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Abstract—The paper describes the specific features of the bottom topography and morphostructural segmen-
tation along the strike of the Southeast Indian Ridge (SEIR) and in the zones of influence of the Amster-
dam—St. Paul hot spot and the anomalous zone of the relatively cold mantle in the area of the Australian—
Antarctic discordance. Numerical estimates of changes of thermal state and strength of the crust in axial and
off-axial zones of the SEIR were performed. Correlation between the thermal—rheological settings in the
axial zone of the ridge with the seabed topography and the morphostructural segmentation and magmatism
has been established. The numerical modelling results make it possible to assume the presence of along-axis
asthenospheric flows under the axial zone of the SEIR. One of them, which was initiated by the Amsterdam—
St. Paul point and the Kerguelen plume, is oriented from west to east, and the second, located east of the Aus-
tralian—Antarctic discordance, is oriented from east to west. Taking into account the numerical modelling
results of the thermal regime and the change in thickness of the brittle layer of the axial lithosphere, we per-
formed a physical modelling of the influence of temperature anomalies in the mantle on the peculiarities of
crustal deformation in the axial zones of the ridge. The experimental modelling showed that the presence of
a thermal anomaly in the sublithosphere mantle in the form of a local heat source (hot spot) will noticeably
influence the geometry of the rift axis and its position in relation to the hot spot. An area of anomalous topog-
raphy forms under the influence of the hot spot, traces of which are preserved in the off-axis spreading flank
zones, as in the case of the Amsterdam—St. Paul hot spot. More contrasting and dissected topography forms
in zones with a relatively low typical mantle temperature in the process of crustal accretion.
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INTRODUCTION

The study of the peculiarities of the change in mor-
phology, anomalous potential fields, and the deep
structure of spreading ridges associated with mantle
temperature variations in the areas of occurrence of
hot spots and mantle plumes attracted attention of
researchers [1, 4—6, 16, 18, 20, 27, 46]. The nature of
interaction of a hot spot and a spreading ridge is deter-
mined by the duration of its functioning, the mantle
temperature, the spreading rate, and the distance
between them. These factors determine the features of
crustal accretion, the intensity of magma supply, the
nature of the occurrence of recent volcanism, the
anomalous structure of the topography of axial and
off-axial spreading zones, increased thickness of the
crust, and many other indicators.

Another important study is that of the influence of
zones with a relatively cold sublithosphere mantle on
the morphology of spreading ridges. Nowadays such
examples can be observed in the region of the equato-
rial Atlantic with the system of the gigantic Roman-
che, Chain, and Charcot transform faults, which dis-
place the spreading axis by hundreds of kilometers, the
area of the Australian—Antarctic discordance at the
Southeast Indian Ridge (SEIR), etc. All these areas
are characterized by a rugged seabed topography and
intense gravity anomalies.

The SEIR is a remarkable example where both
anomalously heated zones associated with the presence
of the Amsterdam—St. Paul (ASP) hot spot, located
nearly on the spreading axis, and the Kerguelen plume,
the recent volcanic occurrences of which are located a
significant distance from the spreading ridge; as well,
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anomalously cold zones of the lithosphere and the sub-
lithospheric mantle—the Australian-Antarctic discor-
dance (AAD)—are found along the ridge strike.

According to [46], the SEIR interacted with the
ASP hot spot in three stages starting from a period of
about 10—12 Ma ago. The ASP plateau started to form
about 10 Ma ago owing to intensification of magma-
tism in neighboring segments. The SEIR was located
in close proximity to the hot spot. At the second stage,
which began 3—6 Ma ago, magmatic activity weak-
ened. The spreading ridge crossed the hot spot about
3—4 Ma ago, when its activity was reduced. Starting
from a period of 3 Ma ago, the activity of the hot spot
restored, which led to the formation of the current
ridge segmentation in this area. Pulses of the hot spot’s
magmatic activity led to fixation of ancient rift valleys
and axial rises in the topography at the stages of its
decreased and increased activity, these topographic
forms were established north of the plateau, according
to detailed studies.

The influence of the Kerguelen plume on the SEIR
continued from the moment of separation of the Ker-
guelen plateau and the Broken plateau by the forming
SEIR. The age of the most ancient magnetic anoma-
lies in the section of the western part of the plateau has
been determined as 33—34 Ma [61]. The Kerguelen
plume influences the deep mantle of this area at a dis-
tance of about 1000 km [43, 55]. According to [56],
the hot spot can influence the ridge while being
located at a distance of 1000—1500 km away. The
migration of the hot spot material towards the spread-
ing ridge may occur along the channel or along the
base of the lithosphere, the level of which increases
towards the spreading axis [55].

The influence of the Kerguelen plume evidently
changes the morphology of the SEIR rift zone at the
section from the ASP to the AAD. It is assumed that in
the area of the SEIR east of the ASP plateau, along-
axis flow of the asthenosphere occurs, which is mostly
formed by the Kerguelen plume and the ASP hot spot
to a lesser extent. This flow moves east towards the
AAD, under which there is an area with a relatively
cold mantle [44]. The existence of the along-axis
asthenosphere flow may govern the reduction of the
mantle temperature in this area from west to east.

The aim of this work is to study by the means of
numerical and physical modelling the peculiarities of
the lithosphere thermal regime and structure-forming
processes in areas of the SEIR rift zone influenced by
temperature anomalies of the sublithosphere mantle.

TOPOGRAPHY, SEGMENTATION,
AND SPECIFIC FEATURES OF MAGMATISM
OF THE RIFT ZONE OF THE SOUTHEAST
INDIAN RIDGE FROM 78° TO 130° E

The SEIR stretches in sublatitudinal direction from
the Rodrigues Triple Junction (TJ) to the Macquarie
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TJ at approximately 8000 km (Fig. 1). This paper
describes the segment from the ASP plateau (75°—
78° E) to the AAD (120°—130° E), located between
areas with a relatively hot (Kerguelen, ASP hot spot)
and relatively cold (AAD) mantle. At this section of
the ridge spreading with practically constant velocities
of 6.5—7 cm/yr [22], a significant change in the ridge
structure occurs from the area with the relatively more
heated lithosphere near the ASP plateau towards the
area with the relatively less heated lithosphere near the
AAD (Figs. 2, 3a).

The topography of the rift zones of mid-ocean ridges
(MORs) with a low opening rate (less than 4 cm/yr) was
commonly formed by deep rift valleys about 30 km
wide and about 1.5—3 km deep [44]. Axial rise with a
width of approximately 30 km and height of approxi-
mately 400—500 m is typical of MOR rift zones with
fast spreading (more than 8 cm/yr), such as the East
Pacific Rise [42]. At intermediate spreading ridges,
where the spreading rate varies from 4 to 8 cm/yr, the
morphology of rifting zones is more variable. The
Galapagos spreading center, the Juan de Fuca Ridge,
the Chile Rise, the Pacific—Antarctic Ridge, and the
SEIR are examples of these. Typical of these ridges are
the morphology of the intermediate type and along-
axis changes in the morphology from rift valleys to
axial rises through transit forms (Figs. 2, 3). Among
the latter, reduced axial rises up to 10 km wide, dis-
sected by grabens up to 100—200 m deep, and reduced
rift valleys up to 10—15 km wide and up to 400—500 m
deep are observed. The nature of the change in ridge
structure is regular and coincides with the deep struc-
ture of the rift zone [24]. In some areas, the predomi-
nant macroform of the ridge topography is not traced
and they are classified as areas with transit morphology.

