UNIVERSITY OF CALIFORNIA SAN DIEGO

Gravity from altimetry, bathymetry from gravity, and tectonics from space

A dissertation submitted in partial satisfaction of the
requirements for the degree Doctor of Philosophy

n

Earth Sciences

by

Hugh Harper

Committee in charge:

Professor David T. Sandwell, Chair
Professor Jeff Gee

Professor Dave May

Professor Ross Parnell-Turner
Professor Jose Restrepo

2023



Copyright
Hugh Harper, 2023

All rights reserved.



The Dissertation of Hugh Harper is approved, and it is acceptable in quality and

form for publication on microfilm and electronically.

University of California San Diego

2023

il



DEDICATION

To Fig

v



TABLE OF CONTENTS

Dissertation Approval Page . ........ .. 1ii
Dedication .. ...t e v
Table Oof CONtENtS . ... ..ottt e e et ettt et \%
List Of FIgures . . . ..ot e e vii
Acknowledgements . . .. ... e X
T L xi
Abstract of the DisSertation .. .............i .ttt ittt xii
IntroducCtion . .. ... ..o e 1

References . . ... ..o e 5

Chapter 1 Marine vertical gravity gradients reveal the global distribution and tectonic

significance of “seesaw” ridge propagation ..................c.ooun.... 7

L1 INtroduCtion . ... .. ...t e 7
L2 Data. ... 11
1.2.1 Marine vertical gravity gradient .............. .. ... i, 11

1.2.2  Multibeam bathymetry.......... .. .. ... 13

1.3 Results and DiSCuSSION . . .....ootni it 15
1.3.1 Identification and digitizationof SSPs......... ... ... ... ... ... ..... 15

1.3.2  Spreading rates and age offsets of SSPs............ ... ... ... ... ... 17

1.3.3 Morphology and isostatic compensation of SSPs .................... 20

1.3.4 Symmetry of SSPs and new data type for reconstructions .. ........... 22

1.3.5 Assessment of SSP propagationmodels ........................... 24

1.4 ConClUSIONS . ..ottt e e e e e e e e 27
1.5 Acknowledgements .. ...... ... 29
References . ... ... 31
Chapter 2 Ridge propagation and the stability of small mid-ocean ridge offsets . . . ... 37
2.1 Introduction ... ... ..ot e 37
2.2 Energy balance of stable and unstable ridges . ................ ... ... ...... 40
2.3 Methods . ..o 45
2.3.1 Yield strengthenvelope .......... ... i 45
2.3.2  Driving forces: estimating F ........ .. ... ... . i 46
2.3.3 Digitized ridge segments and offsets ............. ... ... ... ... 48

24 ReSUILS . 49
2.4.1 Major propagating ridges .. .........uuurineinninninan. 49

24.2 Transformfaults . ..... ... . 51



2.4.3 Seesaw Propagalors . ... .. 51

2.5  DISCUSSION ..\ttt 54
2.5.1 Shear resistance exceeds loadingforce .............. ... ... ... ..., 55
2.5.2 Direction of propagation . ............ i 57
2.5.3 Comparisonstoothermodels ............. ... ... ... ... . ... 58
2.5.4 Modelimplications ......... ... .. i e 59

2.6 CONCIUSIONS ... 62

2.7 Appendix: Yield strength envelope parameters ............. .. ..o ... 62
2.7.1 Brittle strength parameters ............. i 62
2.7.2 Ductile owlawand parameters. ... 63

2.8 Appendix: Example digitized ridge segments ........... ... i . 63

2.9 Acknowledgements . ... ... e 65

RefEIENCES . . o 66

Chapter 3 Global predicted bathymetry using neural networks .. .................. 70

3.1 INtrOdUCHION . ... e 70

3.2 MethOOS . .o 72
3.2.1 Data preparation and feature generation ................. ... .. ..... 72
3.2.2 Datasplitting. ... ..ot e 75
3.2.3 Model architecture and training ..............ccciiiiiiiiianen... 75
3.2.4 Inference: generating the global predicted grid. ..................... 76

