) but vary along the data set between sig-

moidal and tangential oblique (Fig. 6). The prograda-

tional package is interpreted as Albian to Cenomanian

highstand deposits (ca. 113-99.6 Ma). In outcrop,

Besairie (1972) noted an up to 360-m-thick sandstone

unit (Sandstone of Ankarafantsika; Besairie, 1972) east

of the city of Mahajanga that he interpreted as possible

deltaic or beach/shoreface deposits.

SP4 overlies SP3 across an unconformity and correla-

tive conformity. It is characterized by four clinoforms that

are complete and commonly display dipping surfaces

within mapped clinoforms. The clinoforms are sigmoidal

in a single 2D profile but change laterally in geometry and

size and disappear in the northern part of the basin

(Fig. 6). The package is interpreted as a Cenomanian–
Turonian lowstand wedge and represents the maximum

regressive phase during the evolution of the margin.

Turonian outcrops are characterized by 100- to 200-m-

thick continental deposits that thin towards the southern

and northern parts of the basin and are overlain by Turo-

nian–Coniacian basalts (Besairie, 1972).
SP5 is characterized by parallel reflections that are con-

tinuous across the basin and display an onlap termination

pattern onto SS5 and SS4. In some parts of the basin, the

package contains highly distorted and chaotic reflections.

The package is interpreted as transgressive and highstand

topsets characterized by continental and shallow marine

deposits (e.g. Besairie, 1972; Rogers et al., 2000, 2013;
Abramovich et al., 2002). The chaotic packages on

seismic lines appear to correspond to the location of

basalts that were extruded during Turonian–Coniacian
(92-84 Ma; Storey et al., 1997; Torsvik et al., 2000;

Figs 2 and 3). These basalts are interbedded with shallow

marine and continental deposits (Besairie, 1972), indicat-

ing an increase in sea level and subsequent flooding of the

margin.

Clinoformsand clinoformgeometries

Analysis of individual clinoforms within SP3 and SP4

allows for the interpretation of higher frequency changes

throughout the succession. Clinoforms in SP3 and SP4

represent not only the sloping segment of the surface, but

the entire sigmoid; topsets, foresets and bottomsets (e.g.

Mitchum et al., 1977; Steel & Olsen, 2002; cf. Rich, 1951;

Fig. 6). Ten complete clinoforms are preserved within

Fig. 8. Regional interpreted geoseismic

transect across the northern part of the

Mahajanga Basin with a vertical exagger-

ation of 4 km sec�1. Modern shelf is a

poor seismic data area. See Figure 2 for

location of seismic line. Geoseismic tran-

sect provided by G. Tari. Modified from

Tari et al. (2004).
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SP3 and SP4 (six and four respectively). They vary from

sigmoidal to tangential oblique in a single 2D profile

(Figs 6 and 9). Additional clinoforms are observed on

various 2D profiles but are difficult to correlate across the

complete data set due to line spacing (ca. 25 km; Fig. 2)

and quality (Fig. 4). Clinoform 1 (C1) through C6 are

tangential oblique with toplap termination patterns

(Fig. 9). C1 downlaps onto SS3, while C2 and C6 have

well-developed bottomsets that are parallel to SS3

(Fig. 8). C7 through C10 change to sigmoidal clinoforms

and contain longer topsets and shorter foresets (bottom-

sets are not observed due to edge of data).

Fig. 9. Uninterpreted, interpreted and schematic diagram of clinoforms interpreted in this study. See Fig. 2 for line location. Seismic

line is flattened on the maximum flooding surface (SS3). Notice the flat trajectory of C1 through C6, the change to a downward-direc-

ted trajectory from C6 to C8 and the change to an ascending trajectory from C8 to C10. Black and white circles mark the interpreted

topset to foreset transition; white dashed line is the overall trajectory of the shelf edge. Black and white squares mark the interpreted

foreset to bottomset transition.

© 2017 The Authors
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The upper rollover points of C1 through C10 (topset to

foreset transition; Fig. 6) define the individual shelf edges

and can be correlated laterally along the basin. The results

reveal a northwest-directed migration of the margin

through time (Fig. 7). To the north of the data set, the

upper rollover point is difficult to interpret due to a

change in clinoform geometry from sigmoidal/tangential

oblique to a ramp-like morphology. Therefore, the exact

location of the shelf edge is uncertain and not mapped

(Fig. 7).

