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Key Points: 18 

● Multibeam bathymetric data from MH370 search reveal off-axis crustal structure 19 

of Southeast Indian Ridge. 20 

● Crustal accretion fluctuates at a characteristic time scale of 300–400 kyr, with no 21 

evidence for periodicity at glacial cycle intervals.  22 

● Crustal accretion variability could be explained by the combined effects of melt-23 

rich porosity waves and mantle heterogeneities. 24 
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Abstract 31 

Our understanding of oceanic crustal formation is mostly limited to observations of 32 

young crust formed in the past several million years, due to the thick sediments  on older 33 

crust, and the remote location of many spreading centers.  Here we use 40 m-resolution 34 

bathymetric data collected over hundreds of square kilometers during the search for 35 

Malaysia Airlines Flight 370 on the flank of the Southeast Indian Ridge, which provides 36 

a record of crustal accretion from 11–23 Ma.  Spectra calculated from the data show a 37 

characteristic timescale of 300–400 kyr, and no evidence for periodicity coinciding with 38 

glacial cycles.  This characteristic timescale could be explained by fluctuations in melt 39 

supply and the amount of faulting, leading to variations in crustal thickness. We show 40 

that this timescale of variation is consistent with porosity waves observed in a two-phase 41 

flow model, which persist over millions of years.       42 

  43 

Plain Language Summary 44 

 45 

A 12 million year long record of crustal formation is contained within the seafloor 46 

mapping data collected during the search for Malaysia Airlines Flight 370, at a resolution 47 

that is 15 times higher than previous maps. These data illuminate the structure of a vast 48 

area of crust formed on the Southeast Indian Ridge, and show that crustal production, 49 

rather than being a constant process, has varied in cycles that last hundreds of thousands 50 

of years.  This pattern can be explained by  the varying amount of molten rock that rises 51 

from deep in Earth’s mantle, arriving in episodic waves.  This behavior could be a 52 

general feature of mid-ocean ridges spreading at similar rates, which has not been 53 

previously recognized due to a lack of available data. 54 

 55 

  56 

 57 

  58 
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1. Introduction 59 

 Despite oceanic crust covering two-thirds of Earth’s surface, the processes that 60 

control its formation remain hotly debated (Bonatti et al., 2003; Brunelli et al., 2018; 61 

Crowley et al., 2015; Tolstoy, 2015).  There is general agreement that mantle upwelling 62 

at mid-ocean ridges leads to decompression and partial melting, generating magma that 63 

moves to the ridge axis and freezes to form new oceanic crust.  While observations along 64 

mid-ocean ridge crests have shown that this process varies spatially between and within 65 

spreading segments (e.g. Carbotte et al., 2013; Dalton et al., 2014; Maia et al., 2007), 66 

little is known about how crustal formation varies through time.  Temporal variations in 67 

the temperature and composition at the mid-ocean ridge are recorded within the crust 68 

along plate-spreading flowlines. This temporal record is, however, usually obscured off-69 

axis by thick sediment, meaning that crustal structure cannot be resolved by shipboard 70 

bathymetric data.  Seismic reflection techniques can be used to image tectonic structure 71 

beneath the sediment, however coverage is sparse, and mostly confined to continental 72 

margins, or within a few kilometers of the ridge axis (e.g. Canales et al., 2000).  73 

 Here, we tackle this problem using multibeam bathymetric data collected during 74 

the multinational search for aircraft wreckage following the disappearance of Malaysia 75 

Airlines Flight 370 (MH370; Fig.1).  A subset of these data extends over an area of 76 

110,000 km2 northeast of the intermediate-spreading Southeast Indian Ridge (SEIR; full 77 

rate 70.8 mm yr-1; Royer & Schlich, 1988), providing data along flowlines up to 450 km 78 

long and covering crust that is 11–23 million years old.  Sedimentation rates in this 79 

region over the past 28 Myr are thought to be only 0.4–5.5 mm kyr-1 (e.g. Ocean Drilling 80 

Program Site 752A; Coffin et al., 2000; Rea et al., 1990), meaning that the sediments are 81 

sufficiently thin that the tectono-magmatic fabric of the seafloor can be clearly imaged by 82 

multibeam bathymetric sonar.  83 

 The most robust constraints to date on the timescale of crustal accretion come 84 

from the Vema transform region in the north Atlantic ocean, where a ~26 Myr-long 85 

record of accretion at the slow-spreading Mid-Atlantic Ridge (MAR; full rate ~25 mm yr-86 
1) is exposed along a 300 km-long flow line (Bonatti et al., 2003, 2005; Cipriani et al., 87 

