
1. Introduction
Segmentation of the global mid ocean ridge system is one of the most prominent features of the ocean floor, 
yet many details regarding the tectonic processes that occur at the segment discontinuities remain poorly 
understood. Transform faults are the most obvious form of ridge discontinuity, exhibiting large lateral off-
sets (>30 km) of the ridges (Wilson, 1965); because they are stable in time and space, they produce the pro-
nounced off-axis fracture zones that record the spreading motion of the plates (Menard and Atwater, 1969). 
Along both slow (e.g., Sempere et al., 1990) and fast spreading ridges (e.g., Macdonald et al., 1988) there 
also exist smaller-scale, and less stable forms of ridge discontinuity. These features became apparent once 
detailed bathymetric and magnetic surveying of the ridges began (Schouten & White, 1980), after which, 
the prevalence and wide variety of ridge discontinuities was quickly recognized (Macdonald et al., 1991), 
including stable transform faults, propagating ridges (also known as rifts, Hey et al., 1986), overlapping 
spreading centers (Macdonald et al., 1988), and even smaller-scale discontinuities (Macdonald et al., 1991), 
including deviation in ridge axis linearity, changes in ridge petrology (Langmuir et al., 1986), and disrup-
tions in the continuity of the magma lens (Kent et al., 1990). A thorough review of ridge segmentation can 
be found in Carbotte et al. (2015).

As these features continued to be discovered, it soon became apparent that the overall morphology of ridg-
es and the style of their segmentation are intrinsically related to the seafloor spreading rate, and hence, 
the thermal structure and strength of the oceanic plates (e.g., Chen & Morgan, 1990; Dunn, 2015; Mac-
donald,  1982; Macdonald et  al.,  1987; Phipps Morgan & Chen,  1993; Small & Sandwell,  1989; Small & 
Sandwell, 1994). Such variations include, for example, the presence of an axial valley or axial high, changes 
in the along strike spacing and ridge-to-ridge width of transform faults, and the presence of ridge propaga-
tion or microplate development (e.g., Hey et al., 1995; Hey, 2001). Several authors (Chen & Morgan, 1990; 
Malinverno,  1991; Small & Sandwell,  1994) have proposed that a major transition in the style of MOR 
tectonics occurs over the half spreading rate range of ∼25–40 mm year−1. At rates lower than this (i.e., 
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intermediate- to slow-spreading), the ridges are characterized by axial valleys and transform faults and frac-
ture zones have prominent troughs that are typically spaced ∼50–80 km apart. Conversely, at higher spread-
ing rates (i.e., fast-spreading) the ridge axis has an axial high, the transform faults are more widely spaced 
along axis (∼100–1,000 km) and the fracture zones have both ridges and troughs with smaller amplitudes.

The process of ridge propagation has been documented at all spreading rates with the exception of ultraslow 
spreading centers (e.g., Dannowski et al., 2011; Hey et al., 1986; Korenaga & Hey, 1996; Phipps Morgan & 
Sandwell, 1994; Zheng et al., 2019). Ridge propagators were originally characterized by Hey (1977) who ob-
served the off-axis V-shaped pseudofault pairs in marine magnetic anomalies. Figure 1a shows a schematic 
for a typical propagating ridge (PR). There is a small transform-like offset in the spreading ridge, which, over 
time, “migrates” parallel to the ridge leaving behind a pseudofault on the left (P1 in the figure). This “outer” 
pseudofault represents a small age offset (∼1 Ma) in the seafloor and has a topographic expression that 
resembles that of a fracture zone. On the right is a broader sheared zone, bounded by the “inner” pseudo-
fault and failed rift, that consists of crust that originally formed on the left plate and was transferred to the 
right plate. This transfer produces a sheared zone (Figure S1) having a width that is equal to the offset of 
the transform. The morphology of the sheared zone is wider and more complex than the outer pseudofault 
and thus one can distinguish between the outer pseudofault and sheared zone in the seafloor morphology.

