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ABSTRACT

The shapes and directionality of the oceanic crust at slow-spreading ridges are key to understanding its magmatic or
tectonic emplacement. At slow-spreading ridges, magmatic terrain is marked by linearly fault-bounded abyssal hills,
while a more tectonic emplacement termed detachment terrain is marked by long-lived detachment faults forming
Oceanic Core Complexes (OCCs). However, the quantitative description of the magmatic and detachment regimes is
still limited. We develop a novel geomorphometric technique to automate terrain classification based on the
parameterisation of the shape, directionality, and curvature of the seafloor. The algorithm consists of two steps: (1)
characterising the pattern observed in the horizontal axes by computing the horizontal eigenvalues of the slope
vectors at each multibeam cells and (2) building a weight matrix derived from the computed slopes. The eccentricity
of the horizontal eigenvalues defines the dipping pattern in the horizontal axes, hence the term slope-weighted
eccentricity (SWE). The technique is applied through a moving window and is tested at 12.5°-15.5° N on the Mid-
Atlantic Ridge (MAR), where the two distinct modes of spreading occur. The application of this novel
geomorphometric technique yields results consistent with published qualitative interpretation and the distribution of
seismicity observed from the peak amplitudes of the tertiary waves (T-waves) in the study area. Using the
established algorithm, we found that 41% of the seafloor in our study area experienced detachment faulting (up to
28% are identified as OCCs), 25% experienced typical magmatic accretion, and a buffer zone termed extended
terrain affects 34% of the seafloor, where the morphology shows a transition from detachment to magmatic
spreading or vice versa. These findings provide new insights into seafloor classification based on the observed

morphology and the potential to automate such mapping at other slow-spreading ridge regions.
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1. Introduction

Parts of slow-spreading ridges have been described as experiencing typical magmatic accretion where fault-bounded
abyssal hills form symmetrically at both flanks of the spreading axis (Macdonald, 1982). Elsewhere, asymmetric
accretion is observed where volcanic flows form on one flank and detachment faults form on the opposing flank
(Rona et al., 1987; Smith, 2013). These atypical, curved faults form a dome-shaped seafloor, termed oceanic core
complexes (OCCs), in which lower-crustal and mantle rocks are exhumed (Blackman et al., 2009; Cann et al., 1997;
Dannowski et al., 2010; MacLeod et al., 2002). The OCC morphology contrasts with the linearly fault-bounded
abyssal hills resulting from a magmatic accretion (Mutter and Karson, 1992; Sinton and Detrick, 1992), indicating
the complex interaction between the magmatic and tectonic regimes (Escartin and Cannat, 1999). The type of
spreading has been termed ‘detachment mode’ (McCaig and Harris, 2012) or, more generally, ‘tectonic’ spreading
(e.g., Cann et al., 2015). It has been suggested that up to 50% of Atlantic seafloor may have formed in the
detachment mode (Escartin et al., 2008), but this has not been fully quantified.

Identification of different types of spreading terrain has been attempted based on qualitative observation of
shipboard multibeam bathymetry, often paired with rock sampling through dredging, drilling, and sample collecting
using submersible vehicles (e.g., Cannat et al., 1992; Lagabrielle et al., 1998; Schroeder et al., 2007) as well as other
geophysical surveys such as gravity, magnetic, and seismic surveys (e.g., Dannowski et al., 2010; Pockalny et al.,
1995; Tivey and Dyment, 2013). This study aims to aid the identification by establishing a tool to automate the
detachment and magmatic crust classification through a series of quantitative terrain characterisation, or the
geomorphometry, of detachment and magmatic seafloor. We introduce an algorithm termed ‘slope-weighted
eccentricity’ (SWE) as a novel geomorphometric technique that can be applied in slow-spreading ridges to
characterise the distribution of the detachment and magmatic regimes in specific regions.

