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S U M M A R Y
Axial and ridge flank depths on the Southeast Indian Ridge (SEIR) systematically increase
for 2500 km from 90◦E to 120◦E approaching the Australian-Antarctic Discordance. The
SEIR also experiences an abrupt change in ridge axis morphology near 103◦30′E with axial
highs found to the west and axial valleys to the east. Since the spreading rate is constant
throughout this region, these variations have been ascribed to an along-axis gradient in mantle
temperature. A seismic refraction experiment provides information on the crustal thickness
and seismic velocity structure of two segments with differing axial morphology. Segment P2,
centred near 102◦E with an axial high has a mean crustal thickness of 5.9 ± 0.2 km, while the
mean crustal thickness is 5.3 ± 0.3 km at Segment S1 with an axial valley and centred near
109◦45′E. Isostatic compensation of the difference in crustal thickness and density structure
between the two segments only accounts for 33 m of the 198 m difference in average ridge
flank depth between the two segments. The remaining depth difference must result from a
difference in mantle density. Melt production models imply a mantle temperature difference
of 11–13.5 ◦C to produce the observed difference in crustal thickness. Isostatic compensation
of the two segments requires that the resulting density difference must extend to about 300 km
in the mantle.

The transition in axial morphology along the SEIR is very abrupt occurring over a narrow
zone within a single segment in which the transition is complete. If a linear mantle temperature
gradient is assumed, the temperature difference across the transition segment is only 2.4 ◦C. The
change in axial morphology is accompanied by abrupt changes in other parameters including
abyssal hill height, magnetic anomaly amplitude, layer 2a thickness and the presence or
absence of an axial magma lens. The abrupt, coincident change in a number of parameters
with a very small change in mantle temperature strongly suggests a threshold change between
two distinctly different modes of crustal accretion. The trigger for the transition appears to be
whether a steady-state crustal magma lens can be maintained.

Key words: Gravity anomalies and Earth structure; Mid-ocean ridge processes; Crustal
structure; Indian Ocean.

I N T RO D U C T I O N

The Southeast Indian Ridge (SEIR) is an intermediate-rate spread-
ing centre that separates the Australian and Antarctic plates and
extends from the Rodriquez triple junction near 25◦S, 70◦E to the
Macquarie triple junction near 63◦S, 165◦E. The SEIR undergoes an
along-axis transition in axial morphology at about 103◦30′E from
an axial high to the west to an axial valley to the east (Fig. 1).
This transition is not related to a variation in spreading rate, which
is nearly constant (69.2–72.2 mm a−1) for 2500 km from 90◦E to

120◦E (DeMets et al. 1994). The section of the ridge axis with an
axial valley actually has a slightly higher spreading rate than the
section with an axial high.

The portion of the SEIR from 90◦E to 120◦E is characterized
by a long-wavelength west-to-east increase in axial and ridge flank
depths (Ma & Cochran 1996; Cochran et al. 1997; Sempere et al.
1997). This portion of the SEIR is bounded to the east by the
Australian-Antarctic Discordance (AAD), a region of deep and
chaotic bathymetry extending from 120◦E to 127◦E (Weissel &
Hayes 1974; Sempere et al. 1991; Palmer et al. 1993). Surface
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SEIR along-axis mantle temperature gradient 145

Figure 1. Shaded relief bathymetric map showing the crestal region of the SEIR from 100◦E to 111◦E. Black lines show the location of the ridge axis with
segments labelled. Red lines show the location of the two seismic crustal sections analysed in this study. A transition in axial morphology from an axial high to
the west to an axial valley to the east occurs within Segment P3. Bathymetry is gridded multibeam data from R/V Melville cruises West09MV and West10MV
(Cochran et al. 1997; Sempere et al. 1997) and is illuminated from the SSW. Inset shows the location of our study area relative to Australia and the ship track
for R/V Maurice Ewing cruise EW0114.

wave (e.g. Forsyth et al. 1987; Kuo 1993) and petrologic (e.g. Klein
et al. 1991; Pyle 1994) studies suggest that the AAD is underlain by
cooler than normal mantle. This is supported by seismic refraction
data interpreted as showing a thin crust in the AAD (Tolstoy et al.
1995; Kojima et al. 2003).