2009). Synchronous, 3–4 Myr-long variations in the composition of mantle-derived 88 

ultramafic rocks and in the residual mantle Bouguer anomaly (RMBA; a proxy for crustal 89 

thickness) are evident at the Vema transform zone (Bonatti et al., 2003; Brunelli et al., 90 
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2006).  These short wavelength oscillations could be explained as buoyancy-driven 91 

thermal pulses at the base of the melting column (Bonatti et al., 2003), which may also be 92 

modulated by the presence of a pyroxenite bearing heterogeneous melt source (Brunelli et 93 

al., 2018).  94 

 Inferred from gravity data alone, similar periodicity in crustal accretion of 2–5 95 

Myr has been suggested on the MAR between the Atlantis and Kane fracture zones 96 

(Pariso & Sempéré, 1995; Tucholke et al., 1997). Horizontal variations in seismic P-wave 97 

velocity south of the Kane fracture zone (FZ) suggest that two adjacent episodes of 98 

magmatic and amagmatic spreading could occur in just 400–800 kyr (Canales et al., 99 

2000).  This result supports the notion that there is a delicate balance between magma 100 

supply and crustal accretion style, however since this single profile is restricted to within 101 

20 km (or ~1.6 Myr) of the ridge axis, it is difficult to apply more generally. Crustal 102 

thickness variability on time scales between 100 kyr and 1 Myr were also inferred from a 103 

74-Myr long gravity and bathymetry survey across the Mid-Atlantic Ridge (Shinevar et 104 

al., 2019). These authors noted, however, that the thick sediment cover of older abyssal 105 

hills could obscure the relationship between seafloor characteristics and crustal geometry. 106 

 Fluctuations in mid-ocean ridge magma supply on even shorter time scales (≤100 107 

kyr) have also been proposed on the basis of numerical modeling and spectral analysis of 108 

seafloor bathymetry, sparking some controversy. Characteristic distances in the fabric of 109 

abyssal hills at the Chile Ridge and at the SEIR have been found to correspond to periods 110 

close to those of Milankovitch orbital periodicities (i.e., climatic cycles at periods of 23, 111 

41 and 100 kyr; Crowley et al., 2015; Huybers et al., 2016), suggesting a potential impact 112 

of sea level fluctuations on seafloor fabric.  At the East Pacific Rise (EPR), 3D multi-113 

channel seismic images suggest crustal thickness variations on timescales of 80–100 kyr, 114 

which could be explained by sea level-modulated mantle melting (Boulahanis et al., 115 

2020).   This hypothesis has significant and far-reaching implications, including the 116 

notion that abyssal hills could provide a record of global sea level fluctuations over 117 

millions of years, leading to vigorous debate (e.g. Goff, 2015; Olive et al., 2015, 2016). A 118 

comprehensive analysis of abyssal hill statistics tested this notion using data covering 119 

crust 0–7 Myr in age from the East Pacific Rise, and 0–2 Myr from the SEIR (Goff et al., 120 

2018). By stacking a large number of bathymetric profiles in the time domain, Goff et al. 121 
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(2018) found that abyssal hill topography is random, with no evidence for a coherent 122 

climate-driven signal.   123 

 The data analyzed here provide a record of crustal accretion at intermediate 124 

spreading rates over a period of ~12 Myr, without the complications of amagmatic 125 

spreading that influence findings from the MAR (e.g. Bonatti et al., 2003), and far longer 126 

than the ~235 kyr-long record from the EPR (Boulahanis et al., 2020). These data span an 127 

along-axis distance of ~255 km over two spreading segments, providing a large number 128 

of adjacent profiles that are amenable to stacking. 129 

 130 

2. Data 131 

 Multibeam bathymetric data were collected by hull-mounted sonars on  the MV 132 

Fugro Equator, MV Fugro Supporter, and the Chinese naval vessel Zhu Kezhen between 133 

June 2014 and June 2016, and processed to generate a 40 m × 40 m resolution grid 134 

(Smith and Marks, 2014; Picard et al., 2018). Here we analyze a subset of these data 135 

located ~120 km northeast of the SEIR, covering an area ~220 x 400 km between the 136 

southernmost extent of the search area, and the southwestern edge of faulting and tectonic 137 

features associated with the Diamantina trench (Fig. 1).  The Geelvinck fracture zone 138 

