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1. Introduction
Magnetic studies at the Southwest Indian Ridge (SWIR) show that magnetic Chrons are scarcely identifiable 
in some areas (Bronner et al., 2014; Cannat et al., 1999; Patriat et al., 1997, 2008). One interpretation is that 
the ultraslow spreading rate shortens the intervals between adjacent magnetic polarity boundaries and makes 
them contaminate each other (Tivey & Tucholke, 1998). Another factor that may affect the anomalies at slow 
and ultraslow spreading centers is spreading through extension on detachment faults. The impact of detachment 
faults on marine magnetic anomalies tightly depends on the local degree of magmatism. The study of high-reso-
lution deep-sea magnetic and bathymetric data at three oceanic core complexes (OCCs) shows that magmatism 
influences the structure and evolution of the OCCs, which in turn generates different magnetic anomalies (Zhou 
et al.,  in press). Sea-surface magnetics at the amagmatic easternmost SWIR display ubiquitously weak anom-
alies without any clear isochrons (Cannat et al., 2006; Sauter et al., 2008), whereas magnetic anomalies at the 
more magmatic segments near Atlantis II fracture zone (FZ) are readily defined even over detachment surfaces 
(Bronner et al., 2014; Hosford et al., 2003). In this study, we attempt to simulate the variability of sea-surface 
magnetic anomalies by using a three-layer magnetic crustal structure with variable degrees of magmatism. The 
forward modeling results indicate that seafloor spreading at detachment faults weakens or erases the magnet-
ic anomalies at lower degrees of magmatism. When magmatism increases, intrusive gabbro bodies underlying 
the detachment footwall record the geomagnetic polarity and form clearer magnetic anomalies. Conversely, we 

Abstract The capacity of oceanic crust to record geomagnetic polarity reversals makes sea-surface 
magnetic anomalies an essential tool to study plate tectonics. The anomalies are usually well-defined at 
magmatic spreading centers, but are distorted and eventually disappear on magma-poor mid-ocean ridges 
such as the ultraslow Southwest Indian Ridge (SWIR), making their interpretation difficult. We attribute 
the variability of the SWIR sea-surface magnetic anomalies to the alternance of magmatic spreading and 
detachment faulting. A three-layer magnetic model is used to simulate the influence of such an alternance 
on the sea-surface magnetic anomalies. Conversely, observed magnetic profiles at the SWIR are modeled to 
unravel their off-axis crustal structure and past mode of spreading. The intruding gabbro bodies on the footwall 
of detachment faults play a major role in explaining the variability of sea-surface magnetic anomalies at slow 
and ultraslow spreading ridges.

Plain Language Summary Marine magnetic anomalies result from the capacity of oceanic crust to 
record the ambient geomagnetic field polarity at the time of its formation at mid-ocean ridges. These anomalies 
are usually well-defined on magmatic crust formed at faster spreading ridges, but they are more elusive on 
magma-poor crust of slower spreading ridges. Previous magnetic studies on the ultraslow spreading Southwest 
Indian Ridge show magnetic anomalies that are hardly identifiable on some segments. We investigate the 
hypothesis that the variability of the marine magnetic anomalies on this ridge results from the alternance of two 
modes of spreading. In the first one, seafloor spreading is achieved through the formation of magmatic crust, 
in the second one through detachment faulting which exhumes mantle rocks and intrusive gabbro bodies in a 
magma-poor environment. Serpentinized mantle does generally not record accurately the geomagnetic polarity, 
so magnetic anomalies over the detachment faults rely on the intrusive gabbro bodies, capable to record the 
magnetic polarity. The quality of the magnetic signal depends on the abundance of these gabbro bodies, 
which in turn reflects the local degree of magmatism. We use forward modeling to simulate and confirm these 
hypotheses and test their reliability on observed magnetic profiles.
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model the magnetic crustal structure along observed sea-surface magnetic profiles from segments of the SWIR 
showing different degrees of magmatism. This approach provides a new way to investigate the off-axis crustal 
structure from magnetics.