Along slow- and intermediate-spreading ridges, there exists a unique but poorly documented type of prop-
agating offset. These behave similarly to PRs but produce distinctive W-patterns in the ridge flanks (e.g., 
Figure 1c). These features have previously been referred to as “discordant zones” (Grindlay et al., 1991) 
and “nontransform discontinuities” (NTDs; e.g., Hey et al., 1980; Hey et al., 1986; McKenzie, 1986; Mac-
donald et al., 1988; Rea, 1978) but few have been mapped off axis at high resolution using multibeam sonar 
(e.g., Cochran & Sempéré,  1997; Grindlay et  al.,  1991; Cochran and Sempere,  1997). A recent study by 
Zheng et al. (2019) examined the long-term evolution of NTDs. They found NTDs show structures typical 
of rift propagation (inner and outer pseudofaults) and crustal blocks transferred between ridge flanks by 
discontinuous jumps of the PR tip. The main difference between NTDs and the propagators found at higher 
spreading rates is that the rate of propagation is highly variable and the direction of propagation eventually 
reverses (e.g., Figure 1 and Figure 1 of Zheng et al., 2019). Short reversals in propagation direction have 
also been observed at PRs at faster spreading ridges and have been dubbed “dueling propagators” (Johnson 
et al., 1983; Macdonald et al., 1988, 1991; Wilson, 1990). Because—as we document in this study—such 
features now appear so ubiquitous in the VGG at slow and intermediate spreading regimes, we have adopted 
the term “seesaw propagators” (SSPs) to describe these NTDs. We refer to off-axis features as “fossil” SSPs 
and the discontinuities at which they arise as NTDs or “active” SSPs.

In our more global analysis, we follow the recent terminology of Zheng et al.  (2019) and refer to NTDs 
within a PR framework. Their detailed analysis of a region of the Mid-Atlantic Ridge between 24° and 
27.5°N uses multibeam bathymetry, marine magnetic anomalies, and satellite-derived gravity to document 
the traces and age offsets of the NTDs. They find that all the NTDs are consistent with the propagating rift 
model where propagation usually occurs in discrete steps (i.e., the discontinuous propagation model of Hey 
et al., 1986). They noted several differences between the detailed propagation mechanism of NTDs in slower 
spreading crust as compared with the model developed at intermediate and fast spreading ridges. First, be-
cause the slower spreading rift tips about relatively cold lithosphere, propagation is restricted to where the 
crust is relatively thin and the shallower than normal mantle is likely to be weakened by serpentinization 
from seawater penetration. Second, the slower spreading rift has a 20–30 km wide rift valley that can accom-
modate lateral jumps in the rift axis. They conclude that that their model of NTDs has all the fundamental 
features of the standard propagating rift model. Our more global analysis does not usually include such 
high-resolution data, so we adopt the conclusions of the Zheng et al. (2019) study and assert the off-axis 
traces of all NTDs reflect a different style of rift propagation.

Some of the features included in our new global catalog were included in the previous regional/global com-
pilations of Phipps Morgan and Sandwell (1994), Briais and Rabinowicz (2002), and Matthews et al. (2011), 
who, in lieu of bathymetry data, used satellite-derived vertical gravity gradient (VGG) maps to identify 
these features. Since these studies, the amount and quality of satellite altimetry data has increased substan-
tially, thus improving the accuracy and resolution of the global free-air gravity and VGG grids (Sandwell 
et al., 2019). The newest gravity grid has a spatial resolution of about 16 km compared to a resolution of 
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22 km in the grid used by Matthews et al. (2011) (Sandwell et al, 2019). In this study, we take advantage of 
these improvements (e.g., Figure 2) to analyze SSPs globally. Our study comprises five components:

 (1)  We use the new VGG maps to identify and digitize SSP pairs. Many of these are refined digitizations of 
features identified by Matthews et al. (2011). Though many were classified broadly as discordant zones, 
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Figure 1. Evolution of a seesaw propagator in the Southeast Indian Ocean. The vertical gravity gradient (VGG) is rotated so ridges are up-down and transforms 
are left-right. (a) Reconstruction of VGG at 17 Ma shows the “outer” pseudofault (P1 left) and sheared zone (Figure S1 right) of an ordinary eastward 
propagating ridge. The outer pseudofault has a straight trough while the sheared zone has a series of rotated blocks (i.e., the discontinuous propagation model 
of Hey et al., 1986). (b)–(c) The direction of propagation reverses resulting in a W-shaped scar in the VGG at 13 Ma. (d)–(e) The transform offset increases by 
asymmetric spreading which stops ridge propagation resulting in an ordinary fracture zone with symmetrical V's at the distal ends. A seesaw propagator has 
one or more reversals in the direction of propagation.
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we categorize them as NTD/SSPs, and we also added previously unidentified SSPs. We use 224 features 
(112 pairs) identified by Matthews et al. (2011), many of which we have modified to fit new VGG maps. 
We identify an additional 146 features (73 pairs), for a total 370 SSPs (185 pairs), most of which are lo-
cated in the Atlantic and Indian Ocean basins