The first comprehensive overview of marine geomorphometry efforts carried out to date is presented in Lecours et
al. (2016). Seabed feature identification such as pockmarks (Gafeira et al., 2012; Harrison et al., 2011), submarine
canyons (Green and Uken, 2008; Ismail et al., 2015; Micallef et al., 2012), and terraces (Passaro et al., 2011) have
been made available from the derivation and statistical characterisation of multibeam bathymetry data. At mid-ocean
ridges, seabed characterisation has been attempted, for example, by Smith and Shaw (1989), Goff et al. (1995), and

Chakraborty et al. (2001). Specifically, a quantitative characterisation of abyssal hill terrain has been attempted by
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Goff et al. (1995) by describing multibeam data with three physical parameters, namely the rms (root-mean-square)
height, characteristic width, and plan view aspect ratio (Goff and Jordan, 1988). The study manages to characterise
the relation between the spreading mechanism and resulting morphology, where abyssal hills originating at inside
corners of ridge-transform intersections have larger rms height, larger characteristic width, and smaller plan view
aspect ratio compared to those originating at outside corners of ridge-transform intersections. In addition, the study
also found the relation between the resulting abyssal hills morphology with the thickness of the crust derived from
residual mantle Bouguer anomaly (RMBA), where lower-relief, narrower, and more lineated abyssal hills are
formed when the crust is thicker while higher, wider, less lineated abyssal hills are formed when the crust is thinner.
In line with the plan view aspect ratio method, we develop an algorithm that exploits the directionality and steepness
of the terrain, both derived from multibeam data. We argue that the quantification of massif-shaped OCCs and
linearly bounded abyssal hills through their directional eigenvalue explored in this study serves as a novel and
supporting method to the previously developed techniques.

The algorithm is built based on three of the four main types of terrain attributes described in Wilson et al. (2007),
which are the slope, orientation, and curvature of the seafloor. We exploit the plunge (slope) and azimuth
(orientation) of the slope vectors computed from bathymetry over features of interest and their distribution in a
spherical coordinate system (Watson, 1965; Woodcock, 1977), as well as a simplified form of azimuth rose, termed
eigenvalue ellipse. The algorithm is applied to a gridded shipboard multibeam bathymetry data set using a moving
window, which window size is determined through a series of sensitivity tests.

From our observation, we follow Cann et al. (2015) in adding in the ‘extended terrain,” which represents an area
where both bidirectional and omnidirectional dipping slopes exist, showing the transition between the two crustal
regimes. Furthermore, we exploit the curvatures of the seafloor to identify individual OCCs using a mask created
from a Laplacian-of-Gaussian-filtered (LoG-filtered) bathymetry. A radially symmetric Gaussian filter, with a
diameter reflecting the general size of the feature of interest, is applied to generalise the morphology of the seafloor.
Subsequently, the Laplacian filters determines whether the feature is concave down (e.g., a dome) or concave up
(e.g., alocal basin). The automatically classified seafloor and the identified individual OCCs will then act as a novel

means to provide insights into the processes that occur in a slow-spreading ridge through time.

G. Alodia: Preprint submitted to Elsevier 4
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2. Study area

We select an area with available shipboard multibeam bathymetry data over ~5 Ma between the Marathon and
Fifteen-Twenty fracture zones (12.5°-15.5° N). The extent of the area can be seen in Figure 1. The gridded
bathymetry is provided by D. K. Smith through personal contact and is a combination of multiple shipboard
multibeam surveys carried out by Escartin and Cannat (1999) along the Fifteen-Twenty fracture zone (~15° 20’ N)
and its two adjacent ridge axes, by Fujiwara et al. (2003) from ~14° N up to the Fifteen-Twenty fracture zone, and
by Smith et al. (2006) from ~14° N down to the Marathon fracture zone (~12° 40’ N). The original combined
bathymetry was gridded by D. K. Smith with a cell size of 200 m.

Seismicity in the area has been recorded by an array of autonomous hydrophones moored on the flanks of the Mid-
Atlantic Ridge (MAR) between 15° N and 35° N (Escartin et al., 2003; Smith et al., 2003; Smith et al., 2002).
Earthquakes’ locations are derived from the peak amplitudes of the tertiary waves (T-waves) observed in the vicinity
of the hydrophones. The derived locations may coincide with earthquake epicentres, but factors such as morphology,
the velocity structure of the crust, and the depth of the earthquake below the seafloor may bias the calculation.
Hence, the derived locations are not termed ‘epicentres’ but rather ‘T-wave source locations’ (Fox et al., 2001).
The distribution of the observed seismicity reflects the tectonism in the area, where continuous seismicity is found
close to the bounding fracture zones while a seismic gap is found in the middle of the area, or around 14° N
(Escartin et al., 2003). The seismic gap at the segment is consistent with a continuous zone of high acoustic
backscatter and a magmatically-robust morphology, marked by the presence of long abyssal hills parallel to the
spreading axis. In contrast, the continuous seismicity at the segment ends (13° N and 15° N) occurs in terrain with
much rougher topography where sporadic massifs are in place (Smith et al., 2008). The broadly scattered seismicity
along the axis is thought to be associated with slip on detachment faults (Smith et al., 2006). Furthermore, the
observation is consistent with the indication of brittle rupture at depths up to 10-12 km below the seafloor near the
ends of spreading segments by means of teleseismic and microearthquake studies (Bergman and Solomon, 1990;
Kong et al., 1992; Wolfe et al., 1995).