(FZ) separates segment K and segment L of the SEIR (following segment nomenclature 139 

from Royer & Schlich, 1988), and is excised from the bathymetric grid for the purposes 140 

of analysis. 141 

  142 

2.1 Spectral analysis  143 

 We use frequency spectra stacked in the time domain in order to increase the 144 

amplitude of coherent time-dependent variations with respect to random bathymetric 145 

variations (thus enhancing the signal to noise ratio). Our first step is to assign crustal age 146 

estimates to the bathymetric data, which requires a crustal age model.  Since global age 147 

models are constructed at a coarse scale for global tectonic applications (e.g. Müller et 148 

al., 2016), there are small errors where zero age crust may not perfectly match the 149 

spreading axis (Goff et al., 2018).  We compared the global crustal age model of Müller 150 

et al., (2016) to multibeam bathymetric and towed sea surface magnetic data over 151 

segments K and L of SEIR acquired during cruise BMRG06MV in 1996 (Figure S1; 152 

www.marine-geo.org), and found minor (~7 km) discrepancies between the location of 153 
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zero-age crust and the spreading axis.  The shipboard data include a 10 km-wide 154 

bathymetric swath parallel to the ridge axis, and a single magnetic anomaly profile that 155 

crosses the axis on segment K, about 40 km northwest of the Geelvinck FZ.  We picked 156 

the spreading axis based upon the bathymetric peak that corresponds to the center of the 157 

Bruhnes-Matuyama magnetic anomaly on the crossing profile (age ~781 ka), and picked 158 

the remaining ridge axis in segments K and L based upon bathymetric character alone.  In 159 

combination with a plate rotation model (Müller et al., 2016), we constructed a smoothed 160 

regional crustal age grid for segments K and L using GPlates software (Müller et al., 161 

2016, 2018).  Based upon the width of the central bathymetric peak at the spreading axis 162 

along segments K and L, we estimate a minimum lateral uncertainty of ~500 m, which 163 

translates to a temporal resolution of ~0.014 Myr.  While there is uncertainty in this age 164 

determination, largely due to the sparse magnetic anomaly data available in this remote 165 

area, this is offset by our approach of stacking profiles in the frequency domain, hence 166 

absolute age constraints are less important. 167 

 Bathymetric profiles, spaced 500 m apart, were extracted along plate spreading 168 

flowlines, using the trend of the Geelvinck FZ as the most accurate local indicator of the 169 

plate motion vector. We excluded areas that show deformation associated with the 170 

Geelvinck FZ and the Diamantina trench, areas of volcanism related to the series of SW-171 

NE trending seamounts centered at ~88.6° in segment L, and the oblique features south of 172 

the Geelvinck FZ near 89°W (see dashed polygon in Fig. 1a).  The resulting set of 173 

profiles span a total of 275 km of along-axis distance, with 350 bathymetric profiles for 174 

segment K, and 400 profiles for segment L. Bathymetric depth values were sampled from 175 

the MH370 search grid at 50 m intervals along each profile, and crustal age assigned 176 

from the regional age model, which was then used to convert each profile into a time 177 

series (see examples in Fig. 2). 178 

 Profiles were de-trended to account for the effects of long-wavelength plate 179 

cooling, and spectral analysis carried out with a multitaper approach using seven tapers 180 

following the approach described by Crowley et al. (2015).  Spectra were stacked 181 

together to produce separate power spectral density estimates for segments K and L (Fig. 182 

2).  We also tested the effects of applying prewhitening (i.e. taking the time derivative) 183 

prior to calculating bathymetric spectra (Fig. S2), following the approach chosen by 184 

Crowley et al. (2015) to better identify spectral peaks amidst a red background 185 
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continuum.  Prewhitening has the net effect of removing the background slope of the 186 

spectrum, and bending the spectra down towards zero power, beginning near the corner 187 

period and continuing to longer periods.  This bending gives rise to an artificial spectral 188 

peak near the corner period (Fig. S2), which we do not interpret as a real signal in the 189 

data.  Hence we do not use these prewhitened spectra for further analysis. 190 

 In order to further characterize variations in crustal structure, we calculated the 191 

mantle Bouguer anomaly (MBA) over the study survey area, based upon satellite free-air 192 

gravity anomaly data (Sandwell et al., 2014).  The MBA was obtained by removing the 193 

gravitational effects of the water-crust and crust-mantle interfaces from the free-air 194 

gravity anomaly using an upward-continuation method assuming a crustal thickness of 6 195 

km, and crustal and mantle densities of 2700 and 3300 kg m-3, respectively (see Figure 196 