During the study of the MOR rift zones, presence
of axial magmatic chambers (AMC) was established
by seismic methods on ridges with fast spreading [23]
practically everywhere. The degree of saturation with
the melt and roof shape of AMCs evidently determine
the shape of the axial rise [44]. Stable AMCs are
detected on the ridges with slow spreading with the
up-to-date geophysical methods extremely rarely.
Here, in the models of the deep structure of rift zones
over the regional rise of the asthenosphere, the forma-
tion of individual centers of focused mantle upwelling
is assumed, over which local short-living melt cham-
bers can periodically occur in the crust [62]. Magma
eruptions of the axial volcanoes at the bottom of the
internal rift valley occur from these melt chambers.
The presence or absence of a stationary AMCs in
spreading ridges with high and low extension rates
determines the fundamental differences in the accre-
tion mechanisms, the deep structure of the crust, and
the bottom topography of rift zones [2, 3, 29]. There is
no such certainty in the models of the deep structure
of the lithosphere for ridges with intermediate spread-
ing rates today due to insufficiency of seismic surveys,
although the topography of these ridges is described in
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Fig. 1. Structure of SEIR in area from 78° to 135° E. (a) Bottom topography according to [31]. I-U, Al, A2, A3 is numeration of
ridge segments according to [55, 58]. Numerals in circles indicate (1) Amsterdam—St. Paul plateau, (2) Kerguelen plateau, (3) Aus-
tralian—Antarctic discordance. Position of SEIR in water area of southeastern part of Indian Ocean is shown in insert. (b) Ridge seg-
mentation layout. [-U, Al, A2, A3 is numeration of ridge segments according to [55, 58]. (/) Amsterdam—St. Paul and Kerguelen
plateau, (2) AAD zone, (3) spreading direction, (4) transform and nontransform faults of spreading axis and their off-axis traces,
(5) propagating rifts and their off-axis traces, (6) center of Amsterdam—St. Paul hot spot and center of Kerguelen plume.

some detail (Fig. 3a). The axial and off-axial topogra-
phy of the SEIR and the depth of the axial zone vary
significantly along its strike (Figs. 2, 3). This is partially
related to the existence within it of two areas with an
anomalously heated mantle: the ASP plateau, the for-
mation of which is explained by the influence on the
ridge axis in this place of the cognominal hot spot [19,
55] and the Keguelen plume [43, 55], and a zone with
an anomalously cold mantle—the area of the AAD.

Five provinces can be identified based on the
change in axial depth, the morphology of the rift zone,
the strike of the ridge, and the nature of its segmenta-
tion by morphostructural faults within the SEIR:
western, located between the Rodrigues TJ and the
ASP plateau; the ASP plateau province, central—
between the ASP plateau and the AAD, the AAD
province; and the eastern province stretching from the
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eastern boundary of the AAD to the Macquarie TJ,
disturbed by the gigantic system of Tasmantide—Bal-
leny transform faults, which have displaced the ridge
axis by almost 1000 km.

In the western province from the Rodrigues TJ to
29.5° S, the ridge has a deep well-formed rift valley
15—20 km wide, with a relative depth of 1000—1500 m
(Fig. 2, lines a, b). Near 29.5° S, the relative depth of
the rift valley drops to 200—400 m [43]. These shal-
lower rift valleys are commonly 10—15 km wide, with
a topographic amplitude of 100—150 m. In the area of
the ASP plateau, the rift valley virtually disappears
(Fig. 2, line ¢). In the western extremity of the central
province of the SEIR, directly near the ASP plateau,
the rift zone has the form of a shallow rift valley, which
at about 82° E is replaced by an axial rise that is evi-
dently associated with the influence of the Kerguelen
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Fig. 2. Cross bathymetric profiles according to [43]. (a)—(4) Profile marking. ASP is Amsterdam—St. Paul plateau; AAD is Aus-

tralian—Antarctic discordance.

plume on the SEIR axis there [43] (Fig. 2, lines d, e).
Farther east, the axial rise gradually becomes less
distinct and is replaced by rift valleys, which gener-
ally deepen towards the AAD (105°—114° E) (Fig. 2,
lines f, g; Fig. 3a). Throughout the length of the AAD
province, the rift zone has the morphology of a deep
rift valley with an intensely dissected topography
(Fig. 3a), and at its eastern boundary, the abrupt
transfer of the axial morphology to the axial rise occurs
again, which is typical of the entire eastern area of the
SEIR (Fig. 2, line 4). Therefore, the morphology of the
rift zone changes several times along the SEIR.

The segmentation in the studied section of the
ridge was formed by transform faults (first-order seg-
ments according to classification [44]), nontransform
offsets (NTOs), propagating rifts, and overlapping

spreading centers (second-order segments). According
to the scheme adopted in [52] and used later in [17, 19],
first-order segments within studied section of the
ridge are marked by the letters of the Latin alphabet
starting from the Rodrigues TJ, and second-order seg-
ments are marked by corresponding letters with
numerals. Within the area under study segments from
J3to U are located. The area of the AAD is subdivided
into three zones: A, B, and C. East of the AAD,
numeration of segment begins again from A (Fig. 2a).

Influence of Amsterdam—St. Paul Hot Spot

The ASP volcanic massif forms a morphologically
isolated area covering both the rift zone and the flanks
of the SEIR (Fig. 4). The volcanic ridge is located
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Fig. 3. Changes of ridge structure and spreading rate in section from 78° to 135° E. (a) Bottom topography according to [51, 53].
1-U, Al, A2, A3 is numeration of ridge segments according to [55, 58]. AAD-A—AAD-C are segments of AAD zone according
to [41]. Areas with different structure of ridge: (1) transient morphology, (2) axial rises, (3) rift valleys. (/) AMC roof according
to [12]. (b) Spreading rate according to [22], (1) averaged curve for spreading rate. (c) Changes of segmentation parameters.
(1) Along-axis depth amplitude, (2) segment length, (3) averaged curve of depth amplitude, (4) averaged curve of segment length.
(d) Ridge magmatism. (/) Value of Na8 parameter [34, 41, 45], (2) averaged curve of Na8, (3) gravity anomalies in Bouguer
reduction according to [51, 58], (4) crustal thickness according to [37].

between two distinct transform faults: Amsterdam and
St. Paul. At the intersection with the spreading axis, it
forms the ASP plateau, within which the axial depth is
about 2300—2800 m. The typical depths in the SEIR
segments within the platform are 1—1.5 km smaller
than the depth of the spreading segments outside the
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platform (Fig. 3a), which confirms the formation of a
thicker oceanic crust. This also confirms the distribu-
tion of gravity anomalies, in particular, the presence of
a negative mantle Bouger anomaly (MBA) (e.g., in seg-
ment 12, the MBA values reach —100 to —115 mGal);
therefore, the average thickness of the platform crust is
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Fig. 4. Amsterdam—St. Paul plateau. (a) Map of gravity anomalies in free air in area of ASP plateau [31]. Isolines are drawn across
50 mGal. A—M is numeration of ridge segments according to [52, 55, 58]. Numerals in circles indicate: (1) Amsterdam transform
fault, (2) St. Paul transform fault, (3) Amsterdam Island, (4) St. Paul Island, (5) ASP plateau, (6) Dead Poets ssamount chain,
(7) Broken plateau. (b) Segmentation of rift axis in ASP plateau surroundings. Arbitrary notes: (/) volcanic islands, (2) segments
of ancient spreading axes according to [46], (3) plateau steps, (4) active sections of transform faults, (5) off-axis traces of transform
faults and non-transform offsets, (6) spreading segments, (7) volcanic edifices, (&)—(10) stages of plateau lithosphere generation.

about 10 km, which is approximately 40% thicker than
typical oceanic crust [55]. Meanwhile, it can reach
12—16 km near the St. Paul and Amsterdam islands.

The minimum Nas8 values (the parameter reflect-
ing different Na contents in initial rift tholeiites, which
increases with decreasing melting depth), the signifi-
cant length of segments, the low amplitude of the
along-axis topography, and the general morphology of
the topography testify in favor of excessive heating of
the lithosphere of the rift zone. The transform faults
(TFs) on the ASP platform frequently stretch nonor-
thogonally to the spreading direction: the Boomerang
TF is located 14° to the spreading, and the Hillegom
TF, 7° (Figs. 4a, 4b). The spreading axis in segment J1
consists of a system of sigmoidal en-echelon fracture
systems similar in structure to the segmentation of the
northern part of the Reykjanes Ridge, located near the
Icelandic plume [25, 57]. The segments significantly
overlap each other along the length (Fig. 4). The axes
of spreading segments on the ASP plateau moved
towards the hot spot by local jumps [46]. The hot spot

evidently, at least during the period of its active func-
tioning, “pulled” the rift fracture by repeated local
jumps [46]. During periods of fading activity, jumps of
the axis ceased and axial rises were replaced by rift val-
leys. These changes are observed in the topography of
the distal part of the plateau [46]. Changes in hot spot
activity are noted in the structure of the plateau itself
(Fig. 4). The thermal influence of the ASP hot spot
leaves a typical trace in the off-axial morphology. This
is especially distinct in the segment between the
Amsterdam and St. Paul TFs (Fig. 4a). This trace
stretches on a significant distance from the spreading
axis, fixing the history of the volcanic activity of the
hot spot in the seabed topography in the form of the
Dead Poets seamount chain [46].

