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Abstract

The orthogonal supersegment of the ultraslow-spreading Southwest Indian Ridge at 16°–25°E is characterized by
significant along-axis variations of mantle potential temperature. A detailed analysis of multibeam bathymetry,
gravity, and magnetic data were performed to investigate its variations in magma supply and crustal accretion
process. The results revealed distinct across-axis variations of magma supply. Specifically, the regionally averaged
crustal thickness reduced systematically from around 7 Ma to the present, indicating a regionally decreasing
magma supply. The crustal structure is asymmetric in regional scale between the conjugate ridge flanks, with the
faster-spreading southern flank showing thinner crust and greater degree of tectonic extension. Geodynamic
models of mantle melting suggested that the observed variations in axial crustal thickness and major element
geochemistry can be adequately explained by an eastward decrease in mantle potential temperature of about
40°C beneath the ridge axis. In this work, a synthesized model was proposed to explain the axial variations of
magma supply and ridge segmentation stabilities. The existence of large ridge-axis offsets may play important
roles in controlling melt supply. Several large ridge-axis offsets in the eastern section (21°–25°E) caused sustained
along-axis  focusing  of  magma  supply  at  the  centers  of  eastern  ridge  segments,  enabling  quasi-stable
segmentation. In contrast, the western section (16°–21°E), which lacks large ridge-axis offsets, is associated with
unstable segmentation patterns.
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1  Introduction
The segmentation of mid-ocean ridges has long been recog-

nized as a fundamental feature of the seafloor spreading system,
and different orders of ridge-axis discontinuities have been clas-
sified (Schouten et al., 1985; Macdonald et al., 1991). The first-
order transform faults (TFs) offset the ridge-axis by strike-slip
faults, typically with offset length of more than 30 km (e.g., Mac-
donald et al., 1991; Fox and Gallo, 1984). The second-order non-
transform discontinuities (NTDs) typically have smaller offsets
(about 2–30 km) (e.g., Macdonald et al., 1991; Sempéré et al.,
1993). From the perspective of magmatic segmentation, segment
centers are fed by focused magma supply and are thus associ-

ated with shallower seafloor and thicker crust, while the NTDs at
the segment ends have less magma supply and deeper ridge-axis
valleys (Lin et al., 1990; Tolstoy et al., 1993; Canales et al., 2000;
Hooft et al., 2000; Hosford et al., 2001; Carbotte et al., 2015). Seg-
ments fed by more robust magma supply could migrate along the
ridge axis, forming V-shaped NTD traces on both flanks (e.g.,
Gente et al., 1995; Tucholke et al., 1997; Wang et al., 2015; Dan-
nowski et al., 2018; Zheng et al., 2019).

Many of the NTDs show long-lived characteristics, leaving
clear tracks on ridge flanks that could be traced as coherent
zones for millions of years (Pariso et al., 1995; Tucholke et al.,
1997; Wang et al., 2015; Zheng et al., 2019). In contrast, some oth-  
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er NTDs are relatively short-lived, experiencing rapid migration
and emergence/demise in short episodes, resulting in irregular-
shaped configurations on ridge flanks (e.g., Gente et al., 1995;
Cannat et al., 2003). Although NTDs are widely observed at slow-
and ultraslow-spreading ridges, the tectonic factors controlling
their stability are still poorly understood.

The Southwest Indian Ridge (SWIR) is the longest ultraslow-
spreading (14–16 mm/a, Patriat et al., 1997) ridge system on
earth. The SWIR exhibits strong along-axis variations in ridge-ax-
is morphology and crustal structure (Grindlay et al., 1998; Geor-
gen et al., 2001; Sauter et al., 2001; Cannat et al., 2003; Dick et al.,
2003), providing a unique opportunity to investigate ridge seg-
ment evolution and stability at an ultraslow-spreading rate. The
ridge segments within the orthogonal supersegment of the SWIR

at 16°–25°E show distinct variations in segment stability and off-
axis structure (Fig. 1). The off-axis TF/NTD traces are coherent in
the eastern section (21°–25°E) near the Du Toit and Andrew Bain
TFs and can be traced out to at least 60 Ma. The S-shaped
curvatures of the TF/NTD are visible on the residual free-air
gravity anomaly (RFAA, the calculating method is shown in Fig. S1)
map, revealing a complex history of rapid plate motion changes
of the SWIR (Bernard et al., 2005). In contrast, the western sec-
tion (16°–21°E) lacks coherent off-axis NTD traces (Fig. 1).