S3; Parker, 1973). The MBA was combined with a thermal correction to estimate the 197 

residual mantle Bouguer anomaly and relative crustal thickness, shown in Fig. S3f.  198 

Profiles and corresponding spectra were extracted from the resulting MBA grid (Figs. 199 

2c–f), both with and without prewhitening for comparison (Fig. 2 and Fig S2).  We 200 

calculated spectrograms as a function of distance from the Geelvinck FZ, by interpolating 201 

between adjacent spectra to investigate patterns of crustal accretion within each segment 202 

(Fig. S4). No clear difference in spectral power is evident between the two segments, and 203 

within each segment, spectrograms reflect the typical power law relation with increasing 204 

power up to ~400 kyr. 205 

 206 

3.1 Results: timescales of crustal accretion 207 

 Spectra obtained from our analysis of bathymetric profiles have a constant (i.e., 208 

white) power spectrum at long periods, which transitions to a power-law (fractal) 209 

spectrum at shorter periods. The transition between these two behaviors is marked by the 210 

change in slope of the spectra equivalent to a corner period, and defines a characteristic 211 

scale of morphology (Goff & Arbic, 2010; Goff & Jordan, 1988). This spectral character 212 

closely resembles a spectral model (von Kármán, 1948), which has been previously 213 

adapted to two dimensions to describe the statistical properties of abyssal hills (Goff et 214 

al., 1997; Goff & Arbic, 2010; Goff & Jordan, 1988).   Following this approach, we 215 

applied a linear fit in log-log space to the short and long period portions of each spectrum 216 
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(defined as >100 kyr and < 1 Ma, respectively), and used the intercept between these 217 

projected fits to obtain an estimate a corner period of 300–400 kyr (Fig 2).   218 

 In order to test the significance of spectral peaks at periods <400 kyr, we 219 

approximated a null hypothesis for the power-law portion of the spectra using a linear fit 220 

(Fig. 2).  We calculated the confidence intervals for this null hypothesis at 2σ (i.e. 95% 221 

confidence), and at 4σ.  In the null hypothesis, 5% of peaks are expected to fall outside of 222 

the 95% confidence bound; hence in order to be significant, we required peaks in the 223 

observed spectra to exceed the 4σ bound (Fig. 2).  Since no peaks in the observed spectra 224 

satisfy this criteria, we cannot reject the null hypothesis, and conclude that minor peaks in 225 

the spectra at periods <400 kyr are random fluctuations typically expected in the power 226 

law process.  Hence we find no evidence for seafloor bathymetric features corresponding 227 

to glacial cycles at periods of 23, 41 and 100 kyr.   228 

 The observed characteristic timescale of 300–400 kyr is consistent with the 229 

hundreds of kyr-long crustal accretion cycles observed along single crustal profiles at the 230 

MAR (Canales et al., 2000, Shinevar et al., 2019), but shorter than the ~3 Myr cycles 231 

reported by Bonatti et al. (2003). Below this corner period, the shorter period component 232 

of the bathymetric spectra (i.e. shorter wavelength and higher frequency, to the right in 233 

Figs. 2d and 2e) deviates considerably from the MBA spectra, providing evidence that 234 

this short period signal represents the faulted component of bathymetry.  Above this 235 

corner period, the bathymetric and MBA spectra have similar character, suggestive of a 236 

common, long-wavelength process likely to be related to crustal thickness and melt 237 

supply.  238 

 239 

3.2 Spatial and temporal variations in magmatism 240 

 Our spectral approach indicates that seafloor bathymetry contains a record of 241 

crustal accretion that is dominantly stochastic, giving rise to seafloor morphology that 242 

follows a power-law relationship at periods <400 kyr.  We do, however, find some 243 

evidence that crustal accretion may vary on characteristic time scales between 300 and 244 

~400 kyr (Fig. 2).  To further quantify these patterns in terms of accretion processes, we 245 

estimate the proportion of plate spreading accommodated by faulting versus  magmatism 246 

in space and time. First, we calculated the magnitude and azimuth of steepest slope for 247 

each grid node in the bathymetric survey (Fig. 3a).  We then extracted slope and azimuth 248 
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values along flowlines spaced 500 m apart, and identified extensional normal faults along 249 

each bathymetric profile by selecting inward-dipping slopes with magnitude >10° (i.e., 250 

dipping towards the ridge axis), with strikes oriented within 20° of the spreading vector.  251 

