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The structure of the oceanic lithosphere at slow and ultra-
slow spreading rates is highly variable 

At slow spreading rates: Mid-Atlantic Ridge

Highly variable lithospheric structure, linked to the axial segmentation

At ultra-slow spreading rates: South West Indian Ridge
Large areas of mantle outcrops on the ocean floor exhumed 
through detachment faults (Smooth seafloor morphology)
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Figure 1. Cartoons depicting mantle corner flow at (a) a ‘‘normal’’ volcanic ridge and (b) a ‘‘nonvolcanic’’ ridge.
At the volcanic ridge, corner flow occurs via distributed deformation beneath the magmatic crust. At the nonvolcanic
ridge, corner flow occurs via localized faulting in the shallow lithosphere.

Figure 2. Geologic maps of regions (a) north of the 15!200 FZ and (b) south of the 15!200 FZ. Lithology
information was compiled from submersible dive tracks performed on the 1992 Faranaut Cruise [Cannat et al., 1997],
submersible dives and dredge hauls performed on the MODE98 Cruise [Kelemen et al. 1998], and dredge hauls from
several earlier cruises [Rona et al., 1987; Skolotnev et al., 1989].
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Figure 5. Lithosphere-scale sketches of ax-
ial region for three proposed modes of melt-
poor ultraslow spreading, shown in order of
inferred decreasing melt supply. Modes A
(volcanic-volcanic) and B (corrugated-
volcanic) also develop at faster spreading
Mid-Atlantic Ridge, and in more magmati-
cally robust regions of ultraslow ridges.
Mode C (smooth-smooth or smooth-
volcanic), with little to no axial volcanism,
appears specific to melt-poor ultraslow ridg-
es. Horizontal dimensions are ~80 km
across axis, and ~40 km along axis. Melt
concentrations are shown in black (in as-
thenosphere), or dark gray (in lithosphere).
Crystallized magmatic rocks are shown in
lighter shade of gray. Abundance of mag-
matic rocks at different levels of crust and
mantle lithosphere (1, 2, and 3) is expected
to vary as a function both of how much melt
crystallized at which depth, and of how
much of crystallized material was then tec-
tonically transported to higher levels (Can-
nat, 1996).

the first time in our study area appears specific

to melt-poor, ultraslow seafloor, and forms at

portions of the ridge where volcanism is

scarce to absent. This avolcanic, or nearly

avolcanic, mode of seafloor spreading may be

analogous to processes at the ocean-continent

transition of continental margins (Whitmarsh

et al., 2001), and appears to have created near-

ly half of the oceanic crust in our study area.

This contradicts the traditional view of all

mid-ocean ridges as primarily volcanic sys-

tems. Lack of volcanism, however, does not

mean that smooth terrains are strictly amag-

matic and expose only unroofed mantle-

derived ultramafic rocks. A thick axial litho-

sphere could favor melt crystallization as

intrusions at different levels of the crust and

upper mantle (Cannat, 1996), as sketched in

Figure 5. In fact, most dredges in smooth ter-

rains also include some basalts and/or gabbros

(Seyler et al., 2003).

Another remarkable characteristic is the

persistent asymmetry of the lithosphere’s

gravity signature in the region 63!15"E–
64!30"E (Fig. 3A), suggesting very long last-
ing (#28 m.y.) tectonic asymmetry at this
120-km-long portion of the ridge axis. By

contrast, in other regions of our study area,

axial tectonic asymmetry as inferred from the

distribution of corrugated surfaces and from

gravity anomalies appears to have flipped po-

larity, over periods of a few million years

only. Identifying the factors that led either to

long-lasting axial tectonic asymmetry, or to

frequent flips in fault polarity, is an important

goal for future studies.
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GSA Data Repository1 for details and videos of model runs). In these 
models, a fraction, M, of total plate separation is taken up by continu-
ous melt accretion in a vertical, 6-km-high magma-intrusion zone fi xed 
at a spreading axis. Buck et al. (2005) and Behn et al. (2006) reported 
this kind of modeling for values of M ≥ 0.5. Unlike those models, 
we examined cases for M < 0.5 (as well as higher M cases), and we 
also accounted for advective and conductive heat transport plus addi-
tion of heat due to magma emplacement. Models were run at a full 
spreading rate of 50 mm/yr, roughly at the transition from slow to 
intermediate rates at MORs.

