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Abstract—Based on geological and geophysical data for the conjugate Africa–East Antarctica margins, the
peculiarities of preparation of the breakup of central Gondwana are discussed. When using the historical
approach, a significant inheritance of the Middle-Upper Jurassic tectono-magmatic development from the
preceding time is shown. The first location of tectono-magmatic activity in zones of weakness on the proxi-
mal margin, its subsequent migration to distal margins, and further opening of the ocean is established. The
geochemical features of magmas of the region and their sources are discussed. Evidence is presented for the
decisive influence of the Karoo–Maud plume on the development of magmatism. A significant feature of
plume manifestation is considered: the presence of high-magnesian ferruginous picrites, formed by melting
of a pyroxenite source with specific composition, coinciding with the central part of the plume and corre-
sponding to the earliest eruptions. We determined the source of magmatism at the initial stage could have
been the substance of a rising plume, and magmas reached the surface through existing fractures without
interacting with the lithosphere. In the course of evolution, the admixture of pyroxenites in the source
decreased and the melts acquired the features of melting lithospheric mantle, which was reflected in the iso-
topic characteristics of melts with a predominant enriched EM2 component. The structure and magmatism
of the Southern Ocean and South Atlantic are compared. Also discussed the locations of the Mesozoic
Karoo–Maud and Tristan plumes, as well as the zones of subsequent breakup of Gondwana, above the mar-
gins of the African superplume, indicating a relationship between surface and deep-seated events.

Keywords: rifting, breakup, opening of the ocean, magmatism, magmatic source, plume, superplume
DOI: 10.1134/S0016852119040046

INTRODUCTION
Consideration of the system of Mesozoic oceanic

structures of the Atlantic and Southern oceans has
revealed their sequential foundation in regions of
Gondwana’s ancient continental lithosphere. It was
proved that the areas of foundation are confined to the
periphery of the African superplume—the Tuzo large,
low-velocity province at the core–mantle boundary
[7, 79, 80]. Such lower mantle provinces with low-
velocity transverse waves have recently been termed
“superswells” [8]. Initiation of continental breakup
(middle of the Triassic) was localized in the near-
equatorial region, at the northwestern margin of the
future African continent. Northern progradation of
the breakup and sublatitudinal opening of the ocean
are traced from this starting point beginning with the
Iberia–Newfoundland region (end of the Triassic–
beginning of the Jurassic). Later (middle of the Juras-
sic), breakup events were localized in the Southern
Hemisphere with the development of meridional
extensions and opening of the Southern Ocean, later
followed by renewed sublatitudinal opening of the
ocean in the South Atlantic (Early Cretaceous).

Preparation of continental breakup began ubiqui-
tously with the formation and development of conjugate
passive margins. Therefore, analysis of the margins' his-
tory is crucial for understanding the geodynamics of rift-
ing and initial seafloor spreading, as demonstrated in [6].
The present article continues the authors’ cycle of
works on the tectonics of the Mesozoic passive margins
of the Atlantic Ocean and examines the features of the
conjugate Africa–East Antarctica margins. Both pub-
lished geological–geophysical and geochemical data
were used in the discussion. We have formulated the
problem of determining the conditions for rifting, mag-
matism, and preparation of continental breakup in the
opening of the Southern Ocean.

PROXIMAL MARGINS 
OF THE SOUTHERN OCEAN

Southern African Margin
The continental basement of southern Africa is

composed of the rocks from Gondwanan fragment.
These are the Archean Zimbabwe and Kaapvaal cra-
tons, the Proterozoic Limpopo belt dividing them,
468
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Fig. 1. Tectonic pattern of Southern Ocean margin using data of [49, 55, 56, 66]. Notation: Queen Maud Land, QML; Mwenezi,
M. Notation on continents and proximal margins: Zimbabwe Craton, Zm; Kaapvaal Craton, Ka; Grunehogna Craton, Gr; Lim-
popo belt, Lm; Namaqua and Natal belts, NN; Cape belt, Cp; Maud belt, Md; Karoo Basin, K; Karoo triple junction, TrK.
Notation on distal margins: Outeniqua Basin, O; Zambezi Delta Basin, ZD; Explora Wedge, Ex; Gunnerus Uplift, Gn; Astrid
Uplift, As. Notation within ocean: Beira Uplift, Br; Mozambique Uplift, Mz; Alguhas Uplift, Ag; Maud Uplift, Ma; Agulhas–
Falkland transform fault, AF; Bouvet hotspot, B; Shona hotspot, Sh; South Eastern Indian Ridge, SWIR; Mid Atlantic Ridge,
Mar; American Antarctic Ridge, AAR. Arbitrary notes: (1) Fragments of Gondwana supercontinent with Precambrian and
Palaeozoic crust; (2–6) oceanic crust region: (2) ocean floor; (3) axial zones of spreading ridges; (4) major faults; (5) oceanic uplifts
and microcontinents; (6) continent–ocean boundary; (7–10) proximal zones of Mesozoic passive margins: (7) boundaries of of
structural elements; (8) platform basin (С2–J2), including numerous sills (J1–2); (9) distribution of lavas (J1–2); (10) dikes of Karoo
triple junction (Pcm and J1–2); (11, 12) distal zones of Mesozoic passive margins: (11) basins filled with synrifting and postbreakup
sediments (K–CZ?); (12) thick volcanic series (J2–K?) forming SDRs; (13) hotspots; (14) position of center of Karoo–Maud plume.

ATLANTIC

OCEAN

20° E

40°20° S

0°
40°

S

60°

0 500 1000 km

1 2 3 4 5 6 7

8 9 10 11 12 13 14

Cp

Zm

NN
Ka

Lm M

ZD

Br

TrK

Mz

Ag

Gn

SWIR

As
Ex

MdGr

QML

Ma

AAR

B

MAR

Sh

AF

SOUTHERN

OCEAN 

O

K

and other fold belts (Fig. 1). Successive replacement of
ancient elements by younger ones is traced to the
south: from the Kaapvaal Craton to the Proterozoic
Namakwa and Natal belts, and ultimately to the Late
Paleozoic Cape fold belt in the far south. Seismic data
confirm the heterogeneity of the African basement,
which includes a mosaic of blocks of varying thick-
ness, structure, and composition [81]. The features of
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the ancient continental crust ref lect more than 3.5 Ga
of history, with alternating continental accretion and
breakup periods, as well as episodes of basalt magma-
tism, in particular, in the Natal region. Recurring kim-
berlite emplacement has been established, which was
particularly significant in the Mesozoic and Early
Cenozoic. Voluminous Mesozoic f lood basalts and
intrusive rocks, widespread within the conjugate mar-
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gins of southern Africa and East Antarctica, make up
the Karoo Large Igneous Province (LIP) [22].

The largest structure of the Mesozoic margin is the
Karoo longitudinal platform basin (syneclise), with a
length of some 1400 km which has been studied on the
basis of drilling and seismic data [21, 72]. The basin
foundation within the Gondwana supercontinent hap-
pened as result of subsidence displacement from the
Cape Basin to the north. It developed over a span of
~150 Ma, with subsidence compensated by accumu-
lating sediments of the Karoo Supergroup (С2–J2).
These are predominantly subaerial rocks (up to 6 km
thick) that change upsection from glacial to aeolian,
with a thick basalt horizon in the roof. The tectono-
magmatic features of the Karoo Basin are comparable
to those of the Paraná Basin in Brazil, considered in [7].
At the same time, the initiation of subsidence in the
Karoo Basin is attributed to a later time; its extent, just
like its depth, is smaller compared to the Paraná Basin.

Specific Features of Magmatism

The magmatic complexes in the region are repre-
sented by f lood basalts, dikes, sills, and gigantic dike
series, which sprawl over the vast area of southern
Africa [39, 49, 51, 65]. The f lood basalts (up to 1600 m
or more) were protected from erosion in the inner part
of the Karoo Basin, in the restricted territory of
Lesoto. However, initially, they covered a much larger
area [51]. Flood basalts with the same age and compo-
sition are also widely encountered to the north: a vast
field in Botswana and Zimbabwe [23]. Ubiquitous sills
are a feature of widespread magmatism in the Karoo
Basin, which predominate in volume over volcanics.
The Okavango, Save–Limpopo, Olifants River, and
Lebombo gigantic dike series in Mozambique and
Botswana, at the northeastern end of the Karoo Basin,
are important elements in the marginal structure [51].
This is the so-called Karoo triple junction, consisting
of numerous subvertical dikes. Its radial geometry, in
addition to other magmatic features, were used earlier
as evidence for plume impact and the initiation of
plume magmatism [28, 83].

The main manifestations of Mesozoic magmatism
in the Karoo Province have been 40Ar/39Ar dated as
~184–178 Ma, with age concentrations ranging from
184 to 181 Ma, which corresponds to a total main event
duration of ~3 Ma [49, 52]. In addition, U–Pb zircon
dating of dolerite sills and dikes along the entire Karoo
Basin yielded ages of 183–182 Ma, corresponding to a
time interval of ~1.0 Ma [77]. In eastern Mozambique,
in the Rooi Rand dikes cross-cutting the Karoo basalts,
the latest datings were obtained, up to 174–172 Ma [52].
In eastern areas, the young, compositionally similar
Movene basalts are also well known, which crown the
volcanic sequence in the Lebombo monocline and are
covered by Cretaceous deposits [49, 62].
For dikes of the triple junction system, 40Ar/39Ar
determinations yield ages close to those for the flood
basalts [49, 50]. However, in-depth studies also revealed
a significant number of Precambrian dikes in the sys-
tem’s composition [50, 51]. For dolerites of the Oli-
fants River series, Archean and Proterozoic datings
were obtained almost exclusively, and the majority of
the dikes that cut through the basement are not
observed in the Jurassic horizons. These data showed
that the peculiarities of Jurassic dike series correspond
to their inherited formation, which was governed by
basement structures [51]. Therefore, the geometry of
the Karoo triple junction most likely reflects the posi-
tion of zones of weakness for magma to penetrate and
cannot be used as a Mesozoic plume marker.