3.3 RESUIS . 77
3.3 1 Basemodel ... 77
3.3.2 Addedfeatures . ...... ... 78

3.4 DISCUSSION . .ttt et e e e e 79
3.4.1 Generating apredicteddepthgrid............. .. ... .. .. 79
3.4.2 Comparisonto Nettletonmodel .............. .. ... ... ... .. ... 79
3.4.3 Potential forimprovements . .......... ... 81

3.5 CONCIUSIONS ... 84

3.6 ACKNOWIEdgEemMENtS . ... .o 85

RefErENCES .. o 86

Chapter 4 CONCIUSIONS . . .o 89

ReEfEIENCES .. o e e 92

Vi



Figure 1.1.
Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 1.5.

Figure 1.6.

Figure 1.7.

Figure 1.8.

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.
Figure 2.5.

Figure 2.6.

Figure 2.7.

Figure 2.8.
Figure 3.1.

Figure 3.2.

LIST OF FIGURES

Evolution of a seesaw propagator in the Southeast Indian Ocean. ........ 12
Comparison between VGG v16, v29, and high-resolution bathymetry. . . .. 14
Multibeam bathymetry over two off-axis SSPs collected in the Southeast
Indian Ocean as part of the search for missing ight MH370............ 16
SSPsinfourdifferentbasins. .......... ... .. 18

The distribution of SSPs with respect to half spreading rate and distribution
of age OffSets. .. ... o 20

Multibeam bathymetry acquired during the search for missing ight MH370
overlain ontheregional VGG grid. ...t 23

Four prominent SSP pairs in in the Southeast Indian Ocean and their
deviation from the small circle of plate spreading with respect to age. . ... 25

Gravity anomaly, bathymetry, crustal age, and changes in SSP propagation
AIrECHION. . .o 28

Schematics of propagating ridges and seesaw propagators. ............. 39

Seesaw propagators and fracture zones of the southern Mid-Atlantic Ridge,

and distribution of ridge offsetlength............. ... ... ... ... .. ... 41

Schematic of ridge offset migration, yield strength envelope vs. distance

along offset, offset length vs. total shear resistance. ................... 43
Galapagos and Southeast Indian propagating ridges and model results. ... 52
Shear resistance vs. ridge loading force for transform faults. . ........... 53

Shear resistance vs. ridge loading force for SSPs, failing ridge force vs.

propagating ridge force. ............ i 54
Depth-integrated shear strength vs. normalized distance along an offset for
growing offsetlength. ........ ... ... . . . . 61
Example of digitized ridge segments in the North Atlantic. ............. 64
An overview of the datasetsinmapview. ............................ 73
Schematic of the neural network architecture. ........................ 74

Vil



Figure 3.3.
Figure 3.4.
Figure 3.5.

Figure 3.6.

An example of partitioning the data for training and testing. ............
Model-predicted depths with long-wavelength depth added. ............
Comparison of Nettleton and DNN models by prediction error

Nettleton and DNN model predictions for withheld BODC data. ........

viii

76

80

83



ACKNOWLEDGEMENTS

| have many thanks to give, more than | could hope to express.

First of all, | want to thank my advisor David Sandwell, who is immeasurably generous
and a strong advocate for me and all of his students. He is, for many reasons, a legend at Scripps,
and | feel very lucky to have had him as a mentor.

| want to also thank my co-authors who, during our relatively brief collaborations, have
been great mentors to me. | was fortunate to have the guidance of Brook Tozer in my rst few
years here, who went out of his way on my behalf. Sometimes when a project isn't working out
like you hoped, it's not at all clear where you're headed or even what your next move is. Karen
Luttrell has a way of cutting through this fog, and she helped me to organize my thoughts and
process and to turn my jumbled thoughts into something coherent.

| thank my committee members—Jeff Gee, Dave May, Ross Parnell-Turner, and Jose
Restrepo—for their patience and honesty, and for their feedback on manuscripts. A special thanks
to Ross who welcomed me into his marine geophysics group meetings.

