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Abstract—The article presents a new type of morphostructural objects defined by the author: intratransform
lenticular extensions confined to active troughs of transform faults. A morphostructural analysis is carried out
using geophysical data. It has been revealed that such structures are formed in active zones of transform faults
with maximum offset of segments of the mid-ocean ridge. Intratransform lenticular extension zones have
been classified, according to which types I‒III of morphostructures were identified, which illustrate not only
various evolutionary stages, but also various kinematic scenarios. Type I is a lenticular zone. This type
includes small, young (<10 Ma) lenticular extension zones of the local level, occurring mainly in the trans-
form fault of the Southern Hemisphere. Type II is a lenticular transformed basin. It is a lenticular formation
at the regional level with a large (~100 to ~300 km) offset formed on a large transform fault with a block of
highly deformed lithosphere in the axial part of the lens and shear movements along one of their fringing arc
troughs, but without internal spreading segments. Type III is a multitransform lenticular system. This is a
global level lenticular formation, located on a large transform boundary with an extreme offset, limited by
passive arcuate scarps and enclosed between them by several closely spaced transform fault trough valleys and
internal spreading zones. A kinematic model is constructed for identified morphostructure types I‒III in
accordance with the classification of intratransform lenticular extension zones.
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INTRODUCTION
The patterns of the origin and evolution of oceanic

crust, rift segments, and transform faults that displace
them, which are the main elements of oceanic crust,
have been substantiated by the of plates tectonics the-
ory. Recently, studies have carried out that signifi-
cantly complement and complicate the scenarios of
tectonic processes [18, 20, 21]. The structure of trans-
form fault troughs is of interest for research [9, 15, 16,
19, 20, 26–29].

Tomography data confirm that beneath the mid-
ocean ridge (MOR) system at depths greater than
200–300 km, no single region of heated mantle with
ascent from its base has been recorded [17]. This con-
firms the hypothesis that spreading is secondary and is
a compensatory response to lithospheric plate move-
ment, substantiated in the 1990s [23, 34].

The assumption that extension zones arising in the
most zones of weakness are filled with new crust,
which allows us to explain its formation not only along
a divergent, but also along a transform boundary. This
may key to understanding the formation of the com-

plex morphology of transform fault troughs and intral-
enticular zones that complicate the troughs of some
transform faults.

Studies in the deep-water Atlantic and other
oceans have shown the presence of neotectonic move-
ments and degassing in the passive parts of transform
faults and at the boundaries of segments of different
ages [20].

The boundaries of these segments, represented by
megatransform systems and faults with a large offset of
the MOR axis, represent a special structure with con-
trasting geophysical properties and an atypical mor-
phology of the basaltic basement. They separate seg-
ments of basins with different durations of thermal his-
tory, in which there exists the possibility of neotectonic
displacements, both in the active parts of faults and near
the MOR, and in the reactivated passive parts of faults
at large distances from the MOR [4, 6, 13, 14, 20].

The aim of this article is to study atypical morpho-
structures, which are lenticular extensions of trans-
form fault troughs. The large volume of data confirm-
ing the widespread distribution of these objects makes
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Fig. 1. Distribution of lenticular extensions of transform fault valleys in the World Ocean and vectors of continental movement
(according to data from [35, 36]). Lines show lenticular extensions: active (red); relict (yellow). Vectors of movement of litho-
spheric plates at measurement reference points according to GPS data are indicated (black arrow, size of arrow is proportional to
speed of movement). Abbreviations: TF, transform fault; MTLS, multitransform lenticular system. Arabic numerals on map show
1, Vema TF; 2, Doldrums MTLS; 3, São Paulo MTLS; 4, Romanche TF; 5, Agulhas TF; 6, Andrew-Bain TF; 7, Alula-Fartak TF;
8, Vema Trough; 9, Marie Celeste TF; 10, 88 °E TF; 11; 96° E TF; 12, Mendocino TF; 13, Murray TF; 14, Molokai TF; 15, Clar-
ion TF; 16, Garrett TF; 17, Valdivia MTLS; 18, Eltanin MTLS; 19, Udintseva MTLS.
it possible to identify a number of patterns and trace
the development of these structures.

LENTICULAR EXTENSIONS
OF THE MID-ATLANTIC RIDGE ZONE

Lenticular extensions are lens-shaped, in plan
view, expansions of transform fault valleys, formed by
one or several subparallel narrow trough valleys that
are well expressed in the relief, alternating with inter-
trough ridges. Lenticular extensions are limited dis-
tinct arcuate scarps in plan view and are most often
located within the active part of a transform fault
between two spreading centers.

M. Ligi et al. [29] made one of the first hypotheses
explaining the emergence of a lenticular extension of a
transform fault, based on the results of joint Russian–
Italian research in the Equatorial Atlantic from 1985 to
1998. According to this hypothesis, such objects arise
in transform faults under conditions of significant off-
set (at least 100 km) between two active spreading cen-
ters. Due to the large temperature contrast between
noncoeval lithospheric plates, which are in contact
along a fault, in the active part of a transform fault the
formation of two arcuate shifts in plan is possible,
associated with two zones of reduced strength of the
lithosphere, along which the adjacent plates move in
different directions [29].

Under conditions of significant uncompensated
local tension across the structure, conditions arise for
the formation of a median ridge between the strike-
slip walls. Over time, the zone expands and takes on
the appearance of a lenticular extension with multiple
subparallel transform fault troughs and ridges separat-
ing them [29].