Within the Karoo Basin, f lood basalts and the
associated dolerite dikes and sills have a weakly
enriched tholeiitic composition. The lower volcanic
sequence also hosts a small amount of nephelinite and
picrite. Rocks of the Rooi Rand dike series and
Movene basalts in the Lebombo monocline, corre-
sponding to the final magmatic stage, have a depleted
composition close to MORB [49, 62]. The upper
sequence also include ignimbrite, dacitic and rhyolitic
tuffs and lavas, both underlying and interlayered with
the Movene basalts [52, 62]. All of the volcanics are
represented by subaerial rocks.

Based on petrogeochemical data, high- and low-Ti
types with TiО2 contents greater and less than 2 wt %,
respectively, have been identified among the f lood
basalts, dolerites, and picrites. Usually, these types of
rocks are spatially unrelated, but the dike series of the
triple junction host both high- and low-Ti varieties. A
sharp replacement of low-Ti varieties by high-Ti ones
has been noted for the uppermost parts of some basalt
sequences in Lebombo and Botswana [49]. High-Ti
basalts are characterized by higher concentrations of
all lithophile elements, as well as a higher degree of
enrichment in the most incompatible elements com-
pared to the most compatible [49]. Low-Ti basalts
have less differentiated compositions. Negative Nb
and positive Pb anomalies are observed in spider plots
for both types of rocks [49, 65].

Judging from the available literature data [23, 43, 49],
the isotopic characteristics of high- and low-Ti basalts
differ strongly, forming fields that hardly overlap at all
in the Pb‒Sr‒Nd isotope coordinates (Fig. 2). The
presented diagrams of Pb isotope variations clearly
show the specifics of two types of magma in the Karoo
province: low-Ti basalts are characterized by relatively
high 206Pb/204Pb ratios ranging from 17.6 to 18.0, in con-
trast to high-Ti rocks (with 206Pb/204Pbi = 16.5‒17.6).
Elevated 87Sr/86Sr ratios reaching 0.707 have also been
noted for these. Comparison of the traps of the Karoo
and Paraná–Etendeka LIPs has established for the
latter a more typical manifestation of enriched com-
ponent, related to melting of the subcontinental litho-
sphere [7].
GEOTECTONICS  Vol. 53  No. 4  2019
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Fig. 2. Comparative characteristic of Pb isotope ratios in igneous provinces of Africa related to Karoo–Maud (180 Ma) and Tristan
(130 Ma) plumes: for Karoo province (based on data of [23, 43, 49, 53]) and southern Etendeka region (based on data of [7]). Data
are recalculated to primary age of lava flows. Notation: LTi, low-Ti basalts; HTi, high-Ti basalts. Arbitrary notes: (1, 2) basalts of
Southern Etendeka region: (1) low-Ti and low-Zr; (2) alkali; (3–5) Karoo basalts: (3) high-Ti; (4) low-Ti; (5) high-Fe picrites of
Nuanetsi region; (6) model isotope sources, after [12].
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The fundamental separation of magma in the
Karoo Province into two types—high- and low-Ti—
entails a difference in their mantle sources [27, 49, 68].
However, this does not yield an unambiguous answer
about the origin of the magmas. The spatial dissocia-
tion of the magma types may be due to the heteroge-
neity of the feeder plume with different magma com-
positions in its central part and on its periphery, as well
as to the existence of inhomogeneities in the melting
lithosphere, the composition of which remains insuf-
ficiently studied. As was shown for the region of
Nuanetsi and northern Lebombo [24], strongly enriched
high-Ti magmas could have formed from plume melts
contaminated during passage through lithosphere
containing veinlets of earlier alkali melts. Low-Ti mag-
GEOTECTONICS  Vol. 53  No. 4  2019
mas in southern Lebombo may reflect melting in
peripheral areas of the plume head. Study of widespread
olivine–porphyritic high-titanium bearing basalts in
Nuanetsi established high temperature melting (1500–
1600°С) [20, 42]. Based on a study of high-magnesian
olivine and the geochemical features of these basalts,
V.S. Kamenetsky et al. [53] hypothesized the presence
in their source of pyroxenitic mantle with EM1 charac-
teristics, included as recycled components into the
composition of the ascending plume.

On the other hand, according to [49], the indicated
peculiarities of the basalts, in particular, the presence
of negative Nb and positive Pb anomalies, may corre-
spond to melting of heterogeneous subcontinental
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lithosphere with differing depths and a varying
amount of garnet in the source. For high-Ti basalts
and picrites, deeper melting (more than 80 km) with
the presence of garnet in the source is assumed, in
contrast to the shallow spinel-containing source that
formed low-Ti magmas.

A special study of Precambrian rocks found in dikes
of the Karoo triple junction showed a general similarity
of their geochemical characteristics, as well as their
magma sources, with those obtained for the Jurassic
basalts and dolerites of southern Africa [48]. This makes
it possible to relate the formation of igneous complexes
separated by 900 Ma to a single source in the enriched
lithosphere making up the African Platform.

Deep Structure

The velocity structure of the proximal zone is
mainly determined by the features of its ancient base-
ment. The mantle structure in southern Africa gener-
ally corresponds to the surface geology, just like that
established for the São Francisco Craton in South
America [73]. The presence of thick lithospheric roots
(to a depth of 200–300 km) beneath the Kaapvaal and
Zimbabwe cratons has been suggested based on
recent seismotomographic P and S wave data [30].
Significant variations in thickness and seismic veloci-
ties in the crust have been noted, which resulted from
preceding episodes of compression and mafic intru-
sions [81].

In the Karoo and Cape regions, the crustal thick-
ness is mainly estimated based on seismic refraction
profiles at 40–42 km with a decrease to the south [67,
72, 74]. The seismic velocities in the upper crust (Vp =
4.5‒5.5 km/s) correspond to deformed sedimentary
and metamorphic rocks of the Cape and Karoo super-
groups. When intrusives and lavas are present, the
velocities in the upper crust increases to 6.3–6.4 km/s.
Lower-crustal velocities of Vp = 6.2‒6.9 km/s are
common here for unstretched continental crust and
likely correspond to underlying Precambrian com-
plexes. However, an explanation is required for the
presence of a lenticular lower-crustal horizon up to
7 km thick near the southern coast, with elevated
velocities of Vp = 7.0‒7.4 km/s. Its formation is
assumed to be related to either the presence of ancient
mafic intrusive rocks in the basement metamorphic
complex or more likely to the emplacement of Jurassic
gabbroid intrusions in the lower crust [74].

East Antarctic Margin

Just like in Africa, on the conjugate Antarctic mar-
gin in Queen Maud Land, Precambrian complexes
within the basement represent a fragment of Gond-
wana. These are Archean and Proterozoic complexes
of the East Antarctic Platform comparable to the Afri-
can complexes [37]. The Archean Grunehogna Cra-
ton is part of a single structure with the African
Kaapvaal Craton and is bounded in the southeast by
the Mesoproterozoic Maud belt, which is a continua-
tion of the Natal belt (see Fig. 1) [58]. The position of
the boundary of Archean–Proterozoic lithosphere,
based on aeromagnetic and gravimetric data, has been
reconstructed close to the northern part of the Vest-
fjell Mountains [59].

Specific Features of Magmatism

In western Queen Maud Land, f lood basalts and
dolerite dikes are well known, comparable in compo-
sition and 40Ar/39Ar ages to complexes of the southern
African margin [39, 41, 49, 60, 69]. Earlier low-vol-
ume igneous manifestations in the regions of Almann-
riggen and Utulror have also been noted, with 40Ar/39Ar
ages of ~190 and ~205 Ma, respectively [39, 60].
Flood basalts (up to 900 m thick) are exposed in the
Vestfjell, Kirvanveggen, and Hemifrontfjell moun-
tains in the west of the area, while their intrusive coun-
terparts (dolerite dikes) are exposed primarily in the
Vestfjell Mountains [1]. Rocks close in age and com-
position are also represented in dikes of the Ferrar
zone in the Transantarctic Mountains [26]. The
youngest basalts (173 Ma) are found in central Queen
Maud Land, in the Schirmacher Oasis [76].

Analysis of the magma composition of southern
Africa and Queen Maud Land carried out based on
database compiled by A.V. Luttinen [58] revealed for
rocks of these regions almost complete coincidence of
variations in rock-forming elements and Sr–Nd iso-
tope ratios (Fig. 3). The main compositional group
consists of differentiated basalt varieties with a MgO
content ranging from 9 to 2 wt % (7% on average).
However, in both regions, a high-magnesian basalt
group exists, which may include, in addition to cumu-
lative varieties, magmas close to the primary melts.
Among these, the presence of rocks with elevated TiO2
(and K2O) contents is noteworthy for southern Africa;
they are hardly represented at all in the territory of
Queen Maud Land (see Fig. 3a).

Similar to southern African magmas, Queen Maud
Land basalts are distinguished by high- (TiO2 =
3.8‒5.2 wt %) and low-Ti (TiO2 < 2.2 wt %) types,
which differ in the degree of geochemical enrichment,
although varieties both enriched and depleted in litho-
phile elements are encountered in the composition of
each type [58]. Within the low-Ti complex in the Vest-
fjell Mountains, interbedding of three basalt subtypes
was established based on detailed sampling of two sec-
tions: CT1, CT2, and CT3, which differ in the rela-
tionship of lithophile elements [59]. Their comparison
with rocks that developed in the Lebombo region in
Africa determine the similarity of CT1 basalt to the
low-Ti tholeiites of southern Lebombo, and of the
CT2 basalts to the Rooi Rand dolerites and their
extrusive counterparts. The CT3 subtype, which has
GEOTECTONICS  Vol. 53  No. 4  2019
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Fig. 3. Correlation diagrams of magma compositions formed under influence of Karoo Maud plume (based on data of [58]). Arbi-
trary notes: (1) rocks of Queen Maud Land (Antarctica); (2) rocks of southern Africa.
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no direct counterparts in Africa, is close in composi-
tion to MORB, with high eNdi and nonradiogenic
87Sr/86Sri values. It was hypothesized in [59] that the
CT1, CT2, and CT3 basalt subtypes reflect the lateral
heterogeneity of the melting lithosphere generated
during ancient subduction.
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Of particular interest are the high-magnesian and
high-ferruginous basalts with elevated TiO2 content
from the Almannriggen (Vestfjell) region, which are
combined into the CT4 subtype [41, 59, 60]. They are
similar to the high-Ti rocks of the Mwenezi region in
the north of the Lebombo monocline. Rocks of the
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Fig. 4. Variations in Pb isotope ratios in Queen Maud Land magmas (based on data of [41, 53, 58, 60]) and southern Africa (based
on data of [24, 43, 49]). Notation: LTi, low-Ti basalts; HTi, high-Ti basalts. Arbitrary notes: (1–3) basalts of southern Africa:
(1) high-Ti; (2) low-Ti, (3) high Ti, high-Fe basalt from Nuanetsi region, after [53]; (4–6) basalts and dolerites of Queen Maud
Land, based on classification [59]: (4) depleted ferropicrites; (5) enriched ferropicrites (CT4 subtype); (6) low-Ti basalts (CT1,
CT3 subtypes); (7) enriched model sources, after [12].
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CT4 subtype are the least differentiated and least con-
taminated by crustal material and differ both in the
primitive distribution spectrum of lithophile elements
and high εNdi = 9 at low 87S/86Sri = 0.703 values. This
subtype also differs from the others by the content of
inert gases and volatiles. They have elevated 40Ar/36Ar
ratios (640), a high He concentration, and an elevated
volatile component [1], which may indicate their
plume origin. This magma subtype, pertaining to fer-
ropicrites, is frequently considered as specific melts
occurring in the upper parts of a plume head at the ear-
liest evolutionary stages of plume magmatism [32, 69].