Things are a lot easier if youre among friends, and | was always among friends here. |
understand that is not always true in graduate school, so | am very grateful for my IGPP cohort,
my colleagues in the Sandwell lab, and many others at IGPP whom | am happy to call my friends.
Because of them, | feel that time has passed too quickly.

Finally, 1 want to thank my family and my girlfriend, Grayson. They are the most
important people to me.

Chapter 1, in full, is a reprint of the material as it appears in the Journal of Geophysical
Research Solid Earth: Harper, H., Tozer, B., Sandwell, D. T., Hey, R. N. “Marine vertical gravity
gradients reveal the global distribution and tectonic signi cance of "seesaw” ridge propagation”,
JGR: Solid Earth2021. The dissertation author was the primary investigator and author of this
paper.

Chapter 2, in full, is a reprint of material that has been submitted for publication in the

Journal of Geophysical Research Solid Earth: Harper, H.; Luttrell, K.; Sandwell, D. T. “Ridge



propagation and the stability of small mid-ocean ridge offsets”, in rev. The dissertation author
was the primary investigator and author of this paper.

Chapter 3, in full, is currently being prepared for publication as Harper, H. and Sandwell,
D. T. “Global predicted bathymetry using neural networks”. The dissertation author was the

primary investigator and author of this material.



VITA

2015 B. S. in Geology, Appalachian State University
2017 M. S. in Geophysics, University of Alaska, Fairbanks
2023 Ph. D. in Earth Sciences, University of California San Diego

PUBLICATIONS
Harper, H. and Sandwell, D. T. “Global predicted bathymetry using neural networks”, in prep.

Harper, H.; Luttrell, K.; Sandwell, D. T. “Ridge propagation and the stability of small mid-ocean
ridge offsets”,in review

Devine, S.Harper, H.; Marshall, S. T. “Mechanical Models of Fault-Slip Rates in the Transverse
and Peninsular Ranges, Californi&gismological Research LetteP922

Sandwell, D. T.; Goff, J. A.; Gevorgian, Harper, H.; Kim, S-.S.; Yu, Y.; Tozer, B.; Wessel, P,;
Smith, W. H. F. “Improved bathymetric prediction using geological information: SYNBATH”,
Earth and Space Scienc2022

Sandwell, D. T.Harper, H.; Tozer, B.; Smith, W. H. F. “Gravity eld recovery from geodetic
altimeter missions”’Advances in Space Resear2f21

Harper, H.; Tozer, B.; Sandwell, D. T.; Hey, R. N. “Marine vertical gravity gradients reveal the
global distribution and tectonic signi cance of "seesaw” ridge propagatid@R: Solid Earth
2021

Watts, A. B.; Tozer, B.Harper, H.; Boston, B.; Shillington, D. J.; Dunn, R. “Evaluation of

shipboard and satellite-derived bathymetry and gravity data over seamounts in the northwest
Paci c Ocean”,JGR: Solid Earth2020

Xi



ABSTRACT OF THE DISSERTATION

Gravity from altimetry, bathymetry from gravity, and tectonics from space

by

Hugh Harper
Doctor of Philosophy in Earth Sciences
University of California San Diego, 2023

Professor David T. Sandwell, Chair

The ocean oor, more than 70% of the solid earth surface, remains mostly unmapped by
conventional echo-sounding methods. Measurements from satellite altimetry precipitated maps
of marine gravity with uniform global coverage which have improved markedly as repeated
measurements have reduced noise. Such maps allow us to see the ocean oor that was previously
hidden.