Lenticular zones are found not only at the regional
and local levels, as parts of single transform faults; they
can also be complex formations of a global planetary
level, consisting of large transform faults.

We propose that these lenticular systems are more
evolutionarily mature structures formed from simple
lenticular extensions. The distribution pattern of len-
ticular extensions identified from bathymetric survey
data shows active and relict lenticular extensions, as
well as plate movement vectors [36, 38] (Fig. 1).

Lenticular extensions (Fig. 1) are either grouped
together to form series of en echenlon–like subparallel
lenses (type I), or they are single structures, found pri-
marily in the Southern Hemisphere (type II).

Type I includes two groups:
— active in the Equatorial Atlantic Ocean, includ-

ing the Romanche, São Paulo, Doldrums, and Vema
faults;

— relict, located in the Pacific Ocean on the f lanks
of the Mendocino, Murray, and Molokai faults.

Taking into account movement of the Pacific Plate
established by GPS data [36], as well as dating of mag-
netic anomalies, it can be suggested that the Pacific
group of lenticular extensions was active and located in
the equatorial region; however, over time, it ceased to
develop, but as a relict, the morphostructure contin-
ues to move northwest along with the f lanks of the
Pacific Plate.

Single lenticular extensions are located predomi-
nantly in the Southern Hemisphere. Among them are
both forms with a large offset, the formation of which
GEOTECTONICS  Vol. 59  No. 2  2025
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can be explained by the hypothesis of M. Ligi et al.
[29], and small forms with an insignificant offset, the
formation of which this hypothesis does not explain.

M. Ligi  et al., as well as a number of domestic spe-
cialists, classify large lens-shaped extensions such as
Romanche, Doldrums, Sao Paulo and Andrew Bain
as megatransforms [27, 29] and megatransform sys-
tems, which they identified as a special type of inter-
plate boundaries [15].

MATERIALS AND METHODS
The study used data from a multibeam bathymetric

survey obtained during expeditions conducted by the
Geological Institute, Russian Academy of Sciences
(GIN RAS, Moscow, Russia) in 1985–2019 on the
R/V Akademik Nikolaj Strakhov in the Equatorial and
South Atlantic.

Based on the obtained primary data, digital eleva-
tion models (DEMs) with a grid cell of 200 m were
constructed. As a background coverage in places
where there is no data for a detailed bathymetric sur-
vey, a 15 s GEBCO grid was used [35].

DEMs were calculated and constructed in the
Surfer-19 [39] program. Morphometric measure-
ments and construction of cross-section profiles were
done in the Global Mapper program [40]. Additional
data from geophysical coverages using the ARC-GIS
software package [41]. To determine the age of geody-
namic restructurings, we used a map of ages of the
acoustic basement, calculated on the basis of anoma-
lous magnetic field data.

Compilation of geophysical and bathymetric
GEBCO [35], USGS [37], GPS Time Series Data [36],
as well as data obtained on GIN RAS expeditions in
1985–2019, made it possible to take a new look at the
morphology and evolution of the active parts of trans-
form faults.

DATA PROCESSING AND INTERPRETATION
Active lenticular objects formed in transform fault

troughs are grouped by morphology into three types,
corresponding to different levels and stages of struc-
ture formation:

— lenticular zone (type I);
— lenticular transformed basin (type II);
— multitransform lenticular system (type III).

Lenticular Zone
Type I includes small lenticular extensions of the

local level, which are the youngest structural forma-
tions and have the widest distribution in the World
Ocean. Type I lenticular dilatations are found almost
everywhere in the Southern Hemisphere and are most
widely represented in the Indian Ocean.
GEOTECTONICS  Vol. 59  No. 2  2025
Agulhas transform fault. In the South Atlantic, in
the active zone of the Agulhas transform fault, a single
lenticular extension has been recorded (Fig. 2).

The Agulhas Trough is a narrow, long depression
clearly marked in the relief, up to 12 km wide, 225 km
long, with a maximum depth of 5502 m. In the central
part of the trough, the depth exceeds 2 km with respect
to its walls. The length-to-width ratio is 18.7 and is the
narrowest known lens. The lenticular extension occu-
pies almost the entire active part of the Agulhas trans-
form fault; the fault is characterized by a large offset,
from the point of the Bouvet triple junction to the fault
located at 35° S.

The f loor of the valley of the transform fault trough
in the central, deepest parts are f lat and filled with
sedimentary deposits. Near the eastern and western
intersections, the sedimentary cover is insignificant in
thickness and does not cover the bedrock.

In the central and eastern parts of the valley, the
median ridge is clearly visible—elongated, narrow,
straightened, without displacements or breaks (Fig. 2b).
The height of the ridge is 150–200 m; the width is
1.5 km.

The marginal scarps of the lenticular extension are
quest-like; the northern scarp is steeper and has a
larger amplitude. The margins of the lenticular exten-
sion are limited by intersections. Nodal depressions
are not expressed in the relief.

The analysis of the data on the age of the acoustic
basement and bathymetric data makes it possible to
suggest that the active opening of the lens occurred no
earlier than 4 Ma, but within 2 Ma, the situation stabi-
lized and the transverse expansion ceased or signifi-
cantly decreased. This time marks the powerful rifto-
genic uplift in the area of the eastern intersect.

In the Indian Ocean, according to GEBCO data [35],
five type I lenticular extensions have been identified,
but detailed bathymetric data are available only for two
of them (see Fig. 1).