Geometrical analysis of the 10 clinoforms along a sin-

gle profile (Fig. 9) assuming a 1 : 1 conversion between

two-way travel time and depth indicates: (1) a fairly

constant slope gradient between 0.7° and 1.0° for all cli-
noforms, (2) a progressive reduction in clinoform height

from 588 m (C1) to 293 m (C10) and (3) a progressive

decrease in slope length from ca. 45 km (C1) to ca.
15 km (C10; Table 1). An average progradational rate

for all clinoforms is calculated assuming a constant rate

of progradation. The results indicate an approximate

rate of ca. 3 km My�1 for ca. 70 km. This calculation is

possibly an underestimation because it is considerably

smaller than published progradational rates of clino-

forms in other settings with better chronological con-

straints (Table 1). Nevertheless, it offers a rough

estimate of the timing and pace at which the clinoforms

evolved.

The clinoforms in this study are interpreted as shelf-

margin clinoforms due to their size and geometrical char-

acteristics (e.g. Steel & Olsen, 2002; Helland-Hansen &

Hampson, 2009). The dominance of tangential oblique

clinoforms from C1 through C6 suggests a relatively high

sediment supply with minimal creation of accommodation

and some degree of bypass and erosion in a coastal plain

environment. The majority of the sediment budget proba-

bly was spent building the basinward stepping slope cli-

noforms. The infill of the basin and the highly

progradational margin suggests a eustatic stillstand in sea

level that allowed rapid infill and sediment bypass on the

upper C1 through C6 surface. The topsets of C1 through

C3 are exposed in outcrop (Figs 4,5,7) and contain abun-

dant sandstone and conglomerate deposits, indicating an

increase in siliciclastic input into the basin (Besairie,

1972). The transition to sigmoidal clinoforms from C7

through C10 indicates a change in basin configuration, sea

level and/or sediment supply. C7 and C8 are interpreted

as lowstand deposits defined by topset bypass across SS4

with minimal accommodation due to their significant

reduction in clinoform height with a bypass composite

topset surface separating C7 and C8 from C9. On the

other hand, C9 and C10 contain aggrading topsets that

suggest accommodation creation with a turnaround in rel-

ative sea level (Fig. 9). This interpretation is supported

by the onlapping deposits of SP5 above C10, consistent

with transgression. T
a
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Trajectoryanalysis

Successive mapping of the shelf edge in a single 2D pro-

file reveals three distinct trajectories in the Cretaceous

between ca. 113 and 93 Ma. These trajectories are calcu-

lated on a 2D profile flattened along the SS3 maximum

flooding surface (Fig. 9). The first six clinoforms (C1–
C6) have a flat to slightly downward-directed trajectory

(Fig. 9). These clinoforms prograded ca. 40 km which

accounts for approximately half of the total progradation

of the margin. The dip-plane between successive top roll-

over points along the first six clinoforms is fairly constant,

ranging between 0.16° and 0.34°. This shallow angle

defines a composite topset surface for all six clinoforms

that is highly progradational with no topset aggradation.

C7 and C8 record a basinward shift with a significant

amount of bypass/erosion indicated by the truncation/to-

plap at the top C7 clinoform. This basinward shift is indi-

cated by onlap of the C7 surface at a downward step of

�0.08° below the C6 rollover point (SS4; Figs 4 and 9).

Clinoforms C7 and C8 prograded for ca. 30 km and their

trajectory is nearly flat at 0.04°. These two clinoforms are

interpreted as a gross lowstand interval. The clinoforms

above C8 record a turnaround and transition to an upward

deepening, transgressive succession. Progradation

decreases to ca. 2.6 km during this time and their trajec-

tories change to ascending with a positive trajectory angle

of 1.2° and 3.0° between C8 and C9 and between C9 and

C10 respectively. Above C10, onlapping transgressive

deposits are observed and are interpreted as a flooding

event and a backstep of the margin.

DISCUSSION

An understanding of the processes and mechanisms con-

trolling the Middle Jurassic to Late Cretaceous margin

evolution of the Mahajanga Basin has been developed.

The evolution of the margin can be subdivided into five

stages (Fig. 4): (1) a Middle Jurassic unconformity related

to the breakup between Africa and Madagascar (SS1); (2)

the establishment of a Middle Jurassic carbonate platform

(SP1 and SS2); (3) a transgressive drowning event during

Late Jurassic-Early Cretaceous (SS3); (4) a highly progra-

dational siliciclastic shelf margin during Early- and

Late-Cretaceous (SP3 and SP4) and (5) a transgressive,

aggradational margin during Latest Cretaceous (SP5).