 (2)  We quantify the range of spreading rates where we observe this style of propagation and determine the 
range of age offsets across the ridge discontinuities as compared with transform faults
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Figure 2. Comparison between (a) VGG v16 (used by Matthews et al., 2011) and (b) v29 (used in this study). Note the 
significantly reduced noise level reveals several previously unidentified SSPs and the extra clarity allows for a more 
confident identification of the traces of others. The yellow lines trace Southeast Indian Ridge. Features identified 
in Matthews et al. (2011) (as DZs) are shown in (c). Identified SSPs of this study are shown in (d) as red lines, and 
available shipboard bathymetry in the region is shown in (e; Cochran and Sempere, 1997). Shipboard data shows high 
resolution morphology of the propagators near the ridge, and satellite data shows a complex history of propagation. 
Note the units of Eötvös = 10−9 s−2. SSPs, seesaw propagators; VGG, vertical gravity gradient.
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 (3)  We investigate the detailed morphology and isostatic compensation of off-axis SSPs using high-resolu-
tion multibeam bathymetric data collected as part of the search for the missing Malaysia Airlines Flight 
370 (MH370). This shows these off-axis features are isostatically compensated by locally thinned crust 
in agreement with Zheng et al. (2019)

 (4)  We demonstrate that traces of SSPs are symmetric about the ridge such that propagation direction re-
versals can be used as a new data type for detailed plate reconstructions

 (5)  Finally, we test the validity of models previously proposed to explain the direction of propagation for 
unidirectional propagators for the case of seesaw propagation

2. Data
2.1. Marine Vertical Gravity Gradient

To identify and digitize SSPs globally, we primarily used the VGG grid version 29 (v29). Details regarding 
the acquisition of these data and derivation of the gridded global map can be found in previous studies (e.g., 
Sandwell et al., 2019).

The VGG is gz     /g zx x , where x is the horizontal position vector. The VGG is used to highlight the 
shorter wavelength variations in the gravity field (e.g., Wessel & Lyons, 1997), that are better suited to map-
ping relatively fine-scale seafloor tectonic structures. In practice, the VGG is the curvature of the ocean sur-
face as measured by satellite altimetry. The geoid height N , which is equal to the height of the ocean surface 
above the reference ellipsoid, is related to the gravitational potential U  by Brun's formula  0/N U g  where 

0g  is the average acceleration of gravity. The potential satisfies Laplace's equation 
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the short wavelength background noise (predominantly from ocean waves) is also amplified. Improvements 
in the accuracy and spatial resolution of the VGG—owing to the inclusion of a wealth of new data obtained 
over the past eight years from altimeters CryoSat-2, Jason-1/2, and the first non-repeat Ka-band altimeter, 
SARAL/AltiKa—have, however, resulted in a significantly lower noise level (e.g., Figure 2). This has helped 
reveal the small-scale tectonic structures including abyssal hills, small seamounts, and now seesaw propa-
gators. SSPs were evident in older VGG maps (e.g., Matthews et al., 2011), but it is the extra clarity provided 
by these new data that have revealed their symmetry across the ridges and their similarities with ordinary 
propagating ridges.

2.2. Multibeam Bathymetry

Multibeam sonar data provide higher-resolution details of SSP morphology compared to the VGG, thus 
revealing clearer details of their tectonic histories. However, such data are scarce, particularly away from ac-
tive ridge axes. Previous studies near the ridge axis include those of, for example: Carbotte et al. (1991), Fox 
et al. (1991), and Grindlay et al. (1991), who analyzed discontinuities along the South Mid-Atlantic Ridge 
(MAR); Sempéré et al. (1993), along the north MAR; Cochran and Sempéré (1997) and Goff et al. (1997) 
along the Southeast Indian Ridge; and more recently Dannowski et al. (2018) and Zheng et al. (2019), who 
analyzed the behavior of nontransform discontinuities (many of which we consider SSPs), along a section 
of the North MAR.

In this study, we make use of a publicly available multibeam dataset, recently acquired as part of the search 
for missing Malaysia Airlines Flight 370 (MH370) by the Governments of Australia, Malaysia and the Peo-
ple's Republic of China (2017; Geoscience Australia, 2017; Picard et al., 2018). This consists of ∼279,000 km2 
of multibeam bathymetry data concentrated along a ∼180 km wide central swath that runs sub-parallel to 
the Australian plates flowline in the Southeast Indian Ocean (SEIO). A portion of these data are shown in 
Figure 3, where the search path fortuitously mapped two off-axis SSPs, providing the best record of off-axis 
SSP morphology to date. We use these data to assess SSP morphology as well as determine the effective 
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elastic thickness of the lithosphere (TE) associated with these features 
by analyzing them in conjunction with satellite-derived free-air gravity 
anomalies.

3. Results and Discussion
3.1. Identification and Digitization of SSPs

SSPs appear as continuous Eötvös lows in the VGG, typically with ampli-
tudes of ∼20 Eötvös relative to their surroundings. They trend dominant-
ly in the direction of spreading but with an oblique component that flips 
polarity (“seesaws”) typically on timescales of a few million years (e.g., 
Figure 1). SSPs that are presently “active” can be traced to their associated 
ridge discontinuities, and like unidirectional propagators, fracture zones 
and abyssal hills, are approximately symmetric about the ridge axis. The 
signal of off-axis “fossil” SSPs is similar to those found near the ridges, 
and in some cases, appears as prominent as fracture zones, even thou-
sands of kilometers from the ridge axis (Figure 4).