Previous studies have revealed significant spatial variations in
geophysical anomalies and geochemical characteristics along
this orthogonal supersegment. Grindlay et al. (1998) suggested
that the western and eastern sections of the orthogonal superseg-
ment were underlain by relatively warm and cold mantle, re-
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Fig. 1.   Residual free-air gravity anomaly (RFAA) of the Southwest Indian Ridge at 4°–35°E. The RFAA is calculated from the latest
global marine gravity model (Sandwell  et  al.,  2014) after subtracting the crustal  age-dependent component (Fig.  S1).  Segment
boundaries  are  marked  by  thick  black  (transform  faults  and  fracture  zones)  and  blue  (non-transform  discontinuities)  lines,
respectively. Thin white lines mark crustal age isochrones from Müller et al. (2008). White double arrows show the location of axial
zones as defined in Fig. 2. Shaka TF: Shaka transform fault; Du Toit TF: Du Toit transform fault; Andrew Bain TF: Andrew Bain
transform fault. The red box in the inset shows the location of the study area. CIR: Central Indian Ridge; SEIR: Southeast Indian Ridge;
SWIR: Southwest Indian Ridge; MAR: Mid-Atlantic Ridge.
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spectively. Standish et al. (2008) analyzed basalt samples collec-
ted along the orthogonal supersegment (Dick et al., 2003), reveal-
ing eastward decreases in the average mantle melting degree
(based on Na8.0) and initial mantle melting depth (based on
Fe8.0), which is consistent with the overall eastward decrease in
crustal thickness. The combined geological, geophysical, and
geochemical data thus offer an excellent opportunity to investig-
ate ridge segmentation, crustal structure, and mantle melting at
an ultraslow-spreading ridge.

In this study, the spatial and temporal variations of crustal
production along the SWIR at 16°–25°E were investigated by ana-
lyzing on- and off-axis multibeam bathymetry, shipboard gravity,
and magnetic data. The along-axis variations in mantle potential
temperature and melting were estimated by using the observed
major element geochemistry and gravity-derived crustal thick-
ness and geodynamic models of mantle melting. Finally, a syn-
thesized geological model was proposed to explain the differ-
ences in crustal production and segment stability between the
western and eastern sections.

2  Data and methods

2.1  Bathymetry
Multibeam bathymetry data of the SWIR at 16°–25°E were col-

lected during the KN145L16 Cruise in 1996 (Grindlay et al., 1998)
and were downloaded from http://www.marine-geo.org. The
multibeam data have a spatial resolution of about 100 m. For
areas lacking multibeam coverage (e.g., the gaps between track
lines and regions outside the survey area), the synthesized bathy-
metry from the combination of satellite gravity-derived bathy-
metry and shipboard measurements was used. The synthesized
bathymetry has an average spatial resolution of 15 arc-seconds
(Tozer et al., 2019), although the local resolution is variable
(Zhang et al., 2019). A total of 12 ridge segments were identified
based on ridge axis morphology and were given segment names
of S3–S14 based on the definition of Grindlay et al. (1998) (Fig. 2).

2.2  Magnetics
The magnetic data were obtained from the database of De-

Mets et al. (2015), including data collected by research cruises of
multiple countries. DeMets et al. (2015) identified magnetic an-
omalies in nearly 7 000 shiptrack lines and selected 4 822 re-

versal crossings to construct a relatively high-resolution crustal
age model of the SWIR from about 20 Ma to the present. The es-
timated average spreading rates on the southern and northern
flanks were 0.74 cm/a and 0.6 cm/a, respectively (Fig. S2).