For model runs with M ≥ 0.5, our results are comparable to those of 
Buck et al. (2005). At M > 0.5, more than half of plate separation is accom-
modated by magmatism, and faults must migrate off axis. The integrated 
strength of a fault increases as lithosphere cools and thickens with distance 
from the axis, so a fault eventually becomes inactive and is replaced by a 
new, near-axis fault (Fig. 2A). Faults break alternately on opposite sides of 
the rift axis, producing normal abyssal hills that are grossly symmetrical 
on the two ridge fl anks.

At M = 0.5 a master detachment fault forms because the fault ceases 
to migrate. It accommodates half the plate separation in the brittle layer 
and continuously roots at the brittle-plastic transition (~600 °C) slightly 
above the base of the intrusion zone (Fig. 2B). Between the base of the 
detachment and the bottom of the intrusion zone, model fl ow vectors indi-
cate that magma accretes in the footwall at rates up to ~20 mm/yr (Fig. 2B, 
inset). In the conjugate plate, extension is taken up largely by melt accre-
tion at shallow levels and there is only minor normal faulting.

As M is reduced below 0.5, the master detachment migrates in the 
direction of the hanging wall because of the accretion defi cit in the conju-
gate plate. At M = 0.4 (Fig. 2C), high-angle antithetic faults in the hanging 
wall take up part of the accretion defi cit and create abyssal hills. As accre-
tion is progressively reduced (M = 0.3, M = 0.2; Figs. 2D and 2E), the trace 
of the master fault migrates faster and high-angle faults break the hanging 
wall, the footwall, or both, with increasing frequency. Most of the high-
angle faults are antithetic, although a few are synthetic, and most initiate 
very close to the plate boundary and are active to only a few kilometers off 
axis. Some antithetic faults are captured in the footwall of the master fault 
to form outward-facing scarps, while others tem porarily become the mas-
ter fault and thus cause a reversal of slip direction at the spreading axis. 
Magma accretes at variable rates in the footwall of all faults that intersect 
the intrusion zone. Because of footwall rollover, high-angle faults that cut 
the footwall of a master fault commonly are reoriented to near vertical, 
or even overturned, thus acquiring the orientation of a thrust fault at the 
seafl oor (dashed fault, Fig. 2D).

When there is no melt accretion (M = 0), all extension is taken up 
by normal faults (Fig. 2F), but long-lived detachments do not form. Most 
faults are active for <0.2 m.y. and alternate irregularly in position and dip 
direction between the two ridge fl anks. Normally the plate boundary is 
defi ned by one master fault, although two faults may be active at one time. 
It might be expected that a single detachment fault could persist, continu-
ously exhuming mantle and migrating in the direction of the hanging wall. 
However, the models indicate that advected heat weakens the footwall and 
allows bending stresses to generate a new fault, either inward or outward 
facing, that later becomes the master fault. Thus a master fault migrates 
only a few kilometers before it is replaced by a new fault.

Our modeling results are consistent with conceptual models that the 
duration of fault slip is greatest for a moderate supply of melt (Buck et al., 
2005). Long-lived detachments appear to form only within a limited win-

dow where there is neither too much nor too little magmatism, but just the 
right amount to facilitate fault slip. We assess geological evidence for this 
“Goldilocks hypothesis” in the next section.

GEOLOGICAL OBSERVATIONS
We examined fi eld data to investigate the relationship between 

magma supply and duration of slip for the long-lived detachment 
faults that form megamullions. We fi rst considered gravity signatures 
over these features. Most megamullions have elevated residual mantle 
Bouguer  gravity anomaly (RMBA) compared to crust on the young side 
of the detachment termination (Figs. 1B and 1C), and they also are asso-
ciated with elevated RMBA along seafl oor isochrons beyond the limits 
of the detachment fault in the enclosing spreading segment. The elevated 
RMBA suggests that the crust is thin and thus that megamullions form 
during periods of reduced magmatism. Lower RMBA beyond the termi-
nation implies thicker crust and indicates that the detachment fault was 
abandoned when magmatism increased, presumably because a new fault 
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Figure 2. A–F: Snapshots of modeled fault behavior for values of M 
(the fraction of total plate separation taken up by accretion of melt) 
between 0.7 and 0 (see footnote 1 for details and videos of model 
runs). Geologic interpretation is superimposed on modeled distri-
bution of strain rate. In each panel model time is indicated at lower 
right, and dashed line at bottom is 600 °C isotherm (approximate 
brittle-plastic transition). Dots show breakaways of initial faults. 
Dashed seafl oor is original model seafl oor, red dotted seafl oor is 
formed dominantly by magmatic accretion, and solid bold is fault 
surface. Note that detachments in B and C are not interrupted by 
secondary faults. Dashed, near-vertical faults initiated ≥4 km off 
axis. Model topography becomes subdued away from spreading 
axis due to regridding. Inset in B shows direction and magnitude 
(mm/yr) of fl ow of material in each plate immediately adjacent to 
6-km-high magma injection zone (shaded); dashed horizontal line is 
depth where detachment intersects injection zone.