In order to catalog both active and fossil SSPs globally, we used a variety 
of data including the satellite derived VGG and free-air gravity anoma-
lies (Sandwell et al., 2019), multibeam bathymetry (where available) and 
earthquake locations (Engdahl et  al.,  1998). We also re-digitized those 
MOR segments in close proximity to SSPs (and transform faults) from 
traces previously published by Sandwell and Smith  (2009). Using the 
VGG grid, our new picks of the ridge axis have inflection points in loca-
tions of VGG lows. This required relaxing the ridge/transform orthogo-
nality adhered to in the Sandwell and Smith (2009) study and only trans-
forms which have clear fracture zone extensions were included.

We began our SSP cataloging by modifying the interpretations of fea-
tures Matthews et al. (2011) made by analyzing VGG v16. An identical 
set of digitized features was also included in the supplemental materials 
of (Wessel et al., 2015) as part of the GSFML database. In their analy-
sis, these features were classified as “discordant zones.” The “discord-
ant zone” label has not seen use in recent literature, and some features 
identified by Matthews et al. (2011) have been called simply NTDs and 
interpreted as propagating ridges (e.g., Dannowski et  al.,  2018; Zheng 
et al., 2019). Because of the complex temporal and spatial propagation 
patterns these features exhibit, we feel “seesaw propagator” is an appro-
priate and descriptive term. Since these original picks were made, the 
improvement in the quality of the VGG data has revealed many more 
SSP traces and subtle reversals in polarity that were previously unidenti-
fiable (Figure 2). We use 224 features (112 pairs) identified by Matthews 
et al. (2011), many of which we have modified to fit new VGG maps. We 
identify an additional 146 features (73 pairs), for a total 370 SSPs (185 
pairs), most of which are located in the Atlantic and Indian Ocean basins.

Our approach for digitizing SSPs followed two main rules: First, because 
SSPs create bathymetric valleys (e.g., Figure 3), they are always expressed 
as local Eötvös lows in the VGG, we therefore digitized along the central 
axes of these lows. Second, both conjugate pairs (i.e., the outer pseudo-
fault and sheared zone) had to be identifiable and symmetric about the 
spreading axis. For active SSPs, which can be traced from the ridge axis, 
there is little ambiguity here (e.g., Figures  4e–4g). However, for fos-
sil SSPs located off-axis, satisfying this criterion can be difficult. This is 
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Figure 3. (a) Multibeam bathymetry over two off-axis SSPs collected in 
the Southeast Indian Ocean as part of the search for missing flight MH370 
(GA, 2017). Note, to highlight the morphology of the SSPs with respect to 
their surroundings, these data have been detrended to remove the regional 
deepening with age trend and plotted relative to the shallowest depth 
within the mapped region. Mapping of the northernmost SSP captured 
only the outer pseudofault (PF2) section, while mapping of the southern 
SSP reveals both outer pseudofault (PF1) and subsequent sheared zone 
(SZ1), which formed following a reversal in propagation direction. White 
triangles indicate the locations of the profiles shown in (b). The inset 
globe shows the location of (a; red box). (b) Bathymetric profiles showing 
the gross morphology of the two outer pseudofaults (PF) and a sheared 
zone (SZ). The letter labels match the locations shown in (a). Note the 
SSP bathymetric depressions are ∼10–15 km wide with amplitudes up to 
∼1 km relative to their flanks. MH370, Malaysia Airlines Flight 370; SSPs, 
seesaw propagators.
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particularly a problem for features located on old seafloor, where the signal may be suppressed by the accu-
mulation of sediments and the subsidence of the lithosphere and/or overprinted by other bathymetric fab-
rics (e.g., Figures 4a–4d). Where these ambiguities prevented the identification of either conjugate feature 
or where either trace was unclear, we omitted them from our database. Thus, our SSP count and the related 
statistics may be considered lower bounds. The total length of the digitized SSPs is about 110,000 km; the  
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Figure 4. (upper) SSPs in four different basins: (a) South Pacific, (b) North Atlantic, (c) Southeast Indian, (d) South Atlantic. SSPs form in pairs symmetric 
about the spreading ridge and can be identified by their symmetry even in old oceanic crust. Virtually all active SSPs occur along axial valley ridge morphologies 
(VGG lows). (lower) Zoom of three areas along spreading ridges where propagators are presently propagating in both directions within single or nearby 
segments. SSPs, seesaw propagators.