2.3  Mantle Bouguer anomaly
To obtain the mantle Bouguer anomaly (MBA) (Fig. 3a), the

gravitational effects of the water/upper crust, upper/lower crust,
and lower crust/mantle interfaces were subtracted from the free-
air gravity anomaly (FAA), using the Fast Fourier Transform
method of Parker (1973) and assuming a reference model with a
2-km-thick upper crust and a 4-km-thick lower crust (Grindlay et
al., 1998). The densities of the seawater, upper crust, lower crust,
and mantle were assumed to be 1 030 kg/m3, 2 400 kg/m3, 2 700 kg/m3

and 3 300 kg/m3, respectively.

2.4  Thermal correction
The regional thermal structure of a 100-km-thick mantle lay-

er beneath an orthogonal ridge-transform-ridge system with an
idealized surface plate geometry was calculated (Fig. S3). The ac-
tual plate boundary geometry was approximated using a series of
ridge segments that are connected by orthogonal offsets. A 3D
mantle velocity field assuming passive upwelling and the corres-
ponding mantle temperature field were then calculated by using
the methods of Phipps Morgan and Forsyth (1988) (Table 1). The
asymmetric half-spreading rates, as described in Section 2.2
(Fig. S2), were imposed on the surface boundary. The calculated
mantle temperature field was then converted to a 3D density
grid, yielding the gravity effects of a mantle thermal structure
(Georgen et al., 2001) (Fig. S3).

2.5  Residual mantle Bouguer anomaly and crustal thickness
Residual mantle Bouguer anomaly (RMBA) was obtained by

subtracting the thermal corrections from the MBA. The resultant
RMBA reflects spatial variations in crustal thickness and devi-
ations from the assumed reference models of constant crustal
and mantle densities (Fig. 3b).

An end-member model of crustal thickness variations was
calculated by the downward continuation of the RMBA to a refer-
ence depth of 9 km below sea-level (i.e., the summation of the av-
erage crustal thickness of 6 km and average water depth of 3 km
in the study area) (Fig. 3c). A crust/mantle density contrast of
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Fig. 2.     Shaded-relief bathymetric map of the orthogonal supersegment, with multibeam bathymetry near the axis and satellite-
derived bathymetry filling the gaps. The white lines indicate ridge segments. Segment names S3 to S14 are adopted from the definition
of Grindlay et al. (1998). Z1 to Z7 are zones marked to facilitate analysis. Thin gray lines show the ship tracklines.
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0.6×103 kg/m3 (e.g., Kuo and Forsyth, 1988; Lin et al., 1990) was
assumed. To avoid instabilities that are inherent in the down-
ward continuation of short-wavelength anomalies, a cosine taper
filter was used to minimize the RMBA signals outside of the inter-
ested wavelength window between 25 km and 35 km.

2.6  Modeling mantle melting, crustal thickness, and major ele-
ment geochemistry
Constrained by the observed variations of crustal thickness

and major element geochemistry (Na8.0 and Fe8.0), a series of 2D
mid-ocean ridge spreading models were constructed to estimate
the mantle temperature gradient along the orthogonal superseg-

ment (Gregg et al., 2009; Zhang et al., 2018). In the 2D numerical
models, the top surface plates were assumed to move apart at a
mean half-spreading rate U=0.67 cm/a, and the surface mantle
temperature was fixed at T0=0°C; meanwhile, the base of the
model domain at depth D=100 km was set as an open boundary
with a given mantle potential temperature Tp. The sides of the
model domain were set as open boundaries with no horizontal
heat flux. The full model parameters were given in Table 2. Based
on the calculated mantle flow and thermal structure, the BG15
melting model with a constant melt productivity of 0.1 GPa–1