These observations led to the conclusion that the change in axial
morphology along the SEIR results from a lateral gradient in mantle
temperature. Cochran et al. (1997) estimated from bathymetry and
gravity data that the mantle temperature could vary by as much
as 50–90 ◦C between 88◦E and 114◦E, depending on the depth to
which the temperature gradient extended. This estimate represents
an upper bound on the possible temperature gradient, because it is
based on varying only the mantle temperature and does not account
for related changes in crustal thickness.

A gradient in mantle temperature along the SEIR is also suggested
by basalt chemistry along the ridge. Fig. 2 shows the variation of
Na8.0 and Fe8.0 as a function of longitude for basaltic glasses recov-
ered from the SEIR axis (Mahoney et al. 2002). These data show
distinct trends of decreasing Fe8.0 and increasing Na8.0 from west to
east along the ridge, implying a decrease in mantle temperature and
extent of melting approaching the AAD.

During the Austral Summer of 2001–2002, a multichannel seis-
mic (MCS)/ocean-bottom hydrophone (OBH) experiment was con-
ducted on R/V Maurice Ewing along the SEIR between 100◦E and
116◦E (Fig. 1). In particular, constraints on the crustal velocity
structure and thickness were obtained from ridge segments on ei-
ther side of the transition in axial morphology (Baran et al. 2005,
2009; Holmes et al. 2008). We will utilize these data to constrain
the mantle temperature change between those segments and to in-
vestigate the nature of the transition in morphology and crustal
structure.

A X I A L M O R P H O L O G Y O F T H E S E I R

A major change in the morphology of the SEIR axis occurs at about
103◦30′E within Segment P3 (Fig. 1). Segments west of P3 to about
79◦E, near the Amsterdam—St. Paul Plateau, are characterized by
an axial high (Cochran et al. 1997; Scheirer et al. 2000), while
segments east of P3 to the eastern boundary of the AAD near 127◦E
are characterized by an axial valley (Palmer et al. 1993; Cochran
et al. 1997).

The axial highs observed to the west of Segment P3 are primarily
‘rifted’ axial highs marked by multiple inward-facing faults with
throws of <100 m located within 1–2 km of the axis. Well-developed
‘EPR-like’ axial highs are found at Segments P1 near 101◦E and M1
near 89◦E. As discussed by Baran et al. (2005), these two segments
are both located immediately to the east of significant left-stepping
transforms and are leading segments in the fixed hot spot reference
frame (Gripp & Gordon 1990) which may result in an enhanced
melt supply (Carbotte et al. 2004). The only segment between 79◦E
and 103◦E with an axial valley is Segment N near 96◦E, where
the axis is marked by a shallow 200–400 m deep, 6–8-km-wide
valley. Segment N is a short 55-km-long segment situated between
two large-offset (93 and 40 km) transforms (Cochran et al. 1997)
and the mantle temperature and melt supply beneath it are probably
reduced by lateral heat conduction across the transforms.

Axial valleys to the east of Segment P3 to 114◦E are gener-
ally 400–800 m deep and 5–15 km wide (Cochran et al. 1997;
Shah & Sempere 1998). The primary exception is Segment R. The
ridge axis in the vicinity of 107◦30′E within Segment R is lo-
cated on a 15–20-km-wide, 300–400-m-high plateau bounded by
steep, fault-like scarps. The plateau becomes lower and less dis-
tinct to the east and by the eastern end of the segment, the axis is
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Figure 2. Variation of Na8.0 (top panel) and Fe8.0 (bottom panel) along the Southeast Indian Ridge as a function of longitude. Thin lines show linear least-
squares fits to the data. Heavy vertical line shows the location of the fundamental change in the form of the axial morphology within Segment P3. Shaded
boxes show the longitude extent of Segments P2 and S1. Data is tabulated in Mahoney et al. (2002).

located within a shallow valley (Shah & Sempere 1998; Cochran &
Buck 2001).