Transform fault at 88° E. In In the active part of the
transform fault in the vicinity of 88° E, a detailed
bathymetric survey mapped a lenticular extension, the
offset of which is 70 km, the length is 64 km, and the
maximum width in the central part of 6 km. The
length-to-width ratio is 10.6. The maximum depth is
4192 m. The depth of the bottom relative to the mar-
gins in the central part exceeds 1500 m (Fig. 3).

The offset of the 88° E fault is not the largest ampli-
tude in the area; on the contrary, it is located 240 km
east of a large transform fault with an offset of ~300 km.

The floor of the fault trough is leveled and probably
filled with sediments. The transverse profile is trough-
shaped (Fig. 3).

No clear median ridges were found. The marginal
scarps are quest-like; the northwestern scarp is more
dramatic and steep. The margins of the lens are limited
by intersects. Nodal depressions are not recorded.
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Fig. 2. Lenticular extension in active part of Agulhas transform fault (according to [35]). Transverse profile A‒A′ in entral part of
lenticular extension is shown. Inset: location of object (red asterisk).
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Fig. 3. Lenticular extension in active part of 88° E transform fault (according to [35]). Transverse profile A‒A′ in central part of
lenticular extension is shown. On map (right): location of object (red asterisk).
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Fig. 4. Lenticular extension in active part of Vema transform fault in Indian Ocean (according to [35]). Transverse profile A‒A′
in central part of lenticular extension is shown. Inset: location of object (red asterisk).
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According to GEBCO [35], in the Central Indian
Ridge, three forms have been clearly identified that
can be characterized as lenticular extensions, but
detailed bathymetric surveys have only been carried
out in the Vema Trough, located at coordinates 9° S,
67.5° E. The Vema Trough in active parts is a distinct
narrow, long, lenticular depression with a maximum
width of 24 km, length of 235 km, and depth of 6560 m
(Fig. 4).

The length-to-width ratio is 9.8. The cross section
is V-shaped. The depth of the bottom relative to the
margins in the central part reaches 3300 m. The bot-
tom is narrow, with almost no sedimentary cover. The
marginal scarps are quest-like; no asymmetry of the
scarps has been identified (Fig. 4).

In the axial part of the valley, a fragmentary median
ridge has been mapped, the height of which does not
exceed 150 m with a width of ~2 km. The lens peaks
coincide with the intersects; nodal depressions have
not been recorded. The age of the lenticular extension
is estimated to be no older than 10 Ma.

Garrett transform fault. In the Pacific Ocean, one
type I lenticular extension was identified, located in
the region of 13° S in the active part of the Garrett
transform fault. The Garrett rift trough in the active part
has significantly widened and has a lenticular form with
a maximum width of 19.7 km, length of 125 km, and
GEOTECTONICS  Vol. 59  No. 2  2025
depth of 5102 m. The length-to-width ratio is 6.3
(Fig. 5). This is the widest known Type I lens.

The marginal scarps of the lenticular extension are
quest-like; the northern scarp has a larger amplitude.
The northern and southern walls of the trough are
complicated by a series of terraces, which makes it
possible to identify a younger lenticular formation
within, 9.8 km wide with the same length (Fig. 5).

In the axial part of the lens, in the center, a small
median ridge is interpreted, ~200 m high, 4 km long,
and ~2 km wide. To the east and west of this ridge,
long, narrow depressions 27 and 15 km in length have
been recorded. The margins of the lenticular extension
are bounded by intersects; nodal depressions have not
been recorded.

Based on these data, it is possible to formulate a
definition of lenticular extension, which refers to type I:
a significantly deepened expansion of the active part of
a transform fault, lenticular in plan view.

Lenticular extensions are usually associated with
the maximum offset in the area of their discovery.
Sizes in plan view vary from several tens to hundreds of
kilometers. The marginal scarps are Cruciform; one
scarp, as a rule, has a greater amplitude. The peaks of
the lenticular extension coincide with intersects; nodal
depressions have not formed. In the gravitational field,
such structures correspond to an intense negative
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Fig. 5. Lenticular extension in active part of Garrett transform fault in Pacific Ocean(according to [35]). Transverse profile A‒A′
in central part of lenticular extension is shown. Inset: location of object (red asterisk).
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anomaly Δg, lenticular in shape. These are young struc-
tural formations with an age not exceeding 10 Ma.

Lenticular Transformed Basin

For this type, we consider morphostructures repre-
senting the most complex lenticular formations of the
global level, formed on large transform faults. The gen-
eral characteristics of these structures are as follows

— lenticular shape;
— extreme offset;
‒ the presence of highly deformed lithosphere in

the axial part of the lenticular block;
– the absence of internal axial faults and internal

spreading zones.
Two such structures are located in the Equatorial

Atlantic Ocean: the Vema transform fault and
Romanche transform fault; and one in the Southwest
Indian Ocean: the Andrew-Bain transform fault.

Vema transform fault. This fault is one of the largest
in the Atlantic, with a total length of 3700 km and an
offset length of ~310 km. The western f lank can be
traced for a distance of 1450 km; the eastern f lank, for
~1940 km. On the gravity map, an intense negative
anomaly corresponding to the Vema transform fault is
clearly traced to the Antillean Arc in the west and is cut
off by the Cape Verde Escarpment in the east.