(Behn and Grove, 2015) was used to estimate melt fraction and
resultant melt composition at each grid in the model domain.
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Fig. 3.   Maps of mantle Bouguer anomaly (MBA) of the 16.5°–26°E area (a) (after Grindlay et al., 1998), the residual mantle Bouguer
anomaly (RMBA) based on the thermal correction of Fig. S3 (b), and the relative crustal thickness derived from the downward
continuation of the RMBA to a reference depth of 9 km (c). Labels are the same as in Fig. 2. The red and black dots in a are magnetic
anomaly reversals from DeMets et al. (2015).
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The crustal thickness at the ridge axis was calculated by integ-
rating the melt production rate over the melting region divided
by the spreading rate (Forsyth, 1993). This model assumed that
the melt first migrated vertically, then moved laterally along a low
permeability boundary (e.g., bottom of the mantle lithosphere),
and finally aggregated beneath the ridge axis (e.g., Sparks et al.,
1993; Magde and Sparks, 1997). The major element composi-
tions of the melt aggregated beneath the ridge axis were estim-
ated by pooling all incremental melt compositions and weighing
them by the melt production rate (Behn and Grove, 2015). The
melt production rate was defined as the product of the melt pro-
ductivity and mantle upwelling velocity. In addition, to compare
with the observed Na8.0 and Fe8.0, the model of Yang et al. (1996)
was used to calculate the fractional crystallization path of the ag-
gregated melt. The pressure of crystallization was assumed to be
0.1 GPa (Standish et al., 2008).

3  Results

3.1  Along-axis variations in morphology and MBA
The along-axis topography west of 21.5°E (segments S3 to S9)

shows a regional eastward decreasing trend, and local variations
within segments S10 to S13 appear to be superimposed on the re-
gional topographic trend. Segment S14 is directly affected by the
thermal effect of the 150-km-long Du Toit transform fault (DTTF)
(red line in Fig. 4a). The along-axis variations in MBA, with an
amplitude of up to 90 mGal, reveal a regional eastward increas-
ing trend from a local minimum at 17.5°E (−20 mGal) to a maxim-
um (70 mGal) at the eastern ridge-transform intersection (RTI).
The calculated along-axis thermal effect of the DTTF is about 37 mGal
and is limited to a region east of 23.2°E within a distance of about
125 km west of the RTI (Fig. 4b). Thus, the abrupt increases in the

MBA east of 23.2°E could be explained by the DTTF thermal cool-
ing effect, as predicted by the 3D passive mantle upwelling mod-
el. However, the remaining regional eastward increase of the
MBA west of 23.2°E can not be explained by the DTTF cooling ef-
fect (Fig. 4b).

3.2  Zones of distinct characteristics in morphology and MBA
The results show that the off-axis morphology of the ortho-

gonal supersegment varies strongly along ridge strike, with some
segments have relatively coherent off-axis NTD traces while oth-
ers do not (Figs 1 and 2). To better illustrate the differences
between areas with relatively stable versus unstable segmenta-
tion, the study area was divided into seven zones (Z1–Z7, Figs 2
and 3) according to the characteristic variation patterns of the
morphology and MBA.

The western-most zone Z1 is characterized by uplifted topo-
graphy, small abyssal hills, and numerous volcanic cones. Linear
abyssal hills are pervasive in the western part of zone Z2, while
the eastern part is characterized by V-shaped topographic highs
on both flanks. zones Z3 and Z4 are in a discordant zone, and the
overall strike of the axial valley is approximately 10° counter-
clockwise from the regional strike of the orthogonal superseg-
ment (Grindlay et al., 1998). The ridge axis has a relatively large
offset that is associated with a wide and deep inter-segment basin
between segments S9 and S10. The off-axis morphology in zones
Z3 and Z4 are dominated by blocky terrains. Further east, zone
Z5 has two well-defined ridge segments (segments S11 and S12 in
Fig. 2), the V-shaped NTD traces on the ridge flanks indicate
westward migration of segment S13 in zone Z6. Segment S14 in
zone Z7 appears to have formed just a few million years ago in as-
sociation with the westward migration of segment S13 (Figs 1 and 2).