1GSA Data Repository item 2008111, numerical modeling methods, videos 
DR1–DR6 of numerical models, and determination of megamullion frequency, 
is available online at www.geosociety.org/pubs/ft2008.htm, or on request from 
editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.

Modified from Tucholke et al., 2008
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be	ruptured	by	other	normal	faults	that	may	eventually	take	on	the	main	spreading.	
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GSA Data Repository1 for details and videos of model runs). In these 
models, a fraction, M, of total plate separation is taken up by continu-
ous melt accretion in a vertical, 6-km-high magma-intrusion zone fi xed 
at a spreading axis. Buck et al. (2005) and Behn et al. (2006) reported 
this kind of modeling for values of M ≥ 0.5. Unlike those models, 
we examined cases for M < 0.5 (as well as higher M cases), and we 
also accounted for advective and conductive heat transport plus addi-
tion of heat due to magma emplacement. Models were run at a full 
spreading rate of 50 mm/yr, roughly at the transition from slow to 
intermediate rates at MORs.

For model runs with M ≥ 0.5, our results are comparable to those of 
Buck et al. (2005). At M > 0.5, more than half of plate separation is accom-
modated by magmatism, and faults must migrate off axis. The integrated 
strength of a fault increases as lithosphere cools and thickens with distance 
from the axis, so a fault eventually becomes inactive and is replaced by a 
new, near-axis fault (Fig. 2A). Faults break alternately on opposite sides of 
the rift axis, producing normal abyssal hills that are grossly symmetrical 
on the two ridge fl anks.

At M = 0.5 a master detachment fault forms because the fault ceases 
to migrate. It accommodates half the plate separation in the brittle layer 
and continuously roots at the brittle-plastic transition (~600 °C) slightly 
above the base of the intrusion zone (Fig. 2B). Between the base of the 
detachment and the bottom of the intrusion zone, model fl ow vectors indi-
cate that magma accretes in the footwall at rates up to ~20 mm/yr (Fig. 2B, 
inset). In the conjugate plate, extension is taken up largely by melt accre-
tion at shallow levels and there is only minor normal faulting.

As M is reduced below 0.5, the master detachment migrates in the 
direction of the hanging wall because of the accretion defi cit in the conju-
gate plate. At M = 0.4 (Fig. 2C), high-angle antithetic faults in the hanging 
wall take up part of the accretion defi cit and create abyssal hills. As accre-
tion is progressively reduced (M = 0.3, M = 0.2; Figs. 2D and 2E), the trace 
of the master fault migrates faster and high-angle faults break the hanging 
wall, the footwall, or both, with increasing frequency. Most of the high-
angle faults are antithetic, although a few are synthetic, and most initiate 
very close to the plate boundary and are active to only a few kilometers off 
axis. Some antithetic faults are captured in the footwall of the master fault 
to form outward-facing scarps, while others tem porarily become the mas-
ter fault and thus cause a reversal of slip direction at the spreading axis. 
Magma accretes at variable rates in the footwall of all faults that intersect 
the intrusion zone. Because of footwall rollover, high-angle faults that cut 
the footwall of a master fault commonly are reoriented to near vertical, 
or even overturned, thus acquiring the orientation of a thrust fault at the 
seafl oor (dashed fault, Fig. 2D).

When there is no melt accretion (M = 0), all extension is taken up 
by normal faults (Fig. 2F), but long-lived detachments do not form. Most 
faults are active for <0.2 m.y. and alternate irregularly in position and dip 
direction between the two ridge fl anks. Normally the plate boundary is 
defi ned by one master fault, although two faults may be active at one time. 
It might be expected that a single detachment fault could persist, continu-
ously exhuming mantle and migrating in the direction of the hanging wall. 
However, the models indicate that advected heat weakens the footwall and 
allows bending stresses to generate a new fault, either inward or outward 
facing, that later becomes the master fault. Thus a master fault migrates 
only a few kilometers before it is replaced by a new fault.