The abundant samples of ultramafic rocks close to the massifs at both 13° N and 15° N segments (Cannat et al.,
1997; MacLeod et al., 2009; Rona et al., 1987) demonstrate the domination of the OCC formation specifically in

these two segments. The study of Smith et al. (2008) explores fault rotation and core complex formation in the
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region, where steep outward-facing slopes of the footwalls of many of the normal faults have rotated more than 30
degrees, indicating a large amount of tectonic extension. The steep fault resulting from the rotation typically grades
into smoother dome-shaped seafloor, in which an OCC may develop. The dome-shaped seafloor is commonly

elevated compared to the surrounding seafloor. In contrast, the abyssal hills formed at the 14° N segment display a

smaller amount of rotation, typically less than 15 degrees.
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Figure 1 Bathymetric map of the study area. The combined data originates from cruises documented in Escartin and
Cannat (1999), Fujiwara et al. (2003), and Smith et al. (2006). Segmentation (black dashed lines) is inferred by
Smith et al. (2008), dividing the area into detachment (D) and magmatic (M) terrain. Black stars: inferred OCCs
(Smith et al., 2008). Red dots: T-wave origin seismicity (Smith et al., 2003). Black lines: fracture zones. Red lines:

ridge segments.
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3. Slope-weighted eccentricity

The slope-weighted eccentricity (SWE) is a geomorphometric algorithm created to obtain the numerical description
of both detachment and magmatic crust through a series of calculations based on the distribution of the azimuth and
plunge of the slope vector, which is the steepest line within the seafloor surface at any point. The calculation is
applied to a set of gridded multibeam bathymetry data through a moving window, starting from the top-left corner
down to the bottom-right corner of the grid. In this section, we explain the fundamental theories on which the
calculation is based, starting from the description of a spherical coordinate system, eigenvalues of the slope vectors
and their graphical representation, eigenvalue ellipse and eccentricity as a means of describing the horizontal pattern
of a terrain window, and the introduction of slope as a weight matrix. In addition, we use the Laplacian-of-Gaussian
(LoG) filters (e.g., Huertas and Medioni, 1986) to define the generalised curvatures of the seafloor. The defined
curvatures will serve as a means to highlight the concave down morphology of both magmatic abyssal hills and

OCCs and mask out the concave up morphology to identify individual OCCs.

3.1. Spherical coordinate system

The gridded multibeam bathymetry comprises data cells of longitude, latitude, and height (lon, lat, h). From the
gridded data set, we compute the azimuth (@) and plunge (6) of the mean slope vector within each cell using the
built-in aspect and slope functions in Matlab, respectively. In the functions, azimuth is calculated by considering the
horizontal deviation of dip relative to the north (0°), while the plunge is calculated by analysing the depth gradient
of each cell of a gridded surface relative to a plane surface. In this function, the plunge is described as positive down
(46 down) from the horizon to the nadir (+0° to +90°). Therefore, to match the spherical coordinate system, the sign
is reversed (—8), so the values are all < 0° (see Figure 2). From the azimuth and plunge grids, the slope vectors are

described in its Cartesian representations of the tangent surface to the grid at each point (Tx, Ty, Tz) by:

G. Alodia: Preprint submitted to Elsevier 8



161
162

163
164
165

166
167
168
169
170

71
172

173

Tx = sina cos(—0)

Ty = cosa cos(—6) 1)

Tz = sin(—0)
A window of multiple cells (Tx;, Ty;, Tz;) is then defined (see Figure 2) to observe the directional trend on a
sampled terrain. By plotting (Tx;, Ty;, Tz;) coordinates in a spherical coordinate system, we can see approximately
where these points are distributed and about which axis they are most clustered (see Watson, 1965; Woodcock,
1977). This distribution can be numerically described by computing the three-dimensional eigenvalues in each

windowed terrain.