Just like other magmas, the ferropicrite group is geo-
chemically heterogeneous [41, 44, 58]. However, all
rocks, both enriched and depleted in lithophile elements,
are characterized to a particular degree by a negative Nb
anomaly, which is presumably related to an admixture of
subduction component in the source, which is also con-
firmed by oxygen and osmium isotopy data [41, 44].
These features may be evidence of fluid enrichment in
the most incompatible lithophile elements.

In Nd–Sr isotope coordinates, all magmas of East
Antarctica, just like Southern Africa, are characterized
by quite similar extensive trends, from the least radio-
genic (depleted) to enriched compositions (Fig. 4). In
addition, the observed wide dispersion of isotopic
compositions within each type may reflect either the
heterogeneity of the melt source (with lithospheric
GEOTECTONICS  Vol. 53  No. 4  2019
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admixture) or contamination with crustal material
during the ascent of the primary plume magmas [59].

Deep Structure
The basement of the East Antarctic margin has

seismic characteristics typical of unstretched conti-
nental crust and generally similar to those obtained for
southern Africa. According to wide-angle seismic pro-
filing data, Vp = 5.5–6.0 km/s in the upper crust and
Vp = 6.3–6.9 km/s in the lower crust have been simu-
lated; the thickness of the crust is estimated at 45 km
with localized swelling and pinching of up to 40 km
toward the coast [14].

The similarity and former unity of the continental
basement within its proximal margins can be clearly
seen from the above description of the Southern
Ocean’s frame. The features of Mesozoic magmatism
on both margins are also quite similar. Meanwhile,
based on the isotopic characteristics, it can be observed
that the most depleted compositions are more often
encountered in Queen Maud Land. Variations in the
isotopic ratios in basalts here are more limited com-
pared to the margin of southern Africa and are close to
the field of the southern Etendeka traps (see Fig. 4).
These features of the Antarctic basalts were probably
governed by a more rapid melt supply to the surface.

DISTAL MARGINS
OF THE SOUTHERN OCEAN

Southern African Margin
Despite the overall similarity of the conjugate prox-

imal margins of the Southern Ocean, differences are
observed in the present-day structure of its distal zones,
which are complicated by multiple faulting. The South-
ern African Margin can be considered a transform mar-
gin related to the Agulhas–Falkland fracture zone, ulti-
mately forming at the beginning of the Early Cretaceous
[67]. Elements of the transform margin overlay an ear-
lier distal structure—the Outeniqua Basin.

The Outeniqua Basin is situated almost completely
on the shelf and is separated from the Karoo syneclise
by an extensive uplift formed by fold complexes of the
Cape Belt. Based on palinspastic reconstructions [67,
68], the Outeniqua Basin and more western Falkland
Basin are considered elements of a single Late Meso-
zoic structure that were separated during displacement
along the Agulhas–Falkland transform. Within the
basins, the age of lower sedimentary strata covering
the continental basement has been estimated as the
middle of the Jurassic, as has been established by bore-
holes DSDP 237А, 330, and 511 on the Maurice Ewing
Bank [13, 78]. The rifting sequence consists of shallow
marine sediments with lignite interlayers; overlying drift
sediments are pelagic in nature. The total thickness of
sediments from the Upper Jurassic to the Cenozoic in
the Outeniqua Basin reaches 6 km or more [67].
GEOTECTONICS  Vol. 53  No. 4  2019
The internal structure of the Outeniqua Basin,
studied based on seismic profiling of refracted and
reflected waves [67, 74], includes a series of small gra-
bens and semigrabens (subbasins) striking northwest,
obliquely opening to the south into the extended
southern Outeniqua subbasin. This subbasin, like the
basin as a whole, has an asymmetrical structure with a
steeper southeastern wall and is bounded by the Diaz
marginal ridge, uplifted along the Agulhas–Falkland
transform. The orientation of the subbasins corre-
sponds to left-lateral shear established along the trans-
form. In the modern structure, a ridge–ridge dis-
placement value of ~290 km has been established, but
a significantly larger amplitude has been recon-
structed for the Cretaceous [16, 74].

Going from the proximal margin toward the Oute-
niqua Basin, the thickness of the continental crust
decreases sharply: up to 26–29 km in the northern
subbasins, established by two refracted-wave profiles
[74]. In the southern subbasin and the Diaz marginal
ridge, further thinning of the crust up to 21–22 km
occurs, which is comparable to that calculated for the
Falkland Basin. In terms of its parameters, this is con-
sidered to be stretched continental crust, with Vp in the
upper crust of ~5.5–6.5 and 6.6–7.1 km/s in the lower
crust; velocities gradually increase to the south [67,
74]. The continental nature of the basement of the dis-
tal margin is also confirmed by geological data. In the
Falkland Basin, gneiss was recovered in borehole 330;
on the northern ridges of the Outeniqua Basin, sam-
ples similar to Paleozoic rocks of the Cape Belt were
obtained. The continent–ocean boundary zone is
marked by the Agulhas–Falkland transform, where
the character of the crustal sequence changes and its
thickness decreases up to 7 km [67, 74].

Neither drilling nor seismic data have revealed any
volcanics on the distal Southern African Margin.
Although Jurassic manifestations of magmatism may be
indicated by the high-velocity lower-crustal body near
the southern coast. To the north, near the coast of
Mozambique, such structures appear in the distal zone
as a high-velocity crustal body (Vp = 7.2‒7.4 km/s,
thickness of 3 km or more) and a wedge of seaward
dipping reflectors (SDRs) [63] (see Fig. 1), which is
typical of volcanic margins. The wedge of SDRs is
covered by sediments of the deep Zambezi Delta Basin
with a thickness of up to 11 km. The marginal struc-
tures are complicated by deformations related to post-
breakup transform displacements.

Antarctic Margin in the Region 
of the Weddell, Lazarev, and Riiser–Larsen Seas

Along the Antarctic coast, on the shelf, and on the
continental slope, the acoustic pattern and magnetic
data have established the characteristic features of the
volcanic margin [4, 47, 55]. In Queen Maud Land, the
results of multichannel seismic profiling and magne-
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tometry studies revealed the presence of a wedge of
SDRs beneath the ice and sediment cover. This is the
Explora Wedge, with a thickness of up to 4–4.5 km,
extending sublatitudinally ~1700 km [47, 55] (see Fig. 1).
The wedge spreads from the coast to a width of more
than 180 km, leveling out significantly to the north. In
the eastern part of the wedge, near the Astrid Ridge,
the successive occurrence of two groups of SDRs was
observed, also differing in their seismic expression and
age, with a change in magnetic polarity [47]. Within
the Explora Wedge, in the upper crust, Vp estimates
from 4.2–4.5 km/s upsection to 5.6–6.0 km/s downsec-
tion were obtained. In the lower crust, the velocities
increase up to 6.4–6.8 km/s. In the lower part of the
crustal profile, the presence of a thick (up to 7 km) high-
velocity horizon with Vр = 7.2–7.4 km/s has been noted.

To the east, near the coast of the Riiser–Larsen
Sea, no SDRs have been discovered. However, based
on magnetic and gravimetric data, blocks have been
modeled in the upper crust, which correspond to
mafic intrusives emplaced in the thinned continental
crust, which has also been confirmed by seismic pro-
files [4, 56]. Based on this, the authors hypothesize a
specific type of margin, where plutonism predomi-
nates, probably with small eruptive component.

On the whole, the distal margin has a dissected tec-
tonic relief. In addition to the wedge of SDRs, along
the margin, a broken band of deep sedimentary dep-
ocenters is traced based on multichannel seismic pro-
filing data. In terms of acoustic features, rifting and
drifting deposits are distinguished in their sequence
(from Late Mesozoic to Cenozoic). Their overall
thickness reaches up to 10 km, as has been demon-
strated for the Riiser–Larsen Sea [56].

In the area passing from the proximal margin to the
Gunnerus and Astrid ridges, reduction in crustal
thickness to 25 km or less has been noted [47], which
is characteristic of stretched continental crust. Appar-
ently, the zone of stretched continental crust extends
continuously along the entire coast of the Riiser–
Larsen, Lazarev, and Weddell seas [33]. A magnetic
anomaly parallel to the coast identified above the
wedge of SDRs forms the boundary between the sub-
aerial low-amplitude and marine linear anomalies; far-
ther to the northwest, distribution of the oceanic crust
with a somewhat increased thickness (up to 10 km) has
been documented, with a thickened third layer and
high seismic velocities.