Our modeling results are consistent with conceptual models that the 
duration of fault slip is greatest for a moderate supply of melt (Buck et al., 
2005). Long-lived detachments appear to form only within a limited win-

dow where there is neither too much nor too little magmatism, but just the 
right amount to facilitate fault slip. We assess geological evidence for this 
“Goldilocks hypothesis” in the next section.

GEOLOGICAL OBSERVATIONS
We examined fi eld data to investigate the relationship between 

magma supply and duration of slip for the long-lived detachment 
faults that form megamullions. We fi rst considered gravity signatures 
over these features. Most megamullions have elevated residual mantle 
Bouguer  gravity anomaly (RMBA) compared to crust on the young side 
of the detachment termination (Figs. 1B and 1C), and they also are asso-
ciated with elevated RMBA along seafl oor isochrons beyond the limits 
of the detachment fault in the enclosing spreading segment. The elevated 
RMBA suggests that the crust is thin and thus that megamullions form 
during periods of reduced magmatism. Lower RMBA beyond the termi-
nation implies thicker crust and indicates that the detachment fault was 
abandoned when magmatism increased, presumably because a new fault 
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Figure 2. A–F: Snapshots of modeled fault behavior for values of M 
(the fraction of total plate separation taken up by accretion of melt) 
between 0.7 and 0 (see footnote 1 for details and videos of model 
runs). Geologic interpretation is superimposed on modeled distri-
bution of strain rate. In each panel model time is indicated at lower 
right, and dashed line at bottom is 600 °C isotherm (approximate 
brittle-plastic transition). Dots show breakaways of initial faults. 
Dashed seafl oor is original model seafl oor, red dotted seafl oor is 
formed dominantly by magmatic accretion, and solid bold is fault 
surface. Note that detachments in B and C are not interrupted by 
secondary faults. Dashed, near-vertical faults initiated ≥4 km off 
axis. Model topography becomes subdued away from spreading 
axis due to regridding. Inset in B shows direction and magnitude 
(mm/yr) of fl ow of material in each plate immediately adjacent to 
6-km-high magma injection zone (shaded); dashed horizontal line is 
depth where detachment intersects injection zone.

1GSA Data Repository item 2008111, numerical modeling methods, videos 
DR1–DR6 of numerical models, and determination of megamullion frequency, 
is available online at www.geosociety.org/pubs/ft2008.htm, or on request from 
editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.
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GSA Data Repository1 for details and videos of model runs). In these 
models, a fraction, M, of total plate separation is taken up by continu-
ous melt accretion in a vertical, 6-km-high magma-intrusion zone fi xed 
at a spreading axis. Buck et al. (2005) and Behn et al. (2006) reported 
this kind of modeling for values of M ≥ 0.5. Unlike those models, 
we examined cases for M < 0.5 (as well as higher M cases), and we 
also accounted for advective and conductive heat transport plus addi-
tion of heat due to magma emplacement. Models were run at a full 
spreading rate of 50 mm/yr, roughly at the transition from slow to 
intermediate rates at MORs.

For model runs with M ≥ 0.5, our results are comparable to those of 
Buck et al. (2005). At M > 0.5, more than half of plate separation is accom-
modated by magmatism, and faults must migrate off axis. The integrated 
strength of a fault increases as lithosphere cools and thickens with distance 
from the axis, so a fault eventually becomes inactive and is replaced by a 
new, near-axis fault (Fig. 2A). Faults break alternately on opposite sides of 
the rift axis, producing normal abyssal hills that are grossly symmetrical 
on the two ridge fl anks.

At M = 0.5 a master detachment fault forms because the fault ceases 
to migrate. It accommodates half the plate separation in the brittle layer 
and continuously roots at the brittle-plastic transition (~600 °C) slightly 
above the base of the intrusion zone (Fig. 2B). Between the base of the 
detachment and the bottom of the intrusion zone, model fl ow vectors indi-
cate that magma accretes in the footwall at rates up to ~20 mm/yr (Fig. 2B, 
inset). In the conjugate plate, extension is taken up largely by melt accre-
tion at shallow levels and there is only minor normal faulting.