The MBA, RMBA and relative crustal thickness show strong
along- and across-axis variations (Fig. 3). Zone Z1 contains a
large domain of negative MBA, and the thicker crust within zone
Z1 indicates that this is an area of relatively robust magma sup-
ply. The MBA in zone Z2 is well elongated along the ridge axis
with the most negative values slightly shift to the northern flank.
The RMBA in zone Z2 varies little on the northern flank, but has
three prominent positive domains on the southern flank. Zone Z3
is characterized by two small circular MBA lows that correspond
to the two axial neovolcanic zones. Zone Z4 is characterized by a

Table 1.   Parameters used in modeling 3D mantle temperature
field

Parameter Description Value

ρm/(kg·m–3) mantle density 3 300

Cp/(J·kg–1·K–1) specific heat capacity 1 250

κ/(W·m–1·K–1) thermal conductivity 3

Q/(J·mol–1) activation energy 2.5×105

R/(J·mol–1·K–1) universal gas constant 8.311 4

Ts/°C surface temperature 0

Tp/°C mantle potential temperature 1 350

Un/(mm·a–1) half–spreading rate in northern flank 6.0

Us/(mm·a–1) half–spreading rate in southern flank 7.4

g/(m·s–2) gravitational acceleration 9.8

Table 2.   Parameters used in modeling 2D mantle melting field
Parameter Description Value

ρ/(kg·m–3) mantle density 3 300

η0/(Pa·s) reference viscosity 1019

ηmax/(Pa·s) maximum viscosity 1023

Cp/(J·kg–1·K–1) specific heat capacity 1 250

k/(W·m–1·K–1) thermal conductivity 3

Q/(J·mol–1) activation energy 2.5×105

R/(J·mol–1·K–1) universal gas constant 8.311 4

Ts/°C temperature at the surface of the
thermal model

0

Tp/°C mantle potential temperature 1 320–1 400

U/(mm·a–1) half spreading rate 6.7

g/(m·s–2) gravitational acceleration 9.8
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Fig. 4.     Axial variations of observed and calculated depth and
gravity anomalies. a. Along-axis variations of topography (black
line) and thermal isostatic topography (red line). Labels in the
upper panel show the segments named by Grindlay et al. (1998)
as in Fig. 2. DTTF: Du Toit transform fault.  b. Along-axis vari-
ations of MBA (black line) and the calculated gravity effect of 3D
plate cooling (red line). The thick gray line is the fourth-degree
polynomial fit of the mantle Bouguer anomaly (MBA).
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strongly asymmetric MBA pattern between conjugate ridge
flanks, with the southern flank showing more positive MBA. Zone
Z5 has a domain of large negative MBA on the northern flank.
Crustal thickness appears to have decreased from the ridge flanks
to the spreading axis. Zone Z6 shows strong variations in the
MBA across the ridge axis, with alternating thicker and thinner
crust on both flanks. Lastly, zone Z7 is adjacent to the DTTF and
shows the most positive MBA among all zones. A domain of relat-
ively thick crust is located at the inside corner, coinciding with a
large seamount (Grindlay et al., 1998).

3.3  Across-axis variations in MBA, RMBA, and crustal thickness
The MBA contains effects of long-wavelength plate cooling

and short-wavelength crustal thickness fluctuations in across-ax-
is direction. The observed across-axis variations in the MBA for
some zones (e.g., zones Z1 and Z2) appear to fit well with the
long-wavelength predictions of the 3D plate cooling model.
Meanwhile, other zones show relatively large deviations either on
both flanks (e.g., zones Z3, Z4, and Z5) or only on the northern
flank (e.g., zones Z6 and Z7; Fig. 5).