Segment R is located immediately to the east of a large-offset,
left-stepping transform (Fig. 1) and, like Segments P1 and M1, is a
leading segment in the hotspot reference frame (Baran et al. 2005).

Shallow axial valleys, such as those found between 103◦E and
114◦E appear to be characteristic of intermediate spreading rate
ridges without a steady-state axial magma lens (e.g. Blacic et al.
2004; Baran et al. 2005). They produce a distinct form of ridge
flank morphology distinguished by abyssal hills that are larger than
those found at segments with axial highs, but smaller than those on
the flanks of segments with a deep axial valley (Goff et al. 1997;
Ma & Cochran 1997).

Segment T, extending from 114◦22′E to 115◦30′E is characterized
by a deeper (1000–1200 m) rift valley. This segment has been re-
ferred to as ‘MAR-like’ (e.g. Cochran et al. 1997), but its morphol-
ogy and gravity anomalies differ significantly from typical MAR
segments. In particular, Segment T is not characterized by an in-

trasegment bathymetry high and mantle Bouguer gravity anomaly
(MBA) low as typically found at segments on the MAR. Its mor-
phology appears similar to that of Segment B5W in the eastern
AAD (Palmer et al. 1993).

DATA

An MCS reflection and OBH wide-angle reflection/refraction study
of the axial region of the SEIR from 100◦E to 116◦E was car-
ried out during R/V Maurice Ewing cruise EW0114 during the
Austral summer of 2001 and 2002. The MCS seismic reflection
experiment consisted of an along-axis profile, numerous across-
axis lines and an axis-parallel line along the 550 ka isochron
(∼20 km from the axis) on the southern flank of Segments P1,
P2 and S1 (Figs 3 and 4). Along-axis seismic reflection lines were
also obtained in Segments P3, P4 and R. Detailed information on
instrumentation, data collection and data reduction is given by Baran
et al. (2005).
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Figure 3. Shaded relief multibeam swath bathymetry map of SEIR Segment P2. Red line and red stars show the ship track and OBH locations for the seismic
refraction line (Holmes et al. 2008) used to define crustal thickness and seismic velocity structure. Blue line shows the ship track for the MCS line (Baran
et al. 2005, 2009) used to determine layer 2A thickness and average velocity. Black line shows the location of the ridge axis. Bathymetry is illuminated from
the SSW.

The OBH experiment consisted of along-axis wide-angle reflec-
tion/refraction profiles in Segments P1, P2, S1 and T. Axis-parallel
lines were also run along the 550 ka isochron on the southern flank
of Segments P1 and P2. Atrocious weather and sea conditions pre-
vented off-axis refraction experiments in Segments S1 and T as well
as the collection of any MCS data in Segment T. Each refraction
experiment utilized four OBHs spaced at 15–20 km intervals. The
shooting lines were 104–127 km long and extended for at least

20 km beyond the last OBH at each end (Figs 3 and 4). All of
the OBH lines (other than the one in Segment T) coincided with
MCS reflection lines. MCS reflection and OBH refraction data were
collected on separate passes along the same line since the optimal
shooting interval for the two experiments is different. Detailed in-
formation on the collection and processing of the OBH data as well
as a detailed uncertainty analysis is given by Holmes et al. (2008).
Holmes et al. (2008) also presents profiles showing the variation
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148 J. M. Baran et al.

Figure 4. Shaded relief multibeam swath bathymetry map of SEIR Segment S1. Red line and red stars show the ship track and OBH locations for the seismic
refraction line (Holmes et al. 2008) used to define crustal thickness and seismic velocity structure. Blue line shows the ship track for the MCS line (Baran
et al. 2005, 2009) used to determine layer 2A thickness and average velocity. Black line shows the location of the ridge axis. Bathymetry is illuminated from
the SSW.

in velocity structure and crustal thickness along each of the OBH
lines.