The structures revealed on the sea oor re ect processes of plate tectonics. We describe
a new type of tectonic feature revealed in maps of marine vertical gravity gradient (VGG). So-
called seesaw propagators re ect ridge propagation that reverses direction. SSPs are ubiquitous

on sea oor that formed at half spreading rates between 10-40 mf) gheir propagation
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directions do not appear to be correlated over large length scales, and they occur where the
ridge offset is less than 30 km. This suggests the yield strength of the lithosphere at large MOR
offsets prevents propagation. We develop a model framework based on a force balance wherein
forces driving propagation must exceed the integrated shear strength of the offset zone. We
apply this model framework to 4 major propagating ridges, 55 seesaw propagating ridges, and
69 transform faults. The model correctly predicts the migration of major propagating ridges
and the stability of transform faults, but the results for SSPs are less accurate. This model
framework simpli es deformation in the shear zone, but can possibly explain why non-transform
deformation is preferred at short offsets.

Finally, we give a new method for predicting bathymetry from gravity using a machine
learning approach. We design and train a neural network on a collection of 50 million depth
soundings to predict bathymetry globally using gravity anomalies. Our nal predicted depth
model improves on the old predicted model rms by 18%, from 165 m to 136 m. Additionally, we
recommend a strategy for partitioning depth sounding data such that the problem conforms with

the assumption of data independence required by many machine learning algorithms.
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Introduction

It's well known, even among laypeople, that only a small portion of our world's oceans
have been explored. It's familiar to hear that we know more about the surfaces of nearby planets
than we do about the abyss here at home. Because this is a fact, it's hard to outright object, but |
do think it gives the wrong impression sometimes. What | mean to say is it's not the whole story,
and we do know a bit more about the ocean oor than the statement might suggest.

Why is it important that we know the structure of the sea oor? From a human/societal
perspective, such knowledge is essential to establishing international boundaries and determining
law of the sea (Jakobsson et al.; 2003); for commercial purposes like sea oor mining (e.g. Ellis
etal.; 2017) or ber optic cable routing (W et al.; 2019); and for understanding and avoiding
navigational hazards. Maybe the most striking examples of the latter are high-pro le submarine
groundings of recent memory (USS San Francisco in 2005, USS Connecticut in 2021) which
quite clearly suggest a need for reasonable depth maps. There are equally good reasons from
a more purely scienti ¢ point of view. Various aspects of modeling in ocean science, such as
tidally-generated ocean mixing (e.g. Goff and Arbic; 2010) or tsunami propagationly8dp
et al.; 2020) depend on knowledge of bathymetry. From a solid earth perspective, the sea oor
structure is useful in studying plate tectonics (e.gller et al.; 2018). It was in the oceans that
the theory of plate tectonics took its shape (e.g. Kearey et al.; 2009), and maps of the sea oor
can still reveal many subtleties of plate creation and destruction.

If only a small fraction of the sea oor has been mapped, and mapping the gaps is many
years and many millions of dollars away, then what are the means by which we can infer the

structure of the sea oor? To address the scarcity of depth measurements in the oceans, we have



a powerful tool in gravity. Because of the density contrast of rock and water, we can relate small
changes in the in uence of gravity to the depth of the water column. Although this idea was
rst suggested by Siemens (1876), it would be 100 years before such a tool existed that could
fully exploit this relationship. Following the advent of satellite altimeters, which could recover
the marine gravity eld from space, Dixon et al. (1983) showed the feasibility of bathymetric
prediction from gravity. The following decade, such a mapping of the oceans was a reality (Smith
and Sandwell; 1994, 1997).

The principles of altimetry over the oceans are straightforward. The instrument measures
the two-way travel time of a radar pulse between itself and the sea surface and converts this
to a range. To determine the sea surface height (SSH), the ranging measurement is subtracted
from the distance of the satellite to some reference surface (the reference ellipsoid). The true
SSH anomaly is a combination of several phenomena operating at different length and time
scales (e.g. Sandwell; 1991), but for the purposes of solid earth gravity recovery, oceanographic
signals such as dynamic topography (e.g. Nerem and Koblinsky; 1993) are considered noise. The
time-independent signal corresponds to the geoid—a theoretical surface of gravity equipotential.