(a)

(c)

(e)

(e)

(f)

(f)

(g)

(g)

(b)
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total length of fracture zones within the same basins is about 340,000 km. Thus, in the slow and intermedi-
ate spreading basins, SSPs are about 30% as abundant as fracture zones in the oceanic crust.

3.2. Spreading Rates and Age Offsets of SSPs

In order to better understand the relationships between the distribution of SSPs and transform faults with 
respect to seafloor spreading rate and the age offset across a given ridge discontinuity, we analyzed our 
new SSP and transform fault catalog in conjunction with the global age and spreading rate grids of Muller 
et al. (2016). To obtain the spreading rate at the time of formation of each SSP, we computed the centroid 
and length of each digitized SSP polyline segment and sampled the centroid on the global spreading rate 
grid. This spreading rate distribution with respect to half spreading rate (binned at 2 mm year−1) is shown 
in Figure 5a. The distribution peaks at 22 mm year−1 half-rate and drops to zero at both ultraslow (<10 mm 
year−1) ridges and fast ridges (>40 mm year−1). The upper spreading rate limit is broadly coincident with the 
transition range in ridge topography from axial valley to axial high. This limit in the distribution does not 
necessarily suggest that SSPs only occur at axial valley-type ridges, but that the relief created in the seafloor 
at axial valley SSPs is sufficient enough to be visible in the satellite VGG data. Due to upward continuation, 
bathymetric features with a smaller spatial wavelength (<12 km) and/or less relief cannot be reliably detect-
ed in satellite VGG (Sandwell et al., 2019). Pseudofaults at fast-spreading ridges are often harder to observe 
in the bathymetry (e.g., Cormier et al., 1994; Hey et al., 1995). Similarly, bathymetric variations created by 
NTD's at fast spreading ridges are subtle or indistinguishable from the surrounding seafloor, although these 
have been identified by high-resolution mapping of variations in crustal thickness (Boulahanis et al., 2020).

To determine the distribution of transform faults and SSPs with respect to age offset, we measured the trans-
form fault and SSP ridge offset lengths and divided by the current half spreading rate. Since active SSPs are 
primarily found along the Mid Atlantic Ridge (MAR) and the Southeast Indian Ridge (SEIR), we restricted 
this analysis to these ridges. These two distributions are shown in Figure 5b. SSPs have a maximum age 
offset of about 2.5 Ma, while transform faults usually have age offsets greater than 2 Ma; these results are 
consistent with other studies of nontransform offsets (Grindlay et al., 1991; Macdonald et al., 1988, 1991). 
Since depth-integrated lithospheric strength increases with the age of the lithosphere, we speculate that 
seesaw propagation is not possible when the age offset is greater than about 2.5 Ma. This is consistent with 
the inferences of Grindlay et al. (1991), who suggested that a mechanical transition from non-rigid to rigid 
deformation occurs in MOR discontinuities when the segment offset length is larger than ∼30 km.
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Figure 5. (a) The distribution of SSPs with respect to half spreading rate. The upper limit of <25–40 mm year−1 
is coincident with the transition from axial valley to axial ridge morphology (when the transition is expressed as a 
function of spreading rate only; Chen & Morgan, 1990; Malinverno, 1991; Small & Sandwell, 1994). We see no SSPs at 
ultraslow ridges (<10 mm year−1)—in these environments (Southwest Indian ridge or the Arctic), neither the ridge 
segmentation or the off-axis tectonic fabrics are well developed. (b) Distribution of lithospheric age offset across active 
discontinuities along the Mid-Atlantic Ridge and Southeast Indian Ridge. SSPs (red) generally have offsets less than 2.5 
million years, whereas transform faults (green) usually have larger age offsets. SSPs, seesaw propagators.

(a) (b)
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3.3. Morphology and Isostatic Compensation of SSPs

We investigate the detailed morphology and isostatic compensation of off-axis SSPs using high-resolution 
multibeam bathymetric data collected as part of the search for the missing Malaysia Airlines Flight 370 
(MH370). The detailed bathymetry for one complete “seesaw” propagation cycle of a fossil SSP (PF1 and 
SZ1), as well as an additional outer pseudofault (PF2) from another SSP is shown in Figure 3. The bathyme-
try has been detrended to remove the effect of the seafloor subsidence with age and reveals that both outer 
pseudofault valleys are ∼15–20 km wide and exhibit a deepening of several hundred meters over age. They 
also exhibit pronounced bathymetric highs on the older sides (in front of the direction of propagation) and 
broad lows toward the younger side. This high-low morphology is also evident in the sheared zone (SZ1), 
although the relationship is reversed (i.e., the bathymetric highs occur on the younger side). Based on this 
analysis, as well as the recent multibeam analysis by Zheng et al. (2019), we propose that SSPs typically form 
1–2 km of relief, similar to oceanic fracture zones that form at the same spreading rate. As the overall length 
of the SSPs is about 30% of the length of fracture zones, they therefore represent a major component of glob-
al seafloor roughness. Rough seafloor can generate substantial internal tides as tidal currents interact with 
topography, and internal tides contribute to mixing in the deep ocean (Garrett, 2003). How much SSP topog-
raphy, independent of abyssal hills and fracture zones, affects internal tide generation remains to be studied.