In the area of the Vema transform fault, complex
geological and geophysical expeditions were carried
out, including GIN RAS cruises S19, S22, and S45
on the R/V Akademik Nikolaj Strakhov [3, 22, 25, 26,
28, 29, 31].

The lenticular extension formed in the Vema rift
trough has a length of ~560 km, with a maximum
width of 35 km in the area of the western intersect
(Fig. 6a).

The transverse profile of the transform fault trough
valley is U-shaped; the bottom is f lat, and the depth is
~5 km. The Vema Trough is filled with an approxi-
mately 1-km-thick sediment layer.

In the axial part of the valley, in the western and
eastern walls, the median ridge is clearly visible
(Fig. 6a).

It is probably developed throughout the entire fault
valley, but in the central part, it is hidden under a thick
layer of sediments.

The walls of the lenticular extension are steep and
quest-like, and the elevation above the valley f loor is
>1000 m (Fig. 6b).

On the southern side, a powerful transverse ridge has
formed, the absolute height of which exceeds 3000 m
with a length of ~320 km (Fig. 6b, profile B‒B').

The minimum depth of the ridge part reaches
1033 m [32]. The ridge surface is f lat with a thick (up
to 500 m) carbonate structure comprising shallow
lagoonal and/or reef limestones [22]. The transverse
ridge underwent several stages of uplift and subsidence
in an interval of 10–2 Ma [26]. In In the gravitational
field, the ridge corresponds to an intense positive
anomaly Δg (>100 mGal) (Fig. 6c).
GEOTECTONICS  Vol. 59  No. 2  2025
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Fig. 6. Lenticular extension in active part of Vema transform fault in Atlantic Ocean. Inset: location of object (red asterisk).
(a) Vema transform fault (according to [35]); (b), transverse profiles A‒A′, B‒B′, C‒C′ of relief; (c) seismicity map for events
with magnitude M > 5 (according to [37]); (d) anomaly map Δg (according to [32]).
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Seismic events of a strike-slip nature have been
recorded along the northern margin of the fault valley
(Fig. 6d).

Romanche transform fault. This is one of the lon-
gest faults in the Atlantic Ocean: the total length is
4300 km; the offset length is 880 km (Fig. 7a).

It is classified as a demarcation fault [5]. The
western f lank can be traced for a distance of 1600 km;
the eastern f lank, for 1800 km. The Romanche fault
corresponds to an intense negative gravity anomaly
(Fig. 7d). It is traced from South America to Africa
and is consistent with the structural pattern of these
continents.

The Romanche transform fault formed on the site
of a large continental pre-rift shear zone and its age
exceeds the age of the opening of the equatorial seg-
ment of the Atlantic [24].

In the active part of the fault, a lens of highly
deformed lithosphere formed. On the western flank,
the top of the lens rests against the MOR; on the eastern
flank, the top is located outside the active part of the
Romanche transform fault at a distance of ~150 km.
The total length of the expansion lens is 1110 km, with
a width of 88 km, the length-to-width ratio is 12.6. The
rate of displacment of the f lank is 32 mm/year, and the
age of the lens is estimated at 55 Ma [27].

According to M. Ligi et al. [29], the active Roman-
che transform fault is a diffuse boundary between two
segments of the central ridge. The displacement
occurs along two arcuate faults, with the southern seg-
ment being more active. The lenticular zone itself con-
sists of subparallel transverse ridges and valleys sepa-
rating them [29].

From the north, the Romanche transform fault is
bounded by a clearly defined in the relief by a quest-
like boundary scarp (Figs. 7a, 7b, profile B‒B').

The scarp is divided by transverse faults into sepa-
rate blocks. In the western part, the absolute height of
the escarpment is ~500 m; to the east, the escarpment
turns into a clearly defined large transverse ridge, the rel-
ative height of which on the eastern flank reaches 2 km
(Fig. 7b, profiles B‒B', C‒C').

To the south is a lenticular valley consisting of sev-
eral fault troughs. In the eastern part of the valley, two
depressions with a f lat bottom (depth ~4300 m) filled
with dislocated sedimentary rocks are clearly inter-
preted [27]. Further south beyond the valley lies a
massive sublatitudinal ridge, complicated by a series of
uplifts. This ridge joins the northern boundary scarp at
its f lanks, forming a single lenticular mountain struc-
ture with a relict valley sealed inside (Figs. 7a, 7b, pro-
file A‒A').

The western peak of the mountain structure abuts
the western intersect. The eastern f lank of the moun-
tain structure extends far beyond the active part of the
valley of the Romanche transform fault. The absolute
height of the f lanks significantly exceeds the height of
the central part of the mountain structure.

From the south, this massive mountain structure is
framed by the active trough of the Romanche trans-
form fault, which is clearly visible in the relief. This is
a lenticular, narrow depression, the bottom of which is
complicated by a series of depressions and median
ridges separating them. The sides of the Romanche
trough are steep; in cross-section the valley resembles
a graben (Fig. 7b, profile B‒B'). The relative depth of
the depression varies from 1.5 km (in the eastern
flank) to 3.5 km (near the eastern intersect).

In the eastern part of the Romanche trough is one
of the deepest basins of the Atlantic Ocean—the Vema
Basin, which has a depth of 7856 m. The active fault
trough Romanche, is an area of concentration power-
ful seismic manifestations (Fig. 7c).

In the west, the Romanche trough abuts the west-
ern intersect, while in the east it extends far beyond the
active part of the transform fault. There are no nodal
depressions in the Romanche transform fault.