In this study, we concentrate on data from the lines located 20 km
from the axis on 550 ka crust in order to avoid dynamic and thermal
effects of axial processes. These lines are located on the ridge
flank away from the dynamically supported axial topography. Also,
hydrothermal circulation causes transient crustal thermal effects of
lithospheric generation to be confined to the immediate area of the
ridge axis (e.g. Dunn et al. 2000; Cochran & Buck 2001).

We investigate two segments with differing axial morphology in
this study: P2 with a rifted axial high and S1 where the axis is
within a shallow axial valley (Figs 3 and 4). Segment P2, extending
for 105 km from about 101◦20′E to 102◦40′E (Fig. 3), is the first
complete segment to the west of the transition in axial morphology
near 103◦30′E within Segment P3. It is characterized by an axial
high that is 15–20 km wide, but only 100–200 m high and cut by
small, inward-facing faults, so the axis sits in a shallow, ∼50 m deep
graben superimposed on the axial high (Cochran et al. 1997; Shah &
Sempere 1998; Fig. 3). This morphology is typical of the SEIR axis
from 79◦E to 103◦E. An axial magma chamber (AMC) was imaged

beneath 20 per cent of Segment P2 at a depth of about 2100 m below
the seafloor (Baran et al. 2005). However, the seismic reflection data
are noisy due to very bad weather and the AMC reflection is difficult
to identify. Attenuation of arrivals on the along-axis refraction line
suggests that the magma lens is more extensive and may be present
under much of the segment. As a result, Holmes et al. (2008) were
unable to obtain a reliable crustal thickness estimate from the axial
refraction line in Segment P2. The mean crustal thickness based
on the seismic refraction line along the 550 ka isochron is 5.9 ±
0.2 km (Holmes et al. 2008; Fig. 5A).

Segment S1 extends for 165 km from 108◦40′E to 110◦50′E
(Fig. 4), approximately 425–590 km east of the 103◦30′E transition
in morphology. The axis is located within a shallow 200–600 m
deep valley that deepens near the ends of the segment, particularly
towards a propagating rift tip at the eastern end of the segment
(Fig. 4). No magma lens is imaged in the MCS data and there is
no significant attenuation of arrivals travelling along the axis in the
OBH data to suggest the presence of a magma lens (Holmes et al.
2008). The mean crustal thickness based on the seismic refraction
line along the axis is 5.3 ± 0.3 km (Holmes et al. 2008; Fig. 5A).
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Figure 5. (A) Seismic velocity versus depth profiles for 550 ka crust derived from MCS data (Baran et al. 2009) for layer 2a and refraction data (Holmes et al.
2008) for the rest of the crust. Red line is for Segment P2 and blue line is for Segment S1. (B) Density-depth profiles derived from the velocity profiles shown
in (A) using the Carlson & Raskin (1984) velocity–density relationship.

A X I S - PA R A L L E L M A N T L E
T E M P E R AT U R E G R A D I E N T

The long-wavelength gradient in depth along the SEIR results from
the isostatic effects of both the along-axis mantle temperature gra-
dient and changes in crustal thickness. The two are related since
melt production and thus crustal thickness depends on the mantle
temperature (e.g. McKenzie 1984; Klein & Langmuir 1987). How-
ever, it is not possible to simply use the increase in depth along
with melt production models to determine the temperature gradi-
ent since the variation in water depth also depends on the depth to
which density variations in the mantle extend. The availability of
crustal thickness and seismic velocity information from segments
on either side of the transition in morphology (Holmes et al. 2008)
allows us to quantify the mantle temperature variation between those
segments and to determine the depth to which it extends. We first
use the seismic velocities to determine the distribution of density
within the crust in Segments P2 and S1. Isostatic compensation of
the resulting crustal density structure assuming Airy isostasy and
a constant density mantle explains only a portion of the difference
in depth between the two segments. We then determine the man-
tle density difference (and thus temperature difference) required to
isostatically balance the two segments as a function of the compen-
sation depth. The actual temperature and density variation between
the two segments is estimated from a variety of melt models relat-
ing crustal thickness and mantle temperature. Determination of the
temperature difference defines the density difference and thus the
compensation depth. Finally, we test whether the inferred density
structure is compatible with observed gravity data from the SEIR.