The total horizontal displacement (i.e., sum of individual fault heaves) was calculated 252 

over a moving window along each profile (Fig. 3b). The fraction of the window length 253 

populated by fault scarps represents the fraction of tectonically-accommodated plate 254 

separation (T). The quantity M = 1 - T is classically interpreted as the fraction of plate 255 

separation taken up by magmatic accretion at the spreading axis (Buck et al., 2005). In 256 

order to explore sensitivity to window length in this estimate, we calculated M using 3, 5 257 

and 10 km-wide windows (Fig. 3b).  At 3 km window length, M is more sensitive to local 258 

changes in slope, giving locally lower values (~0.8), whereas with a window of 10 km, 259 

local minima are ~0.9.  Hence we chose a compromise window length of 5 km to account 260 

for this potential uncertainty.  Adjacent profiles were then combined and interpolated to 261 

generate a spatially continuous map of M, plotted in Fig. 3c.   262 

 Values of M vary between ~0.85 and 1.0, reflecting the dominantly magmatic 263 

accretion style at this intermediate spreading rate (Buck et al., 2005; Howell et al., 2016; 264 

Olive et al., 2015).  In map view, regions of low M (0.85 < M < 0.95) manifest as axis-265 

parallel bands that are less than 10 km wide in the cross-axis direction, extend up to ~120 266 

km along-axis, and are spaced ~20 km apart. This spacing is consistent with the 267 

characteristic timescale of 300–400 kyr revealed by our bathymetric spectra, implying 268 

accretion cycles on the same time scale. Relative crustal thickness, derived from satellite 269 

free-air gravity anomaly, does not show any resolvable dependence upon M (Fig. S5), as 270 

similar to findings on the Mid-Atlantic ridge (Shinevar et al., 2019). The limited range in 271 

M values here (0.85 to 1.0) may preclude this relationship from being evident.  272 

Nonetheless, subtle changes in the balance between melt supply and faulting could 273 

explain the observed temporal variations in crustal accretion.  274 

 275 

4.1 Discussion 276 

 Our bathymetric spectra (Fig. 2) show a continuum pattern, with evidence for a 277 

characteristic time period of 300–400 kyr. This range corresponds to wavelengths of ~10 278 

to ~14 km, that is also apparent in MBA spectra, indicating that it could be related to 279 

characteristic wavelengths in crustal thickness. We note that the satellite gravity data do 280 
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not fully resolve wavelengths less than ~12 km (Sandwell et al., 2014), equivalent to a 281 

period of 340 kyr, hence features at such wavelengths are at the limit of resolution.  282 

Hence the deviation between the bathymetric and MBA spectra may partly reflect a 283 

reduction of sensitivity in the gravity data.  The density contrast between the crust and 284 

underlying mantle exerts a buoyancy force that can drive flexural-isostatic deflection of 285 

young oceanic lithosphere (Watts, 2001). If the wavelength of the deflection exceeds 286 

~100 times the effective elastic thickness (Te) of near-axis lithosphere, those deflections 287 

can be compensated isostatically, which maximizes their topographic expression (Olive 288 

et al., 2015). If not isostatically compensated, the effects of plate flexure can strongly 289 

hinder or suppress topography because the lithosphere responds more rigidly to shorter-290 

wavelength loads. We used the admittance between bathymetry and gravity data to 291 

estimate that the Te of lithosphere in this region is ~3 km (Supporting Information, and 292 

Fig. S6), a value consistent with estimates for young, intermediate-spreading rate 293 

lithosphere elsewhere (e.g., Cochran, 1979; Kuo and Forsyth, 1986). Hence, 10–20 km 294 

wavelength fluctuations in crustal thickness could be expressed (although partially 295 

damped) as fluctuations in bathymetry on the same range of wavelengths, and thus 296 

manifest as energy in our bathymetric spectra. By contrast, any rapid (<200 kyr) 297 

fluctuation in crustal thickness is much less likely to imprint seafloor topography through 298 

flexural-isostatic compensation. 299 

    Short-wavelength variations in the bathymetric spectra may instead be due to 300 

faulting, which at intermediate-spreading ridges generates abyssal hills that are typically 301 