The southern margin of the fault valley is repre-
sented by a clearly defined quest-like boundary scarp
with a steep northern margin and a gentle southern
margin. The scarp has an arcuate shape in plan view
and is cut into separate blocks by submeridional gra-
benlike structures.

The lenticular transform basin formed in the
trough of the Romanche transform fault is an
ancient, multilevel structure that has experienced
several stages of activation and relative quiescence
during its history [29]. The transoceanic Romanche
transform fault is characterized by spatiotemporal
instability of geodynamic systems. Its different parts
are characterized by different geological history [11]. It
is likely that during periods of increased tectonic
movement, either shear or extension processes across
the main trough could have predominated, reflected
in the complex structure of the relief [27, 29].

Andrew-Bain transform fault. This zone is located
in the area where the African–Antarctic and West
Indian segments of the mid-ocean ridge join. The fault
marks an ancient transform fault separating the Afri-
can–Arabian and Antarctic plates. The total length of
the zone is >5500 km [9].

A lens of highly deformed lithosphere formed in
the active part of the Andrew-Bain fault trough. The
western peak of the lens coincides with the western
intersect, the eastern peak extends 230 km beyond
active zone. The total length of the lenticular extension
reaches 818 km, with a maximum width of 105 km
(Fig. 8a). The length-to-width ratio is 7.8.

From the northwest, the Andrew-Bain fault zone is
abutted by a Cruciform boundary scarp expressed in
relief (Figs. 8a, 8b, profiles A–A', B–B', C–C'). The
height of the scarp above the bottom of the adjacent
transform fault trough is ~3 km (on the southern
flank) and decreases to 2 km (on the northern f lank).
GEOTECTONICS  Vol. 59  No. 2  2025
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Fig. 7. Lenticular extension in active part of Romanche transform fault zone in Atlantic Ocean. Inset: location of object (red aster-
isk). (a) Romanche transform fault (according to [35]); (b) transverse profiles A‒A′, B‒B′, C‒C′ of relief; (c) seismicity map for
events with magnitude M > 5 (according to [37]); (d) anomaly map Δg (according to data from [32]).
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Fig. 8. Lenticular extension in active part of Andrew-Bain transform fault in Indian Ocean (according to [35]). (a) Andrew-Bain
transform fault (according to [35]); (b) transverse profiles A‒A′, B‒B′, C‒C′ of relief; (c) seismicity map for events with magni-
tude M > 5 (according to [37]); (d) anomaly map Δg (according to data from [32]).
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In the southern part of the Andrew-Bain zone, a
transverse ridge is developed on the boundary scarp,
the elevation of which above the bottom of the trench
reaches 3500 m [8].

On the northern f lank, the scarp is divided by
transverse faults into separate blocks. A narrow, deep
valley adjoins the scarp from the southeast. The valley
reaches its maximum depth in the southern part
(~6300 m); to the north, the depth decreases and does
not exceed 6000 m. The valley coincides with a bright
negative anomaly in the gravity field (up to –100 mGal)
(Fig. 8c).

The valley is ~20 km. The transverse profile is
sharply asymmetrical with a steep and high northwest-
ern slope (elevation ~3000 m) and a more gently dip-
ping and low eastern slope (no more than 1000 m).

To the east of the valley there is a small ridge and a
subparallel valley, which to the south turns into a len-
ticular zone. This area consists of a series of en echelon
ridges, oriented at an angle of 30° to the general strike
of the fault trough and forming a spindle-shaped pat-
tern in plan view.

To the east is another narrow trough valley,
bounded on the east by a quest-like scarp. In the
southern part the scarp is represented several separate
blocks. In the northern part, the scarp is a massive
structure that merges with the arched uplift.

The central part of the lenticular transformed
Andrew-Bain basin is characterized by positive gravity
anomalies (30~50 mGal), which differ little from the
background surrounding the transform fault (Fig. 8d).

A bright positive anomaly (>100 mGal) is recorded
only on the marginal scarp in the area of the arch uplift
near the northeastern intersect (Fig. 8d).

Earthquake epicenters gravitate mainly toward the
northwestern valley, which indicates that the main
GEOTECTONICS  Vol. 59  No. 2  2025
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shear movements are concentrated along the western
boundary of the lenticular formation (Fig. 8c).

No transformed lenticular extensions have been
identified in the Pacific Ocean.

Consequently, the lenticular transform basin is
formed on the site of an ancient continental global
strike-slip fault zone in areas with slow spreading, and
the lenticular formation formed on a transform fault
with an extreme offset for the region.

The complex morphology of the lenticular forma-
tion includes numerous second-order structural for-
mations: curved troughs and intertrough ridges
arranged in an en echelon manner, often forming a
spindle-shaped pattern, but without signs of internal
along-axial shear and spreading. Active shear pro-
cesses are confined to one of the arcuate troughs that
bound the lens.

One of the peaks of the lens extend far beyond the
active part of the transform fault, the other peak is
connected with the intersect. The marginal scarps are
quest-like. The length of the lenticular formation sig-
nificantly exceeds the offset of the parent fault and is
several hundred and first thousand kilometers, the
width reaches 150–250 km. In their history, these
structures have experienced periods of activation and
relative rest, which is reflected in their complex mor-
phology.