Farther southeast along the strike of the SEIR, the
thermal influence of the ASP hot spot in the area of
the central province on the topography of the SEIR
rift zone weakens. The reduction in thermal influence
is reflected in the abrupt deepening of the rift axis at
segment J2, about 130 km east of the center of the hot
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spot. The depths here increase from 2 to 3.2 km, and
the cross profile changes from the axial rise to the
reduced rift valley. Segment J3 is characterized by a
wide range of topography macroforms—from axial
rises to the reduced rift valley with an amplitude of
—0.5 to +0.3 km. Reduction in magmatic activity is
observed in segment J2, which the local increase of the
NaS8 indicator up to 2.3—2.5 testifies to. In segment J3,
it restores with the reduction of the Na8 indicator up
to 2.2—2.4 [34] (Fig. 3b).

Considering the specific features of SEIR tholeiite
magmatism, it can be stated that the influence of the
ASP hot spot is quite high. This is expressed in the
origination of hotter magmas (TOP-1 type) that form
at pressures of 20—15 Kbar, a degree of melting of 15—
18%, and a temperature interval of 1350—1280°C.
Such tholeiites are typical of hotter areas of spreading
ridges (MOR areas near Iceland, Azor, Bouvet, etc.)
[9]. The primary tholeiite melts of this deeper type in
origin have an elevated Fe content and reduced Na
content. The diagram (Fig. 3c) that shows variations in
the Na8 values in tholeiite glasses (the Na,O concen-
tration converted to 8% MgO in the melt as per [41])
demonstrates that such magmas with low primary
Na,O values (2.2—2.6) that developed in segments J
and K are influenced by the ASP plume. The process
of accretion of oceanic crust farther east along the ridge
is associated with the generation and fractioning of pri-
mary melts (TOP-2 type) according to classification
[71, which is typical of all spreading zones of the World
Ocean, with the generation of parent magma in the
course of fractional polybaric melting of the oceanic
mantle in the uprising mantle column at a pressure of 20
to 8 Kbar and temperature 7" = 1320—1250°C [3, 8].
The Na8 values are in the range of (2.6—2.9).

Influence of the Kerguelen Plume

Farther east the ridge is under the influence of the
Kerguelen plume influencing the subaxial mantle of
this area at the distance of about 1000 km [43, 55].
According to [56], this value can exceed 1300—1500 km.

About 43—40 Ma ago, the propagation of the SEIR
rift fracture to the northwest caused the separation of
the Kerguelen plateau and the Broken Ridge [15]. Since
then, the active influence of the Kerguelen plume on
crustal accretion on the SEIR began and still continues.

The isotopic parameters of basalts of the ASP and
Kerguelen hot spots are different, which contradicts the
hypothesis of the simple connection at the sublitho-
spheric mantle level of mantle differentiates of a large
off-axial Kerguelen plume and the ASP hot spot [50].
The influence of the Kerguelen plume is reflected in
the isotopic parameters of the ridge basalts varying
eastward, e.g., >He/*He [35]. They testify to the max-
imum heating of the mantle in the area of the L seg-
ment at 87°—90° E. The content of Na8 in basalts is
minimum in the area of the K segment at 82°—-83° E,

GEOTECTONICS Vol. 51

No.3 2017

215

where it makes about 2.1 and gradually increases east-
ward (Fig. 3d) [45]. The K—P2 segments are located
within the province. The maximum influence of the
plume is confirmed by the morphometric data. For
segments K, L, and M axial depths of 2.2—2.9 km are
typical with a minimim of 2,2 km at segment L2,
which is a minimum value throughout the ridge area
up to the AAD. The second-order segments here reach
a maximum length of 120—160 km. Axial rises with an
amplitude of 0.3—0.6 km are typical of these. The
amplitude of the along-axis topography is minimum,
too: 0.2—0.6 km.

In the eastern direction, the morphometric indica-
tors and the Na8 indicator change, which testifies to
the reduction in magmatic activity: deepening of the
axis, reduction in segment length, and increase in Na
content occur (Fig. 3).

East of 100° E, there is a province with transient
morphology, where the segment structure combines
all types of topography macroforms of the rift zone.
Father east, the axial rises are replaced by rift valleys
through areas with reduced and transient forms, and
deepening of the axis occurs.

An overall change in the parameters towards reduc-
tion in magma supply occurs: deepening of the axis,
increase in the amplitude of the along-axis topogra-
phy, increase in the Na8 indicator, and reduction in
segment length.

East of 114° E, there is a province with rift valley
morphology. Passing to this province, deepening of the
axis by approximately 1—1.2 km occurs, the length of
the segments decreases, and the Na8 indicator
increases to 2.8—3.6. The morphology of the rift valley
with depths up to 4.8 km is typical of segment T. At seg-
ment U, located at the western end of the AAD, the rel-
ative depth of the rift valley reaches 1.5—2.5 km and the
difference in the along-axis topography is 0.9—1.1 km.
Meanwhile, axial depths reach 3.8—5 km (Fig. 3a).

Australian—Antarctic Discordance

The AAD province is located between 120° and
128° E (Fig. 1). The length of the AAD province is
about 500 km. It occupies the center of the Austra-
lian—Antarctic depression between Australia and Ant-
arctica and is one of the deepest areas in the global sys-
tem of MORs (4000—4500 m) [48]. The AAD prov-
ince in the west and east is limited by two major
transform faults with an axis offset by more than
100 km [48]. At the intersection of the transform fault
bounding the AAD from the east, the depth of the bot-
tom (Fig. 3a), the ridge morphology, the amplitudes of
magnetic anomalies, seismic activity, and geochemi-
cal composition of dredged rocks change significantly.
Less distinct changes occur at the intersection of the
western boundary of the AAD [48].

Despite the fact that the highest spreading rates at
the SEIR are typical of the AAD province, it differs
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sharply from other areas of the anomalous deep rift
zone and flanks by a rift zone morphology atypical of
an intermediate spreading ridge with a deep rift valley;
more likely it is typical of slow spreading; it also has a
peculiar type of offsets (Fig. 2, profiles f, g; Fig. 3a).
The nature of segmentation of this area varies abruptly
as well. In the AAD province, the SEIR is dissected by
a dense system of transform faults with large offsets:
the length of segments here is anomalously small. The
atypical morphology of rift valleys at the AAD as well
as the strong degree of dissection of the topography by
faults are reflected in the noticeable increase of the
topography dissection level in the AAD rift zone.
When approaching AAD area, there occur magmas
with increased values of Na8 > 3 and less deep tholei-
ites (Na-type) typical of the coldest provinces of slow-
spreading zones similar to the Gakkel and Knipovich
ridges, and the equatorial Atlantic [26].

Detail study of the segments in the central part of the
AAD in the area of 124°—125°30" E showed the pres-
ence of extremely large (in area) internal complexes
occupying up to 75—80% of the area of one of the ridge
flanks. The largest is located on the Antarctic Plate and
completely occupies the southern flank of the rift zone
in the area of 124°40'—125°10" E; the sizes of the com-
plex are about 40 km long and 60 km across the spread-
ing axis [51]. Study showed an exceptionally high degree
of spreading asymmetry, when up to 80% of accretion
during the recent 1.5—2 Ma occurred at one of the ridge
flanks. Typical of the segments are minimum MBA val-
ues, reaching 0—20 mGal, and the high degree of mag-
netization intensity at the ridge flanks, presumably tes-
tifying to a high degree of rock serpentinization [51]. All
of this confirms the exceptionally low value of mag-
matic activity at this part of the ridge.

East of the AAD, the magmatism intensity
increases. The morphology of the axial rise, which is
0.2 to 0.5 km high, and the along-axial depth ampli-
tude of about 0.2—0.4 m are typical of the rift zone.
The axial depths increase abruptly up to 2.8—3.2 km.
The length of the segments reaches 80—230 km. All
morphometrical indicators are similar to those in the
areas of segments L and M of the axial rise province.
The value of the Na8 indicator falls to 2.4—2.9 (Fig. 3).