~2 to 4 km apart, corresponding to characteristic time scales of ~50–150 kyr (Goff et al., 302 

1997). Such structures are evident from the bathymetric maps and profiles (Figs. 1 and 303 

2), and are known to produce  complex spectral peaks and their overtones at frequencies 304 

of order ~100 kyr (Olive et al., 2016). We propose that the characteristic time scale of 305 

300–400 kyr may partly reflect longer-wavelength changes in the tectonic fabric of the 306 

seafloor. Such changes manifest in map view (Fig. 3c) as intermittent high-T (or low-M) 307 

regions that are elongated in the along-axis direction, possibly reflecting accretion events 308 

that occur synchronously over distances of 20–80 km along the ridge axis (e.g., a 309 

sustained drop in the intrusion frequency of dikes that propagate tens of km along the 310 

axis). Our estimates of cumulative fault heave (Fig. 3b) suggest that during these periods, 311 

M drops to ~0.8–0.9 from a long-term average above ~0.95. In the classical model of 312 
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magma intrusion-controlled styles of ridge faulting (Buck et al., 2005; Behn and Ito, 313 

2008), such fluctuations around an average M so close to 1 have limited effects on fault 314 

characteristics. As a rule of thumb, these models predict that a decrease in M from 0.9 to 315 

0.8 at an intermediate spreading ridge would only increase fault spacing (of order ~2–4 316 

km) by ~200 m (Olive et al., 2015). Commensurate increases can be expected for fault 317 

heave and throw. Although small, they could cause subtle fluctuations in the tectonic 318 

fabric of the seafloor that become apparent in the frequency domain. In particular, the 319 

characteristic spacing of the low-M bands (Fig. 3c) could account for part of the spectral 320 

energy at 300–400 kyr. 321 

 This range of periods is consistent with the observation of strong variations in P-322 

wave crustal seismic velocities within 15 km of the slow-spreading MAR axis near 23°N 323 

(Canales et al, 2000), providing evidence that crustal thickness and thus magmatic input 324 

can vary on timescales of hundreds of ka. Our findings are also consistent with 325 

characteristic fluctuation periods of 390, 550 and 950 kyr found in bathymetry and 326 

gravity over 0–74 Myr-old Atlantic seafloor (Shinevar et al., 2019). However, these 327 

cycles are significantly shorter than the ~3–4 Myr oscillations in degree of melting and 328 

crustal thickness described at the MAR by Bonatti et al. (2003). Those longer period 329 

oscillations have been explained by intermittent buoyant convective mantle upwelling, as 330 

a result of non-uniform mantle rheology beneath the ridge axis (Bonatti et al., 2003; Scott 331 

& Stevenson, 1989). Numerical models of  slow-spreading ridges can explain along-axis 332 

spacing of adjacent mantle upwellings as short as 40–70 km, which are driven by a highly 333 

viscous shallow region in which the solid is dehydrated by melt extraction (Choblet & 334 

Parmentier, 2001). This mechanism is unlikely to generate the 10–20 km wavelength 335 

features observed here, since mantle upwelling instabilities are unlikely to be sustained 336 

on such fine scales. Our spatial analysis of extensional faulting is consistent with short-337 

term, subtle variations in melt supply, which are likely to drive the observed patterns in 338 

seafloor depth. 339 

 340 

4.2. Crustal production and magmatic waves 341 

One plausible mechanism for causing subtle, yet rapid variations in M is the 342 

development of transient, melt-rich porosity waves above the sub-ridge melting triangle, 343 

which could modulate melt supply, and hence the thickness of oceanic crust produced at 344 
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the ridge axis (White et al., 1992). Porosity waves are a fundamental feature of the two-345 

phase flow description of  melt transport in the (upper) mantle with non-zero compaction 346 

length (McKenzie 1984, Fowler 1985, Scott and Stevenson 1986; Spiegelman 1993a). 347 

Buoyant melt accumulates as it moves into a melt-free region, since it is an obstruction of 348 

flow due to the viscous resistance of the deformable mantle matrix. As melt accumulates, 349 

permeability increases. This accumulation allows melt to segregate faster and thus creates 350 

an additional obstruction upstream, encouraging melt to accumulate behind it. This 351 

process continues upstream, forming a train of porosity waves of wavelength comparable 352 

to the compaction length scale. Recent modeling has shown that porosity waves are likely 353 

to persist at slow spreading rates (<20 mm yr-1), hence providing a magmatic mechanism 354 

for crustal accretion cycling (Sim et al., 2018).  355 

To test the hypothesis that magma supply variability could explain the long-356 

period depth variations observed in the bathymetry on the SEIR, we employ a two-357 

dimensional (2D), two-phase flow model, with half spreading rate of 35 mm yr-1 (Fig. 4a; 358 