+Tz
/ 1 grid cell in (lon,lat,h)

/ /"\\ +Ty

1 grid cell in

the Cartesian tangent
representation of its
azimuth and plunge
(Tx,Ty,Tz)

a = Azimuth; 8 = Plunge
0 is described positive down (40 down)

Figure 2 Illustration of how a window of terrain with cells described as (lon, lat, h) is converted into a spherical
coordinate system containing azimuth and plunge values. Firstly, the terrain window is computed into two separate
windows of azimuth () and plunge (6) using the built-in aspect and slope functions in Matlab, respectively.
Afterwards, the azimuth and plunge of the slope vectors are used to compute the Cartesian representations of the
tangent surface to the grid at each point (Tx, Ty, Tz) using Equation 1. Each point within the window (Tx;, Ty;, Tz;)
is presented into a spherical coordinate system to see approximately where the points are most clustered (see

Watson, 1965; Woodcock, 1977).
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3.2. Eigenvalues on each windowed terrain

To compute the three-dimensional eigenvalues, a windowed terrain is described as matrix B (Scheidegger, 1965;

Woodcock, 1977):

I— Z Txiz Z Txl-Tyl- Z TxiTZi-I

B= IZ Ty, Tx; z Ty;? z Ty;Tz; I +n )
| |
[Z TZl-Txi Z TZiTyi Z TZiZ J

Each matrix element is the summation of the Cartesian representations of the tangent surface to the grid at each
point (Tx;, Ty;, T z;) divided by the number of points (n) over a terrain window. Each window comprises cells (i) of
three-dimensional coordinates regarded as points of slope vectors on a sphere. The eigenvalues of B are computed
using the eig function in Matlab to represent the degree of data clustering on the unit sphere. The three eigenvalues
are defined in ascending order (44, 4,, A3), each representing the degree of data clustering on a Cartesian axis, where
the smallest value is defined as A;. In the algorithm building section (see 4.1), we show that data clustering is always
minimised at the vertical axis. Having the axis with the smallest eigenvalue defined, the axis of A, is defined
perpendicular to 4; and A; following the right-hand rule. The eigenvalues of each Cartesian representation

(Tx, Ty, Tz) are described as (1,, 15, ;).

Formerly, the pattern of the spherical distribution was classified by computing logs of ratios of the three eigenvalues
termed as K (see Woodcock, 1977). However, we will see in Table 1 that the vertical eigenvalue 4, embodies only
less than 6% of the total eigenvalue in detachment terrain and less than 3% in magmatic terrain. This narrow range
of vertical distribution means that the computed logs of ratios will mainly represent the pattern observed in the
horizontal axis, almost neglecting the vertical component. In addition, there is no known upper limit to the computed
K value, limiting the re-applicability of the formula at different settings as the range of the value is not fixed.
Therefore, in our algorithm, we separate the computation into two steps. The first part focuses on the horizontal
distribution of the points, and the second part focuses on the vertical distribution. The horizontal distribution of the

points is observed through the eigenvalue ellipse and its horizontal eccentricity.
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3.3. Eigenvalue ellipse and horizontal eccentricity
The eigenvalue ellipse is created by the horizontal eigenvalues A5 and A,, each represents the semi-major and the

semi-minor axes (a and b, respectively). Illustration of the eigenvalue ellipse is presented in Figure 3.

+Tz (A1)
~—
b A
/
=e /
T
-1 0 1
wherea=A4;;b=24, Tx

as a>band A3 > 1,

Figure 3 Illustration of the eigenvalue ellipse. The semi-major and semi-minor axes of the ellipse (a and b,

respectively) are described as A5 and 4,, respectively.

Mathematically, the shape of an ellipse can be characterised by a unique number termed eccentricity (e), computed
based on the values of the semi-major and semi-minor axes. In particular, the eccentricity of an ellipse that is not a
circle falls between 0 < e < 1, where e = 0 represents a circle. Therefore, the horizontal pattern of the terrain window

can be characterised using the eccentricity equation, described as:

s 3)

The eccentricity value of a terrain window then describes the general pattern of the point in its horizontal axes. For
instance, a terrain window with a high eccentricity value describes a bidirectional pattern of azimuths commonly
found in magmatic terrain, as the faults are slipping parallel to each other. On the other hand, a terrain window with
a low eccentricity value describes a more omnidirectional pattern of azimuth, which might indicate the presence of a
detachment fault or an OCC. Having the horizontal components defined, we introduce the vertical component to
have a full numerical description of the seafloor morphology. The vertical component is introduced to the computed

horizontal eccentricity as a weight matrix.
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3.4. Introducing slope as a weight matrix