ALONG-AXIS CHANGES
OF THE DEEP STRUCTURE
AND THEIR RELATION TO THE CHANGES
OF MANTLE TEMPERATURE

At least three thermal anomalies in the mantle act on
the SEIR along its strike influencing its structure and
the specific features of magmatism. First, this is the
ASP hot spot [19, 55]. Evidently, the increase in mantle
temperature approaching this hot spot also partially
determines the change in morphology near 29.5° S.

Farther east of this hot spot, at about 82° E, the
morphology of the SEIR rift zone is influenced the
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Kerguelen mantle plume (Fig. 5) [43, 55]. A further
change of the morphology of the SEIR rift zone to the
east is determined by the gradual cooling of the mantle
at the approach to the AAD, where decrease of the
mantle temperatures and the crustal thickness,
increase of the thickness of the brittle layer in the lith-
osphere and ruggedness of the seabed topography
(Fig. 5) can be expected.

Based on analysis of gravity anomalies in the SEIR
rift zone in the area of 88°—120° E and for the ASP pla-
teau, the thickness of the crust was calculated. It
decreases in the eastern direction from 10—15 km on the
ASP plateau up to 7.5—8 km in the area of 88°—90° E
and to 4—4.5 km in the area of 118°—120° E [55, 58].
Crustal thickness measurements obtained with seabed
seismometers in the area of 100°—135° E confirmed
the calculated values [36, 37]. The measurements were
performed along the profiles centered on the ridge axis
of segments P1, P2, S1, T, AAD-S, and A3. The mea-
surements showed that the crustal thickness decreases
to the east. On average, it is 6.1 (P1), 5.9 (P2),
5.2(S1),4.6 (T), 4.9-5.2 (AAD-C), and 7.3 (A3) km.
At the AAD-S, the measurements were performed in
the eastern extremity on the segment propagating to
the west. Here the measurements covered fragments of
the lithosphere that formed both at sites associated
with accretion under conditions of the well-heated
Pacific mantle and in the Indian mantle with a rela-
tively reduced temperature. In the first case, the aver-
age crustal thickness was 5.2 km, and in the second
case, 4.8 km. Farther east of the AAD, the thickness of
the crust abruptly increases.

The thickness of the crust on the ridge flanks in the
area of 100°—118° E, obtained from analysis of gravita-
tional data, showed the decrease in the eastern direc-
tion from 7—7.5 to 5—6 km and the reduction in man-
tle temperature in the area of 30°—50° [59]. Mean-
while, estimates of absolute mantle temperature values
differ. It is 1320°C in the area of the AAD and
—1470°C in the area of 78°—90° E according to the
models in [40] and estimates for mantle depths of
more than 250—300 km [21]. Even lower mantle tem-
perature estimates exist for the area of the AAD.

Analyzing the change in geoid height with age, as
well as increased S-wave velocities in the upper 200 km
of the mantle under the AAD, Marks et al. [49] made
the assumption that the upper mantle here is 170°C
colder and 0.02 g/cm? denser as compared to the nor-
mal mantle; i.e., the temperature of the upper mantle
is 1160°C. The geochemical trends of the main ele-
ments agree with the minor quantity of melting at
minor depths, which is good evidence of lower mantle
temperatures under the AAD [49]. The Na8 indicator
testifies to the change in the degree of melting at minor
depths and to a deeper melt (the higher this indicator,
the deeper melts are erupted at the surface in the rift
zone). This indicator increases towards the AAD,
reaches a maximum (Na8 > 3) in its cross section, and
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Fig. 5. Influence of along-axis flow on morphology and deep structure of SEIR with account of [58]. (a) Change of along-axis
topography. I-U, Al, A2, A3 is numeration of ridge segments according to [55, 58]. Areas with different structure of the ridge:
(1) transient morphology, (2) axial rises, (3) rift valleys. (b) Schematic section of rift zone of ridge. Arbitrary notes: (/) crustal
thickness according to [55] for ASP plateau zone and [37] for the rest of the ridge, (2) approximate thickness of brittle layer
according to numerical modelling data, (3) crust-mantle boundary, (4) boundary of brittle-plastic transition, (5) location and
direction of propagating rifts, (6) assumed direction of along-axis flows. Along-axis flow can result in asymmetry and directions

of ridge segments propagating.

decreases abruptly to the east of the AAD (Fig. 3c)
[34, 41, 45]. This also confirms the reduction of man-
tle temperatures from west to east along this area of the
ridge. The behavior of other elements also demon-
strates minimum values of the mantle temperature in
the area of 115°—125° E as compared to the other ridge
segments and an abrupt increase in temperature east of
the AAD [41].

Papers [12, 13] present the results of seismic studies
in the axial zone of the ridge. At several segments in
the zone with transient morphology, axial magmatic
chambers (AMCs) were detected (Fig. 3a). Segments
P1, P2, P3, P4, R, and S1 were studied. AMCs were
recorded at segments P1, P2, P3, and R. The depth of
the AMC roof increases in the eastern direction:
1.5 (P1), 2.1 (P2), 1.9-2.3 (P3), and 2.9 (R1). This
parameter correlates well with the structure of the rift
zone of the ridge, its axial depth, and the morphomet-
rical parameters of normal faults of the ridge flanks. In
the areas of axial rises, the AMC occurs close to the
surface; in areas of reduced rises, the chamber deep-
ens. The roof of the AMC under reduced rift valleys
was observed in a small area in segment P3. Here the
AMUC roof abruptly deepens on 300 m. Deepening of
the along-axis profile on 250 m is observed as well.
Moreover, the roof stairly deepens in the western part
No.3 2017
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ofthe segment upon transitioning from the axial rise to
areduced axial rise on the depth of about 600 m. In the
area of segment R, the AMC is also traced only within
the length of the axial rise and abruptly deepens in
areas with reduced rises and transient morphology.
Areas with the minimum depth of AMC formation are
characterized by geophysical and morphological indi-
cators testifying to increased magmatic activity. The
minimum dissection of the off-axis topography [33],
small anomalies in the Bouguer reduction [58], and
increased values of crustal thickness obtained from
gravity data are typical of them [59]. All these indica-
tors change abruptly in zones of reduced magma sup-
ply, where deepening and disappearance of the AMC
and transition from the morphology of axial rises to
transient forms of the rift zone morphology are noted.
Deepening of the AMC roof in the eastern direction
can be related to the regional trend of reduction in
mantle temperature and crustal thickness. It is evident
that the presence or disappearance of the AMC con-
trols the rheological structure of the crust in the rift
zone of the ridge and, accordingly, the accretion
regime of the crust and the topography of the rift zone
and ridge flanks [3].

Therefore, the along-axis asthenosphere flow
occurs in the area of the central province of the SEIR
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located east of the ASP plateau (Fig. 5). It is mostly
formed by the Kerguelen plume and, to a lesser extent,
the ASP hot spot. The migration of Kerguelen plume
material towards the spreading ridge can occur along
the channel or along the base of the lithosphere, the
level of which increases towards the spreading axis [38,
55]. This flow moves east towards the AAD, under
which there is an area of relatively cold mantle [58].
The existence of the along-axis asthenospheric flow
and the assumed reduction of its intensity to the east
can have a number of observed consequences. These
are the direction of development of propagating rifts,
reduction of the axial depth from west to east, wedging
out of AMC:s, increase of the value of the brittle litho-
spheric layer and decrease of the crustal thickness in
the deep structure; change of the axial morphology
from the axial rise with the segmentation of long seg-
ments and overlapping-type offsets of spreading axes
through the transient type of the morphology to the
rift valley with the segmentation of short segments by
faults of the nontransform-type offsets in the topogra-
phy of the rift zone (Fig. 5).

The presence of the anomalous AAD structure in
the area of the relatively cold mantle has both genetic
and geodynamic causes. The prebreakup heterogene-
ity of the Australian—Antarctic lithosphere and the
presence of the Gawler—Mawson craton, which repre-
sented a thick structural—rheological barrier to devel-
opment of the rift zone, evidently played an important
role [11]. On the other hand, this area represented an
accommodation zone separating the Pacific and
Indian Ocean provinces of the tectonosphere, which
evidently differed in their tectonophysical parameters
(mantle heating, lithosphere thickness, astheno-
spheric viscosity, etc.), for which development of rift-
ing and further spreading processes had different
dynamics and kinematics that determined the direc-
tion and intensity of asthenospheric flows (Fig. 6).