Sim et al., 2018). Further model details and parameters are given in Supporting 359 

Information.  This two-phase flow setup is based on equations first formulated by 360 

McKenzie (1984), Fowler (1985) and Scott and Stevenson (1986), extended to account 361 

for conservation of energy (Sim et al., 2018). Crustal thickness over time is calculated 362 

using the melt flux at the top of the model domain as a proxy (Fig. 4a ).  Our objective is 363 

to test whether a two-phase flow model can provide a feasible mechanism to explain the 364 

hundred of kyr variations in M implied by our observations, while not aiming to 365 

reproduce specific peaks in the bathymetric spectra.  The temporal periodicity in crustal 366 

thickness is due to time-dependent melt rich porosity waves in the models (see movie S1 367 

in Supporting Information). These melt-rich waves buoyantly propagate from the melting 368 

region towards the lithosphere-asthenosphere boundary, where they encounter the cold, 369 

strong lithosphere and form a decompaction layer that channels melt towards the ridge 370 

axis (Sparks and Parmentier, 1991; Spiegelman, 1993b; Hebert & Montesi, 2010; Keller 371 

et al, 2017; Sim et al., 2018). 372 

After an initial transient period (lasting ~2 Myr), porosity waves remain  373 

persistent in this model, as recognized in similar models at slow spreading rates (Sim et 374 

al., 2018). Spectral analysis of the crustal thickness time series shows a corner period on 375 

order of 150 kyr, and small spectral peaks periodicities at ~ 300, 150, and 100 kyr (Fig. 376 
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4b), consistent with the hundreds of kyr characteristic period observed in bathymetric 377 

spectra of the SEIR. Model outputs at double the spatial resolution (and hence increased 378 

adaptive temporal resolution) show that the characteristic corner period persists, along 379 

with some of the minor spectral peaks (Figs S7 and S8). Wavelength of the porosity 380 

waves depends upon compaction length, which is dependent on permeability, bulk 381 

viscosity and fluid viscosity, while the phase velocity and amplitude of the waves depend 382 

on the initial obstruction (Spiegelman, 1993b). Model asymmetry causes porosity waves 383 

to interfere constructively or deconstructively, likely causing variations in periodicity. 384 

Although this mechanism can reasonably explain crustal accretion variations that give 385 

rise to characteristic morphology on timescales of 100s of kyr, a more extensive  386 

modeling effort is required to fully test how the parameters highlighted above affect 387 

porosity waves as a magmatic source for varying M . 388 

 389 

4.3 Melt channelization 390 

 An alternative mechanism to explain crustal accretion cycles could be small-scale 391 

mantle heterogeneities, leading to melt channelization as suggested by Katz & Weatherly 392 

(2012), and Weatherley & Katz (2012, 2016). Numerical models show that mantle 393 

heterogeneities enriched in fusible components can lead to nucleation of magmatic 394 

channels (Weatherley & Katz, 2012), along which individual packets of melt may be 395 

delivered to the ridge axis on timescales of 25–350 kyr (Weatherley & Katz, 2016). On 396 

Iceland, kilometer-scale chemical variability of basalts can be explained by the variable 397 

source peridotite fusibility, indicating that variations in source composition and fusibility 398 

are present on small length scales (Shorttle & Maclennan, 2011). We suggest that mantle 399 

heterogeneities on length scales similar to that observed on Iceland (tens of kilometers), 400 

could lead to the presence of more- or less fusible parcels of source material beneath the 401 

ridge axis, and in turn generate ephemeral networks of magmatic channels. During 402 

periods when more fusible source material is undergoing melting, channelization is 403 

favored and melt supply is increased. When less fusible mantle source is within the 404 

source region, channelization is inhibited, and melt supply is relatively reduced. Since 405 

observed variations in M typically extend along the entire length of segments L and K, 406 

this melt channelization mechanism would need to be driven by heterogeneities that are 407 

large enough to be sampled along several tens of kilometers of ridge axis at the same 408 
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time. If the heterogeneities occur on length-scales shorter than an individual segment, 409 

then melt anomalies would generate a patchwork of crustal thickness variations along 410 