The regionally averaged RMBA shows a general trend of in-
crease from the ridge flanks to the spreading axis, while there is
considerable local variability in the near axis part on the south-
ern flank (Fig. 6). Furthermore, the regionally averaged RMBA
shows significant asymmetry between the conjugate flanks, with
relatively more positive RMBA on the southern flank (Fig. 6).
However, the locally averaged RMBA and crustal thickness show
large variations both along- and across-axis directions in each

zone (Fig. 7). Zones Z1 and Z2 have thicker crust and their calcu-
lated across-axis fluctuations are less than 1 km (Fig. 7c). In con-
trast, the crustal thickness variations in the further eastern zones
(zones Z3 to Z7) are larger and more complicated (Figs 7a and b).
Zone Z5 has crustal thickness fluctuations of up to 2.5 km, which
is the largest variation among all zones (Fig. 7c). The thickest part
of zone Z5 is in the distal northern flank (Fig. 7b). The across-ax-
is crustal thickness variations in zones Z3 and Z4 are about 1.5 km,
while in zones Z6 and Z7, the variations are more than 2 km (Fig. 7c).

3.4  Mantle temperature variations based on geochemical and
geophysical constraints
The along-axis residual topography and RMBA show correl-

ated variations, with shallow topography and negative RMBA at
segment centers (Figs 8a and b). The NTDs between segments S9
and S10 and between S13 and S14 are associated with deeper to-
pography and more positive RMBA than that of DTTF (Figs 8a
and b). These NTDs make segments S9, S10, S13, and S14 pos-
sess the prominent intra-segment RMBA variations (Fig. 8c). The
observed geochemical variations (Na8.0 and Fe8.0) along the or-
thogonal supersegment are best-fitted by models with mantle po-
tential temperate of 1 340–1 380°C. The estimated mantle poten-
tial temperature is approximately 1 380°C at the western end of
the study region and approximately 1 340°C at the eastern end
(Figs 8e and f). The mantle melting models predict a change of
about 2 km in crustal thickness for a mantle potential temperat-
ure change of 40°C, and this result is consistent with the ob-
served gradual westward increase in the gravity-derived crustal
thickness (Fig. 8d).

In addition, the intra-segment mean variations and limits of
the along-axis in Na8.0, Fe8.0 and RMBA were calculated. The seg-
ment-averaged Na8.0 shows negative and positive correlations
with the segment-averaged Fe8.0 (Fig. 9a) and RMBA (Fig. 9b), re-
spectively. Meanwhile, the segment-averaged Fe8.0 shows negat-
ive correlation with the RMBA (Fig. 9c). The western most part,
which has a mantle potential temperature of 1 380°C, is associ-
ated with deeper initial mantle melting depth, higher maximum
mantle melting degree, and larger size of melting zone (Fig. 9d).

4  Discussion

4.1  Implications of across-axis variations in RMBA
The temporal changes in magma supply of a ridge segment

can be reflected in across-axis variations in RMBA (e.g., Pariso et
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Fig. 5.   Averaged across-axis variations in MBA along ship tracks
in each zone. Gray lines are the averaged values of the calculated
gravity effect due to 3D thermal cooling from Fig. 2c; the baseline
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Fig. 6.     Regionally averaged across-axis variations of RMBA at
conjugate ridge flanks in all zones. S: south; N: north.
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al., 1995; Cannat et al., 2003; Wang et al., 2015; Zheng et al.,
2019). The observed RMBA at the orthogonal supersegment
shows strong across-axis variations. The regionally averaged
RMBA show systematic increase from the ridge flanks to the axis
(Fig. 6), indicating a regionally gradual reduction in magma from
approximately 7 Ma to the present. The age-dependent fluctu-
ations in the inferred magma supply are greater at the eastern
section (zones Z5 to Z7) than that in the western section (zones
Z1 to Z2) (Fig. 7c).

Furthermore, the southern flank appears to have thinner
crust as indicated by the more positive RMBA on the regional
scale (Fig. 6). The calculated average spreading rate of the south-
ern flank is about 1.4 mm/a (i.e., around 21% of the average half-
spreading rate) faster than that of the northern flank for the past 7 Ma
(Fig. S2), suggesting that a greater amount of tectonic stretching
might have occurred in the southern flank to accommodate
faster spreading, which is similar to the local asymmetric spread-
ing and tectonic extension of individual segments at the Mid-At-
lantic Ridge (e.g., Escartín et al., 1999; Wang et al., 2015).