Depth variation

The mean water depth for the MCS line along the axis in Seg-
ment P2 is 2895 m, while the mean water depth along the axial

MCS line in Segment S1 is 3461 m. However, a large portion of the
566 m change in mean axial depth between the two segments results
from the difference in the form of the axial morphology, which is
dynamically supported (e.g. Tapponnier & Francheteau 1978; Chen
& Morgan 1990a,b; Shah & Buck 2001). We wish to compare the
mean water depth along the off-axis refraction lines. In order to av-
erage out depth variations due to abyssal hill relief, we determined
the mean depths over a 10 km-wide swath centred on the MCS lines
along the 550 ka isochron and extending the length of the lines
(blue lines in Figs 3 and 4. The mean depths are 2996 ± 68.5 m
in Segment P2 and 3194 ± 120.5 m in Segment S1, so the differ-
ence in mean ridge flank depth is 198 m. The difference in standard
deviations at the two segments is directly related to differences in
the height of the abyssal hills contained in the 10 km-wide swaths
(Goff et al. 1997; Ma & Cochran 1997).

Crustal density structure

We use the velocity structure determined from the OBH line along
the 550 ka isochron to determine the crustal density and thickness
in Segment P2 (Fig. 5) for the isostatic calculations. A refraction
line along the 550 ka isochron was not obtained in Segment S1
because of weather and sea conditions. We therefore use the crustal
velocity structure determined from the OBH line along the axis
(Fig. 5A). We thus assume no change away from the axis in the
crustal thickness or in the density structure below layer 2A. The
presence of a well-developed Moho and lack of an axial magma lens
or upper crustal low velocity zone on the axial OBH line (Holmes
et al. 2008) supports this assumption. In both of the crustal velocity
profiles in Fig. 5A, the average layer 2A thickness and velocity
determined from MCS data along the 550 ka isochron line (Baran
et al. 2005, 2009) is combined with refraction results (Holmes
et al. 2008) for the deeper crust.
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We convert velocity to density using relationships determined by
Carlson & Raskin (1984) based on rock samples from ODP drilling
and ophiolites. For velocities less than 6.65 km s−1, density is given
by

ρ = 3.50 − 3.79/Vp, (1)

where ρ is density in gm cm−3 and Vp is the compressional velocity
in km s−1 (Carlson & Raskin 1984). For crustal rocks with Vp greater
than 6.65 km s−1, Carlson & Raskin (1984) give the density by

ρ = 3.81 − 5.99/Vp. (2)

The two equations are independently constrained, resulting in a
small negative jump in the calculated density at Vp = 6.65 km s−1.
Profiles of density versus depth at Segments P2 and S1 are shown
in Fig. 5(B).

Isostatic modelling

If a constant mantle density of 3.33 g cm−3 is assumed, the differing
crustal thickness and density structure of Segments P2 and S1 would
result in a 33 m difference in water depth, assuming Airy isostasy.
The observed difference in water depth is 198 m, so variations in
mantle density must contribute to the isostatic balance.

Fig. 6(A) shows the calculated mantle density beneath Seg-
ment P2 as a function of compensation depth that is necessary
to isostatically balance mass columns in the two segments assum-
ing Airy isostasy and using the observed mean ridge flank water
depths and the crustal density profiles shown in Fig. 5(B). A man-
tle density of 3.33 g cm−3 was assumed beneath Segment S1 and
the density of seawater was assumed to be 1.03 g cm−3. The dif-
ference in mantle density between the two segments required for
isostatic balance is quite large for shallow compensation depths,
but rapidly becomes small as the depth of compensation increases.
In Fig. 6(B), the difference in mantle density has been converted
to temperature difference assuming that the mantle coefficient of
thermal expansion is 3.2 × 10−5 ◦C−1 (Parsons & Sclater 1977).
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Figure 6. (A) Density of the mantle at Segment P2 necessary to isostatically balance the crustal sections shown in Fig. 5, assuming Airy isostasy, as a function
of compensation depth if the mantle density beneath Segment S1 is assumed to be 3.33 g cm3. (B) Mantle temperature difference between Segments P2 and
S1 as a function of compensation depth determined from the density differences shown in (A).