axis.  Since we observe considerable uniformity along-axis, melt channelization alone 411 

cannot explain the observed patterns, and therefore we favor the porosity wave 412 

mechanism for generating kyr-scale variations in melt supply. 413 

 We speculate that if these two possible mechanisms were both acting upon the 414 

melt region, any dominant periodicity in crustal production imposed by one may be 415 

damped by the effects of the other.  Hence their combined effects would be expected to 416 

decrease the amplitude of any peaks in the observed bathymetric spectra.  The spectra 417 

presented here mostly reflect a stochastic continuum, which could be explained by the 418 

combined effects of multiple crustal accretion processes that obscure any individual 419 

spectral peaks. 420 

 421 

Conclusions 422 

 Bathymetric data spanning two spreading segments of the intermediate-spreading 423 

SEIR show a power law character, with a characteristic corner period of ~300 kyr to 400 424 

kyr. Bathymetric and MBA spectra have similar character only above these periods, 425 

supporting the notion that this timescale reflects variations in crustal thickness.  The data 426 

do not indicate periodicity in crustal accretion at glacial cycle intervals.  Spatial 427 

variations in fault heave and relative crustal thickness could be explained by relatively 428 

subtle changes in the amount of extension accommodated by faulting, which may in turn 429 

could be driven by varying magma supply, M. 430 

 One possible mechanism for such variations in melt supply at slow and 431 

intermediate spreading rates are time-varying melt rich porosity waves in the mantle.  432 

Our model results demonstrate that this phenomenon can lead to temporal changes in 433 

crustal thickness over periods of hundreds of kyr, consistent with the bathymetric 434 

observations.  Alternatively, small-scale mantle heterogeneity has been shown to lead to 435 

melt channelization, which could also generate melt supply variations on similar 436 

timescales.   437 

 438 

 439 

 440 
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Figures 624 

 625 

 626 
 627 

 628 

Figure 1. Multibeam bathymetric data.  Inset: Southeast Indian Ridge (SEIR) and 629 

spreading vectors (red line/arrows), search area (magenta), study area (black box), and 630 

segments K and L.  a) Southern portion of MH370 search area, bisected by Geelvinck FZ 631 

(GFZ), northern boundary is Diamantina trench (DT); solid black lines are depth profiles 632 

shown in Figs. 2a and 2b; dashed black lines are areas selected for profile extraction; red 633 

arrow is spreading vector, with half-spreading rate noted. b) and c) Zooms showing 634 

seafloor morphology from segments K and L, respectively, highlighting examples of 635 

abyssal hills and longer wavelength bathymetric ridges. 636 
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 638 

 639 
 640 

 641 

Figure 2. Bathymetric profiles and power spectra.  a) and b) Example profiles from 642 

segments K and L, respectively; locations shown in Fig. 1.  Black/red lines are 643 

bathymetry and MBA, respectively; inset (c) shows detailed portion of profile from 644 

segment K. (d) and (e) Power spectra calculated from bathymetric and MBA profiles 645 

from segment K and L, respectively, without prewhitening; thin solid black line is linear 646 

fit to short period 'red' portion of spectra; thin black dashed line is linear fit to long period 647 

'white' portion of spectra; intercept of two fits used to estimate corner period (cp; marked 648 

with arrow); dark/light gray bands are 2σ (95% confidence interval) and 4σ bounds for 649 

linear fit, respectively. Significant peaks are expected to exceed 4σ bound. 650 
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 654 
Figure 3.  Spatial variations of crustal accretion style. a) Slope map, black lines show 655 

examples of profiles used to calculate M along plate spreading flowlines. b) Selected 656 

bathymetric profiles (black lines), with dots colored by slope where criteria for 657 

extensional fault scarps is met; orange/green/blue lines are M calculated using 10/5/3 km-658 

long sliding windows, respectively. Profile locations shown in (a). c) Map-view estimate 659 

of M shaded with bathymetry, obtained by combining adjacent profiles with window 660 

length 5 km. Geelvinck FZ excluded from analysis. 661 
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 664 
Figure 4.  Crustal thickness estimates and resulting spectra derived from 2D two-phase 665 

flow modeling for mid-ocean ridge with half spreading rate of 35 mm yr-1. a) Crustal 666 

thickness time series model output. b) Power spectral density for time series in a), 667 

calculated for time interval starting 2 Myr after initiation of model run to avoid early 668 

transient period.  669 
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