The vertical distribution of the points can be described by the plunge (6) parameter over the terrain window. This
depth gradient can be viewed as a proxy of the fault planes over both detachment and magmatic terrain, in which
normal faults indicate the presence of magmatic terrain and detachment faults indicate the latter. From the computed
plunges, we generate a weight matrix that resembles the range of the eccentricity numbers computed in the previous
subsection (0 < e < 1). The simplest way to achieve it is by computing the sine of the slope (sin 8), as the sine of 0 <
6 <90°is 0 <sin @ < 1. Considering the higher amount of rotation over detachment faults (Smith et al., 2008),
magmatic terrain might be depicted as having a gentler slope than the detachment terrain, as the slope computes both
the tilted seafloor and the well as faults.
Previously, we have learned that the eccentricity equation favours magmatic terrain with higher values than the
detachment terrain. Therefore, the weight matrix must also be built to favour magmatic terrain with higher values.
Considering the argument that magmatic terrain tends to be described as having gentler slopes than detachment
terrain, the weight matrix W is introduced as:

W =1-sin6 “

By introducing Equation 4 as a weight matrix to Equation 3, the ‘slope-weighted eccentricity’ or SWE is defined as:

AZ
SWE=exW = /1—/1—22><(1—sin9) 5
3

Following the original ranges of e and W, the SWE will always fall between 0 < SWE < 1, making it applicable to
any multibeam dataset. To further identify individual OCCs, we must take into account the curvatures of the

seafloor. To filter out the concave up features from the analysis, we create a mask derived from the LoG filters.

3.5. Defining curvatures with Laplacian-of-Gaussian filters
The concave up features can be masked by determining the zero-crossing of each slope from the bathymetry using
the Laplacian filter (Marr and Hildreth, 1980). This space-domain filter uses curvature to discriminate long- and
short-wavelength anomalies by delineating their zero-crossing points. This filter can be used to observe the general

directionality and, at times, shapes and patterns of the observed signals. The two-dimensional filter can be expressed
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in many ways. One of them is described by Gonzalez and Woods (2002), where the filter is expressed as the linear

differential operator approximating the second derivative given by:
Vif =+ 6)

However, if the filter is applied directly to the original gridded bathymetry, too many edges will be detected, as a
slight change of slope will be defined as a new zero-crossing. In the same study, Marr and Hildreth (1980) suggested
the use of a smoothing filter before running the edge detection; hence the term Laplacian-of-Gaussian (LoG) mask
(e.g., Huertas and Medioni, 1986). The Gaussian filter itself is a fixed bell-shaped response curve, essentially a
space-domain low-pass filter from a specified cut-off wavelength, which is useful to mask noise and high-frequency
features that might affect further operations and interpretations. According to Wells (1986), a normalised, radially

symmetric, central two-dimensional Gaussian function is defined by:

e~ (@?+y?H)/20? 7

G(xy,0) = 2no?

where o is the standard deviation of the Gaussian filters, which represents the size of the bell-shaped curve.
Physically, it represents the size of the smoothing filters, which can be determined by observing the general size of
the object of interest within the study area. In our study, LoG filters are applied through the imfilter and fspecial

functions of Matlab’s Image Processing Toolbox.

4. Algorithm building

4.1. Calculating the eccentricity of the horizontal eigenvalues
To observe the general pattern of the two types of spreading, we select ten different windows of OCC and magmatic
terrain (MTR), guided by Smith et al. (2008) interpretation. For this trial, we window the terrain with the size of 8” x
8’ (~14.3 x 14.8 km), following the general size of OCCs found in the MAR (Cann et al., 1997; Cann et al., 2015;
Smith et al., 2008). A more thorough sensitivity test on the window size determination will be discussed in the next
step. The selected terrain windows are shown in Figure 4. From the original gridded cell size (200 m), the terrain
windows are resampled into having a 15” x 15” (~446 x 462 m) cell size to optimise the computing time while
maintaining quality, as well as increasing the re-applicability of the algorithm in standard computing systems. The

resampling is carried out through the grd2xyz and surface functions in GMT 5.4.5 (Wessel et al., 2013).
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The general pattern of the terrain can be observed from the plunge and azimuth of the slope vector. By computing
these two parameters, the edges of an OCC can be depicted as having steeper slopes compared to its surroundings
and dipping in an omnidirectional form (Figure 5d). On the other hand, the fault planes over magmatic terrain are
also depicted as having steeper slopes compared to its surrounding, but not as steep as those found at the edges of an
OCC. These slopes indicate the steep yet narrow scarps bounding the abyssal hills, which alternate in a bidirectional
form (Figure 5j). The azimuth is distributed more equally in the OCC compared to a more clustered distribution in
the magmatic terrain.