In palinspastic reconstructions, it is assumed that
the Explora Wedge (or lower group of SDRs) corre-
spond to conjugate structures of the volcanic margin
within the Lebombo monocline and narrow coastal
zone near Mozambique, where the presence of both a
wedge of SDRs and a high-velocity lower-crustal body
was established, as mentioned above [47]. At the base
of the continental slope, in the continent–ocean tran-
sition zone, unusual basement deformation zones
were discovered based on multichannel seismic profil-
ing data; the displacement that separated them is
hypothesized to have occurred in the Middle Jurassic
[54, 63].

MICROCONTINENTAL FRAGMENTS
AND HOTSPOTS IN THE SOUTHERN OCEAN

The presence of microcontinental fragments
within submarine uplifts is an essential feature of the
Southern Ocean, as demonstrated in [17]. However,
ideas about the tectonic nature of a number of uplifts,
including the largest Agulhas and Mozambique
uplifts, remain debatable: their increased crustal
thickness can be explained by the presence of either
thickened oceanic crust [34, 35, 66] or stretched and
thinned continental crust [2, 17]. Apparently, the
interpretation of the crustal profile cannot always be
considered unambiguous. At the same time, collec-
tions of dredged rocks, although small, obtained from
submarine uplifts, are definite evidence of the pres-
ence of continental complexes. During dredging,
researchers sorted out samples in order to exclude the
possible influence of ice rafting.

According to [38], in the south of the Mozambique
Ridge, apopelitic rocks of granulite facies metamor-
phism were obtained, similar to known rocks in
ancient crustal complexes in southern Africa. On the
Agulhas plateau, in addition to fresh basalts, gneiss
samples were recovered with a K–Ar age of 1074 ± 36
and 478 ± 17 Ma, corresponding in petrography and
ages to features of continental rocks from areas of
Africa and Antarctica [11]. Indeed, deep seismic data
on the Agulhas plateau revealed areas with smaller
lower-crustal velocities compared to the surrounding
oceanic crust, which makes it possible to assume
inclusion of continental outliers, albeit small ones,
into the crust [66].

Models of crustal sequences obtained from the
results of wide-angle seismic refraction and reflection
data turned out to be similar for the Agulhas and
Mozambique uplifts [34, 35, 66]. Both structures are
characterized by thickened (up to 20–22 km) seismi-
cally homogeneous crust. In the upper crust, Vp =
5.3–6.7 km/s; in the lower crust, which makes up
more than half of the crustal thickness, Vp = 6.7‒7.4,
with an increase in velocities up to of 7.5–7.6 km/s
toward the base. Based on data on the velocity structure
and large crustal thicknesses, a conclusion was drawn
about the oceanic nature of the Agulhas and Mozam-
bique uplifts —similar to oceanic igneous provinces
like the Ontong–Java [34, 35, 66]. This hypothesis is
also confirmed by thick manifestations of Cretaceous
magmatism. Within the Agulhas uplift, numerous
extrusion centers have been identified based on
reflected wave profiles, while reflectors in the upper
crust are interpreted as thick lava f lows [66]. The age
of the f lows, judging from the overlying sediments,
corresponds to the Cretaceous. Lower Cretaceous
basalts and tuffaceous rocks were also obtained in
GEOTECTONICS  Vol. 53  No. 4  2019
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borehole 249 DSDP on the Mozambique uplift [82].
In borehole 690 ODP on the Maud uplift, alkali
basalts of Campanian age were recovered, similar in
composition to oceanic island basalts—of the island of
Gough, in particular [71].

However, the nature of the considered ridges is still
a matter of debate. Apparently, it is quite difficult to
distinquish the structure of thinned continental and
thickened oceanic crust based on geophysical charac-
teristics. In particular, it is necessary to explain the
similarity of crustal peculiarities on the uplifts with
those known for the Explora Wedge on the distal
southern margin. In both cases, the crustal thicknesses
and velocity parameters turned out to be comparable,
particularly the presence of a high-velocity lower
crustal horizon. In addition, multichannel seismic
profiling data have also revealed stratified wedges in
the upper crust of the Alguhas and Mozambique
uplifts, reminiscent of the structure of the SDRs in the
Explora Wedge [34, 66]. The known Cretaceous and
Late Cenozoic igneous formations on the uplifts are
probably comparable to the rocks of hotspots. As was
mentioned earlier [17], the presence of such uplifts as
the Agulhas and Mozambique may have triggered tec-
tonic activation due to stretching along their boundar-
ies. So neotectonic block faulting and basalt magma
generation may have been possible if a thermal anom-
aly existed at depth.

The small Beira uplift near the coast of Mozam-
bique is undoubtedly microcontinental in nature. It is
characterized by a sharp increase in crustal thickness
(up to 20–23 km) compared to adjacent oceanic areas.
The velocity sequence of the uplift corresponds to
stretched and intruded continental crust, as shown by
wide-angle seismic profiling and gravimetric model-
ing data in [64]. The sequence includes the upper
(Vр = 5.4‒5.8 km/s), middle (Vр = 6.3‒6.7 km/s), and
lower crust (Vр = 6.8‒7.0 km/s), with small velocity
gradients that sharply differ from those known for oce-
anic crust. Near the northwestern boundary of the
uplift, the presence of a small high-velocity (Vр =
7.1‒7.4 km/s) lens has been established at the base of
the crust. Based on seismic and magnetometric data,
within the uplift, signatures of magmatism have been
noted in the upper crust: two thick sills and lava f lows
in Lower Cretaceous layers. The Gunnerus Ridge is
also close to microcontinents, where dredging recov-
ered samples of Precambrian gneisses and granitoids
[56]. The character of the sequence (Vp = 5.8–6.1 in its
upper part) and crustal thickness (25–27 km) on the
Gunnerus Ridge correspond to stretched continental
crust with incomplete detachment of continental
complexes from the mainland.

Both Late Cretaceous and modern hotspots are
known among those south of the Agulhas–Falkland
fault. The Bouvet hotspot (2 Ma) is the most studied.
It formed above an area of the triple junction with a
thinner and more plastic lithosphere [3]. Based on
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seismic tomography data, the presence of a vertical
column of deconsolidated (hot) material at depth has
been modeled [36]. For the Shona system, the foun-
dation at the end of the Cretaceous and subsequent
fragmentation with displacements along the Agulhas–
Falkland fault is hypothesized [46]. Low-volume man-
ifestations of young magmatism are also known based
on data from dredging and drilling on the Agulhas and
Mozambique uplifts. The location of magma manifes-
tations of different scale in the complex structural set-
ting has determined their heterogeneity of their magma-
tism [3, 46]. Their localization on the whole corre-
sponds to the periphery of the African superplume.

THE ROLE OF A MANTLE PLUME 
IN MAGMA GENERATION

The extremely important role of the Karoo–Maud
plume in the evolution of Mesozoic magmatism in the
Karoo province has been reconstructed [5]. The broad
heterogeneity of rock compositions probed within the
province reflects the entire complexity of processes
influenced by the plume. Melt generation has been
revealed, which occurred both in the plume itself as it
ascended and in the overlying heated subcontinental
lithosphere. Moreover, A.V. Luttinen [58] demon-
strated that despite the separation of coeval magma
sources (frequently with specific geochemical charac-
teristics), lava f lows during eruptions could have
spread out and mixed, forming single structures.

Some of the data discussed above can undoubtedly
serve as evidence for the determining influence of the
mantle plume on magma formation in the Karoo
province, as demonstrated for a number of Atlantic
regions [6]. These are:

(1) synchronous deep heating, which triggered the
onset of magmatism in the entire region of southern
Africa–East Antarctica;

(2) a vast amount of volcanic and intrusive com-
plexes and signatures of significant melt fractionation
as magma reservoirs evolved;

(3) the ubiquitous formation of high-temperature
flood basalts;

(4) the presence of ferropicrites within the com-
plex, which correspond to primary plume melts;

(5) the high hypsometric position of the region
during eruptions;

(6) localization of igneous activity of the Southern
Ocean’s frame immediately above the margin of the
African superplume [36, 79]—the stable position of this
thermochemical reservoir over no less than 300 Ma was
substantiated in [8, 79, 80];

(7) the presence of low-velocity anomalously hot
material higher in the mantle, which has been estab-
lished by seismic tomography data [14, 70], as well as
the location of a significant positive geoid anomaly
corresponding to the presence of low-velocity gravi-
tating masses at depth [61].
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Fig. 5. Surface expression of Karoo–Maud plume with reconstruction for time of preparation of Gondwana breakup (180 Ma).
The distribution of different geochemical types of rocks in the Karoo LIP is shown (field), reflecting the zoning of the plume,
after [24, 29, 42, 58]. Notation: Zimbabwe Craton, Zm; Kaapvaal Craton, Ka; Grunehogna Craton, Gr; Karoo Basin, K; Karoo
triple junction, TrK; Explora Wedge, Ex. Arbitrary notes: (1) Fragments of Gondwana supercontinent; (2) boundaries of struc-
tural elements; (3) coastline; (4–6) elements of Karoo LIP: (4) platform basin, including numerous sills; (5) dikes of Karoo triple
junction; (6) thick volcanic series forming SDRs; (7) position of center of Karoo–Maud plume.
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The leading role of a mantle plume in magma gen-
eration in the Karoo province has been acknowledged
by most researchers. However, based on structural and
geochemical data, the position of the plume center has
been reconstructed differently by different authors [39].
Proposed localizations have consistently been revised:
at the center of the Karoo triple junction or to its east
[19], near the southeastern coast of Africa [83], near
the Falkland Islands (at the Karoo, Ferrar, and Chong
Aik junction) [75], and in the Weddell Sea [24]. The
idea of a relationship between the Mesozoic dikes of
the Karoo triple junction and the plume center was
quite popular. However, the lithospheric control estab-
lished for the dikes shows that the geometry of the triple
junction is a structural feature of the ancient basement
and cannot be used as an indicator of the stress pattern
for the initiation of Mesozoic magmatism.

Geochemical zoning seems quite important when
discussing the position of the plume center, in particu-
lar, the distribution of low- and high-Ti flood basalts
[58]. The latter, especially the group of ferropicrites,
can apparently serve as a marker for the central part of
the plume that fed the magmatism of the proximal
Africa–East Antarctica margin in the areas of Mwenezi
and Almannriggen (Fig. 5). Subsequent igneous mani-
festations within the distal margin that formed the
SDRs complexes in the upper crust and high-velocity
bodies at depth are confined precisely to this area.
These facts can be crucial in reconstructing the position
of the plume center. It was shown above that surface
igneous manifestations were structurally inherited and
could have thus been displaced from the center of the
Mesozoic plume toward zones of weakness. Numerical
modeling has also confirmed the possibility of similar
displacement of surface expression of the plume that
occurred during the migration of plume material
beneath the base of the lithosphere [18].