INFLUENCE OF MANTLE TEMPERATURE
VARIATIONS IN HOT AND COLD ZONES
OF THE MOR ON THE THERMAL
STRUCTURE OF THE RIFT ZONE
AND ITS MORPHOLOGY
(NUMERICAL MODELLING)

The influence of mantle temperature anomalies
caused by the presence of relatively hot and cold zones
on the thermal structure of the SEIR was studied by
numerical modelling of the spreading process. We
used a nonstationary numerical model of discrete-
continuous spreading assuming the formation of a
crustal layer in the oceanic lithosphere as a result of
repeated intrusions of the melted material at the
spreading axis. The frequency of intrusions (spreading
episodes) in the model depended on the spreading
rate. The balance of heat flow from intrusions and its
diffusion through conductive and hydrothermal (con-
vective) cooling mechanisms determine the depth and
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the shape of magmatic chambers in the model. The
temperature of the mantle in the basis of the model area
of calculation varies from 1150 to 1350°C, which makes
it possible to analyze areas with a hot and cold mantle.

A detailed description of the model is given in [29].
The model allows calculation of the thermal structure
of the lithosphere and alteration of the degree of rock
melting under MOR rift zones at variable spreading
and mantle temperature rates. The result of numerical
modelling is the depth pattern of the thermal state of
rocks, reflecting the location, shape, and sizes of melt-
ing chambers in the crust and the subcrustal mantle
right under the spreading axis and at different dis-
tances from it. Estimates have shown that the spread-
ing rate is the determining parameter in the formation
of the thermal structure of the rift zone (Fig. 6).

For fast-spreading ridges (e.g., the East Pacific
Rise), numerical experiments demonstrate the exis-
tence of stationary magmatic chambers at the upper-
mantle level with the roof at the Moho boundary and
at the crust level with the magmatic chamber roof at
depths of <1.5 km (Fig. 6d). An area of focused mantle
upwelling with increased melt concentration in the
mantle forms at low spreading rates (Fig. 6a). The sit-
uation changes depending on the degree of heating of
mantle rocks. The area of melt concentration either
remains in the mantle or is uplifted to the crust—man-
tle boundary or even penetrates the crust, forming
local short-living magmatic chambers in it (Fig. 6b).

The transient situation between slow and fast
spreading rates is the most interesting for the area
under study. When the spreading rate increases, intru-
sion frequency also increases, the mantle heating in
the axial zone intensifies, and the depth of the roof of
the melt zone decreases, thus reaching the Moho
boundary. The melt concentrates at the crust—mantle
boundary, and an upper mantle magmatic chamber
(or melt lens) under the crust is formed. A further
increase in the spreading rate above some boundary
value of about 4—5 cm/yr for a mantle temperature of
1250°C leads to the formation of a stationary mag-
matic chamber in the crust of yet insignificant width
(Fig. 6¢). With an increase in the spreading rate above
the specified limit, the melt concentration in the
chamber increases. Meanwhile, the depth of the
chamber roof will decrease. For example, at a spread-
ing rate of 6—7 cm/yr (Fig. 6¢), this is 2.5 km, while at
9—10 cm/yr, it is ~1.5 km (Fig. 6d) [3, 29]. The melt
concentration is maximum in the upper part of the
chamber where a structure like a melt lens forms. The
degree of melting here reaches ~55% at a spreading
rate of 6 cm/yr and 95% at a rate of 10 cm/yr. In the
lower crust, near the Moho boundary, the melt con-
tent drops to several percent. The formation of a sta-
tionary melting chamber in the crust is accompanied
by simultaneous expansion of the zone of focused
mantle upwelling and the formation of a distinct
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Fig. 6. Thermal structure and distribution of share of rock melting in surroundings of axial zone of spreading ridges [30]: (a) for

spreading rate values of 2 cm/yr, (b) 5, (c) 6, and (d) 9 cm/yr.

chamber in the mantle with the maximum concentra-
tion of the melt near the Moho boundary.

In [29], we demonstrated that the spreading rate
here is an important parameter determining the
topography of the axial spreading zone and the nature
of the distribution of magmatic chambers in the crust
and in the subcrustal mantle.

Let us now consider changes in the thermal struc-
ture of the axial lithosphere and in the state of mag-
matic chambers caused by a change in mantle tem-
perature along the strike of the axial zone of the SEIR
at the same spreading rate (Fig. 7). The calculations
for the axial zone of the intermediate spreading ridge
(Vgr = 67 cm/yr) at various temperatures of the
intruding melt assume that for an increase of mantle
temperature by 50—100°C (e.g., in the zones influ-
enced by hot spots), the cross sizes of the crustal mag-
matic chamber increase (from a halfwidth of 1.5 km at
1250°C to 3 km at 1350°C); the share of the melt in the
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chamber alo increases. The thermal structure of the
axial zone becomes similar to the structure of fast
spreading ridges (Fig. 7b, a, b). A decrease in the typ-
ical mantle temperature by 50—100°C leads to a
decrease in the sizes of magmatic chambers and the
melt concentration in them up to complete disappear-
ance of the crustal magmatic chamber with a mantle
temperature of 1200°C or less. This is observed despite
significant spreading rates (Fig. 7b, ¢, d). Meanwhile,
the thermal structure of the axial zone approaches the
structure of slow and even ultraslow spreading ridges.

Variations in mantle temperatures and their influ-
ence on the deep structure of the crust and the bottom
morphology of the rift zone are especially noticeable
in areas influenced by hot spots and cold zones. For
example, along the strike of the SEIR where changes
in spreading rate are insignificant, the morphology
changes to the formation of axial rises in areas influ-
enced by the ASP hot spot and the Kerguelen plume
are observed. Meanwhile, in the area influenced by
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Fig. 7. Relation of axial morphology with thermal regime of SEIR axial zone: (a) change of morphology of rift zone along SEIR
strike according to [17]; (b) thermal structure and distribution of degree of melting in axial zone of the ridge at intermediate spreading
rate (Vg = 6 cm/yr) calculated for different mantle temperatures. TM = 1300° (a), 1250° (b), 1200° (c) and 1150°C (d). Quasi-steady
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chamber in crust of such MORs disappears at mantle temperature of TM < 1200°C. Increase in mantle temperature leads to increase
of sizes of chambers and degree of melting; (c) distribution of strength on background of isotherm distribution. Curves of change in
strength with depth are given for distances from ridge axis of 0, 5.5, and 16.5 km. (a)—(d) Correspondence of typical axial morphol-
ogy to thermal regime of axial zone and lithosphere strength for different parts of SEIR with different mantle temperatures.

the relatively cold part of the AAD located distally
from hot spots, a transition to rift valley morphology is
observed. It is remarkable that the rift valleys at the
SEIR form in the area with the highest spreading rate
of about 75 mm/yr, while the formation of axial rises
occurs at lower spreading rates (about 68 mm/yr).
This contradicts the known global pattern according
to which axial rises are formed at MORs with fast
spreading rate and the rift valley is formed at MORs

with the slow spreading rate. Therefore, the following
conclusion can be made: the changes in morphology
of the axial zone of the ridge within the SEIR are asso-
ciated not with differences in the spreading rate, but
with regional changes in the characteristic mantle
temperature.

As noted above, changes of mantle temperature
can lead to not only a change in axial morphology, but
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also to a change of the average depth of the axial zone.
An increase of the temperature of the subaxial mantle
causes a decrease of the depth of the axial zone of the
ridge. For example, the depth of the axial zone
increases on 2100 m (Fig. 3a) from areas with a hotter
mantle in the zone of the Amsterdam—St. Paul plateau
in the eastern direction to the anomalously cold man-
tle (AAD).