As shown above, the age offsets across SSPs forming today are less than about 2.5 Ma which suggests that 
all SSPs form on very young lithosphere where the bathymetric troughs of the SSPs is locally compensated 
by thinner than normal crust (Zheng et  al.,  2019). In contrast, transform faults usually have larger age 
offsets and therefore much of the topography is formed on lithosphere that is somewhat older (2–10 Ma). 
This difference in age should be evident as a difference in the effective elastic thickness (Te), a proxy for 
lithosphere strength that usually increases with age as the plate cools. To test this hypothesis, we modeled 
the free-air gravity anomalies expected from the MH370 bathymetry and its isostatic compensation using 
a thin elastic plate flexure model. Two areas were selected (i.e., (a) and (b) in Figure 6); the SSP area (a) 
has a seafloor age of ∼22–35 Ma while the Geelvinck fracture region (b) has a seafloor age of ∼11–20 Ma. 
We adopted a forward modeling approach (e.g., Watts et al., 2006), and compared the modeled gravity with 
the satellite-derived gravity. The steps below outline our method using GMT (Wessel et al., 2019) which we 
applied for a range of constant Te values between 0 and 30 km:

1.  High-pass filter the bathymetry (SRTM15+V2, Tozer et  al.,  2019) and free-air anomalies (Sandwell 
et al., 2019) to remove the long wavelength component from the gravity field which is not associated with 
isostatic compensation of the seafloor features, such as deep mantle dynamics and fully compensated 
bathymetry (e.g., Watts & Moore, 2017). These filters were applied to spherical harmonic representations 
of the data using a cut-off wavelength of ∼400 km (degree n = 100) cosine tapered to ∼571 km (degree 
n = 70)

2.  For a uniform plate, calculate the Moho topography required to compensate for the bathymetry load 
given a prescribed Te value

3.  Calculate the gravity anomaly produced by the bathymetry and its isostatic compensation (i.e., the Moho 
topography) using the method of Parker (1973), expanding the series to four terms. For these calcula-
tions, standard parameter values were used, as outlined in the table inset of Figure 6. In order to avoid 
edge effects, the root-mean-square (RMS) misfit calculations were restricted to multibeam bathymetry 
coverage within the areas (a) and (b) shown in Figure 6, while the calculations were performed for re-
gions extending ∼300 km beyond these using predicted bathymetry from Tozer et al. (2019)

4.  Compute the RMS misfit between the calculated and observed gravity anomalies

The results are shown in the inset of Figure 6. For both areas, the RMS misfit versus Te has a broad mini-
mum reflecting a mixture of tectonic processes in each region. Nevertheless, the best-fit Te for the SSPs of 
3 km is significantly less than the 8 km for the Geelvinck Fracture Zone. We interpret the low Te value for 
the SSPs as reflecting the “frozen-in” strength of the lithosphere at the time of formation. That is, these fea-
tures formed across a narrow discontinuity on very thin and weak lithosphere near the ridge axis. The ba-
thymetric troughs are associated with thin crust and thus shallower than normal mantle in agreement with 
the analysis of Zheng et al. (2019). In contrast, the value across the Geelvinck Fracture Zone—which sepa-
rates seafloor with a much larger age contrast (∼5 Ma)—reflects the averaged signal of the time-dependent 
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flexural compensation required to maintain this feature (e.g., Sandwell & Schubert, 1982). This involves the 
flexure of older, and hence stronger lithosphere, which is reflected in the larger Te value.

3.4. Symmetry of SSPs and New Data Type for Reconstructions

One of the important characteristics of SSPs is that the symmetric kinks in their off-ridge traces provide a 
new type of data that can be used to refine detailed plate reconstructions. Moreover, it is not just the kinks in 
the traces, but the overall shape of the traces that should be symmetrical about a spreading ridge (assuming 
purely symmetric spreading). We tested this hypothesis using four prominent SSP traces along the SEIR. 
For each pair, we approximated a pole of opening for that age range by fitting a pole to a nearby fracture 
zone. We measured the deviation of the SSP trace from the small circle of opening, and plotted this devi-
ation against the age of the plate as sampled from the Muller et al. (2016) age map (Figure 7). The shapes 
of the SSP deviations match well in this coordinate system—which verifies that the “excursions” from the 

HARPER ET AL.