Crustal thickness models and mantle temperature
variations

Mantle temperature is a primary variable affecting melt production
and thus crustal thickness at mid-ocean ridges. A number of studies
have investigated the relationship between mantle temperatures and
melt production for various melt models and flow regimes. Fig. 7
shows crustal thickness versus mantle temperature relationships ob-
tained by Shah & Sempere (1998) from three different formulations.
These are the isentropic model of McKenzie (1984) utilizing two
different solidus relationships, the pressure release model of Klein &
Langmuir (1987) and the 2-D numerical passive corner flow model
of Chen (1996). The horizontal lines in Fig. 7 mark the seismically
determined mean crustal thickness at Segments P2 and S1. The
vertical lines mark the temperatures at which those lines intersect
the different temperature versus crustal thickness curves. Thus, the
separation between each set of vertical lines gives an estimate of the
mantle temperature difference between the two segments according
to that model. The temperature difference is 7 ◦C for the McKenzie
(1984) model with solidus 1, and is in the range of 11–13.5 ◦C
for the other three models. Because of the agreement of these three
estimates arrived at by different methodologies, we will assume that
the mantle temperature difference between Segments P2 and S1 is
in the range of 11–13.5 ◦C.

The isostatic modelling shown in Fig. 6 then requires that the
difference extend to a depth of about 270–330 km.

Gravity anomalies

We examined whether our results are consistent with gravity data
by comparing the difference in MBA at the two locations implied
by our inferred density structure with the observed change in MBA
gravity. The difference in the average MBA measured along the
550 ka isochron MCS lines in Segments P2 and S1 is 16.1 mGal
(Cochran et al. 1997). For each segment, we determined the MBA
anomaly resulting from the difference between our deduced den-
sity structure and that assumed by Cochran et al. (1997) in their
MBA calculation. In these calculations, the crust in each of the
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Figure 7. Theoretical relationships between mantle solidus temperatures
and crustal thickness from Shah & Sempere (1998). Models shown are
from McKenzie (1984), Chen (1996) and Klein & Langmuir (1987). For
the McKenzie (1984) models, solidus 1 is given by T = 1100 ◦C + P ×
100 ◦C GPa−1 and solidus 2 is given by T = 1115 ◦C + P × 120 ◦C GPa−1.
Solid horizontal lines show the crustal thickness observed for Segments P2
and S1 and the vertical lines show the inferred mantle temperature beneath
the segments for each relationship.

segments was assumed to have the density structure shown for it in
Fig. 5(B). A mantle density difference of 1.305 × 10−3 g cm−3, cor-
responding to a temperature difference of 12.25 ◦C, was assumed
to extend to a depth of 300 km, which is the depth necessary to iso-
statically balance the two sections with Airy isostasy (Fig. 6). The
resulting calculated difference in MBA between the two locations is
15.4 mGal, in reasonable agreement with the observed difference.

VA R I A B L E A S T H E N O S P H E R I C
T H I C K N E S S M O D E L

As discussed above, geophysical and geochemical data along the
SEIR are consistent with an along-axis upper mantle temperature
gradient approaching the AAD. However, an alternative model has
been proposed by Buck et al. (2003, 2009) that assumes a constant
asthenosphere temperature but varies the asthenospheric thickness
along the ridge axis. Their model assumes a distinct asthenospheric
layer that floats on a slightly denser mantle mesosphere and is
overlain by much denser lithosphere. According to this model, when
rifting began between Antarctica and Australia, only mesospheric
mantle was available to fill the rift from below. The thick lithospheric
roots beneath the two continents also limited inflow of warmer, more
easily melted asthenosphere to be from the two ends of the rift. As
asthenosphere flows into the region between the two continents, it
is consumed by lithosphere creation at the ridge axis with the result
that the asthenosphere thins towards the AAD, perhaps approaching
zero thickness.