A change in the thermal structure of the SEIR rift
zone causes changes in the strength of the axial and off-
axial lithosphere, as well as in the nature of the change
in topography forming deformations (Fig. 7c). This is
evident from a comparison of the poorly dissected
topography in the axial zone of the ridge in the area of
influence of the ASP hot spot, which testifies to the low
strength of the lithosphere with the AAD area, where
the strongly dissected high-amplitude topography testi-
fies to the deformation of the colder, stronger, and
thicker lithosphere; the significant thickness of the brit-
tle layer determined by the 725°C isotherm.

Analysis of the thermal model of the lithosphere in
the SEIR axial zone using the nonstationary spreading
model allows numerical estimation of rock strength
variations in the young oceanic lithosphere, which is
especially important in zones of thermal anomalies
associated with the presence of hot spots and relatively
cold mantle zones. The rock strength of the litho-
sphere is estimated using rheological laws connecting
brittle and viscous-plastic rock deformations in the
oceanic lithosphere with stresses. These laws were
obtained during experiments with brittle and plastic
deformations of crust and mantle rock specimens [ 14,
29, 30, 39].

Modelling performed for different temperature gra-
dients and different values of the crustal thickness
showed that a narrow zone of viscous-plastic deforma-
tions develops directly above the 725°C isotherm (clo-
sure temperature for microfractures) [29, 30]. The cal-
culation results confirmed that the 7= 725°C isotherm
controls the transition from elastic deformations to vis-
cous-plastic ones in the first approximation. Accord-
ing to the calculations in Fig. 7c, the thickness of the
layer with elastic rock deformations increases as a
function of mantle heating from the values of 1.5—
2.5 km on the ridge axis in areas exposed to the influ-
ence of the ASP hot spot and the Kerguelen plume
(Fig. 7c, a, b) to 3—5 km for the relatively cold mantle
in the area of the AAD. As the lithosphere cools, the
rock strength increases, up to 5—7 km at a distance of
10—15 km from the spreading axis and up to values of
about 20 km for the lithosphere with an age of 10 Ma.
In the area of the 7' = 725°C isotherm, a weakened
layer with viscous-plastic rock deformation is evident.
This layer, while being thin at the MOR axis, gradually
thickens to 1—1.5 km at some distance from the axis,
where the 725°C isotherm, while deepening, reaches
the mantle roof. Below this weakened layer is another
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zone of elastic deformations of mantle rocks (or lower
crust).

The model estimates showed that tectonic stratifi-
cation of the oceanic crust and the lithosphere are
governed by its rheological stratification, which at the
same spreading rate depends on the mantle heating,
the thickness of the crust, and its composition [30].
Modelling shows that in the event of a strongly heated
mantle, an elastic deformation layer occurs within the
mantle only at distances of 10—15 km from the ridge
axis (Fig. 7c, a, b). Meanwhile, in the relatively cold
AAD area, a zone of brittle rocks begins almost imme-
diately from the ridge axis, and the topography of
abyssal hills along the slopes of rift valleys is formed
during downthrow movements of the blocks along the
normal faults as the relatively strong lithosphere is
stretched. The activity of such faults diminishes on
distances of 10—15 km from the axis. Respectively, the
relatively high values of the effectively elastic thickness
of the axial lithosphere at reduced mantle tempera-
tures are reflected in the appreciable width of the rift
valley, in the significant downthrow amplitudes, and
accordingly, in the strong dissection of the rift zone
topography [28].

The specific features of the crustal and mantle rock
strength distribution wit depth and along and across
the strike of the SEIR axis significantly depend on the
degree of mantle heating, the presence of magmatic
systems of different levels, crustal thickness, etc. In
different geodynamic spreading conditions of the
crust, both one and several levels of strength reduction
can be observed, forming a natural rheological strati-
fication of the crust and significantly influencing the
levels of in-crust stresses and possible tectonic thrusts.

The numerical modelling results show that at
ridges with intermediate spreading rates and transient
morphology, the magmatic chambers according to our
estimates are commonly present in the crust, but their
sizes are significantly smaller than for fast spreading
ridges with the axial rise morphology. The stability in
time and sizes of crustal magmatic chambers at inter-
mediate spreading rates can change very quickly
depending on the change in typical mantle tempera-
tures. Even minor changes in these parameters caused,
e.g., by the influence of hot or cold spots and/or struc-
tural discontinuities such as transform faults can lead
to an increase in the sizes and magma saturation of
magmatic chambers or, vice versa, to the disappear-
ance of the chamber and a change in the effective
strength of the lithosphere.

Therefore, at intermediate spreading rates (6—
8 cm/yr) typical of the SEIR and increased mantle
temperature largely controlled by the proximity of the
Kerguelen and ASP hot spots, significant changes
occur in the crustal accretion mechanisms, thermal
and mechanical properties of the crust and litho-
sphere, the shape and sizes of axial magmatic cham-
bers, and accordingly, the bottom morphology of rift



222

zones changing from axial rises to rift valleys. In the
case of reduced mantle temperatures (in the area of the
AAD), crustal thickness decreases, the thickness of
the lithosphere increases, brittle layer thickness
increases, and a strongly dissected topography with an
overdeepened rift valley forms.

FORMATION OF ANOMALOUS TOPOGRAPHY
IN HOT AND COLD AREAS
OF THE SOUTHEAST INDIAN RIDGE
(PHYSICAL MODELLING)

Despite the fact that the numerical modelling
results explain real natural situations to a large extent,
their comparison with specific natural structures shows
that the latter are more complex than those provided in
the models. Analysis of natural processes in rift zones
requires joint consideration of the thermal evolution of
the lithosphere and deformation of the tectonic setting.
Therefore, here we mean the thermomechanical pro-
cesses in the lithosphere and the upper mantle. This is
the approach we used for the modelling.

The experiments were performed in a textolite tank
with a piston driven by an electromechanical drive.
The uniform temperature field of the model substance
is ensured by heaters located inside the device. The
electromechanical drive makes it possible to vary the
deformation rates of the model plate and change the
direction of stretching, thus forming conditions of
orthogonal, oblique, or irregular spreading. The
change in cooling duration provides different ratio of
the brittle and plastic lithosphere layers [32].

The substances used in experiments were colloid
systems prepared from liquid (mineral oil) and solid
(ceresin, paraffin) hydrocarbons, finely dispersed
powders, and surfactants. They have elastic—viscous—
plastic properties and ensure similarity of model pro-
cesses to natural ones in terms of the yield limit. Dif-
ferent properties of the material corresponding to the
similarity requirements can be achieved by varying
values of temperature, deformation rate, and percent
ratio of components [ 10, 60].

The main similarity criterion used in the experi-
ments is

Q =1,/pgH) = const,

where T, is the shear strength of the model material,
p is the density, g is gravitational acceleration, and H is
the thickness of the model lithosphere.

The purpose of physical modelling was to identify
the specific features of the geometry and segmentation
of rift fracture and crustal accretion under the influ-
ence of thermal anomalies caused by a relatively
heated (hot spot) and relatively cold mantle. Condi-
tions similar to the SEIR interaction with the ASP hot
spot and AAD area were studied in the experiments.

In preparing the experiments, the model substance
was heated with heaters to the required temperature
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(~43°C) and was brought to a homogeneous liquid
state by stirring. Then, the surface of the melt of the
model substance was cooled from above with a fan,
while a specific thermal regime was maintained inside
the setup. The model substance solidified to the
required thickness, which simulated the lithosphere,
which was welded to the piston and the opposite wall
of the setup. Different types of heterogeneities formed
in it in some experimental series by a mechanical
method: sections, rift fractures, weakened zones with
a thinner model lithosphere, or structural inhomoge-
neities with a stronger and thicker model lithosphere
with various configurations, etc. [32]. After the model
plate reached the thickness H required for this experi-
ment, horizontal stretching commenced.

The modelling was performed for three experimen-
tal series (Fig. 8): (1) influence of the hot spot on the
development of the spreading axis and oceanic crust
accretion; (2) influence of the hot mantle on the axial
segmentation and accretion of the oceanic crust; and
(3) influence of the hot spot on the spreading geome-
try and crustal accretion in the presence of structural
heterogeneity with the relatively cold mantle.