2. Method
In our model, sea-surface magnetic anomalies are assumed to arise from a 3 km magnetized layer made of basalt, 
gabbro, and serpentinized peridotite. For magmatic crust, the basalt, gabbro, and peridotite layers are 500 m, 
1,500  m, and 1,000  m thick, respectively, whereas over detachment faults no basalt layer is considered and 
1,000 m-thick gabbro bodies intrude into serpentinized peridotite within the detachment footwall. Basalt bears a 
strong remanent magnetization, gabbro an intermediate remanent magnetization, and serpentinized peridotite a 
low induced magnetization (15 A/m, 2 A/m, and 0.5 A/m, respectively, in the forward models of Figure 1). Intru-
sive gabbro within serpentinized peridotite on detachment faults bears a stronger magnetization reflecting their 
faster cooling rate at shallower depth (Hosford et al., 2003; 4 A/m in forward models of Figure 1).

After assigning the thickness and magnetization of every layer for each type of spreading (magmatic and along 
detachment faults), we laterally divide every layer into prisms (100 m wide in forward models of Figure 1). We 
compute the magnetic signal at each observation point by adding the contributions of all the three-layer prism 
units with different depth, thickness, and uniform magnetization. The contribution is calculated by using the 
formulas of (Bhattacharyya, 1964), assuming that each prism extends infinitely in the orthogonal direction (2D 
forward modeling).

For the forward modeling, we apply a constant half-spreading rate of 7 km/Myr and calculate the location of the 
geomagnetic polarity reversal boundaries, that is, the seafloor spreading Chrons, according to the timescale of 
Cande & Kent. (1995). Conversely, for the modeling of observed profiles we adjust the location of every Chron 
within a reasonable range to better fit the observed data and further calculate the spreading rate during each 
period.

Figure 1. Forward modeling of off-axis magnetic profiles with different degrees of magmatism (M). For every panel, Top: Crustal structure; Middle: Geomagnetic 
polarity; Bottom: Modeled magnetic anomaly. See text for details on model parameters.



Geophysical Research Letters

ZHOU AND DYMENT

10.1029/2021GL097276

3 of 9

3. Results
Parameters considered in this study include the ratio between detachment fault and magmatic crustal accretion 
and the thickness and magnetization of magnetized layers or gabbro bodies intruded into the detachment fault 
footwall. The local effects of alteration processes like maghemitisation of titanomagnetite that decreases the mag-
netization of basalt (e.g., Tivey et al., 1993) and serpentinization that increases the magnetization of peridotite 
(e.g., Szitkar et al., 2014) at hydrothermal sites are not considered, because they generate a negligible signal on 
sea-surface magnetic data. We aim at investigating the effect of detachment faults on sea-surface magnetic anom-
alies, so the degree of magmatism M defined as the ratio of basalt exposure over the entire across-axis seafloor 
(Buck et al., 2005), the thickness and the magnetization of intrusive gabbro bodies in the detachment footwall are 
of primary concern.

3.1. Variation of Degree of Magmatism

The degree of magmatism M determines the modes of faulting on the seafloor, which in turn influence the ex-
pression of marine magnetic anomalies. As Figure 1 shows, we set up crustal models with M varying between 
0.1, 0.3, 0.5, 0.7, and 0.9. The intrusive gabbro bodies are more abundant within the detachment fault footwall 
for higher M (Ciazela et al., 2015), as confirmed by two end-members, the more magmatic Atlantis Bank, where 
the whole footwall is made of gabbro (Dick et al., 2000), and the amagmatic easternmost SWIR, where only rare 
gabbro bodies are outcropping (Cannat et al., 2006; Sauter et al., 2013).

The results (Figure 1) show that, when the degree of magmatism and abundance of intrusive gabbro bodies in-
crease, the forward reduced-to-the-pole magnetic anomaly better records the magnetic polarity. When M = 0.1 
(Figure 1a), the oceanic crust is similar to the smooth seafloor, accommodated by detachment faults with seldom 
distributed gabbro bodies in the footwall. The succession of detachment faults with opposite polarity (Sauter 
et al., 2013) is occasionally interrupted by a transient magma pulse, creating a 0.1 fraction of magmatic seafloor. 
The forward magnetic anomaly shows that the magmatic crust undoubtedly recovers magnetic reversals with 
a satisfying shape and amplitude. Over detachment faults, the intrusive gabbro bodies formed within polarity 
intervals (e.g., C3An or C2r in Figure 1a) also recover the polarities with a lower amplitude, whereas the gab-
bro bodies formed during polarity reversals (e.g., young Matuyama and Jaramillo or C3n in Figure 1a) are not 
recorded well. Our simplifying assumptions consider only peridotite on the footwall, and therefore magnetic 
anomaly presents uniformly weak amplitude and no identifiable reversal even for long polarity intervals like 
C2An (Figure 1a).