TECTONIC EVOLUTION 
OF THE SOUTHERN OCEAN MARGINS

The Mesozoic history of the Southern Ocean mar-
gins characterizes the geodynamics of the central part
of Gondwana at the initial breakup stage. Triggering of
GEOTECTONICS  Vol. 53  No. 4  2019
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activity at the Africa–East Antarctica margins and
preparation of continental breakup are attributed to
the end of the Early Jurassic. However, the foundation
of the margins on a basement of ancient continental
crust in many aspects was prepared by the preceding
evolution of Gondwanan crustal structures. Multiple
episodes of both continental accretion (with the ele-
ments of different rheological properties playing a
part) and stretching in their early history led to the for-
mation of zones of weakness, and significant inheri-
tance of strike from structures that had already existed
in the Precambrian–Early Paleozoic. Thus, the Sabi
monocline follows the Archean Limpopo belt, the Leb-
ombo monocline parallels the Proterozoic Mozam-
bique belt, and the Okavango dike series inherited the
pan-African trend that formed at the end of the Pro-
terozoic–Early Paleozoic. The Karoo triple junction on
the whole has a polygenetic character, with undoubted
lithospheric control both in terms of the location and
composition of Mesozoic dike magmas.

The existence of the inherited Karoo Basin is well
known, beginning from the Late Carboniferous. Its
foundation occurred after subsidence displacement
to the north of the Cape Basin [72]. The total subsid-
ence in these structures has been fixed at an extent of
~320 Ma with filling by terrigenous sediments of the
Cape (O1‒C1) and Karoo (С2‒J2) supergroups. In
terms of total duration of subsidence, the basins are
comparable with the South American Paraná Basin [7]
but differ by a hiatus in sedimentation lasting 30 Ma
and migration of the sedimentary depocenter.

The subsidence development terminated at the end
of the Early–beginning of the Middle Jurassic with a
powerful flare in igneous activity, which created the
Karoo LIP. The area of magmatism encompassed pre-
viously existing zones of weakness, both the Karoo
Basin and the Karoo triple junction system. Despite the
brevity of the main event (~3 Ma), a vast amount of
igneous material accumulated on the proximal margins
of the Southern Ocean, similarly to the Paraná–Etend-
eka LIP in the South Atlantic. The scale of magmatism
at the Southern Ocean margins characterizes the defin-
itive influence of the plume on igneous process.

Rocks of the Karoo LIP usually bear the signature
of melting from heated subcontinental lithosphere
with the participation of plume melts. At the onset of
eruptions, input of a small amount of highly heated
plume material is observed, marked by the formation
of high-magnesian and high-ferruginous basalts close
to the primary plume melts. Weakly depleted final-
stage magmas (in the Rooi Rand dikes) could have
formed during the ascent and melting of astheno-
spheric mantle. Their generation is close in time to
continental breakup events.

In the Middle Jurassic, the large masses of low-
density plume material with positive buoyancy that
accumulated at the foot of the lithosphere should have
resulted in a significant decrease in thickness, a reduc-
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tion in strength, and ultimately, stretching of the lith-
osphere. On the thinned continental basement, distal
zones formed with the occurrence here of a number of
longitudinal basins, in particular, the Outeniqua. A
volcanic eruption band migrated into the newly formed
distal zones. Intense magmatism and creation of thick
magmatic crust have been revealed only on the conju-
gate margins of East Africa and part of East Antarctica,
which are now separated. In the remaining area of the
distal margins, only intrusive magmatism is evident, as
noted above for regions near the southern African coast
and along Antarctica east of the Astrid Ridge.

The tectono-magmatic events on the proximal and
distal margins that developed in the area impacted by
the Karoo–Maud plume provided the preparation of
the breakup of Gondwana. It seems that thermal ero-
sion influenced by the plume and thinning of the litho-
sphere led to further weakening of the overall structure
and continental breakup in the distal zones above the
plume head. The preparation of continental breakup
lasted ~30 Ma. Using magnetic chron data, different
researchers performed dating in different ways. The
most developed reconstructions are based in [54, 63].
The authors hypothesize that the breakup and forma-
tion of the conjugate Mozambique, Weddell, and Riiser
Larson ocean basins occurred in the middle of the
Jurassic. This time includes the ultimate separation of
East Antarctica and Africa and the formation of the
Southern Ocean. At the end of the Middle Jurassic, fol-
lowing brief spreading to the northwest, meridional
opening of the Southern Ocean took place [54].

The postbreakup events at the end of the Jurassic–
beginning of the Cretaceous involved multiple com-
plication of the overall structure of the ocean, the cre-
ation of the Bouvet triple junction and its restructuring
[3], the onset of dextral-shear displacement of the
structures of Madagascar and Antarctica in relation to
the structures of Africa, and the formation of trans-
form margins along the Davey and Gunnerus ridges
[54, 63]. The significant increase in tectonic compart-
mentalization of the Southern Ocean in the Creta-
ceous was determined by the formation of oceanic
uplifts or microcontinents with partial or complete
detachment of small blocks from the mainland.
According to reconstructions [34, 66], the existence of
the Agulhas, Maud, and Northeast Georgia structures
is assumed for the Early Cretaceous, in the form of a
single uplift superposed on an earlier system of spread-
ing magnetic anomalies. Fragmentation of the uplift
under the action of prolonged spreading has been
reconstructed at the beginning of Late Cretaceous.

The onset of sublatitudinal opening of the South
Atlantic in the Early Cretaceous and the foundation of
the Agulhas–Falkland transform had served as a turn-
ing point in the evolution of the Southern Ocean mar-
gins. The amplitude of dextral-shear Cretaceous dis-
placements along the transform was ~1200 km [16]. It is
assumed that in the Palaeocene time with recurring
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jumps of the spreading ridge, transform movements
weakened, so that in the present-day structural pattern,
the ridge–ridge displacement amplitude is ~290 km.

The evidences for multiple shearing of the crust,
the formation of microcontinental fragments, and
their inclusion into the structure of large uplifts, as
well as episodes of magmatism of different scale and
age, seems quite essential for describing the opening of
the Southern Ocean. This evidence supplements the
conclusions of jumps of the ridge during spreading,
shear displacements, and rotation of blocks, which
resulted in the complicated crustal structure of the
ocean and its margins [3, 31].

DISCUSSION

Contemporary knowledge of the Africa–East Ant-
arctica region makes it possible to judge its structural
and magmatic peculiarities. The evidence of stretching
of the lithosphere, rifting, and magmatism can be con-
sidered preparation of continental breakup and open-
ing of the ocean in the Southern Hemisphere. A his-
torical approach reveals that development of these
processes was significantly inherited from the preced-
ing time. A relationship is traced between tectono-
magmatic activity and, first of all, ancient zones of
weakness, followed by its migration and localization
on the distal margins (at the place of the future ocean).
The combination of typical passive margin elements
and subsequent strike-slip faults determined the spe-
cifics of the overall structure in the Southern Ocean’s
frame. There is an undoubted relationship between the
formation of dextral strike-slip faults and the action of
sublatitudinal stretching during the opening of the
South Atlantic at the beginning of the Cretaceous.
Shear displacements and the formation of small uplifts
and hotspots led to significant tectonic dismembering
of the region, which is characteristic feature of the
Southern Ocean.

In seems that multiply recurring episodes of
stretching and basalt magmatism in the region’s long
history may have been governed by geodynamic events
at depth along the margin of the ancient African
superplume. Namely, the activation of upwelling
above the superplume can explain the ascent of the
Mesozoic Karoo–Maud plume and the outburst in
magmatism in the Karoo LIP.

The main question when discussing magmatism
related to the Karoo–Maud plume is: was the action of
the plume only thermal, similar to the Tristan plume
[7], or did the magmas derive directly from the plume.
The broad discussion in the literature on the geo-
chemical features of the two types of basalts (high- and
low-Ti) [40, 49, 58] demonstrated the large heteroge-
neity of magmatism, both regional and localized.
Within the distinguished types, individual subtypes are
frequently separated: either with different distributions
of lithophile elements or different isotope characteris-
tics. Thus, A.V. Lutinnen [58], based on a study of
more than 800 basalt compositions of southern Africa
and Queen Maud Land, established a bimodal distri-
bution in an area of geochemically relatively Nb-rich
and Nb-depleted magma subtypes. Just like the role of
Ti, the concentration of Nb with respect to other
incompatible elements can be considered a key
moment for describing a mantle reservoir.

In the central part of the Karoo LIP, high-Ti rocks
are predominantly distinguished, with localization of
ferropicrites at the center (see Fig. 5). Along the periph-
ery of the province, low-Ti basalts predominate, which
are characterized by higher Nb/Y values for given Zr/Y
values in comparison to basalts of the central area. A
similar territorial separation of different magmas may
reflect a certain control of their compositions by melt-
ing from different parts of the plume [58].

Isotope data established that the majority of Karoo
magmas, similar to rocks of the Paraná–Etendeka
LIP, have an EM2 admixture typical of continental
lithosphere. Meanwhile, within the Karoo LIP, the
presence of ferropicrites has been noted, the primary
compositions of which are related to a source contain-
ing pyroxenites. Pyroxenites could have formed in an
ascending deep plume during the transformation of
eclogites, i.e., recycled ancient oceanic crustal mate-
rial [9, 10]. Also encountered are basalts strongly
depleted in incoherent elements derived from melting
of mantle peridotites.