Multitransform Lenticular System
In the case where the displacement along one of

the bounding arcuate faults cannot compensate for the
shear stresses, the lenticular extension can be trans-
formed into a lenticular multitransform region with
internal spreading zones. Its formation on the site of a
single transform fault with a large offset is confirmed
by the planned pattern of arcuate marginal scarps
bounding the lens, the shape of the lens peaks and
their transition to single-trough passive transform
flanks, as well as the crowding of transform fault
troughs inside the lens (Fig. 9).

Similar structures have been recorded in the Equa-
torial Atlantic (Doldrums and São Paulo) and in the
southern Pacific Ocean (Valdivia). In the Indian
Ocean, such structural formations have not been iden-
tified (Fig. 1).

The Doldrums multitransform lenticular system is
located in the Central Atlantic near 7°–8° N; this sys-
tem includes (Fig. 9a):

— Doldrums fault;
— Vernadsky fault;
— northern and southern troughs of the Push-

charovsky fault;
— Bogdanov fault.
The lens is bounded to the north and east by the

Doldrums fault, while to the south and west the lens is
bounded by an unnamed fault, which is located 50 km
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south of the Bogdanov fault and is defined in the inter-
section zone with the mid-ocean ridge as nontrans-
form displacement. The boundary faults have an arcu-
ate shape in plan view, and their f lanks cut off the
flanks of the intratransform fault troughs. Distinctive
feature The Doldrums multitransform lenticular sys-
tem is an internal spreading zone with short spreading
rift valleys and a high density of transform faults [15].
The total offset is approximately 630 km.

S.Yu. Sokolov et al. [19, 20] identified the Dol-
drums multitransform lenticular system as a separate
class of polyfault systems.

S.G. Skolotnev et al. [15] refers this system to the
megatransform class.

The zone has been almost completely covered by
multibeam bathymetric surveys: integrated expedi-
tions S06, S09, S22, and S45 were carried out here in
1987–2019 by GIN RAS on the R/V Akademik Nikolaj
Strakhov [15, 16].

The length of the Doldrums multitransform lentic-
ular system is ~1620 km, which is more than two times
larger than the total offset of the transform faults
included in the system. The width in the central part is
175 km. The length-to-width ratio is 9.3.

The peaks of the lens are far away beyond the total
active part of the transform faults included in it:

— the western peak is located 500 km west of the
Doldrums fault intersect;

— the eastern peak is located 530 km east of the
Bogdanov fault intersect.

The Doldrums multitransform lenticular system
can be divided into northern and southern parts.

The northern part has a lenticular shape and a
width of up to 70 km, bounded from the north by the
Doldrums transform fault and includes the Dol-
drums–Vernadsky intrafault region, which has a len-
ticular shape and a width of up to 50 km (Fig. 9a).
From the south, the northern region is bounded by the
Vernadsky transform fault. The parameters of the
transform faults are as follows:

— the depth of the valley is 4700 m; the width, 14–
19 km (Doldrums fault);

— the depth of the valley is 5000 m; the width, 5–
10 km (Vernadsky fault).

Large median ridges have formed in the troughs.
The relief of the spreading segment, which is part of
the northern region and the intertrough block, is close
to the classical morphology of the structures of the
arch rise of the MOR.

To the south is a lenticular zone formed by closely
spaced narrow deep transform fault valleys (width 4–
8 km, depth >5000 m). The valleys are located at dis-
tances of 30, 15, and 30 km from each other.

Such a close location causes the formation of a
unique relief in the intertrough space, where sigmoid
ridges are located in the central uplift, between two
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Fig. 9. Doldrums multitransform lenticular system in Atlantic Ocean. (a) Doldrums lenticular system (according to [35]);
(b) transverse profiles A‒A′, B‒B′, C‒C′ of relief; (c) seismicity map for events with magnitude M > 5 (according to [37]);
(d) anomaly map Δg (according to data from [32]).
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troughs of the Pushcharovsky fault (the width does not
exceed 15 km), and chains of block ridges in two wider
intertrough areas, located north and south of the
Pushcharovsky fault. The spreading segments making
up the Doldrums multitransform lenticular system are
characterized by a morphology typical of the MOR
with the formation of narrow deep rift valleys, nodal
depressions, and angular scarps [15].
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From the south and southwest, the multitransform
lenticular Doldrums system is bounded by an arcuate
scarp, divided into separate ridges. In the area of the
rift uplift, the scarp turns into a nontransform offset at
a latitude of 6°47′ N.

In the gravity field, the Doldrums multitransform
lenticular system is clearly expressed, but without pro-
nounced extrema (Fig. 9c). Negative values are asso-
ciated with the active parts of transform faults and
spreading segments. The eastern peak is characterized
by values of about –10 mGal, but for the entire west-
ern f lank of the lens, values of up to –50 mGal were
recorded, which is typical of nodal depressions and
troughs.

Seismic events are associated with transform faults
and spreading segments located within the Doldrums
multitransform lenticular system (Fig. 9d).

São Paulo multitransform lenticular system. This
system is located in the equatorial Central Atlantic and
includes four fault troughs connected by three small
fragments of the MOR (Fig. 10a).

The total offset is about 560 km. The length of the
lens is 1400 km, the width is 86 km; the length-to-
width ratio is 16.3. The western f lank extends beyond
the MOR by 230 km, and the eastern f lank, by 600 km
(Fig. 10).

Thus, the lenticular structure is characterized by a
clearly expressed eastern asymmetry.