When M increases to 0.3 (Figure 1b), the neo-volcanic zone forms a central magnetic anomaly within Brunhes 
(0–0.78 Ma). Again the magmatic crust reflects the magnetic polarity, for example, over C2r and C2An or on C3r. 
However, when reversals happen frequently in a series of short intervals as within C3n, the computed anomaly 
misses the detailed polarity sequence. The detachment footwall shows a similar signature as for M = 0.1. When 
M = 0.5 (Figure 1c), most of the polarity intervals are identified, especially over magmatic crust. The intruded 
gabbro bodies contribute enough for an easy recognition of the main Chrons, but the magnetic anomaly shows 
low amplitude and smooth shapes lacking details of the polarity sequence. In C3n, frequent polarity reversals 
occurring when a detachment fault is active results in improper recording of the polarity sequence by the de-
tachment footwall, making the resulting magnetic anomaly quite flat. When M increases to 0.7 (Figure 1d), all 
magnetic anomalies are rather well recorded and display comparable amplitude to those over magmatic crust, 
even over detachment faults due to the more frequent gabbro bodies. Finally, when M reaches 0.9 (Figure 1e), 
the detachment footwall is overwhelmed by gabbro intrusions, so that all magnetic polarity intervals are well 
recovered even over the detachment fault.

3.2. Covariance of Parameters

These results show that the abundance of intrusive gabbro bodies is an essential parameter controlling the proper 
record of the magnetic polarity sequence. The amount of intrusive gabbro in the detachment footwall is deter-
mined by the given value of M, and so their intensity of magnetization and thickness decides on the capability of 
the crust to record the magnetic polarity reversals. We compute magnetic anomalies by using varying magnetiza-
tion and thickness of the gabbro bodies for each degree of magmatism M and compare them quantitatively with 
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the anomalies computed for a purely magmatic crust (i.e., the reference anomaly model) in order to obtain cor-
relation coefficients. As Figure 2 shows, for a given magnetization and thickness, higher correlation coefficients 
are obtained for higher M, that is, more magmatic seafloor. In general, when M ≥ 0.7, the magnetic anomalies 
present a strong correlation to the reference anomaly model, whereas when M is down to 0.1, no relation can 
even be inferred between this anomaly and the reference anomaly model. At a given degree of magmatism, the 
correlation coefficients only slightly increases when the thickness of the intrusive gabbro bodies increases from 
100 to 1,500 m (Figure 2b). The variation of magnetization is more complicated, with the correlation increasing 
with gabbro magnetization at low values then, after a maximum (e.g., 10 A/m for M = 0.3 and 0.5 or 8 A/m for 
M = 0.7), decreasing above this value. This decreasing correlation may reflect the increasing contrast of mag-
netization between footwall gabbro bodies and serpentinite, whose contribution primarily depends on the gabbro 
body distribution.

3.3. Inverse Modeling of Observed Magnetic Anomaly Profiles

The previous forward modeling exercise shows us possible magnetic signatures associated with different geolog-
ical patterns. (a) The magmatic crust properly records the shape and amplitude of the magnetic anomalies; (b) 
Detachment footwall exclusively made of serpentinized peridotite does not properly record any magnetic anoma-
ly; (c) The intrusive gabbro bodies beneath the detachment footwall have a variable capability to record magnetic 
anomalies depending on the degree of magmatism: the more magmatism, the better shape, and higher amplitude 
of the anomalies; (d) The conjunction of a polarity transition and a detachment footwall results in reduced ampli-
tude of the main magnetic anomalies and eventual loss of short polarity events.