Thus, it has been established that some of the
melts—pyroxenitic, high-ferruginous, high-magne-
sian, and higher-temperature melts—that formed at
the early stages of magmatism may have corresponded
to the composition of the plume and were brought to
the surface along existing fractures without interacting
with lithosphere material. Such magmas are wide-
spread in Queen Maud Land and the conjugate Afri-
can margin. They reached the surface near the mar-
ginal parts of the thick Kaapvaal–Grunehogna shield
near the boundary with the Maud fold belt. In the
plume’s evolution, the pyroxenite admixture in the
source decreased and the melts assumed the features
of the submelting lithospheric mantle, which is
reflected in the isotope characteristics of EM2 melts,
similar to rocks forming trap provinces along the
frame of the North, Central, and South Atlantic [6, 7].
These relatively low-Ti rocks, which developed mainly
along the periphery of the Karoo LIP (see Fig. 5) and
are related to melting of the metasomatized litho-
spheric mantle, constitute the main part of the igneous
complex.

In summary, it can be said that the magmatism that
occurred under the influence of the Karoo–Maud
plume proceeded in the initial melting of plume mate-
rial, accompanied by mixing of the primary magmas
and material entrained in the melting of Gondwana’s
lithosphere. The subsequent stages were characterized
by melting of the heterogeneous lithosphere, ancient
GEOTECTONICS  Vol. 53  No. 4  2019
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and metasomatically enriched, without any input of
melts from the plume [49].

CONCLUSIONS
An examination of the Southern Ocean margins in

the structural, magmatic, and historical aspects makes
it possible to discuss the features of continental
breakup in the central part of the Gondwana super-
continent.

(1) Comparison of the Southern Ocean and the
South Atlantic reveals the significant similarity of
their continental margins in terms of overall zoning,
the specifics of structural elements, and their history.
As noted above, the basement structures are similar,
representing fragments of Gondwana in both regions.
The tectono-magmatic features of the Paraná and
Karoo basins at the proximal margins are also compa-
rable. In particular, study [57] demonstrated the close
similarity of the Upper Paleozoic–Lower Mesozoic
sequences of these basins. The features of preparation
of continental breakup were also similar for both
regions, with a powerful outburst in magmatism and
the formation of igneous crust.

(2) During preparation of the breakup of Gond-
wana, it is distinctly clear that the structures were
inherited from ancient Gondwanan zones. As well,
subsidence in the Karoo Basin continued unceasingly
from the Late Paleozoic. For the dikes of the Karoo
triple junction, not only the utilization of zones of
weakness, but also the inheritance of magma sources
has been noted.

(3) Two powerful plumes within Gondwana—The
Karoo–Maud and Tristan, with a close duration of
magmatism—led to the formation of large trap prov-
inces: the Karoo (190–178 Ma) and the Paraná–
Etendeka (135–131 Ma). The formation of most traps
in both regions is related to enriched generation EMII
source, which is explained by melting of Gondwana’s
heated continental lithosphere. The admixture of
material from less-expressed EM1 mantle sources
related either to an ancient subducted component or to
an admixture of older lithosphere in the source has
been established in the central part of the Karoo LIP,
fragmentarily in the Paraná–Etendeka LIP, and
within the Walvis Ridge.

(4) When discussing magma sources, it was noted
above that for the Karoo LIP, one of the most import-
ant features of manifestation of the Karoo–Maud
plume is the presence of high-magnesian, high-ferrugi-
nous, incompatible-element-depleted magmas against
a wide variety of geochemical types of magmatism. The
genesis of similar high-magnesian ferropicrites, which
are rarely encountered in other igneous plume prov-
inces, can be related to melting of mantle pyroxenitic
source with a specific composition. The uniqueness of
such melts revealed in the Karoo LIP is determined by
their confinement precisely to the central part of the
GEOTECTONICS  Vol. 53  No. 4  2019
plume, as well as the probable correspondence to ear-
liest effusions.

(5) Interaction between plumes and the ancient
lithosphere; erosion at the lithospheric base; its thin-
ning; and a decrease in resistance to tensional forces
led to discontinuity of the lithosphere, which deter-
mined the breakup of Gondwana.

(6) Multiple thick replenishment of igneous mate-
rial with the formation of volcanic margins and recur-
ring episodes of compression and extension should
have been supported by renewed deep plume activity.
The specific location of the Mesozoic plumes, as well
as zones of the subsequent breakup of Gondwana
above marginal areas of African superplume, indicates
a relationship between surface and deep-seated events.
Such a relationship is also expressed in the occurrence
of hotspots, as well as the long tectono-magmatic
development of the Karoo and Paraná syneclises,
which extended along the southern and western
periphery of the African superplume. We believe that
one of the key tasks in the immediate future is to unveil
geological evidence on the dynamics of the African
superplume, the time sequence thereof, and features
of the relationships between the superplume and
development of surface structures.

ACKNOWLEDGMENTS

The authors thank the editorial board of the journal and
the reviewers for their attention to the article and helpful
recommendations.

FUNDING

The study was supported by the Russian Science
Foundation (project no. 16-17-10139) and budgetary topic
no. 0135-2019-0050 “Geodynamics of Ocean Basins in
Earth’s Meso–Cenozoic History and Formation of Related
Minerals.”

REFERENCES
1. B. V. Belyatskii, E. M. Prasolov, N. M. Sushchevskaya,

E. V. Mikhal’skii, and A. V. Luttinen, “Specific features
of the isotopic composition of Jurassic magmas in the
Dronning Maud Land, Antarctica,” Dokl. Earth Sci.
386, 859‒863 (2002).

2. E. P. Dubinin, “Geodynamic settings of the formation
of microcontinents, submerged plateaus, and nonvol-
canic islands within continental margins,” Oceanology
58, 435‒446 (2018).

3. E. P. Dubinin, N. M. Sushchevskaya, and A. L. Gro-
khol’skii, “Evolution history of the spreading ridges in
the south Atlantic and spatiotemporal position of the
Bouvet Triple Junction,” Ross. Zh. Nauk Zemle 1,
423‒443 (1999).

4. G. L. Leichenkov, Yu. B. Guseva, V. V. Gandyukhin,
and S. V. Ivanov, Crustal Structure and Geological Evo-
lution of Sedimentary Basins in the Antarctic Sector Adja-



482 MELANKHOLINA, SUSHCHEVSKAYA
cent to the Indian Ocean Sector (VNIIOkeangeologiya,
St. Petersburg, 2015) [in Russian].

5. G. L. Leitchenkov, N. M. Sushchevskaya, and B. V. Bel-
yatsky, “Geodynamics of the Atlantic and Indian sectors
of the South Ocean,” Dokl. Earth Sci. 391, 675‒678
(2003).

6. E. N. Melankholina and N. M. Sushchevskaya,
“Development of continental margins of the Atlantic
Ocean and successive breakup of the Pangaea-3 super-
continent,” Geotectonics 51, 40‒52 (2017).

7. E. N. Melankholina and N. M. Sushchevskaya, “Tec-
tono-magmatic evolution of the South Atlantic conti-
nental margins with respect to opening of the ocean,”
Geotectonics 52, 173‒193 (2018).

8. V. N. Puchkov, “Relationship between plume and plate
tectonics,” Geotectonics 50, 425–438 (2016). 
https://doi.org/10.1134/S0016852116040075

9. A. V. Sobolev, N. A. Krivolutskaya, and D. V. Kuzmin,
“Petrology of the parental melts and mantle sources of
Siberian trap magmatism,” Petrology 17, 253‒286
(2009).

10. N. M. Sushchevskaya, B. V. Belyatskii, G. L. Leichen-
kov, V. G. Batanova, and A. V. Sobolev, “Isotope char-
acteristic of Jurassic plume magmatism in the Alman-
riggen Province (Dronning Maud Land, East Antarc-
tic),” Dokl. Earth Sci. (2019) (in press).

11. R. Allen and B. Tucholke, “Petrography and implica-
tions of continental rocks from the Agulhas Plateau,
southwest Indian Ocean,” Geology 9, 463‒468 (1981).

12. P. Armienti and P. Longo, “Three-dimensional repre-
sentation of geochemical data from a multidimensional
compositional space,” Int. J. Geosci. 2, 231‒239 (2011).

13. I. A. Basov, P. F. Ciesielski, V. A. Krasheninnikov,
F. M. Weaver, and S. W. Wise, Jr., “Biostratigraphic
and paleontologic synthesis: Deep Sea Drilling Project
Leg 71, Falkland Plateau and Argentine Basin,” in Vol. 71
of Init. Rep. Deep Sea Drill. Proj., Ed. by W. J. Ludwig,
V. A. Krasheninnikov, and S. W. Wise, Jr. (U.S. Gov.
Print. Off., Washington, D.C., 1983), Pt. 1, pp. 445‒460.

14. B. Bayer, W. H. Geissler, A. Eckstaller, and W. Jokat,
“Seismic imaging of the crust beneath Dronning Maud
Land, East Antarctica,” Geophys. J. Int. 178, 860‒876
(2009).

15. T. W. Becker and L. Boschi, “A comparison of tomo-
graphic and geodynamic mantle models,” Geochem.
Geophys. Geosyst. 3, 1003 (2002). 
https://doi.org/10.1029/2001GC000168

16. Z. Ben-Avraham, C. J. H. Hartnady, and K. A. Kitchin,
“Structure and tectonics of the Agulhas-Falkland frac-
ture zone,” Tectonophysics 282, 83‒98 (1997).

17. Z. Ben-Avraham, C. J. H. Hartnady, and A. P. le Roex,
“Neotectonic activity on continental fragments in the
Southwest Indian Ocean: Agulhas Plateau and
Mozambique Ridge,” J. Geophys. Res.: Solid Earth
100, 6199‒6211 (1995).

18. A. Beniest, Doctoral Thesis (Paris, 2017).
19. K. Burke and J. F. Dewey, “Plume-generated triple

junctions: Key indicators in applying plate tectonics to
old rocks,” J. Geol. 81, 406‒433 (1973).

20. I. H. Campbell and R. W. Griffiths, “Implications of
mantle plume structure for the evolution of f lood
basalts,” Earth Planet. Sci. Lett. 99, 79‒93 (1990).
21. O. Catuneanu, H. Wopfner, P. G. Eriksson, B. Cairn-
cross, B. S. Rubidge, R. M. H. Smith, and P. J. Han-
cox, “The Karoo basins of south-central Africa,” J. Afr.
Earth Sci. 43, 211‒253 (2005).