However, a single segment may have experienced a complex his-
tory of magmatic-tectonic variations, such as in segment S13
(Figs 3b and c). Together, the presented results reveal consider-
able spatial and temporal variations in the magmatic and tecton-
ic processes of the ultraslow-spreading ridge.

4.2  Contrasts between the western and eastern sections
The western section (16°–21°E) of the orthogonal superseg-

ment differs significantly from the eastern section (21°–25°E) in
several important aspects: (1) ridge segments in the western sec-
tion are relatively short lived (i.e., lack coherent off-axis NTD
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Fig. 7.   Averaged across-axis variations of RMBA (a) and relative
crustal thickness (b) for each zone, and fluctuations of averaged
across-axis crustal thickness variations for each zone (c).  The
dashed black lines in panels a and b indicate the ridge axis posi-
tion. S: south; N: north.
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Fig. 8.   Along-axis variations of residual topography (a), RMBA
(b), average intra-segment RMBA variations (c), relative crustal
thickness (d) Na8.0 (e), and Fe8.0 (f). The original data of Na8.0 and
Fe8.0 (gray dots) are from Standish et al. (2008). In a, S3–S14 mark
the segment numbers. Vertically dashed lines indicate the seg-
ment ends. Vertical arrows in b indicate the intra-segment RMBA
variations (ΔG1, ΔG2). The formula for calculating the averaged
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Horizontal dashed line in c show the mean variations of intra-
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labeled in d.
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traces, Grindlay et al., 1998) and are thus related to unstable seg-
mentation. Some NTDs of the eastern section can be traced off-
axis for tens of millions years (Figs 1 and 2) (Bernard et al., 2005)
and are thus attributed to quasi-stable segmentation; (2) the
ridge axis of the western section is associated with thicker crust,
higher mantle melting degree (lower Na8.0), and greater initial
mantle melting depth of (higher Fe8.0) than that of the eastern
section (Figs 8d–f) (Standish et al., 2008). The best-fitting models
show that the initial mantle melting depth is 72 km and that the
maximum mantle melting degree can be up to 16% at the west-
ern most part, while those of the eastern most part are 60 km and
12%, respectively (Fig. 9d); (3) the inferred axial mantle potential
temperature shows an eastward decrease of about 40°C along the
orthogonal supersegment (Fig. 8), and this result is consistent
with the estimation by a global joint inversion of ridge depth, ma-
jor element geochemistry, and seismic shear wave velocity
(Dalton et al., 2014); (4) the amplitude of the segment-scale
along-axis variations in RMBA is the greatest at segments S9, S10,
S13, and S14 (Fig. 8c); and this was interpreted to reflect the relat-

ively strong along-axis focusing of melts (e.g., Lin and Phipps
Morgan, 1992; Sauter et al., 2001; Cannat et al., 2003).

4.3  A synthesized model of mantle melting and crustal structure
A synthesized model of mantle melting and crustal structure

of the orthogonal supersegment was proposed based on the com-
bined constraints from the geophysical and geochemical data
and geodynamical modeling (Fig. 10). In the synthesized model,
the average mantle potential temperature is greater beneath the
western section than that beneath the eastern section. The low-
est mantle temperature is beneath segment S14, potentially re-
flecting the 3D mantle cooling effect of the DTTF (Fig. 4). Mean-
while, the amplitude of the segment-scale variations in crustal
thickness (grey area, Fig. 10) may reflect melt focusing toward the
centers of individual segments. Such melt focusing is the
strongest at segments S9, S10, S13, and S14 (solid red arrows,
Fig. 10), and is weaker at other segments, e.g., segments S5 and
S6 (dashed red arrows, Fig. 10).