As M is reduced below 0.5, the master detachment migrates in the 
direction of the hanging wall because of the accretion defi cit in the conju-
gate plate. At M = 0.4 (Fig. 2C), high-angle antithetic faults in the hanging 
wall take up part of the accretion defi cit and create abyssal hills. As accre-
tion is progressively reduced (M = 0.3, M = 0.2; Figs. 2D and 2E), the trace 
of the master fault migrates faster and high-angle faults break the hanging 
wall, the footwall, or both, with increasing frequency. Most of the high-
angle faults are antithetic, although a few are synthetic, and most initiate 
very close to the plate boundary and are active to only a few kilometers off 
axis. Some antithetic faults are captured in the footwall of the master fault 
to form outward-facing scarps, while others tem porarily become the mas-
ter fault and thus cause a reversal of slip direction at the spreading axis. 
Magma accretes at variable rates in the footwall of all faults that intersect 
the intrusion zone. Because of footwall rollover, high-angle faults that cut 
the footwall of a master fault commonly are reoriented to near vertical, 
or even overturned, thus acquiring the orientation of a thrust fault at the 
seafl oor (dashed fault, Fig. 2D).

When there is no melt accretion (M = 0), all extension is taken up 
by normal faults (Fig. 2F), but long-lived detachments do not form. Most 
faults are active for <0.2 m.y. and alternate irregularly in position and dip 
direction between the two ridge fl anks. Normally the plate boundary is 
defi ned by one master fault, although two faults may be active at one time. 
It might be expected that a single detachment fault could persist, continu-
ously exhuming mantle and migrating in the direction of the hanging wall. 
However, the models indicate that advected heat weakens the footwall and 
allows bending stresses to generate a new fault, either inward or outward 
facing, that later becomes the master fault. Thus a master fault migrates 
only a few kilometers before it is replaced by a new fault.

Our modeling results are consistent with conceptual models that the 
duration of fault slip is greatest for a moderate supply of melt (Buck et al., 
2005). Long-lived detachments appear to form only within a limited win-

dow where there is neither too much nor too little magmatism, but just the 
right amount to facilitate fault slip. We assess geological evidence for this 
“Goldilocks hypothesis” in the next section.

GEOLOGICAL OBSERVATIONS
We examined fi eld data to investigate the relationship between 

magma supply and duration of slip for the long-lived detachment 
faults that form megamullions. We fi rst considered gravity signatures 
over these features. Most megamullions have elevated residual mantle 
Bouguer  gravity anomaly (RMBA) compared to crust on the young side 
of the detachment termination (Figs. 1B and 1C), and they also are asso-
ciated with elevated RMBA along seafl oor isochrons beyond the limits 
of the detachment fault in the enclosing spreading segment. The elevated 
RMBA suggests that the crust is thin and thus that megamullions form 
during periods of reduced magmatism. Lower RMBA beyond the termi-
nation implies thicker crust and indicates that the detachment fault was 
abandoned when magmatism increased, presumably because a new fault 
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Figure 2. A–F: Snapshots of modeled fault behavior for values of M 
(the fraction of total plate separation taken up by accretion of melt) 
between 0.7 and 0 (see footnote 1 for details and videos of model 
runs). Geologic interpretation is superimposed on modeled distri-
bution of strain rate. In each panel model time is indicated at lower 
right, and dashed line at bottom is 600 °C isotherm (approximate 
brittle-plastic transition). Dots show breakaways of initial faults. 
Dashed seafl oor is original model seafl oor, red dotted seafl oor is 
formed dominantly by magmatic accretion, and solid bold is fault 
surface. Note that detachments in B and C are not interrupted by 
secondary faults. Dashed, near-vertical faults initiated ≥4 km off 
axis. Model topography becomes subdued away from spreading 
axis due to regridding. Inset in B shows direction and magnitude 
(mm/yr) of fl ow of material in each plate immediately adjacent to 
6-km-high magma injection zone (shaded); dashed horizontal line is 
depth where detachment intersects injection zone.

1GSA Data Repository item 2008111, numerical modeling methods, videos 
DR1–DR6 of numerical models, and determination of megamullion frequency, 
is available online at www.geosociety.org/pubs/ft2008.htm, or on request from 
editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.
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GSA Data Repository1 for details and videos of model runs). In these 
models, a fraction, M, of total plate separation is taken up by continu-
ous melt accretion in a vertical, 6-km-high magma-intrusion zone fi xed 
at a spreading axis. Buck et al. (2005) and Behn et al. (2006) reported 
this kind of modeling for values of M ≥ 0.5. Unlike those models, 
we examined cases for M < 0.5 (as well as higher M cases), and we 
also accounted for advective and conductive heat transport plus addi-
tion of heat due to magma emplacement. Models were run at a full 
spreading rate of 50 mm/yr, roughly at the transition from slow to 
intermediate rates at MORs.