The siliciclastic Albian–Turonian (113-93 Ma) pro-

grading margin in Madagascar (SP3-SP4) appears to have

resulted from the interplay between palaeobathymetry,

sea level, hinterland uplift and resultant increase in sedi-

ment supply and climate. During the progradational

phase of the margin, global sea level was at the highest

level of the Phanerozoic (Schlanger et al., 1987; Miller

et al., 2005). The persistence of tangential oblique

clinoforms (Fig. 9) indicates a stillstand in sea level (e.g.

Mitchum et al., 1977; Vail & Mitchum, 1977) in the

Mahajanga Basin. During this time, the margin may be

characterized as ‘low accommodation supply driven’ thus

becoming highly progradational (e.g. Goodbreed &

Kuehl, 2000) with minimal topset aggradation (e.g. Prince

& Burgess, 2013: Fig. 10). Increased sediment delivery to

the basin margin could be attributed to significant tec-

tonic uplift in the Madagascan hinterlands to the east, cli-

mate change or an interplay between these two factors.

Mountains in eastern Madagascar possibly formed during

Early Cretaceous as a result of sedimentary loading within

the Mahajanga and Morondava basins (Seward et al.,
2004; Emmel et al., 2012) and due to regional stress

changes along the evolving plate boundaries between

India, Australia, Antarctica and Madagascar, and result-

ing transpression between India and Madagascar (Luger

et al., 1994; Giese et al., 2012; Gaina et al., 2013, 2015).
In addition to a changing plate circuit, an expansion of the

southern arid belt (Chumakov et al., 1995) coupled with

the northward migration of Madagascar into the subtropi-

cal zone (Fig. 11), could have decreased vegetation cover

and increased seasonality, resulting in an increase in sedi-

ment supply. This was suggested by Rogers (2005) for

younger Cretaceous strata and indicates that high supply

and a seasonal/dry climate possibly prevailed during

much of the Late Cretaceous in Madagascar. A reset of

the progradational system occurred across the transgres-

sive (SS5) surface (Fig. 4). This marked the transition

from maximum progradation and lowstand (SP4) to pro-

nounced aggradation (SP5).

The evolution of the margin and the increase in silici-

clastic input from Albian to Turonian appears to have had

a significant influence on deeper parts of the Mahajanga

Basin. The prograding margin and the preservation of

large-scale clinoforms suggest that a large amount of sedi-

ment was stored on the previously established Middle

Jurassic carbonate shelf and possibly resulted in starved

conditions further downdip. As progradation continued,

the Middle Jurassic paleoshelf was bypassed and a signifi-

cant amount of sediment was deposited rapidly in the

deep basin. This rapid loading of sediments likely trig-

gered halokinetic movement in the basin, forming large

allochthonous and autochthonous salt structures (Tari

et al., 2004; Fig. 8).
The lack of significant unconformities described in out-

crop by Besairie (1972) in the Albian to Turonian strata is

puzzling. The subsurface data illustrate a margin that

prograded for ca. 70 km, with earlier clinoforms exposed

landward of the evolving shelf margin. This suggests that

a significant time gap should be present between the

exposed clinoforms (C1 through C3; i.e. ca. 113 to ca.
107 Ma) and the overlying transgressive deposits of SP5

(ca. 92 Ma; Figs 4 and 5). This time gap should be time

equivalent to the deposition of C4 through C10
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clinoforms (Fig. 4c), a substantial time gap not noticed in

previous studies (e.g. Besairie, 1972). Such a time gap,

however, is present in the Morondava Basin to the south

and is interpreted to have resulted from significant tec-

tonic uplift and basin axis tilting due to the fragmentation

of eastern Gondwana (Luger et al., 1994; Giese et al.,
2012). Interestingly, a time gap was recognized by

Besairie (1972) on outcrop in Upper Jurassic–Early Creta-
ceous strata, but this unconformity is not evident on the

2D profiles (Fig. 4). A possibility is that the shales above

the Middle Jurassic carbonate platform are condensed,

representing more time than previous studies suggest

(e.g. Besairie, 1972). These observations require further

detailed analysis and field examination.

The morphological changes in clinoforms along deposi-

tional strike from tangential oblique to ramp-like away

from the 2D profile in Figure 4 are interesting. Similar

lateral variations in other basins have been attributed to

changes in sediment supply along strike, changes in basin

physiography or changes in accommodation (e.g. Ker-

tznus & Kneller, 2009; Henriksen et al., 2011; Anell &

Midtkandal, 2017). The highly progradational margin

along the interpreted 2D profile could also indicate a

point source linked to deltaic input (e.g. Olariu & Steel,

2009) located close to the displayed 2D profile in Fig-

ure 4. This is in agreement with the field observations of

Besairie (1972), who saw up to 600 m of Aptian–Albian
sandstones near the location of the 2D profile (Figs 2

and 4).