We can accordingly examine if the modeling method is able to infer the crustal structure of observed magnetic 
profiles. We assume the magnetization of gabbro to be 2 A/m in magmatic crust and 3 A/m when underlying a 
detachment fault, to reflect the faster cooling of the latter. Peridotite is assigned a low induced magnetization of 
0.2 A/m. The dipole hypothesis applies for long periods and declination is not considered. Inclination is set to 
−75°, close to the −71° measured by paleomagnetism on drilling site 735B at Atlantis Bank (Dick et al., 2000). 
The magnetization of basalt near and far away from the ridge axis is adjusted to fit the observed anomalies. Once 
the type of crust and thickness of the various layers assigned, we adjust the polarity boundaries to better fit the 
forward-modeled magnetic anomaly to the observed one. We try to fulfill the condition that the full spreading 
rate of the SWIR should remain constant at ∼14 km/Myr (Patriat et al., 1997, 2008), which means that a lower 
spreading rate on one flank should be compensated by a higher one on the conjugate flank.

Figure 3 shows four magnetic profiles located in different magmatic segments of the SWIR. After modeling the 
crustal structure of each profile, we estimate the degree of magmatism M (i.e., the ratio of magmatic crust along 

Figure 2. Correlation coefficients between the magnetic anomaly models for different degrees of magmatism M and the reference model (i.e., M = 1) for (a) varying 
gabbro magnetization and (b) varying thickness of the intrusive gabbro bodies.
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a profile over the entire length of the profile). Profiles on Figures 3a–3d span a wide range of M, from nearly zero 
to about one, corresponding to the variation of along-axis magma supply.

On Figure 3a (66°E), the easternmost SWIR displays detachment faults on both flanks (Cannat et al., 2006), 
observed magnetic anomalies (blue) show low amplitude (<200 nT), central magnetic anomaly is absent and no 
magnetic Chron can be identified. We therefore set up the model with only detachment footwall with a few gabbro 
intrusions under relatively higher amplitude magnetic anomalies. The computed magnetic anomaly (red) fits the 
observed anomaly well (blue), meaning that the model offers an acceptable solution although such a solution is 
intrinsically non-unique.

Further west (Figure 3b), the profile (55.2°E) lies between the Gallieni and Atlantis II FZs where several trans-
form faults and large non-transform discontinuities separate the ridge into a series of short segments (Sauter 
et al., 2001, 2004). East of the Atlantis II FZ, Atlantis Bank is a large oceanic core complex on the footwall of 
which only gabbro was observed and drilled (Dick et al., 2000). The crustal accretion model is adjusted according 
to our relationship between magnetic anomalies and geological patterns. The strong central magnetic anomalies 
at the ridge axis and on Chron C5 should correspond to magmatic crust. The flat anomalies over Chron C2A on 
the southern flank are characteristic of reduced amplitude associated with detachment fault, and contrast with 
the broad positive anomaly reflecting magmatic crust on the conjugate northern flank. North of this magmatic 
crust, the magnetic anomaly shows near-zero amplitude except for a small oscillation over Chron C3n, so this 
accretion period is probably accommodated by a detachment fault with gabbro intrusions near C3n. On the con-
jugate southern flank, a broad C3n anomaly with low amplitude and a large C3An anomaly are observed, which 
correspond to a long period of magmatic spreading. We find accordingly that the crustal accretion deduced from 
magnetic anomalies in this region is similar to the evolution of the SWIR at 64°E, where the magmatic crust and 