By taking the slope of the SSH measurement along the track of the satellite, we reduce
the long wavelength signal and noise and the biases inherent in the absolute height measurement
(Smith; 1998). We decompose the along-track slope into north and east de ections of the vertical
(where the vertical is normal to the ellipsoid), and a solution of Laplace's equation allows us
to recover gravity anomaly (e.g. Haxby et al.; 1983; Sandwell; 1992; Smith; 1998)mrad.
de ection corresponds to approximately 1 mgal. While the native range precision of an altimeter
is nowhere near this level, we can approach this precision with waveform retracking and repeat
pro le stacking (e.g. Sandwell and Smith; 2005; Garcia et al.; 2014).

Short wavelength gravity anomalies on the sea oor are rapidly attenuated by upward
continuation to the sea surface (Parker; 1972), limiting the resolution of recovered features to
a few times the regional water depth. To directly quote Smith (1998): “The value of satellite

altimeter data for tectonic studies is not the clarity with which individual structures are imaged,



but the fact that the technique provides nearly global coverage with essentially uniform resolution.”
Gravity-based maps of the sea oor have revealed, on a grand scale: the distribution of seamounts
(e.g. Kim and Wessel; 2011; Gevorgian et al.; 2023); thermal contraction-induced gravity rolls
(Sandwell and Fialko; 2004); mid-ocean ridge segmentation, fabrics related to spreading rate
(Small and Sandwell; 1994), and associated features such as fracture zones (e.g Matthews et al.;
2011) and propagating ridges (e.g. Morgan and Sandwell; 1994). An investigation of a class of
propagating ridges is the subject of the rst two chapters.

In chapter 1, we analyze new satellite-derived vertical gravity gradient (VGG) data,
which reveal an abundance of off-axis sea oor features that are oblique to ridges and transform
faults and thus re ect the occurrence of ridge propagation at some segment boundaries. However,
unlike many propagating ridges, these features commonly reverse direction leaving W-shaped
signatures in the sea oor which we refer to as “seesaw propagators” (SSPs). Using the VGG, we
document these features globally and nd that: (1) SSPs are ubiquitous on sea oor that formed
at half spreading rates between 10-40 mmhand their total length is about 1/3 that of fracture
zones. (2) The lithospheric age offset across SSPs (0—2.5 Ma) is less than transform faults (2—10
Ma), which likely re ects a rheological threshold, whereby only young and weak lithosphere
allows for “non-rigid” SSP behavior. (3) Isostatic modelling of well-surveyed SSPs con rms that
they formed on young and thin (3 km) lithosphere. (4) The directional changes of SSPs in both
time and space appear largely uncorrelated and cannot be explained by previous regional-scale
models invoked to explain unidirectional ridge propagation and thus require a different driving
force.

In chapter 2, we continue the investigation of SSPs, focusing on the ridge offset length
of such features. For slow- and intermediate-spreading ridges, there appears to be an offset
length threshold above which adjacent ridges do not propagate so remain as stable transform
faults. We propose this threshold is due to the yield strength of the lithosphere, and we develop
a model framework based on a force balance wherein forces driving propagation must exceed

the integrated shear strength of the offset zone. We apply this model framework to 4 major



propagating ridges, 55 seesaw propagating ridges, and 69 transform faults. The model correctly
predicts the migration of major propagating ridges and the stability of transform faults, but the
results for SSPs are less accurate. Model predictions for direction of ridge propagation are mixed
as well. This model framework simpli es deformation in the shear zone, but can possibly explain
why non-transform deformation is preferred at short offsets.