In this model, the depth variation approaching the AAD is par-
tially due to thinning of the less dense asthenospheric layer and
partially due to changes in crustal thickness. The change in crustal
thickness arises because the zone of melt production is totally within
the asthenosphere away from the AAD, but as the AAD is ap-
proached, it will be partially within the cooler mesosphere which
will produce less melt. If the density difference between the astheno-
sphere and mesosphere is 0.01 g cm−3 (equivalent to a temperature
difference of 100 ◦C) as assumed by Buck et al. (2009), then iso-
static balance requires that the asthenosphere is 39.5 km thinner
under Segment S1 than under Segment P2.

However, the models of Buck et al. (2009) require an average
asthenospheric thickness of 250–300 km and in their models that
reproduce the along-axis depth variation on the SEIR, the axial
asthenospheric thickness in the region from 103◦E to 110◦E con-
sidered in our study is more than 150 km. Since normal astheno-
sphere may begin to melt at 100–150 km (e.g. Klein & Langmuir
1987), a decrease in crustal thickness should be confined to areas of
thinner lithosphere nearer to the AAD, with the eastward increase
in axial depths in our study area due entirely to shallowing of the
asthenosphere-mesosphere boundary. This is inconsistent with the
systematic west-to-east thinning of the crust observed along this
section of the SEIR (Holmes et al. 2008).

D I S C U S S I O N

Holmes et al. (2008) found that the average crustal thickness of
all four segments in which refraction experiments were carried out
fall closely on a linear trend with distance along the axis. Since the
melt production curves in Fig. 7 are approximately linear over the
range of crustal thicknesses observed on the SEIR (4.6–6.1 km), we
will therefore assume a linear temperature gradient between Seg-
ments P2 and S1. With this assumption, a temperature change of
12 ◦C across the 610 km from the centre of P2 to the centre of S1
implies that the mantle temperature change across Segment P3, in
which the transition occurs, is 2.4 ◦C.

In addition, the change in morphology and crustal structure is
very abrupt occurring over a narrow zone within a single segment
over which the transition is complete. The only area to the east
of 103◦30′E to the AAD with an axial high morphology is the
western portion of Segment R. Segment R is a leading segment in
the hotspot frame (Gripp & Gordon 1990) and leading segments
show unusual magmatic vigor along the entire SEIR (Baran et al.
2005) and at other ridges (Carbotte et al. 2004). The only segment
to the west of 103◦30′E to near the Amsterdam-St Paul’s Plateau
with an axial valley is Segment N which is a relatively short 55-km-
long segment bounded at both ends by transform faults. Horizontal
heat flow across transform faults can result in lowered temperatures
immediately below the adjacent ridge axis and this reduced melt
production (e.g. Prince & Forsyth 1988). In both cases, the segment
providing the exception is well away from the transition and in a
position where plate boundary geometry allows factors other than
mantle temperature to influence melt production.

The change in axial and ridge flank morphology within Segment
P3 on the SEIR is also accompanied by abrupt changes in other
observable parameters including abyssal hill heights (bathymetric
roughness) (Ma & Cochran 1996, 1997; Goff et al. 1997), magnetic
anomaly amplitude (Ma & Cochran 1996), layer 2a thickness both
on-axis (Baran et al. 2005) and off-axis (Baran et al. 2009), and the
presence or absence of an AMC reflection (Baran et al. 2005). The
sudden transformation in a large number of parameters over a very
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small change in mantle temperature strongly suggests a threshold
change between two very different, distinct and stable modes of
crustal generation. The controlling factor appears to be whether
or not it is possible to maintain a steady-state axial magma lens.
This is supported by the observation that an axial magma chamber
is observed beneath the portion of Segment R with an axial high
(Baran et al. 2005).