The documented decrease in clinoform height and

slope length along depositional dip suggests a progressive

decrease in accommodation as bathymetric relief was

filled during progradation (Fig. 9). The flat bathymetry

inherited from the drowned Middle Jurassic carbonate

platform appears to have had an influence on clinoform

geometries. This interpretation suggests that accommo-

dation decreased progressively as topsets, foresets and

bottomsets accumulated. Numerical models indicate that

clinoform height and slope length are significantly influ-

enced by the presence of a flat bathymetry and that a mar-

gin will become highly progradational as accommodation

is decreased (e.g. Pirmez et al., 1998). Moreover, Pirmez

Fig. 10. Schematic box diagram display-

ing the evolution of the western margin

of Madagascar from Albian (a) to Turo-

nian (b). Diagrams show the clear reduc-

tion in clinoform size as progradation

occurs and bathymetric relief is reduced.

© 2017 The Authors
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et al. (1998) modelled a constant slope gradient during a

highly progradational phase by maintaining a constant

sediment supply. This relationship could indicate that

sediment supply in Madagascar was high but relatively

constant throughout progradation.

Finally, the geometrical characteristics of the Maha-

janga Basin clinoforms, when compared with other

well-studied post-rift passive margin and foreland basin

clinoforms, reveal similar attributes (Table 1). The

progradational rate calculated for the clinoforms, how-

ever, is significantly lower than other basin margin

progradational rates (Table 1). This discrepancy is proba-

bly caused by the lack of chronological constraints within

individual clinoforms. A plausible scenario is that progra-

dation of the margin occurred at a much faster pace, but

was later controlled by the inherited Middle Jurassic shelf

edge. Stratigraphic forward models have shown a rela-

tionship between inherited shelf edges and the basinward

extent of younger progradational systems (e.g. Burgess &

Steel, 2008). These inherited shelf edges can increase the

gradient on which younger prograding systems advance,

resulting in mass failure and deposition of mass transport

complexes (MTCs) in deeper parts of the basin (e.g. Ker-

tznus & Kneller, 2009). In the Mahajanga Basin, the bas-

inward extent of the Albian–Turonian progradational

phase and the location of the shelf-edge during C8–C10
seem to coincide with the position of the inherited shelf

edge of the Middle Jurassic carbonate platform (Figs 4

and 6). A possibility is that progradation occurred much

faster until the clinoforms reached the inherited Middle

Jurassic shelf edge. The sudden increase in slope gradient

beyond the Middle Jurassic shelf edge could induce fail-

ure and sediment bypass, hindering clinoform growth and

progradation. It is possible that progradation ceased at

this time. This would suggest that sediment bypass and

slope failure continued for a significant amount of time

until the margin was flooded during Turonian times. The

increase in sediment bypass and resulting MTCs, depos-

ited in the deep basin, would have resulted in rapid sedi-

ment deposition in the basin, possibly triggering salt

movement (Tari et al., 2004; Fig. 8). Confirmation of

these observations would require field examination and

better chronological constraints within individual clino-

forms.

CONCLUSIONS

Quantification of clinoform geometries and trajectory

analysis in the Mahajanga Basin, northwestern Madagas-

car, provides a case study of shelf-margin accretion. This

study also illustrates the integration of outcrop geology

along the surface of onshore 2D profiles to provide direct

geologic calibration to a seismic interpretation. The

results suggest that two variables influenced clinoform

geometries and progradational patterns. First, the flat

palaeobathymetry inherited from the underlying Middle

Jurassic carbonate platform before the onset of prograda-

tion is interpreted as a significant control on subsequent

clinoform geometries. As clinoform progradation pro-

gressed, bottomsets filled the available space and clino-

form height was significantly reduced. Second,

tectonically driven increase in sediment supply, perhaps

coupled with a climatically driven spike in erosion and

sediment delivery, is interpreted as the cause of the highly

progradational margin with a flat shelf-edge trajectory.

Progradation occurred during global sea-level maxima

and differs from other Cenomanian–Turonian sedimen-

tary records displaying periods of maximum transgres-

sion. This study shows that the architectural development

of continental margins can be substantially controlled by

inherited bathymetry, high sediment supply and sea level,

and it provides a unique example from a previously

understudied basin.
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