Further on the f lanks, beyond the lenticular zone,
the transform fault can be traced to the west as a single
trough and to the east as a double trough, all the way
to the continental margins of Africa and South Amer-
ica, with a total length of ~3800 km [1]. Based on the
time of its formation, the São Paulo transform fault is
classified as a synrift structure [30].

A unique feature of the São Paulo multitransform
lenticular system is not only the asymmetry of the
flanks, but also the asymmetry of the location of the
troughs of the MOR, confined to the eastern side of
the active region of the lens. However, if we consider
the lens as an independent object, then the location of
the MOR troughs with respect to the lens peaks can be
considered symmetrical. The origin of the lens is con-
fined to the Eocene–Paleocene boundary [29]. It is
likely that the restructuring of the entire region dates
back to this time.

From the north-northeast and south-southwest,
the São Paulo multitransform lenticular system is
bounded by transform faults along which scarps have
formed:

— northern (clear linear quest-like);
— southern (expressed in relief by chains of low,

scattered ridges).
Intra transform fault troughs are located at intervals

of ~30 km. The depth varies between 4000–4200 m.
The width is 7–10 km. The passive parts of the troughs
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are filled with sediments; in the active parts, small
fragmentary median ridges have developed.

The transform faults are separated from each
other by mountain structures, which are massive
block uplifts, gradually turning into scattered narrow
ridge ridges with a submeridional trend going away
from the MOR. Near the extreme western intersect on
the eastern (active) side, the northern boundary scarp
is built up by a massive sublatitudinal mountain range
(Atoba Ridge), ~100 km long and 25 km wide. The
absolute height exceeds 3500 m. The summit surface
of the ridge reaches the exposed surface and forms the
island of St. Peter and Paul (Fig. 9a).

In the gravity field, the São Paulo multitransform
lenticular system is expressed without major extrema.
The absence of strong negative anomalies along the
troughs indicates that the system does not have as
insufficient a mass volume as the Romanche trans-
form fault, 250 km to the south. Intersects and trough
valleys are marked by negative anomalies. An intense
positive anomaly (>100 mGal) is confined to the
Atoba Ridge (Fig. 9d).

Most seismic events are concentrated within the
active part of the lenticular system, with a maximum of
events having a magnitude exceeding M > 6, confined
to the northern trough. In the central part of the sys-
tem, a zone of reduced seismicity is observed (Fig. 9c).

In the Pacific Ocean, in the Southern Hemisphere,
one multitransform lenticular system that formed on
the Valdivia fault system can be confidently identified,
but there is no detailed bathymetric survey for this
area, and in the morphostructural analysis, we used
general coverage data [35, 37].

Valdivia multitransform lenticular system. This
structure is located in the Southeast Pacific Ocean
and includes seven fault troughs connected by six
spreading segments.

The total offset is ~630 km. The length of the lens
is 1850 km, and the width, 130 km; the length-to-
width ratio is 14. The western f lank extends beyond
the MOR by 595 km; the eastern f lank, by 610 km
(Fig. 10a).

The valleys of transform faults, which bound the
structure from the north-northwest and from the
south-southeast, have a sublatitudinal strike over most
of their length and only in the marginal parts do they
change direction and cut off the f lanks of the intra-
transform faults.

Intratransform faults have a sublatitudinal strike.
The width of the valleys is 4–6 km, and the depth is
~4600–4800 m. The transform faults are separated
from each other by mountain structures, which are
massive block uplifts 20–25 km wide and up to 2000 m
high, gradually turning into lower, scattered ridges
with distance from the MOR.

Two troughs join at the eastern summit of the Val-
divia multitransform lenticular system. The background
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Fig. 10. São Paulo multitransform lenticular system in Atlantic Ocean. (a) São Paulo system (according to [35]); (b) transverse
profiles A‒A′, B‒B′, C‒C′ of relief; (c) seismicity map for events with magnitude M > 5 (according to [37]); (d) anomaly map Δg
(according to data from [32]).
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depths are 3700 m, and the depth of the bottom of the
trough valley reaches 5000 m.

In the west, near the western peak, the background
depth is 4400 (north of the trough) and 4800 (south of
the trough); the depth of the trough valley is 6300 m.
Along the northern margin, a large narrow sublatitudi-
nal mountain range has formed, 150 km long and 25 km
wide. The height in the ridge part is ~3000 m. Further on
the flanks, beyond the lenticular zone, the transform
fault can be traced to the west and east as a single trough.
In the gravity field in the central and eastern parts
of the multitransform lenticular system, the Valdivia
multitransform lenticular system is clearly expressed,
but without clearly defined extrema (Fig. 10d).

In the area of the western summit of the multitrans-
form lenticular system, a maximum positive anomaly
is observed, corresponding to a narrow ridge on the
northern side of the trough (>100 mGal) and a signif-
icant negative anomaly in the trough valley (–80 to
‒99 mGal).
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Fig. 11. Valdivia multitransform lenticular system in Pacific Ocean. (a) Valdivia system (according to [35]); (b) transverse pro-
files A‒A′, B‒B′, C‒C′ of relief; (c) seismicity map for events with magnitude M > 5 (according to [37]); (d) anomaly map Δg
(according to data from [32]).
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Seismic events are concentrated within the active
parts of transform fault troughs and in spreading seg-
ments (Fig. 10c).