These observations are consistent with numerical models of
crustal generation that include the effects of hydrothermal cir-
culation and injection of melt into a crustal magma lens at
a depth defined by axial depth of the melt solidus (Phipps
Morgan & Chen 1993; Chen & Phipps Morgan 1996; Chen 2000). In
these models, the ridge axis thermal structure and crustal accretion
process are controlled by the interplay of the heat delivered by new
magma and hydrothermal cooling. In particular, Chen (2000) in-
vestigated the effects of variations in mantle temperature on crustal
accretion and ridge axis thermal structure. He found that at a given
spreading rate, there is a narrow range of mantle temperatures over
which the axis goes from having an axial magma lens to not be able
to support a lens. The rapid transition is largely due to the buffering
effect of the latent heat, assumed to be released within the magma
lens (Chen & Phipps Morgan 1996; Chen 1996).

The rapid change from an axial magma lens to no lens means that
the small decrease in mantle temperatures is accompanied by a large
change in the crustal thermal structure both because hot melt is not
emplaced within the crust and because hydrothermal circulation can
penetrate deeper. With a strongly temperature dependent rheology
(Kirby 1983), the very different temperature structures with and
without the magma lens will also result in very different forms and
distribution of faulting near the axis.

Axial valleys and axial highs thus appear to characterize two
distinct modes of crustal generation. Observations from the SEIR
also suggest that the rifted axial high characteristic of intermediate
spreading ridges grades into the ‘EPR-like’ axial high found at fast
spreading ridges with the controlling parameter being the depth to
the magma lens (Baran et al. 2005). It is unclear whether the shallow
axial valley morphology observed on the SEIR and commonly found
at other intermediate spreading rate ridges is distinct from or grades
into the deep axial valley observed at the MAR. The presence of an
abrupt increase in valley depth between Segments S4 and T on the
SEIR accompanied by a step in ridge flank roughness (Goff et al.
1997; Ma & Cochran 1997) and a step in the base level of the MBA
anomalies (Cochran et al. 1997) appear to suggest the presence of
two distinct modes. However, as discussed above, Segment T is not
a typical ‘MAR-like’ segment, so this issue remains open.

C O N C LU S I O N S

Ridge axis and ridge flank depths along the SEIR systematically
increase from 90◦E to 120◦E approaching the AAD. The increase
in depth is accompanied by a sudden change in axial morphology
near 103◦30′E from an axial high in the west to an axial valley in
the east. The change in axial morphology is not related to a change
in spreading rate, which is nearly constant throughout the area. We
have used the results of recent seismic experiments (Baran et al.
2005; Holmes et al. 2008) along with isostatic considerations to
quantify the temperature gradient along the SEIR. The principal
results of the this study are:

(1) Seismic refraction experiments show a mean crustal thick-
ness of 5.9 km for Segment P2 characterized by an axial high and
a mean crustal thickness of 5.3 km for Segment S1 with an axial

valley. Isostatic compensation of the difference in crustal thickness
and density structure accounts for only 33 m of the 198 m difference
in ridge flank depth between the two segments. The remaining dif-
ference in depth appears to result from a gradient in mantle density
resulting from a temperature gradient.

(2) Melt generation models imply that a difference in mantle
temperature of 11–13.5 ◦C is required between the two segments to
produce the observed difference in crustal thickness. Isostatic com-
pensation of the two segments requires that the resulting difference
in mantle density beneath the two segments extend to a depth of
about 300 km. The resulting density structure is compatible with
the observed gravity anomalies.

(3) The change in axial morphology along the SEIR is very
sharp and occurs within a single segment. Assuming a linear
mantle temperature gradient between Segments P2 and S1, the
change in mantle temperature across that segment (Segment P3) is
2.4 ◦C. The change in the form of the axial morphology within Seg-
ment P3 is accompanied by abrupt changes in a number of observ-
able parameters including abyssal hill height, magnetic anomaly
amplitude, on- and off-axis thickness of layer 2A and the presence
of absence of a magma chamber. These observations strongly sug-
gest an abrupt threshold change between two distinctly different
modes of crustal generation. The trigger for the change between the
two modes appears to be whether a steady-state axial magma lens
can be maintained.
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