The off-axis stability of the ridge segments in the orthogonal
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Fig. 9.   Correlations between the averaged values of the along-axis Na8.0 and Fe8.0 (a), Na8.0 and RMBA (b), and Fe8.0 and RMBA (c);
and calculated partial melting zones for mantle potential temperatures of 1 340°C (blue) and 1 380°C (red) (d). Blue squares and gray
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Labels marked as percentages in d indicate the degree of melting.
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supersegment appears to correlate with the degree of along-axis
melt focusing of the segments (Fig. 10). The results show that seg-
ments S9, S10, S13, and S14, which have the greatest degree of
along-axis melt focusing, are also associated with relatively co-
herent off-axis NTD traces and thus show quasi-stable segmenta-
tion (top view, Fig. 10). In contrast, the ridge segments of the
western section are associated with lower degree of along-axis
melt focusing and lesser coherent off-axis NTD traces. A more
complete quantification of the relationship between melt focus-
ing and segment stability, however, requires future further in-
vestigations.

5  Conclusions
Analyses of gravity, magnetic, and multibeam bathymetric

data of the SWIR at 16°–25°E reveal systematic along- and across-
axis variations in crustal structure, reflecting significant changes
in mantle temperature and melting.

(1) The results indicate that the regionally averaged crustal
thickness reduced systematically from approximately 7 Ma to the
present, indicating a general decrease in regional magma supply.

(2) The crustal structure is asymmetric between the conjug-
ate ridge flanks on a regional scale. The faster-spreading south-
ern flank is associated with a slightly thinner crust, possibly re-
flecting a greater degree of tectonic extension to accommodate

more plate separation. However, the crustal accretion process in
local scales shows strong temporal and spatial variations.

(3) The axial crustal thickness decreases systematically east-
ward, correlating with decreases in the average degree and initial
depth of mantle melting as inferred from the observed variations
in Na8.0 and Fe8.0. The 2D models of mantle melting suggest that
the observed variations in crustal thickness and major element
geochemistry can be explained by an eastward decrease in the
mantle potential temperature of about 40°C from approximately
1 380°C at the western end to approximately 1 340°C at the east-
ern end.

(4) Segmentation in the western section of the supersegment
is relatively unstable, while that of the eastern section is quasi-
stable. It was hypothesized that the relatively large ridge-axis off-
sets in the eastern section may have resulted in sustained focus-
ing of magma supply at the centers of individual segments and
relatively stable segmentation.
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Fig. 10.   A synthesized model showing key features of the investigated orthogonal supersegment. Top view: Residual FAA as in Fig. 1.
Sections of relatively stable (eastern) and unstable (western) segmentation are shown. Front view: Along-ridge variation in crustal
thickness (grey), the calculated mantle melting zone (color), and the calculated degree of partial melting (white lines). Also shown are
hypothesized lithosphere-asthenosphere boundary (LAB, blue curve). Along-axis melt focusing is interpreted to be stronger at
segments S9, S10, S13, and S14 (red solid arrows) than other segments (e.g., segments S5 and S6, red dashed arrows). The western
region was hypothesized to have higher mantle temperature and smaller ridge-axis offset, leading to smoother LAB, less sustained
magma focusing, and less stable segmentation. In contrast, the relatively large ridge-axis offsets of the eastern section may have
resulted in more sustained along-axis focusing of magma supply at individual ridge segments, enabling relatively stable segmentation.
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Supplementary information:
　　Fig. S1.  Method of calculating residual free-air anomaly (RFAA). Gray dots are original FAA data points, the yellow line shows the
age dependence of the FAA averaged in bins of 0.5 Ma, and the red line is the best-fitting square root decrease in the FAA for crustal
age greater than 3 Ma.

　　Fig. S2.  Mean and standard deviations of spreading rates of the southern (red) and northern flanks (blue) of the entire study area.
The arrows and letters indicate the magnetic anomaly reversals used in calculating spreading rates.

　　Fig. S3.  Calculated gravity correction based on the 3D models of passive mantle upwelling driven by asymmetric seafloor
spreading. The red line indicates the simplified plate boundary. Du Toit TF: Du Toit transform fault; SWIR: Southwest Indian Ridge.
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