Figure 3. Modeling of observed magnetic profiles on several Southwest Indian Ridge segments with different degrees of magmatism. For every panel, Top: Deduced 
off-axis crustal structure from magnetic anomaly; Upper middle: Geomagnetic polarity. Lower middle: Modeled (red) and observed (blue) magnetic anomalies; Bottom: 
Calculated half spreading rate.
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detachment fault spreading happen alternately on conjugate flanks (Searle & Bralee, 2007). Based on the same 
criteria, we assign magmatic crust during Chrons C4 and C5 on the northern flank with an intermediate episode 
of detachment accretion. On the conjugate southern flank, magmatic crust was formed during Chron C5 and 
was followed by a short period of detachment spreading. Magmatic crust corresponding to a broad anomaly was 
created during Chron C5A. Older off-axis crust displays weaker anomalies, because the magnetic minerals have 
been altered by pervasive hydrothermal circulation while the crust was progressively blanketed by sediments 
(e.g., Petersen et al., 1979; Tivey & Tucholke, 1998). These weaker anomalies, usually older than 10 Ma (Dy-
ment et al., 2015), do not provide much constraints. The magnetization of basalt for this profile is set to 12 A/m 
and 3 A/m near and far away from the ridge axis, respectively. The estimated degree of magmatism M is 0.61 in 
this area, close to the range of values (0.3–0.5) favorable to the development of detachment faults obtained from 
numerical modeling (Tucholke et al., 2008). Figure 3b shows a maximum asymmetry of 29.5% between the two 
conjugate flanks.

The area between Indomed and Gallieni FZs displays the most magmatic segments of the SWIR, with the low-
est mantle Bouguer gravity anomaly and Na8.0 content in basalt samples, the highest amplitude of the central 
magnetic anomaly, and the thickest crust (Sauter & Cannat, 2010; Sauter et al., 2001). In this area, we select 
two sea-surface magnetic anomaly profiles, one (Figure 3c) across the Longqi OCC (Wu et al., 2021), and the 
other (Figure 3d) in the middle of magmatic spreading segment 27 (Chen et al., 2021). We construct the crustal 
accretion model for the western less magmatic area (Figure 3c). Over the Longqi OCC, on the southern flank, the 
magnetic anomaly shows low amplitude with a small peak corresponding to Chron C2n, which may be recorded 
by an intrusive gabbro body on the footwall of the detachment, whereas a large magnetic anomaly with amplitude 
comparable to that of the central magnetic anomaly C1n should be related to magmatic crust on the conjugate 
northern flank. With the same alternance, a long stripe of magmatic crust, corresponding to Chrons C2Ar to C4n, 
comes up on the southern flank and exhibits well-defined magnetic anomalies; a detachment fault is inferred on 
the northern flank, although its geometry departs from the typical detachment geometry (e.g., Smith et al., 2006). 
Chron C5 displays clear magnetic anomalies on both flanks, resulting from magmatic crust. Given the distribu-
tion of magmatic and tectonic crust, the degree of magmatism M is 0.63 in this region. The magnetization of 
basalt near and away from ridge axis is 15 A/m and 6 A/m, respectively. A large asymmetry of 77% is observed 
between Chrons C2 and C2A flank at the expense of the northern flank, corresponding to the development of the 
Longqi detachment fault on the southern flank. At that time magmatic spreading on the northern flank is slow, 
which probably means that most of the plate divergence was accommodated by the detachment fault during this 
period.

The last profile (Figure 3d) cuts across the most magmatic segment, which lacks the deep axial valley rift typi-
cal of the ultraslow spreading centers. The profile shows well-defined magnetic anomalies of strong amplitude 
from Chron C4 to the present. The crustal accretion during this period was fully accommodated by magmatic 
spreading. However, beyond a clear topographic step on both flanks at Chron C4, the magnetic anomaly shows 
a very low amplitude, with only one exception on the southern flank during Chron C5n which shows a magnetic 
anomaly comparable to that of the previous profile for the same age and flank (Figure 3c). Following our criteria, 
the crust older than Chron C4 should be formed by detachment fault spreading, with a transient magmatic crust 
at Chron C5n of the southern flank. The spreading mode of this segment before C4 (i.e., ∼8 Ma) is similar to the 
amagmatic smooth seafloor (e.g., Figure 3a). After 8 Ma, a strong magmatic event happened in that area, which 
raised the topography, reduced the axial valley rift, and changed the spreading mode to fully magmatic. The re-
sulting basalt magnetization is 10 A/m near the ridge axis (up to Chron C2A included) and 6 A/m further away. 
While there is no alternance between detachment fault and magmatic crust in this area, the predicted spreading 
rates display a significant asymmetry as high as 29.5% during Chron C4r.