While recovery of the gravity eld is independently of great use in studying tectonics,
it's through a combination of shipboard measurements of depth and gravity that we can infer
the depth of the sea oor. The third chapter describes a machine learning-based update to the
depth prediction method established by Smith and Sandwell (1994). We design and train a
neural network on a collection of 50 million depth measurements to predict bathymetry globally
using gravity anomalies. We nd the best result is achieved by pre- Itering depth and gravity in
accordance with the admittance theory given by Smith and Sandwell (1994). Our nal predicted
depth model improves on the old predicted model RMSE by 16%, from 165 m to 138 m.
Additionally, we recommend a strategy for partitioning a dataset such that the problem conforms

with the assumption of data independence required by many machine learning algorithms.
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Chapter 1

Marine vertical gravity gradients reveal
the global distribution and tectonic signi -
cance of “seesaw” ridge propagation

1.1 Introduction

Segmentation of the global mid ocean ridge (MOR) system is one of the most prominent
features of the ocean oor, 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 offsets 80 km) of the ridges (Wilson; 1965);
because they are stable in time and space, they produce the pronounced off-axis fracture zones
that record the spreading motion of the plates. Along both slow (e.g. &erapal.; 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 and 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 disruptions in the continuity of the magma lens (Kent et al.; 1990).



A thorough review of ridge segmentation can be found in Carbotte et al. (2016).

As these features continued to be discovered, it soon became apparent that the overall
morphology of ridges and the style of their segmentation are intrinsically related to the sea oor
spreading rate, and hence, the thermal structure and strength of the oceanic plates (e.g. Mac-
donald; 1982; Macdonald et al.; 1987; Small and Sandwell; 1989; Chen and Morgan; 1990;
Morgan and Chen; 1993; Small and Sandwell; 1994; Dunn; 2015). 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 propagation or microplate
development (e.g. Hey et al.; 1995). Several authors (Small and Sandwell; 1994; Chen and
Morgan; 1990; Malinverno; 1991) have proposed that a major transition in the style of MOR
tectonics occurs over the half spreading rate range2-40 mm yr 1. At rates lower than this
(i.e., intermediate- to slow-spreading), the ridges are characterized by axial valleys and transform
faults and fracture zones have prominent troughs that are typically spa®eBO km apart.
Conversely, at higher spreading rates (i.e., fast-spreading) the ridge axis has an axial high, the
transform faults are more widely spaced along axi$@0—1000 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. Hey et al.; 1986; Morgan and Sandwell; 1994;
Korenaga and Hey; 1996; Dannowski et al.; 2011; Zheng et al.; 2019). Ridge propagators were
originally characterized by Hey (1977) who observed the off-axis V-shaped pseudofault pairs in
marine magnetic anomalies. Figurel.1la 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 gure). This “outer” pseudofault
represents a small age offsetl( Ma) in the sea oor and has a topographic expression that
resembles that of a fracture zone. On the right is a broader sheared zone, bounded by the “inner”
pseudofault 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 (S1 in the gure) 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 sea oor morphology.

Along slow- and intermediate-spreading ridges, there exists a unique but poorly doc-
umented type of propagating offset. These behave similarly to PRs but produce distinctive
W-patterns in the ridge anks (e.g. Figurel.1lc). These features have previously been referred
to as “discordant zones” (Grindlay et al.; 1991) and “non-transform discontinuities” (NTDs)
(e.g. Rea; 1978; Hey et al.; 1980, 1986; McKenzie; 1986; MacDonald et al.; 1988) but few
have been mapped off axis at high resolution using multibeam sonar (e.g. Grindlay et al.; 1991;
Cochran and Senge; 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 anks by discontinuous jumps of the
propagating ridge 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 1.1 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” (MacDonald et al.; 1988; Macdonald et al.; 1991; Johnson et al.;
1983; Wilson; 1990). Because—as we document in this paper—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 propagating ridge 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 nd 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, because the slower spreading rift tips abut 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 accommodate lateral jJumps 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 re ect
a different style of rift propagation.

Some of the features included in our new global catalogue were included in the previous
regional/global compilations of Morgan and Sandwell (1994); Briais and Rabinowicz (2002);
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 substantially, 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 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 1.2) to analyze SSPs globally. Our study comprises ve components:

1. We use the new VGG maps to identify and digitize SSP pairs. Many of these are re ned
digitizations of features identi ed by Matthews et al. (2011). Though many were classi-
ed broadly as discordant zones, we categorize them as NTD/SSPs, and we also added
previously unidenti ed SSPs. We use 224 features (112 pairs) identi ed by Matthews et al.
(2011), many of which we have modi ed to t 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.
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2. We guantify 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.