For model runs with M ≥ 0.5, our results are comparable to those of 
Buck et al. (2005). At M > 0.5, more than half of plate separation is accom-
modated by magmatism, and faults must migrate off axis. The integrated 
strength of a fault increases as lithosphere cools and thickens with distance 
from the axis, so a fault eventually becomes inactive and is replaced by a 
new, near-axis fault (Fig. 2A). Faults break alternately on opposite sides of 
the rift axis, producing normal abyssal hills that are grossly symmetrical 
on the two ridge fl anks.

At M = 0.5 a master detachment fault forms because the fault ceases 
to migrate. It accommodates half the plate separation in the brittle layer 
and continuously roots at the brittle-plastic transition (~600 °C) slightly 
above the base of the intrusion zone (Fig. 2B). Between the base of the 
detachment and the bottom of the intrusion zone, model fl ow vectors indi-
cate that magma accretes in the footwall at rates up to ~20 mm/yr (Fig. 2B, 
inset). In the conjugate plate, extension is taken up largely by melt accre-
tion at shallow levels and there is only minor normal faulting.

As M is reduced below 0.5, the master detachment migrates in the 
direction of the hanging wall because of the accretion defi cit in the conju-
gate plate. At M = 0.4 (Fig. 2C), high-angle antithetic faults in the hanging 
wall take up part of the accretion defi cit and create abyssal hills. As accre-
tion is progressively reduced (M = 0.3, M = 0.2; Figs. 2D and 2E), the trace 
of the master fault migrates faster and high-angle faults break the hanging 
wall, the footwall, or both, with increasing frequency. Most of the high-
angle faults are antithetic, although a few are synthetic, and most initiate 
very close to the plate boundary and are active to only a few kilometers off 
axis. Some antithetic faults are captured in the footwall of the master fault 
to form outward-facing scarps, while others tem porarily become the mas-
ter fault and thus cause a reversal of slip direction at the spreading axis. 
Magma accretes at variable rates in the footwall of all faults that intersect 
the intrusion zone. Because of footwall rollover, high-angle faults that cut 
the footwall of a master fault commonly are reoriented to near vertical, 
or even overturned, thus acquiring the orientation of a thrust fault at the 
seafl oor (dashed fault, Fig. 2D).

When there is no melt accretion (M = 0), all extension is taken up 
by normal faults (Fig. 2F), but long-lived detachments do not form. Most 
faults are active for <0.2 m.y. and alternate irregularly in position and dip 
direction between the two ridge fl anks. Normally the plate boundary is 
defi ned by one master fault, although two faults may be active at one time. 
It might be expected that a single detachment fault could persist, continu-
ously exhuming mantle and migrating in the direction of the hanging wall. 
However, the models indicate that advected heat weakens the footwall and 
allows bending stresses to generate a new fault, either inward or outward 
facing, that later becomes the master fault. Thus a master fault migrates 
only a few kilometers before it is replaced by a new fault.

Our modeling results are consistent with conceptual models that the 
duration of fault slip is greatest for a moderate supply of melt (Buck et al., 
2005). Long-lived detachments appear to form only within a limited win-

dow where there is neither too much nor too little magmatism, but just the 
right amount to facilitate fault slip. We assess geological evidence for this 
“Goldilocks hypothesis” in the next section.

GEOLOGICAL OBSERVATIONS
We examined fi eld data to investigate the relationship between 

magma supply and duration of slip for the long-lived detachment 
faults that form megamullions. We fi rst considered gravity signatures 
over these features. Most megamullions have elevated residual mantle 
Bouguer  gravity anomaly (RMBA) compared to crust on the young side 
of the detachment termination (Figs. 1B and 1C), and they also are asso-
ciated with elevated RMBA along seafl oor isochrons beyond the limits 
of the detachment fault in the enclosing spreading segment. The elevated 
RMBA suggests that the crust is thin and thus that megamullions form 
during periods of reduced magmatism. Lower RMBA beyond the termi-
nation implies thicker crust and indicates that the detachment fault was 
abandoned when magmatism increased, presumably because a new fault 
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Figure 2. A–F: Snapshots of modeled fault behavior for values of M 
(the fraction of total plate separation taken up by accretion of melt) 
between 0.7 and 0 (see footnote 1 for details and videos of model 
runs). Geologic interpretation is superimposed on modeled distri-
bution of strain rate. In each panel model time is indicated at lower 
right, and dashed line at bottom is 600 °C isotherm (approximate 
brittle-plastic transition). Dots show breakaways of initial faults. 
Dashed seafl oor is original model seafl oor, red dotted seafl oor is 
formed dominantly by magmatic accretion, and solid bold is fault 
surface. Note that detachments in B and C are not interrupted by 
secondary faults. Dashed, near-vertical faults initiated ≥4 km off 
axis. Model topography becomes subdued away from spreading 
axis due to regridding. Inset in B shows direction and magnitude 
(mm/yr) of fl ow of material in each plate immediately adjacent to 
6-km-high magma injection zone (shaded); dashed horizontal line is 
depth where detachment intersects injection zone.