4. Discussion
4.1. Magnetization and Thickness of the Different Sources

While modeling observed magnetic anomaly profiles with different degrees of magmatism, we assume similar 
thickness of the basalt and gabbro layers in the magmatic crust and fix the magnetization of gabbro to 2 A/m in 
the magmatic crust and 3 A/m under the footwall of detachment faults. Under these assumptions, we find that the 
magnetization of basalt cannot be kept constant if we try to properly adjust the amplitude of the observed anom-
alies. Across axis, basalt magnetization is stronger at the ridge axis and decreases off-axis due to the alteration of 
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titanomagnetite to the less-magnetic titanomaghemite (Irving, 1970; Johnson & Atwater, 1977), as it is observed 
globally (Dyment et al., 2015). Along-axis, the basalt magnetization also varies from 12 A/m at 55.2°E to 15 A/m 
at 49.7°E to 10 A/m at 50.5°E (Figures 3b–3d). The lower basalt magnetization on the 50.5°E profile (Figure 3d; 
Segment 27 of Sauter et al., 2004) with respect to the two other profiles (Figures 3b and 3c) probably reflects 
the higher degree of magmatism, which results in less fractionated basalt and a lower iron content (e.g., Hosford 
et al., 2003; Sempéré et al., 1995). As a confirmation, the SWIR axis in Segment 27 is underlain by a magma 
chamber (Jian et al., 2017). The different basalt magnetization shown by profiles at 55.2° and 49.7°E (Figures 3b 
and 3c) is more difficult to explain, because both areas show a similar degree of magmatism (∼0.6). The differ-
ence may result from the lateral extent of the segments and observed anomalies: the 55.2°E segment (Segment 
21 of [Sauter et al., 2004]) is narrow (35 km wide) and bounded by fracture zones, whereas the 49.7°E segment 
(Segment 28) is wider (55 km) and in direct continuation of segment 27 eastward. The difference of magnetiza-
tion may just mark the shortcomings of the 2D assumption in our forward models.

Gabbro comes in two different settings, beneath basalt in normal magmatic crust and intruding the footwall of 
detachment faults. We assume that the latter bears a higher magnetization (3 A/m) than the former (2 A/m) due 
to faster cooling and higher fractionation at shallower depth (Allerton & Tivey, 2001; Pariso & Johnson, 1993). 
The contribution of gabbro to the sea-surface magnetic anomaly cannot be neglected, as it provides the longer 
wavelength magnetic anomalies on magmatic crust and most of the magnetic signal on the detachment footwall.

The contribution of serpentinized peridotite to the sea-surface magnetic anomaly is still controversial. Sauter 
et al. (2008) show that a 4 A/m remanent magnetization for serpentinized peridotite properly fits observed mag-
netic anomalies over corrugated and smooth seafloor. However, dredged samples show a low and variable Koe-
nigsberger ratio (Remanent/Induced magnetizations) as a result of randomly oriented and magnetically unstable 
components leading to an incoherent natural remanent magnetization (NRM; Bronner et  al.,  2014; Maffione 
et  al.,  2014). Such a NRM would not significantly contribute to the sea-surface magnetic anomalies. These 
different interpretations again reflect the fundamental non-uniqueness of the potential field solutions. A more 
realistic crustal structure considers the contribution of both gabbro and serpentinized peridotite is constructed. 
In this three-layer model (basalt, gabbro, and serpentinite), we find that intrusive gabbro bodies underneath the 
detachment footwall can significantly contribute to the magnetic anomalies. These bodies are discontinuous, their 
interval depending on the degree of magmatism, which in turn create the important variability of the magnetic 
anomalies on the SWIR. We therefore do not need to assign a significant NRM to the serpentinized peridotite and 
only give it an induced magnetization of 0.2 A/m. We cannot exclude, however, that some anomalies ascribed to 
gabbro bodies may actually correspond to a patch of serpentinite bearing a strong NRM, although the occurrence 
of such patches and the law governing their distribution are still elusive.

As for the thickness of each magnetized layer, 500 m is generally adopted for the extrusive basalt layer of mag-
matic crust based on drilling results (Site 504B, e.g., [Becker et al., 1989]). The 1.5 and 1 km assigned to the 
gabbro for the magmatic crust and the detachment footwall may be thicker, to concur with the observation at 
drilling Site 735B (Dick et al., 2000), if a weaker magnetization is given to these magnetic sources. The adopted 
values represent a balance between thickness and magnetization.