The hot spot was simulated by a local heating
source (LHS) fixed to the bottom of the experimental
setup: ceramic plate ~3.5 x 2.5 cm in size with control-
lable heating. Originally the thermal influence of the
hot spot on the lithosphere surface covers an area 100
to 1000 km across. The thickness of the lithosphere in
the axial rift zone is several kilometers. The thickness
of the model lithosphere is several millimeters. There-
fore, in the model we observed that the spatial sizes of
the influence zone of the LHS were one or two orders
of magnitude larger than the thickness of the model
lithosphere.

Below we describe several experiments from the
series along with the main results.

Influence of the Hot Spot on Accretion of Oceanic Crust
Jor the Initial Localization of the Rift Fracture

In all experimental series, the variable parameters
of the model included: stretching (spreading) rate V,
thickness H, of the model lithosphere in the axial
zone of the rift, distance from the rift zone to the
LHS projection onto the surface of the L |ns
model at the beginning of the experiment, time of
switching-on of the LHS after the beginning of
stretching #, ;g and the degree (voltage supplied to it
in volts) of its heating U ys.

Experiment I no. 509 (Fig. 9)

After the model plate reached the required thick-
ness, a cut was made in it to the entire depth and length
at ~45° to the surface. It was located under the left
margin of the LHS, which was switched on immedi-
ately after the beginning of stretching. An increase of
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length (axes of rift zones); Hy ,, 3 is thickness of surrounding plate, weakened (thinned) rift zone, and structural inhomogeneity
with a thicker and colder lithosphere, respectively; w is width of weakened rift zone; d is width of structural inhomogeneity; x is
cross offset between cuttings or weakened zones.

Fig. 9. Experiment 1 no. 509. Evolution of topography in model with hot spot located on axis of rift zone. V'= 1.67 X 1073 m/s;
H =3x 10~3 m; Lrift_j yg = 0; t ys = 0; Upgs = 140—135 v. (a)—(e) Experimental stages. Photograph, plan view. White rect-
angle at Stage (a), LHS projection onto model surface. Arbitrary notes: (/) Spreading axis, (2) cross faults, (3) projection of local
heating source (hot spot) onto model surface, (4) stretching direction.
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Fig. 10. Experiment 3 no. 1347. Dynamics of fracture development during interaction with stronger and colder block. V'= 1.67 %
1075-3.75x 10> m/s, H; =3 x 103 m, plate 0.19 X 0.16 m, L, = L, =2 x 1072 m, x=4 x 1072 m. (a)—(e) Experimental stages.

Photograph, plan view. For legend, see Fig. 9.

the model crust associated with lithospheric wedge
deformations occurred during stretching [47, 60]. On
the surface of the model, such deformations are repre-
sented by swell-like rises separated by downfolds. In
the beginning, the spreading axis was located to the left
of the LHS (Fig. 9a). However, after the LHS reached
full heating power and locally changed the thermal
regime of the model lithosphere, the spreading axis
started migrating towards the thermal anomaly and
gradually occupied the position above it (Figs. 9b, 9c¢).
The photograph shows that the amplitude of the
topography reduces in the influence zone of the LHS
due to thinning of the model plate. Some time later,
heating of the LHS (the mantle temperature in the hot
spot area) was decreased, and this immediately influ-
enced the amplitude of the topography (Figs. 9d, 9¢).
It began to increase. By the end of the experiment,
shallow topography belts—traces of LHS (hot spot)
influence on the newly formed crust—were distinct on
the model surface. The results of the experiments show
good illustration of the conditions of formation of the
off-axis ridge as a result of interaction of the ASP hot
spot with the SEIR rift zone (Fig. 4).

Influence of Structural Inhomogeneity with Thicker
and Colder Lithosphere on the Development
of Rift Fractures and Crustal Accretion

Two methodological approaches were used to
form the structural inhomogeneity with a stronger
lithosphere. In the first, the entire suitable model
lithosphere except for the marked block was “cut
out.” If a weakened zone of width w was formed in the
experiment, then the inhomogeneity in the form of a
block with increased thickness H, and strength was
formed within it. The parts of the cut-out plate were
removed, and the melt was left in its place. Then,
cooling of the model continued; accordingly, the
block continued growing and the model plate was
formed around it anew. As a result, the thickness of

the structural inhomogeneity in the model was greater
than the thickness H, of the plate surrounding it.

The other approach to increase the strength of the
structural inhomogeneity is to cool it with water at
room temperature from above (from the surface). This
led to its additional cooling and an increase in strength
and thickness. This procedure was applied in cases
when the increase in thickness (strength) of the model
lithosphere by prolonged cooling was impossible due
to the geometric features of the model.

Experiment 3 no. 1347 (Fig. 10)

Weakened zones were located in the upper and lower
parts of the model plate and were shifted in relation to
each other in the stretching direction at x = 2.5 cm. In
plan view, the upper weakened zone was shifted to the
right with respect to the left. In between them, in the
middle of the plate, there was a block with a thicker
and stronger lithosphere, oriented in parallel to the
stretching direction. In the process of stretching, rift
fractures formed in weakened zones, which, while
approaching each other, reached the strong block. It
then split in the middle in the area of offset between
the upper and lower rift fracture and formed a new rift
segment (Fig. 10a). When stretching continued, the
accretion of the new model crust occurred at all three
spreading segments offset in relation to each other along
the strike-slip faults (Figs. 10b, 10c, 10d). Meanwhile,
the accretion in segments was asymmetric. As a result,
the axes of spreading segments moved in different
directions. The upper segment was shifted to the right,
and the lower and the middle segments that formed on
a stronger block were shifted to the left. As a result, the
configuration of the spreading segments became the
following by the end of the experiment. The upper seg-
ment occupied the extreme left position, the middle
(on the strong block) occupied the extreme right posi-
tion, and the lower segment was located between
them. The segments were separated by strike-slip
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Fig. 11. Experiment 4 no. 1661. Dynamics of fracture development during interaction with stronger and colder block. V'=2.15 x
10_5m/s, H =3Xx 10-3 m, Hy,=2x 1073 m,w=3 X 107" m, plate 0.12 x 0.4 m, L; = 1072 m. (a)—(e) Experimental stages.

Photograph, plan view. For legend, see Fig. 9.

faults of transform type (Fig. 10e). The model crust
that formed on a stronger lithosphere was character-
ized by a more significant topography amplitude as
compared to neighboring segments.

Experiment 4 no. 1661 (Fig. 11)

In this experiment a weakened zone with a thinner
lithosphere was set for localization of the rift fracture on
the model lithosphere. Its strike was perpendicular to
the stretching direction. In the weakened zone, there
was a cooled block with a thicker H; lithosphere. The
increased thickness of this model block was achieved
both by its longer cooling and additional cooling with
water from above (Fig. 11a). In the upper part of the
weakened zone, a 10-cm-long cut was made. A fracture
developed in it during stretching downwards until it
reached the strong block (Fig. 11a). Here it slowed its
development and then crossed the strong block, bend-
ing and losing its linearity (Figs. 11b, 1l1c¢). Crustal
accretion, which began in the area of the stronger block,
passed asymmetrically with numerous jumps of the
spreading axis, was accompanied by the formation of
offsets and a coarse and more dissected topography as
compared to neighboring segments (Figs. 1lc, 11d).
Displacements in the process of accretion of the new
model crust transferred to transpressive faults and then
to strike-slip faults of a transform type (Figs. 11d, 11e).

Hot Spot Influence on the Development
of Rift Fracture at the Presence of Transform Offset
with Stronger Lithosphere

An abrupt change in axial morphology frequently
occurs along the SEIR strike from the axial rise to the

GEOTECTONICS Vol.51 No.3 2017

rift valley even at neighboring segments separated by a
transform fault (Fig. 3a). At a similar spreading rate in
these segments, such changes in morphology can be
associated only with the presence of local temperature
variations in the mantle. To explain this in the third
series, an experiment was performed in which two seg-
ments were separated by the cross structure with
stronger lithosphere and the local heat source func-
tioned in one segment, forming a thermal anomaly
above it in the model asthenosphere (Fig. 8c).