3. 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). 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 reversals 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.

1.2 Data
1.2.1 Marine vertical gravity gradient

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

The VGG isg;(x) = 19(x) =1z, wherex is the horizontal position vector. The VGG is
used to highlight the shorter wavelength variations in the gravity eld (e.g. Wessel and Lyons;
1997), that are better suited to mapping relatively ne-scale sea oor tectonic structures. In
practice, the VGG is the curvature of the ocean surface as measured by satellite altimetry. The
geoid heightN, which is equal to the height of the ocean surface above the reference ellipsoid,
is related to the gravitational potentlalby Brun's formulaN = U=gy whereg is the average
acceleration of gravity. The potential satis es Laplace's equaﬁ%ﬁ %ﬁ + 1112—;2’ = 0and
the vertical gravity gradient ig; = 1%} S0Q;= Qo q]—i? + %’}‘ . Unfortunately, by taking
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Figure 1.1. 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 (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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this derivative, the signal of the short wavelength background noise (predominantly from ocean
waves) is also ampli ed. 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 rst non-repeat Ka-band altimeter, SARAL/AltiKa—have, however, resulted

in a signi cantly lower noise level (e.g. Figure 1.2). This has helped reveal the small-scale
tectonic structures including abyssal hills, small seamounts, and now seesaw propagators. 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.
1.2.2 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 active ridge axes. Previous studies near the ridge axis include those of,
for example: Carbotte et al. (1991); Fox et al. (1991); Grindlay et al. (1991), who analyzed
discontinuities along the South Mid-Atlantic Ridge (MAR); Sesrpet al. (1993), along the
north MAR; Cochran and Sergge (1997) and West et al. (1999) along the Southeast Indian
Ridge; and more recently Dannowski et al. (2018) and Zheng et al. (2019), who analyzed the
behavior of non-transform 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 People's Republic of China 2017 (Picard et al.; 2018). This consists
of 279,000 km of multibeam bathymetry data concentrated alongl80 km wide central
swath that runs sub-parallel to the Australian plates owline in the Southeast Indian Ocean
(SEIO). A portion of these data are shown in Figure 1.3, where the search path fortuitously

mapped two off-axis SSPs, providing the best record of off-axis SSP morphology to date. We
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Figure 1.2. Comparison between (a) VGG v16 (used by Matthews et al. (2011)) and (b) v29 (used
in this study). Note the signi cantly reduced noise level reveals several previously unidenti ed
SSPs and the extra clarity allows for a more con dent identi cation of the traces of others. The
yellow lines trace Southeast Indian Ridge. Features identi ed in Matthews et al. (2011) (as
DZs) are shown in (c). Identi ed SSPs of this study are shown in (d) as red lines, and available
shipboard bathymetry in the region is shown in (e) (Cochran and &émj®97). Shipboard

data shows high resolution morphology of the propagators near the ridge, and satellite data shows
a complex history of propagation.
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use these data to assess SSP morphology as well as determine the effective elastic thickness
of the lithosphereTe) associated with these features by analyzing them in conjunction with

satellite-derived free-air gravity anomalies.

1.3 Results and Discussion
1.3.1 Identi cation and digitization of SSPs

SSPs appear as continuous¥s lows in the VGG, typically with amplitudes of20
EOtvos relative to their surroundings. They trend dominantly in the direction of spreading
but with an oblique component that ips polarity (“seesaws”) typically on timescales of a few
million years (e.g. Figure 1.1). 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
thousands of kilometers from the ridge axis (Figure 1.4).

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 anomalies (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 in ection points in locations of VGG lows. This required relaxing the
ridge/transform orthogonality adhered to in the Sandwell and Smith (2009) study and only
transforms which have clear fracture zone extensions were included.

We began our SSP cataloguing by modifying the interpretations of features 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

analysis, these features were classi ed as “discordant zones”. The “discordant zone” label has
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