4.2. Polarity and Spreading Rate

Although polarity reversals are almost instantaneous at geological scale (<6,000 years; e.g., Valet et al., 2012), 
the geometry of the polarity transition in the oceanic crust is complex and reflects the processes at work–piling 
of lavas of different viscosities on a smoother or rougher topography, injection of dykes within the neovolcanic 
zone, and progressive cooling of crystal mush to gabbro (e.g., Kidd, 1977). For instance, the polarity boundaries 
are dipping inward (i.e., toward the ridge axis) within the extrusive basalt, and outward within the gabbro layer 
(Macdonald et al., 1983). The cooling rate and the width of the transition zone also depend on the spreading rate. 
At the fast spreading East Pacific Rise, abundant low-viscosity lava spread over wide areas resulting in sub-hori-
zontal polarity boundaries extending 7–8 km off-axis (Maher et al., 2021), whereas the axial valley walls restrict 
the flow of more viscous and less abundant lava at slow and ultraslow spreading ridges. As for dipping isotherms 
within the deeper crust, the faster cooling of exhumed gabbro at drilling Site 735B on Atlantis Bank suggests 
almost vertical polarity boundaries (Hosford et al., 2003). These remarks suggest that polarity transitions are 
generally narrow at ultraslow spreading centers. We therefore adopt vertical polarity boundaries for simplicity.



Geophysical Research Letters

ZHOU AND DYMENT

10.1029/2021GL097276

8 of 9

To fit the modeled magnetic anomaly with observed magnetic anomaly, we adjust the polarity intervals width and 
then calculate spreading rates within the different periods. The resulting spreading rates show strong, unrealistic 
variations, especially for the shorter intervals, reflecting uncertainties on the geomagnetic polarity time scale and 
the location of the polarity boundaries. We observe from Figures 3a–3d that profiles across the more magmatic 
segments require more adjustments to fit details of the measured anomalies. We suspect that it only reflects the 
higher resolution of the magmatic crust, recording all polarity reversals whereas the discontinuous gabbro bodies 
of the detachment footwall only provide a degraded version of the geomagnetic polarity time scale.

5. Conclusion
A three-layer model with detachment fault and intrusive gabbro bodies is proposed to approach the crustal struc-
ture at ultraslow spreading centers. Our forward modeling shows that the occurrence of detachment fault spread-
ing may indeed distort the sea-surface magnetic signal and explain the variability of the observed anomalies. 
Gabbro plays an essential role in our model, especially over detachment footwalls where the intrusive gabbro 
bodies are the main source of the anomalies. With increasing degree of magmatism, the gabbro bodies beneath 
the detachment footwall become more frequent, resulting in a better record of the magnetic anomalies. The cor-
relation coefficients obtained between magnetic anomalies modeled for different degrees of magmatism on one 
hand, and modeled for purely magmatic seafloor on the other hand, also demonstrate the importance of intrusive 
gabbro bodies to the anomalies. Conversely, inverse modeling of observed off-axis profiles with different degrees 
of magmatism on the SWIR shows that the type of seafloor spreading mode–magmatic or along detachment 
faults–at different periods can be deduced from the observed anomalies. Additional effects should however be 
considered as well, such as the alteration of the extrusive basalt and the consequent reducing magnetization 
with time, or the fractionation related to different degrees of magmatism which affects the iron content and the 
magnetization of extrusive basalt. The extreme variability of sea-surface magnetic anomalies related to seafloor 
spreading at ultraslow spreading centers may represent a tool for first-order estimate of the spreading mode over 
large areas, pending more detailed investigations.

Data Availability Statement
The magnetic data displayed in Figure  3 are available at NCEI (www.ngdc.noaa.gov/mgg/geodas/trackline.
html). See also cruises RODRIGUEZ 2 (http://doi.org/10.17600/84001211) and GALLIENI (http://doi.
org/10.17600/95010090) on the French Oceanographic Fleet web site.
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