1GSA Data Repository item 2008111, numerical modeling methods, videos 
DR1–DR6 of numerical models, and determination of megamullion frequency, 
is available online at www.geosociety.org/pubs/ft2008.htm, or on request from 
editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.



The role of transform faults on the structure of the oceanic 
lithosphere 
Transform	faults,	as	ridge	axial	discon<nui<es	contribute	to	lower	the	mantle	temperature	(cold	
edge	effect)	and	induce	asymmetric	spreading	and	gabbro	and	perido<te	exhuma<on	

Fox


Modified from Ligi et al., 2008


Numerical	models	show	the	impact	of	the	
transform	fault	on	the	passive	flow	structure	
and	on	the	mantle	temperature	and	on	the	
percent	of	melt	generated	below	the	ridge	
axis.		
Larger	offsets	will	induce	stronger	
temperature	and	melt	gradients	

Numerical	model	results	for	a	100	
km	long	offset	transform	fault.	
Degree	of	mantle	mel<ng	(%)	is	
shown	along	the	ridge	axis	and	on	
two	across	axis	profiles	at	different	
distances	from	the	transform.	

asthenosphere	

Lithospheric	mantle	
gabbro	

detachment	

OCC	
Basalt+dykes	



Romanche	

Chain	

MAR	

St.	Paul	

A	few	studies	on	the	Equatorial	Atlan<c:	Bonaj,	1990;	Bonaj	et	al.,	1993;	1994;	1996;	Schilling	et	al.,	1995;	Seyler	and	Bonaj,	1997;	Hékinian	et	al.,	2000;	
Bonaj	et	al.,	2001,	Ligi	et	al.,	2002;	Ligi	et	al.,	2008;	Maia	et	al.,	2016;	Brunelli	et	al.,	2019	

The Equatorial Atlantic large offset transforms: a unique area 
of the slow spreading Mid-Atlantic Ridge 

Large	offset	(and	ooen	complex)	transform	faults:	St.	Paul,	Romanche,	Chain	
Very	deep	ridge	axis	(below	4000	m)	
High	perido<te/basalt	ra<o	(islets	formed	of	deformed	perido<te	–	St.	Peter	&	Paul’s	islets)	
Es<mated	low	mel<ng		rates	from	rock	chemistry	
Complex	temporal	evolu<on	of	the	largest	transform	systems,	such	as	St.	Paul	and	Romanche	
	
What	are	the	effects	of	these	large	transform	faults	on	the	structure	of	the	oceanic	
lithosphere?	Specifically,	what	could	be	the	effect	of	the	Romanche	mega-transform?	

Why?	



The Romanche mega-transform fault and its Eastern 
intersection with the Mid-Atlantic Ridge  

Previous	cruises	(e.g.	Bonaj		et	al.,	1994;	1996,	Bonaj	et	al.,	2001)	revealed:	
	

	highly	complex	morphology	of	the	tranform	fault:	lens-shaped	slice	of	lithosphere,	double	fault…	
	ridge-transform	intersec<on	has	a	very	anomalous	morphology	–	oblique	zones,	heavily	faulted	surfaces	
	perido<tes	(and	some	gabbros)	dredged	over	a	large	por<on	of	the	south	flank	of	the	transform	(about	

20	km-wide	stretch)	

The	Romanche	mega-transform	fault	is	the	largest	of	the	Atlan<c	and	possibly	the	largest	ac<ve	transform	
fault	in	the	oceans.	It	offsets	the	ridge	axis	for	more	than	900	km	and	corresponds	to	an	age	offset	>	50	my.	