22. K. G. Cox, “The Karoo Province,” in Continental Flood
Basalts, Ed. by J. D. MacDougall (Kluwer, Dordrecht,
1988), pp. 239‒271.

23. M. Elburg and A. Goldberg, “Age and geochemistry of
Karoo dolerite dykes from northeast Botswana,” J. Afr.
Earth Sci. 31, 539‒554 (2000).

24. R. M. Ellam and K. G. Cox, “A Proterozoic litho-
spheric source for Karoo magmatism: Evidence from
the Nuanetsi picrites,” Earth Planet. Sci. Lett. 92,
207‒218 (1989).

25. D. H. Elliot and T. H. Fleming, “Weddell triple junc-
tion: The principal focus of Ferrar and Karoo magma-
tism during initial breakup of Gondwana,” Geology 28,
539‒542 (2000).

26. J. Encarnación, T. H. Fleming, D. H. Elliot, and
H. V. Eales, “Synchronous emplacement of Ferrar and
Karoo dolerites and the early breakup of Gondwana,”
Geology 24, 535‒538 (1996).

27. A. J. Erlank, A. R. Duncan, J. S. Marsh, R. J. Sweeney,
C. J. Hawkesworth, S. C. Milner, R. M. Miller, and
N. W. Rogers, “A laterally extensive geochemical dis-
continuity in the subcontinental Gondwana litho-
sphere,” Geochemical Evolution of the Continental Crust
Conference, Pocos de Caldes, Brazil, 1988 (Int. Assoc.
Geochem. Cosmochem., 1988), pp. 1‒10.

28. R. E. Ernst and K. L. Buchan, “Giant radiating dyke
swarms: Their use in identifying pre-Mesozoic large
igneous provinces and mantle plumes,” in Large Igne-
ous Provinces: Continental, Oceanic, and Planetary
Flood Volcanism, Vol. 100 of Am. Geophys. Union, Geo-
phys. Monogr., Ed. by J. J. Mahoney and M. F. Coffin
(Am. Geophys. Union, 1997), pp. 297‒333.

29. F. Ferraccioli, P. C. Jones, M. L. Curtis, P. T. Leat, and
T. R. Riley, “Tectonic and magmatic patterns in the
Jutulstraumen rift (?) region, East Antarctica, as
imaged by high-resolution aeromagnetic data,” Earth,
Planets Space 57, 767‒780 (2005).

30. M. J. Fouch, D. E. James, J. C. Van Decar, S. Van der
Lee, and the Kaapvaal Seismic Group, “Mantle seis-
mic structure beneath the Kaapvaal and Zimbabwe
Cratons,” South Afr. J. Geol. 107, 33‒44 (2004).

31. C. Gaina, T. H. Torsvik, J. Douwe, J. van Hinsbergen,
S. Medvedev, S. C. Werner, and C. Labails, “The Afri-
can Plate: A history of oceanic crust accretion and sub-
duction since the Jurassic,” Tectonophysics 604, 4‒25
(2013).

32. S. A. Gibson, “Major element heterogeneity in Archean
to recent mantle plume starting-heads,” Earth Planet.
Sci. Lett. 195, 59‒74 (2002).

33. K. Gohl, “Antarctica’s continent–ocean transitions:
Consequences for tectonic reconstructions,” in Antarc-
tica: A Keystone in a Changing World—Proceedings of the
10th International Symposium on Antarctic Earth Sci-
ences. U. S. Geol. Surv. Open-File Rep. 2007-1047, Ed.
by A. Cooper, C. Raymond, and the 10th ISAES Edi-
torial Team (Natl. Acad. Press, Washington, D.C., 2008),
pp. 29‒38. 
https://doi.org/10.3133/of2007-1047.kp04

34. K. Gohl and G. Uenzelmann-Neben, “The crustal role
of the Agulhas Plateau, southwest Indian Ocean: Evi-
GEOTECTONICS  Vol. 53  No. 4  2019



TECTONICS OF THE SOUTHERN OCEAN PASSIVE MARGINS 483
dence from seismic profiling,” Geophys. J. Int. 144,
632‒646 (2001).

35. K. Gohl, G. Uenzelmann-Neben, and N. Grobys,
“Growth and dispersal of a Southeast African Large
Igneous Province,” South Afr. J. Geol. 114, 379‒386
(2011).

36. S. P. Grand, R. D. van der Hilst, and S. Widiyantoro,
“Global seismic tomography: A snapshot of convection
in the Earth,” GSA Today 7 (4), 2‒7 (1997).

37. G. H. Grantham, P. H. Macey, B. A. Ingram,
M. P. Roberts, R. A. Armstrong, T. Hokada, K. Shirai-
shi, C. Jackson, A. Bisnath, and V. Manhica, “Terrane
correlation between Antarctica, Mozambique and Sri
Lanka; comparisons of geochronology, lithology,
structure and metamorphism and possible implications
for the geology of southern Africa and Antarctica,” in
Geodynamic Evolution of East Antactica: A Key to the
East-West Gondwana Connection, Vol. 308 of Geol. Soc.
London, Spec. Publ., Ed. by M. Satish-Kumar, Y. Moto-
yoshi, Y. Osanai, Y. Hiroi, and K. Shiraishi (London,
2008), pp. 91‒119.

38. C. J. H. Hartnady, Z. Ben-Avraham, and J. Rogers,
“Deep-ocean basins and submarine rises off the conti-
nental margin of southeastern Africa, new geological
research developments,” Sci. Afr. J. Sci. 88, 534‒539
(1992).

39. W. W. Hastie, M. K. Watkeys, and C. Aubourg,
“Magma flow in dyke swarms of the Karoo LIP: Impli-
cations for the mantle plume hypothesis,” Gondwana
Res. 25, 736‒755 (2014).

40. C. J. Hawkesworth, J. S. Marsh, A. R. Duncan,
A. J. Erlank, and M. J. Norry, “The role of continental
lithosphere in the generation of the Karoo volcanic
rocks: Evidence from combined Nd- and Sr-isotopes
studies,” Geol. Soc. South Afr., Spec. Publ. 13,
341‒354 (1984).

41. J. S. Heinonen, R. W. Carlson, and A. V. Luttinen,
“Isotopic (Sr, Nd, Pb, and Os) composition of highly
magnesian dikes of Vestfjella, western Dronning Maud
Land, Antarctica: A key to the origins of the Jurassic
Karoo large igneous province?,” Chem. Geol. 277,
227‒244 (2010).

42. J. S. Heinonen, R. W. Carlson, A. V. Luttinen, and
W. A. Bohrson, “Enriched continental f lood basalts
from depleted mantle melts: modeling lithospheric
contamination of Karoo lavas from Antarctica,” Con-
trib. Mineral. Petrol. 171 (2016). 
https://doi.org/10.1007/s00410-015-1214-8

43. J. S. Heinonen, R. W. Carlson, T. R. Riley, A. V. Lutti-
nen, and M. F. Horan, “Subduction-modified oceanic
crust mixed with a depleted mantle reservoir in the
sources of the Karoo continental f lood basalt prov-
ince,” Earth Planet. Sci. Lett. 394, 229‒241 (2014).

44. J. S. Heinonen, A. V. Luttinen, T. R. Riley, and
R. M. Michallik, “Mixed pyroxenite–peridotite sources
for mafic and ultramafic dikes from the Antarctic seg-
ment of the Karoo continental flood basalt province,”
Lithos 177, 366‒380 (2013).

45. J. S. Heinonen, A. V. Luttinen, and M. J. Whitehouse,
“Enrichment of 18O in the mantle sources of the Ant-
arctic portion of the Karoo large igneous province,”
Contrib. Mineral. Petrol. 173 (2018). 
https://doi.org/10.1007/s00410-018-1447-4
GEOTECTONICS  Vol. 53  No. 4  2019
46. K. Hoernle, A. Schwindrofska, R. Werner, P. van den
Bogaard, F. Hauff, G. Uenzelmann-Neben, and
D. Garbe-Schönberg, “Tectonic dissection and dis-
placement of parts of Shona hotspot volcano 3500 km
along the Agulhas–Falkland Fracture Zone,”
Geology 44, 263‒266 (2016).

47. W. Jokat, O. Ritzmann, C. Reichert, and K. Hinz,
“Deep crustal structure of the continental margin off
the Explora Escarpment and in the Lazarev Sea, East
Antarctica,” Mar. Geophys. Res. 25, 283–304 (2004).

48. F. Jourdan, H. Bertrand, G. Féraud, B. Le Gall, and
M. K. Watkeys, “Lithospheric mantle evolution moni-
tored by overlapping large igneous provinces: Case
study in southern Africa,” Lithos 107, 257‒269 (2009).

49. F. Jourdan, H. Bertrand, U. Sharer, J. Blichert-Toft,
G. Féraud, A. B. Kampunzu, B. Le Gall, and M. K. Wat-
keys, “Major and trace element and Sr, Nd, Hf, and Pb
isotope compositions of the Karoo Large Igneous
Province, Botswana-Zimbabwe: Lithosphere vs mantle
plume contribution,” J. Petrol. 48, 1043‒1077 (2007).

50. F. Jourdan, G. Féraud, H. Bertrand, A. B. Kampunzu,
G. Tshoso, B. Le Gall, J. J. Tiercelin, and P. Capiez,
“The Karoo triple junction questioned: Evidence from
40Ar/39Ar Jurassic and Proterozoic ages and geochem-
istry of the Okavango dyke swarm (Botswana),” Earth
Planet. Sci. Lett. 222, 989‒1006 (2004).

51. F. Jourdan, G. Féraud, H. Bertrand, M. K. Watkeys,
A. B. Kampunzu, and B. Le Gall, “Basement control
on dyke distribution in Large Igneous Provinces: Case
study of the Karoo triple junction,” Earth Planet. Sci.
Lett. 241, 307‒322 (2006).