10.1029/2020JB020017

10 of 16

Figure 6. Multibeam bathymetry acquired during the search for missing flight MH370 (GA, 2017) overlain on the 
regional VGG grid. Red boxes show the areas used for RMS calculations in the isostatic modeling of the SSPs (a) and 
Geelvinck Fracture Zone (b). Dashed lines = seafloor age contours (Ma) from Muller et al. (2016). The globe Inset 
shows the location of the main map (red box). The box inset shows RMS misfits for isostatic compensation models 
calculated using the given Te values. Values for other physical parameters used for the modeling are listed in the inset 
table (ρw—water density; ρc—crustal density; ρf—infill density; ρm—mantle density; tc—crustal thickness; E—Young's 
modulus; sigma—Poisson's ratio; f1,2—filter parameters). The black arrows indicate the best-fit Te values for each 
region (i.e., 3 km for the SSPs and 8 km for the Geelvinck Fracture Zone). Note the units of Eötvös = 10−9 s−2. MH370, 
Malaysia Airlines Flight 370; RMS, root-mean-sqaure; SSPs, seesaw propagators; VGG, vertical gravity gradient.
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small circle path are age-concurrent for each SSP pair. There are, however, some incongruities that are not 
so easily explained. Additionally, by plotting these data in this coordinate system, we can easily see the ap-
proximate rate of propagation along a ridge axis and how abruptly it may change.

3.5. Assessment of SSP Propagation Models

Several hypotheses have been proposed to explain unidirectional ridge propagation. Dannowski et al. (2018) 
recently reviewed these mechanisms, which include: (1) reorientation of the ridge axis in response to large-
scale changes in plate motion (e.g., Hey & Wilson, 1982; Lonsdale, 1985); (2) propagation down a regional 
topography or gravity gradient (e.g., Phipps Morgan & Sandwell, 1994) or as a result of asthenospheric flow 
(West et al., 1999); and (3) propagation in response to hotspot volcanism (Hey et al., 1980; Hey & Vogt, 1977; 
Phipps Morgan & Parmentier, 1985). These hypotheses are not exclusive and they are often invoked togeth-
er. Importantly, each of these processes would produce predictable patterns in SSP behavior that are testa-
ble. Figure 8 shows SSPs in the South Atlantic and uses this basin as a case study for qualitative testing of 
these hypotheses. SSPs that intersect the ridge and have a clear propagation direction are marked as arrows 
above the profile plots (Figures 8b–8d).

Hypothesis (1) Predicts that when there is a change in plate motion, all active ridges should propagate uni-
formly toward the pole of plate rotation during clockwise changes in spreading direction and, conversely, 
away from the pole of opening during anticlockwise changes (Lonsdale, 1985), such that, the direction of 
propagation would be the same for all SSPs along a given isochron since the pole change is a simple function 
of age. Clearly this does not explain the observed distribution of active SSPs along the MAR, which show 
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Figure 7. Four prominent SSP pairs in in the Southeast Indian Ocean and their deviation from the small circle of plate 
spreading with respect to age (red—Australian Plate, blue—Antarctic Plate [African Plate for a]). A solid line indicates 
the outer pseudofault branch of the segment, and a dashed line indicates the sheared zone (no distinction is made for 
(c) where neither the sense of offset nor morphology is clear). Location maps for the SSPs are shown in (e)–(f). The 
match of the deviations across the ridge reveals their symmetry. Mismatches may be due to asymmetric spreading, 
small errors in the age grid, and/or errors in identifying the center of the relatively wide sheared zones. SSP, seesaw 
propagator; SSPs, seesaw propagators.

(a) (b) (e)

(f)(c) (d)
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Figure 8. (a) Low-pass filtered gravity anomaly with present-day ridge axis (gray) and digitized SSPs (black). (b) The depth versus distance along ridge shows 
regional gravity gradients, and the propagation direction at intersection points of SSPs and the ridge are shown by small arrows. (c)–(d) Same as (a)–(b) except 
for low-pass filtered bathymetry (Tozer et al., 2019). (e) The Muller et al. (2016) age grid and interpreted SSPs. Within this region, we selected points on SSPs 
that indicated changes in propagation direction or major change in rate and sampled these points on the age grid. (f) Shows the distribution of these changes 
through time. There is not an obvious clustering of the propagation changes with time, but there is a noticeable decrease—this is due to our conservative 
selection of SSPs and the propagation changes which are not as clear in older crust. SSPs, seesaw propagators.

(a)

(e) (f)

(b) (c) (d)
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many reversals in propagation direction along the ridge. Additionally, we have estimated ages at SSP “inflec-
tion points” where the direction of propagation changes and found no clustering of these changes around 
plate reorganization events (e.g., Lonsdale, 1985) and instead see a more random distribution of changes 
through time (Figure 8f).