Experiment 5 no. 697 (Fig. 12)

According to the methodology described in [32], a
linear thinned zone simulating the heated rift zone
with a width of w = 2 cm (~20 km in nature) was set in
the model lithosphere. It was complicated by offset
with a length of x = 4 cm. Thickness H; of the model
lithosphere in the offset zone was two times higher
than H, in rift segments but lower than thickness H; of
the model plate. The LHS was switched on at the
moment the model began to cool (preparation of the
initial model plate), i.e., prior to its stretching. It was
located below the offset under the weakened (rift)
zone with the reduced thickness of the brittle layer.
Due to the relatively low stretching rate, a system of
segmented fractures appeared ~30 s after stretching
began in the upper segment. It moved in the direction
of the inner corner of the offset. In turn, the fracture
from the area of the inner corner started developing
through the offset zone. They united very quickly into
one fracture, and it reached the boundary of the weak-
ened offset zone and the model plate. The fracture that
developed from the lower segment formed later and
entered the offset zone after the fracture of the upper
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Fig. 12. Experiment 5 no. 697. Evolution of topograph% in model with hot spot and with inhomogeneity in form of offset with
increased thickness. V'=1.67 x 10> m/s; H;=5x 103 m; H,=2x 10 m; H;=1x 107 m;w=4 x 107> m; Ljq_ s =0;
tras = 0; Uy gs = 200 v. (a)—(e) Experimental stages. Photograph, plan view For legend, see Fig. 9.

segment (Fig. 12a). Then, the fracture of the upper
segment developed through the inner corner of the
lower segment and became related to its fracture.
Meanwhile, it separated the thickest part of the model
lithosphere contacting the weakened zone in the area of
the inner corner of the lower segment (Fig. 12b). The
topography of the newly formed model crust was
formed during extension at the model surface, similar to
the previous experimental series. In this experiment, the
axis of accretion in the segments was more linear and
stable than at the experiments of the previous series due
to the effect of not only the LHS but also the general
stabilizing effect of the weakened zone. In the offset
zone, the oblique strike of the forming morphostruc-
tures was inherited from the initial obliquity of the
developing fractures. The amplitude of the topography
here was higher than in rift segments and significantly
higher than in the influence zone of the thermal anom-
aly (Figs. 12d, 12¢). Shallower topography than usual
was observed in the area above the LHS, because it was
switched on early (Figs. 12b—12d). After the model
reached the stationary regime of accretion (¥, cooling
and LHS work ratio), the amplitude of topography
increased here (Fig. 12e). At the beginning of the exper-
iment, the spreading axis was located above the left
margin of the LHS (Fig. 12a), but as the model crust
asymmetrically accreted, it migrated and at later stages
it was pulled towards its right boundary (Fig. 12¢).

Therefore, the experimental modelling showed
that the presence of thermal anomalies in the mantle

near the spreading ridge significantly influences the
nature of crustal accretion and the formation of axial
and off-axial structures. Moreover, the presence of a
hot spot in the structure of the sublithosphere mantle
will significantly influence the geometry of the rift axis
and its position in relation to the hot spot. The hot
spot “pulls” the rift axis, the location of which is sta-
bilized above it. In this case, an area of anomalously
heated topography is formed on the axis and in its sur-
roundings, and morphological traces of the hot spot
influence, similar to the ASP hot spot, remain in the
off-axis flank zones. In zones of the relatively cold
mantle, a more contrasting and dissected topography
is formed during crustal accretion. The spreading axis
becomes less linear and is frequently disturbed by non-
transform and transform offsets during its evolution.

CONCLUSIONS

Analysis of the peculiarities of topography changes
of the SEIR rift zone spreading with an intermediate
spreading rate showed that the transit type of mor-
phology is typical of it in general. The main peculiarity
of the transit morphology is the change in the topog-
raphy of the rift zone from axial rises, which resemble
the axial rises of the East Pacific Rise, to rift valleys,
the topography of which is similar to the topography of
MAR rift valleys. Change in the morphology of the rift
zone is also accompanied by a change in morpho-
structural segmentation, the specifics of magmatism,
and the deep structure. Several provinces are identi-

GEOTECTONICS  Vol. 51

No.3 2017



HOT AND COLD ZONES OF THE SOUTHEAST INDIAN RIDGE

fied along the strike of the SEIR rift zone, either with
the typical morphology of the rift valley or with the
morphology of the axial rise, which in conditions of a
poorly variable spreading rate testifies to the existance
of other factors influencing the axial morphology.
Provinces with the morphology of axial rises were
commonly noted in areas with increased mantle tem-
perature subject to the influence of the ASP hot spot
located near the axial zone of the SEIR axis. The Ker-
guelen mantle plume located at a significant distance
from the SEIR axis also influences the temperature
regime of the SEIR axial zone, although not as obvi-
ously as the ASP, which leads to the formation of the
axial rise morphology in the axial zone of the central
province.

Analysis of the morphology and morphometry of
the rift zone topography showed that a change in the
main parameters testifies to the decrease of magma-
tism in the eastern direction on a regional level. In the
province with axial rises in the crust (segments K, L,
O, P), according to the morphometric indicators sim-
ilar to quickly spreading ridges, the probability of the
presence of AMCs is extremely high. At the interseg-
ment level, in segments R and S with the transient
morphology, changes in the morphometric indicators
are irregular, which can be associated with the disap-
pearance and occurrence of an AMC at distinct parts
of segments where axial rises are observed. The prov-
ince of the rift valley and the AAD area are character-
ized by minimum magmatic activity and the absence
of AMCs.

Additional confirmation of the reduction in mag-
matic activity in the eastern direction are gravity
anomalies and the Na8 indicator increasing in this
direction, as well as the thickness of the crust decreas-
ing in this direction and estimates of the mantle tem-
perature based on these features of the deep structure
of the ridge.

Numerical modelling results showed that at the
spreading rates of 6—8 cm/yr, significant changes in
the deep structure of the rift zone occur, expressed in
the extremely unstable condition of the axial crustal
magmatic chamber. It turned out that at similar
spreading rates, the mantle temperature is a significant
factor that influences the existence of axial magmatic
chambers in the crust as well as their shapes and sizes.
Depending on the mantle heating (proximity of the
hot spot), the sizes of chambers can increase,
decrease, or chamber can disappear completely. As the
estimates show, a stationary crustal magmatic cham-
ber exists in the crust at intermediate spreading rates of
6—7 cm/yr typical of the SEIR and average mantle
temperature values (7, = 1250°C). When the mantle
temperature increases (near hot spots), the crustal
chamber becomes larger and gains a higher degree of
saturation with the melt, while with a reduction in
mantle temperatures far from hot spots, the crustal
magmatic chamber gradually decreases until it disap-
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pears completely. Such variations in SEIR magmatic
structures will significantly influence the nature of
crustal accretion and determine the type of axial mor-
phology. In addition to an increase in mantle tempera-
tures in the zone of influence of hot spots, the effective
strength of the axial lithosphere changes as well. The
seabed topography in these zones becomes less dis-
sected. In the area of the AAD with a colder and stron-
ger lithosphere, the absence of a crustal magmatic
chamber and a reduction in magma supply intensity
are assumed, which is reflected in the reduction of the
crustal thickness, an increase of lithosphere thickness
and strength, and the formation of an intensely dis-
sected topography with an unstable spreading axis
geometry. This part of the ridge presumably represents
the area of the “counter interaction” along-axis asthe-
nospheric flows located at different levels under the
lithosphere. The interaction of these flows in the AAD
area with a stronger and thicker lithosphere underlain
by a relatively cold mantle leads to characteristic
deformation of the brittle layer of the lithosphere.

Experimental modelling showed that the presence
of a hot spot in the structure of the sublithospheric
mantle will influence the geometry of the rift axis and
its position in relation to the hot spot. The hot spot can
“pull” the rift axis. In this case, an area of anoma-
lously heated topography is formed on the axis and in
its surroundings, and traces of low-amplitude topog-
raphy similar to the ASP hot spot remain in the off-
axis flank zones. In zones with a relatively cold mantle
with a stronger lithosphere, the nature of its failure and
the morphology of the topography will be different. A
more contrasting and dissected topography forms
during crustal accretion. The spreading axis becomes
less linear and is frequently offset by nontransform and
transform offsets in the process of its evolution.

Therefore, significant changes in the axial mor-
phology, the character of morphostructural segmenta-
tion, peculiarities of magmatism, and the deep struc-
ture along the SEIR strike with insignificant variations
in the spreading rate are caused by significant varia-
tions in the mantle temperature associated with the
influence of hot and cold spots.
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