52. F. Jourdan, G. Féraud, H. Bertrand, M. K. Watkeys,
and P. R. Renne, “The 40Ar/39Ar ages of the sill com-
plex of the Karoo large igneous province: Implications
for the Pliensbachian-Toarcian climate change,” Geo-
chem. Geophys. Geosyst. 9 (2008). 
https://doi.org/10.1029/2008GC001994

53. V. S. Kamenetsky, R. Maas, M. Kamenetsky,
G. M. Yaxley, K. Ehrig, G. F. Zellmer, I. Bindeman,
A. V. Sobolev, D. V. Kuzmin, A. V. Ivanov, J. Wood-
head, and J. G. Schilling, “Multiple mantle sources of
continental magmatism: Insights from “high-Ti”
picrites of Karoo and other large igneous provinces,”
Chem. Geol. 455, 22‒31 (2016).

54. J. Klimke, D. Franke, E. S. Mahanjane, and G. Leitch-
enkov, “Tie points for Gondwana reconstructions from
a structural interpretation of the Mozambique Basin,
East Africa and the Riiser-Larsen Sea, Antarctica,”
Solid Earth 9, 25‒37 (2018).

55. Y. Kristoffersen, C. Hofstede, A. Diez, R. Blenkner,
A. Lambrecht, C. Mayer, and O. Eisen, “Reassembling
Gondwana: A new high quality constraint from vibro-
seis exploration of the sub-ice shelf geology of the East
Antarctic continental margin,” J. Geophys. Res.: Solid
Earth 119, 9171‒9182 (2014).

56. G. Leitchenkov, J. Guseva, V. Gandyukhin, G. Gri-
kurov, Y. Kristoffersen, M. Sand, A. Golynsky, and
N. Aleshkova, “Crustal structure and tectonic prov-
inces of the Riiser-Larsen Sea area (East Antarctica):
results of geophysical studies,” Mar. Geophys. Res. 29,
135‒158 (2008).

57. B. Linol, M. J. de Wit, E. J. Milani, F. Guillocheau,
and C. Scherer, “New regional correlations between
the Congo, Paraná and Cape-Karoo Basins of South-



484 MELANKHOLINA, SUSHCHEVSKAYA
west Gondwana,” in Geology and Resource Potential of
the Congo Basin, Ed. by M. J. de Wit, F. Guillocheau,
and M. C. J. de Wit (Springer, Berlin, 2015),
pp. 183‒192.

58. A. V. Luttinen, “Bilateral geochemical asymmetry in the
Karoo large igneous province,” Sci. Rep. 8, 5223‒5234
(2018). 
https://doi.org/10.1038/s41598-018-23661-3

59. A. V. Luttinen and H. Furnes, “Flood basalts of Vest-
fjella: Jurassic magmatism across an Archaean-Pro-
terozoic lithospheric boundary in Dronning Maud
Land, Antarctica,” J. Petrol. 41, 1271‒1305 (2000).

60. A. V. Luttinen, J. S. Heinonen, M. Kurhila, F. Jourdan,
I. M. Saku, and K. V. H. Huhma, “Depleted mantle-
sourced CFB magmatism in the Jurassic Africa–Antarc-
tica Rift: Petrology and 40Ar/39Ar and U/Pb chronology
of the Vestfjella Dyke Swarm, Dronning Maud Land,
Antarctica,” J. Petrol. 56, 919‒952 (2015).

61. J. G. Marsh, “Satellite altimetry,” Rev. Geophys.
Space Phys. 21, 574‒580 (1983).

62. L. Melluso, C. O. Cucciniello, C. M. Petrone, L. Vas-
concelos, M. Lustrino, V. Morra, and M. Tiepolo,
“Petrology of Karoo volcanic rocks in the southern
Lebombo monocline, Mozambique,” J. Afr. Earth Sci.
52, 139‒151 (2008).

63. C. O. Müeller and W. Jokat, “Geophysical evidence for
the crustal variation and distribution of magmatism
along the central coast of Mozambique,” Tectonophys-
ics 712–713, 684‒703 (2017).

64. C. O. Müeller, W. Jokat, and B. Schreckenberger, “The
crustal structure of Beira High, Central Mozambique –
Combined investigation of wide-angle seismic and
potential field data,” Tectonophysics 683, 233‒254
(2016).

65. E. R. Neumann, H. Svensen, C. Y. Galerne, and
S. Planke, “Multistage evolution of dolerites in the
Karoo Large Igneous Province, Central South Africa,”
J. Petrol. 52, 959‒984 (2011).

66. N. Parsiegla, K. Gohl, and G. Uenzelmann-Neben,
“The Agulhas Plateau: Structure and evolution of a
Large Igneous Province,” Geophys. J. Int. 174, 336‒350
(2008).

67. N. Parsiegla, J. Stankiewicz, K. Gohl, T. Ryberg, and
G. Uenzelmann-Neben, “Southern African continen-
tal margin: Dynamic processes of a transform margin,”
Geochem., Geophys., Geosyst. 10 (2009). 
https://doi.org/10.1029/2008GC002196

68. J. H. Puffer, “Contrasting high field strength element
contents of continental f lood basalts from plume vs
reactivated-arc sources,” Geology 29, 675‒678 (2001).

69. T. R. Riley, P. T. Leat, M. L. Curtis, I. L.Millarrobert,
and F. A. Duncan, “Early–Middle Jurassic dolerite
dykes from Western Dronning Maud Land (Antarc-
tica): A. Identifying mantle sources in the Karoo Large
Igneous Province,” J. Petrol. 46, 1489‒1524 (2005).

70. A. J. Schaeffer and S. Lebedev, “Global shear speed
structure of the upper mantle and transition zone,”
Geophys. J. Int. 194, 417‒449 (2013).

71. E. S. Schandl, M. P. Gorton, and F. J. Wicks, “Miner-
alogy and geochemistry of alkali basalts from Maud
Rise, Weddell Sea, Antarctica,” in Weddell Sea, Antarc-

tica: Sites 689–697, Vol. 113 of Proc. Ocean Drill. Progr.,
Sci. Res., Ed. by P. E. Barker, J. P. Kennett, S. O’Con-
nell, and N. G. Pisias (College Station, Tex., 1990),
pp. 5‒14.

72. S. E. Scheiber-Enslin, J. Ebbing, and S. J. Webb, “New
depth maps of the Main Karoo Basin, used to explore
the Cape isostatic anomaly,” South Afr. J. Geol. 118,
261‒284 (2015).

73. M. Schimmel, M. Assumpcao, and J. C. Vandecar,
“Seismic velocity anomalies beneath SE Brazil from P
and S wave travel time inversions,” J. Geophys. Res.:
Solid Earth 108, 2191‒2203 (2003).

74. J. Stankiewicz, N. Parsiegla, T. Ryberg, K. Gohl,
U. Weckmann, R. Trumbull, and M. Weber, “Crustal
structure of the southern margin of the African conti-
nent: Results from geophysical experiments,” J. Geo-
phys. Res.: Solid Earth 113 (2008). 
https://doi.org/10.1029/2008JB005612

75. B. C. Storey and P. R. Kyle, “An active mantle mecha-
nism for Gondvana breakup,” South Afr. J. Geol. 100,
283‒290 (1977).

76. N. M. Sushchevskaya, B. V. Belyatsky, and A. V. Laiba,
“Origin, distribution and evolution of plume magma-
tism in East Antarctica,” in Volcanology, Ed. by
F. Stoppa (INTECH, Rijeka, Croatia, 2011), pp. 3‒29.

77. H. Svensen, F. Corfu, S. Polteau, Ø. Hammer, and
S. Planke, “Rapid magma emplacement in the Karoo
Large Igneous Province,” Earth Planet. Sci. Lett. 325–
326, 1‒9 (2012).

78. R. W. Thompson, “Mesozoic sedimentation on the East-
ern Falkland Plateau,” in Vol. 36 of Proc. Deep Sea Drill.
Proj., Init. Rep., Ed. by P. F. Barker, I. W. D. Dalziel, and
S. W. Wise, Jr. (1977) P. 877‒891.

79. T. H. Torsvik, M. A. Smethurst, K. Burke, and B. Stein-
berger, “Large igneous provinces generated from the
margins of the large low-velocity provinces in the deep
mantle,” Geophys. J. Int. 167, 1447‒1460 (2006).

80. T. H. Torsvik, R. van der Voo, P. Doubrovine,
K. Burke, B. Steinberger, L. D. Ashwal, R. Trønnes,
S. J. Webb, and A. L. Bull, “Deep mantle structure as a
reference frame for movements in and on the Earth,”
Proc. Natl. Acad. Sci. U. S. A. 111, 8735‒8740 (2014).

81. M. Youssof, H. Thybo, I. M. Artemieva, and
A. Levander, “Moho depth and crustal composition in
Southern Africa,” Tectonophysics 609, 267‒287 (2013).

82. T. L. Vallier, “Volcanogenic sediments and their relation
to landmass volcanism and sea floor-continent move-
ments, western Indian Ocean, leg 25, Deep Sea Drilling
Project,” in Vol. 25 of Deep Sea Drill. Proj., Init. Rep., Ed.
by T. L. Vallier and S. M. White (U. S. Gov. Print. Off.,
Washington, D.C., 1974), pp. 515‒542. 
https://doi.org/10.2973/dsdp.proc.25.121.1974

83. R. White and D. McKenzie, “Magmatism at rift zones:
The generation of volcanic continental margins and
flood basalts,” J. Geophys. Res., [Solid Earth Planets]
94, 7685‒7729 (1989).

Reviewers: V. N. Puchkov and A. A. Peyve
Translated by A. Carpenter
GEOTECTONICS  Vol. 53  No. 4  2019


	INTRODUCTION
	PROXIMAL MARGINS OF THE SOUTHERN OCEAN
	Southern African Margin

	Specific Features of Magmatism
	Deep Structure
	East Antarctic Margin
	Specific Features of Magmatism
	Deep Structure
	DISTAL MARGINS OF THE SOUTHERN OCEAN
	Southern African Margin
	Antarctic Margin in the Region of the Weddell, Lazarev, and Riiser–Larsen Seas

	MICROCONTINENTAL FRAGMENTS AND HOTSPOTS IN THE SOUTHERN OCEAN
	THE ROLE OF A MANTLE PLUME IN MAGMA GENERATION
	TECTONIC EVOLUTION OF THE SOUTHERN OCEAN MARGINS
	DISCUSSION
	CONCLUSIONS
	REFERENCES

		2019-07-30T11:48:22+0300
	Preflight Ticket Signature