Hypothesis (2) Predicts that all the propagators move down a regional topography or gravity gradient. To test 
this hypothesis, we low-pass filtered both the gravity and the bathymetry with 0.5 gain at 160 km wavelength 
as shown in Figure 8a and 8c. The filtered gravity and bathymetry at the ridge axis are shown as red curves in 
Figure 8b and 8d. The propagators are marked as black dots and the arrows show the direction of propagation. 
There is no clear correlation between currently active SSPs and the regional bathymetric and gravity gradients. 
Moreover, there are numerous examples of active propagation in the up-gradient direction, suggesting this 
process is not the primary driver of this style of ridge propagation. Propagation driven by asthenospheric flow, 
such as in West et al. (1999), has a similar pattern of regionally coherent propagation, which is not observed.

Hypothesis (3) Predicts that the propagators move away from the upwelling hotspots. Three South Atlantic 
hotspots are marked as black dots in Figure 8a and 8c. Although it is difficult to rule out an influence of 
hotspot activity on propagation entirely, it can be seen from the widespread distribution of SSPs relative 
to the scarce existence of hotspots, that forces generated by these features are also unlikely to be primary 
drivers in most cases.

We conclude that the processes proposed to explain unidirectional ridge propagation are, alone, not capable 
of accounting for the seesaw behavior of SSPs. It therefore appears that a driving mechanism operating on a 
local scale is more likely. We speculate that SSP propagation may occur as a response to a dynamic magma 
delivery system, in which, complex upward transport of material from a magma source (e.g., Dannowski 
et al., 2018; Gente et al., 1995; Martinez & Hey, 2017; Michael et al., 1994; Sempere et al., 1993; Tucholke 
et al., 1997) causes ridge propagation away from the magma foci. Figure 8a shows that several, but not all, 
active SSPs near the ridge axis are propagating away from local positive anomalies, which we interpret 
as representing present day local magma upwellings. Depending on the timescales of such local magma 
“pulses,” they may be capable of producing the propagation patterns we observe. Moreover, local curvature 
of the spreading ridge topography may reflect these processes. At slow-spreading axial valleys, we see high 
curvature in general. However, this remains purely conceptual, and we cannot, at this time, comment on 
the true nature of sub-axial magma chambers. Ultimately, testing this hypothesis must involve dedicated 
three-dimensional imaging of a slow-spreading axial magma system beneath a system of active SSPs.

4. Conclusions
In this study, we have documented the global distribution of SSPs, analyzed their distribution and nature 
with respect to tectonic setting and tested mechanisms to explain their formation and behavior. We draw 
the following conclusions:

•  Seesaw ridge propagation is a ubiquitous phenomenon that occurs at slow and intermediate spreading 
ridges (i.e., half spreading rates between 10 and 40 mm year−1). The total length of the identified seesaw 
propagators is about 30% of the total length of fracture zones within the slow and intermediate spreading 
basins

•  SSPs form almost exclusively at discontinuities with lithospheric age contrasts less than ∼2.5 Ma. This 
likely reflects a rheological threshold, whereby only young and weak lithosphere allows for “non-rigid” 
SSP behavior (Grindlay et al., 1991)

•  Seesaw propagation results in W-shaped bathymetric valleys ∼10–20 km wide and ∼1–2 km deep with 
respect to the surrounding seafloor. These valleys are asymmetric with steep slopes on the older side of 
outer pseudofaults and broad shallower slopes toward the younger side. This morphology is mirrored 
for the sheared zones

•  The elastic thickness of two fossil SSPs was found to be very low (∼3 km) confirming they formed on hot, 
young lithosphere near the ridge axis

•  Because SSPs are symmetric about ridge axes, the inflection points (where they reverse direction) of 
fossil SSPs can be used to improve the accuracy of plate reconstructions as these points must meet at the 
ridge axis when reconstructed to the time of formation of the given SSP pairs
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•  Processes previously proposed to explain unidirectional ridge propagation appear unable to account for 
SSP behavior. We therefore speculate that local spatial and temporal variations in magma supply may 
provide the driving forces required to produce SSPs (e.g., Zheng et al., 2019)

Data Availability Statement
The latest vertical gravity gradient products can be found at ftp://topex.ucsd.edu/pub/global_grav_1min/, 
and the SRTM15+V2 bathymetry (Tozer et al., 2019) can be found at ftp://topex.ucsd.edu/pub/srtm15_plus/. 
Cryosat-2 waveform data can be found at https://science-pds.cryosat.esa.int/. Jason-1/2 and SARAL/AltiKa 
waveform data can be found at https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/
global/waveforms.html. MH370 search bathymetry can be found at https://portal.ga.gov.au/persona/marine.
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