Modified from Bonatti et al., 2001




The Romanche mega-transform fault and its Eastern 
intersection with the Mid-Atlantic Ridge  

Models	of	the	cold	edge	effect	induced	by	the	very	large	offset	of	the	Romanche	transform	(Ligi	et	al.,	2005)	
	
Ø  	 extremely	low	melt	rates	at	the	axis,	tectonically	dominated	spreading	

Modified from Ligi et al., 2008




-  To	understand	and	quan<fy	the	influence	of	a	strong	thermal	gradient	on	the	spreading	
processes	
-  Origin	of	the	par<cular	topography	of	the	Ridge-Transform	Intersec<on;	
-  Origin	of	the	alkali	basalts	previously	sampled	at	the	ridge	axis;	
-  Links	between	axial	obliquity	and	magma	supply;	
-  Distribu<on	and	style	of	the	axial	volcanism	and	tectonics;	
-  Hydrothermal	processes:	distribu<on	and	style.	

The Romanche mega-transform fault and its Eastern 
intersection with the Mid-Atlantic Ridge: the SMARTIES cruise 
(2019) 

Objec7ves	

SMARTIES cruise, 2019


©	Authors.	All	rights	reserved	



Ligi et al., 2008


Bathymetry,	gravity	and	magne<cs:	well	covered	area,	very	good	resolu<on	bathymetry	
19	OBS	deployed,	18	retrieved	(red	dots)	
25	(of	23	scheduled)	Nau<le	dives	(pink	stars)	:	217	hours	of	videos	and	photographs,	2,2	T	of	rock	samples	
19	dives	with	the	Nau<le	magnetometer	

The SMARTIES cruise in numbers 

SMARTIES cruise, 2019


©	Authors.	All	rights	reserved	



The	sec<on	revealed	a	very	magma<c	crust	with	thick	
basal<c	lava	flows	and	a	thick	carbonate	layer	on	top.	
In	the	nodal	basin,	the	north	and	south	walls	are	
covered	by	a	thick	sediment	layer	and	no	clear	outcrop	
was	found.	Samples	recovered	here	are	perido<tes	and	
gabbros.		

The north wall of the South-Eastern Romanche 
valley 

©	Authors.	All	rights	reserved	



Strong	asymmetry	between	both	walls	of	the	transform	
valley	

The north wall of the South-Eastern Romanche 
valley 

©	Authors.	All	rights	reserved	



Highly	deformed	myloni<zed	perido<tes	
Samples	from	the	core	of	one	structure	
No	gabbros	to	be	seen…	

The Ridge-Transform intersection area 

The	hills	mapped	along	the	southern	wall	of	the	Romanche,	as	well	as	the	highly	deformed	area	
to	the	East	are	fragments	of	OCCs	(to	the	West)	and	a	highly	deformed	OCC	(to	the	East)	

©	Authors.	All	rights	reserved	



The axial area 

From	a	near	normal	axial	area	to	the	South	to	a	highly	oblique	domain	nearing	the	transform	
fault	-	Discon<nuous	and	faulted	neo-volcanic	zone	

Variable	morphology:	pillows	and	massive	flows,	lava	
tubes		
Very	localized	erup<ve	centers,	some	individual	
volcanoes		
Faults	and	fissures	cut	the	lava	flows	
Flows	overlay	the	faults	

©	Authors.	All	rights	reserved	



The oblique axial area and the hydrothermal area 

Two	old	dredges:	perido<tes	
Very	high	topography	and	an	
ac<ve	fault	on	the	Northeast	
flank	
Strong	obliquity	

Normal	fault,	serpen<nized	perido<te.	
Hydrothermal	deposits	in	an	erosional	gully	
Small	fluid	vents:	low	temperature	fluids,	residual	heat?	Or	
just	from	serpen<niza<on?		
Evidence	of	higher	temperature	deposits	
Copper	sulphides	at	the	base	of	blocks	©	Authors.	All	rights	reserved	



There	is	clear	evidence	of	an	exceedingly	low	melt	supply	at	the	ridge	axis	south	of	the	
Romanche	transform	fault:	
	
ü  	 off	axis	reliefs	are	formed	by	deformed	perido<tes	(i.e.	mantle)	and	several	ruptured	

OCCs	(different	from	the	SWIR	area…)	

ü  	 axial	volcanic	zone	highly	faulted	and	discon<nuous,	forming	patches	of	localized	
volcanic	fields	

ü  	 average	depths	are	really…	deep	
	

A few brief and very preliminary observations 

FOF IFREMER


FOF IFREMER


©	Authors.	All	rights	reserved	
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