DISCUSSION
Geodynamic Interpretation

Lenticular extensions originate at transform bound-
aries in the active zone of a transform fault trough, in
places with the thinnest oceanic crust, as a response to
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a global restructuring of the movement of lithospheric
plates in the region when additional stretching occurs
across the fault trough. Young lenticular extensions do
not extend beyond the active region of the transform
fault trough and mark the latest restructurings. The
young formation looks like an overdeepened trough,
which has a lenticular shape in plan view. Gradually, a
median ridge and a single transform begin to form along
the lens axis and splits into two arcuate troughs. The
trough is divided into two arcuate troughs (Fig. 11).
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Fig. 12. Kinematic model of stages of opening and evolution of lenticular extensions in transform fault troughs: 1‒2, transform
fault trough: 1, active; 2, passive; 3, lens of highly deformed lithosphere; 4, spreading ridge with newly formed portions of oceanic
crust; 5, spreading direction; 6, stretching across transform fault trough, initiating opening of lenticular extension.
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If the fluctuation in the direction of plate movement
does not change, the lenticular extension begins to
grow, extending beyond the active part of the transform
fault. In this case, two scenarios are possible (Fig. 12):

— formation of a transformed lenticular basin,
where shear stresses occur along one of the two fram-
ing troughs and growth proceeds toward one of the
passive troughs;

— formation of a lenticular multitransform system
with an internal spreading zone and lens growth in
both directions along the host fault trough.

 In the first case (formation of a transformed lentic-
ular basin), transform–accretionary structures develop.
The mechanism appears to be as follows: in the inner
region of the lenticular extension, a lens is formed, con-
sisting mainly of exguoriented upper mantle rocks (dry
spreading) subjected to intense tectonic impact [5].

Shear occurs along one of the two bounding
troughs, which is confirmed by the obtained seismic
data. This scenario occurs in the case when the
spreading rate does not change for a long time or
changes insignificantly and the system retains the abil-
ity to compensate for shear displacements without sig-
nificant internal restructuring. The lens peaks are
under different conditions.

d

One peak (adjacent) is formed where the active
trough adjoins the Mid-Atlantic Ridge (Fig. 12).

Another peak (transverse), located in the area of
the second intersect, where the active trough is oppo-
site the intersection (Fig. 12).

The growth of the lenticular space due to accretion
within its frame proceeds from the side of the adjacent
lens peak towards the passive f lank of the parent trans-
form fault (Fig. 12).

 In the second case (formation of a lenticular mul-
titransform system), accretion–spreading structures
develop. This becomes possible when the displacement
rate along the transform fault significantly exceeds the
speed that was before the reconstruction, and the shift
cannot be realized along one transform fault trough. At
the initial stage, two arcuate framing faults remain
active, and at later stages an internal system of troughs
and spreading centers is formed (Fig. 12).

The system develops in such a way that in the axial
part of the lenticular transform fault trough, a median
ridge begins to form, then it grows and divides the
transform valley into two troughs. Further, the median
ridge develops into an interrift uplift and the lens
begins to function as a system consisting of troughs, in
which displacements occur realized along two bound-

d

GEOTECTONICS  Vol. 59  No. 2  2025



EVOLUTION, GEODYNAMICS, AND MORPHOLOGY OF LENTICULAR 143
ing troughs. The interrift uplift undergoes deforma-
tion, breaks up into several curved blocks, and expands.
The bounding troughs begin to expand, acquire a len-
ticular shape, and median ridges begin to form in them,
which gradually develop into interrift uplifts. Several
subparallel troughs form inside the lens.

The intertrough uplifts are broken into blocks and
internal spreading centers begin to form. Over time, the
intense shifts along the intersecting troughs begin to
fade, the lens peaks accrete to adjacent areas of the ocean
floor, then begin to move with it towards the passive
parts of the transform fault: the lenticular zone begins to
grow due to internal spreading zones and extends far
beyond the active part of the parent transform.

The growth of the lenticular zone across maternal
transform faults with the formation of new transform
fault troughs and spreading centers continues as long
as there is transverse stretching and an increase in the
divergence rate of continental plates in a given area.

With cessation of transverse stretching, the multi-
transform lenticular ceases to actively grow and con-
tinues to exist as a finely fragmented segment of the
MOR. The lens peaks and framing scarps enter the
oceanic plate and continue to passively move apart,
while the transform fault troughs formed in the active
region become parallel and the multitransform system
changes from lenticular to almond-shaped.

CONCLUSIONS
1. Lenticular extensions form at transform bound-

aries where shear does not compensate for complex
boundary interactions and they occur with the forma-
tion of complex multilevel transform, transform–accre-
tion and transform–accretion–spreading structures.

2. The predominant confinement of lenticular
extensions to the active segments of transform faults is
explained by the fact that these are the the zones of
greatest weakness, with thin crust and minimal
magma flow, which are most susceptible to plate kine-
matic restructuring.

3. Lenticular extensions are found predominantly
in the Southern Hemisphere, probably because litho-
spheric masses are moving in a northerly direction,
and in the Southern Hemisphere there is a significant
background with a submeridional extension compo-
nent and spreading cannot fully compensate for the
newly formed space.

4. The author has highlighted three types of active
lenticular extensions:

— lenticular zone;
— transformed lenticular basin;
— multitransform lenticular system.
5. All lenticular extensions are characterized by the

presence of specific quest-like margin scarps that can
be used in paleogeographical reconstructions, since
GEOTECTONICS  Vol. 59  No. 2  2025
they are the key structural element marking geody-
namic restructurings in the World Ocean.
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