Each cell is then displayed in its Cartesian representations (Tx, Ty, Tz) in the form of spherical coordinate system
(Figures Se and k). From the figures, we observe that the variation in the vertical axis is not comparable to those in
the horizontal axes, as the plunge values computed in the study area never surpass 30 degrees. To prove this
argument, we calculate the eigenvalues of each terrain window, which results can be seen in Table 1. Based on the
table, the values of 4, are extremely small compared to the other two eigenvalues. These values confirm the
argument in 3.2. The vertical axis will always be described as A;, with 1, and A; axes described consecutively
following the right-hand rule.

Furthermore, we can see a directionality pattern in the ratio between 1, and 43 over both types of terrain. In the
OCCs, the ratio between these two horizontal eigenvalues is not as extreme as the ratio found in the magmatic
terrain. Hence, the general directionality of each window of terrain can be described in one single number by
computing the eccentricity of a ‘horizontal ellipse,” where A5 and A, are defined as its semi-major and semi-minor
axes, respectively (Figure 5f and 1). In Table 1, we can already see that OCCs generally have a lower eccentricity

value than the magmatic terrain.
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Figure 4 Distribution of windowed OCC and magmatic terrain. (a) The study area with the distribution of windowed
OCC (blue squares) and magmatic terrain (red squares) used throughout the study. Inferred OCCs and segmentation
(Smith et al., 2008), fracture zones, and ridge segments are identified in Figure 1. (b) Three-dimensional
visualisation of an OCC terrain window. (c) Three-dimensional visualisation of a magmatic terrain window. The

terrain windows shown are sampled with the size of 8’ X 8” and 15” X 15” cell size.
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’287 Table 1 Eigen values (44, 4,, A3) and eccentricity (e) of the sampled terrain window

Oceanic core complex (OCC) Magmatic terrain (MTR)

| Terrain ID Ay A, As e Terrain ID A A, As e
0OCC-01 0.04 042 054 0.63 MTR-01 0.01 026 0.73 094
0OCC-02 0.05 042 053 0.62 MTR-02 0.01 0.17 0.82 0098
0OCC-03 0.02 043 055 0.63 MTR-03 0.02 023 075 095
OCC-04 0.04 040 0.56 0.70 MTR-04 0.01 0.17 0.81 0098
OCC-05 0.04 031 0.65 0.88 MTR-05 0.02 0.18 0.81 0098
OCC-06 0.04 033 0.63 0.80 MTR-06 0.03 0.18 0.80 0.97
0OCC-07 0.04 040 056 0.72 MTR-07  0.01 0.17 0.80 0.98
OCC-08 0.03 041 0.56 0.67 MTR-08 0.01 0.20 0.79 0.97
OCC-09 0.05 042 053 0.61 MTR-09 0.01 027 0.72 093
OCC-10 0.06 042 0.52 0.60 MTR-10 001 026 0.73 0.94

Mean 0.04 040 0.56 0.69 Mean 0.01 021 0.78 0.96

SD 0.01 0.04 0.04 0.09 SD 0.01 0.04 0.04 0.02

288
289
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Figure 5 Directionality of OCC-02 and MTR-08 terrain windows. For OCC-02: (a) Depth in km. (b) Plunge, or 6 in
degrees. The edges surrounding the OCC are depicted as steeper slopes up to ~30°. (c) Azimuth, or « in degrees.
The OCC is depicted as an omnidirectional feature centred at the peak of the massif. (d) Azimuth rose. (e) Spherical
coordinate system. Based on the spherical distribution, variation in the vertical axis is incomparable to those in the
horizontal axes. (f) Horizontal ellipse. The mean azimuth, &, depicts the resultant of the entire points and the
eccentricity, e, describes the directional trend observed over the terrain window. For MTR-08: (g) Depth in km. (h)
Plunge, or 8 in degrees. The edges of the abyssal hills are depicted as gentler slopes compared to the OCC terrain
window. (i) Azimuth, or « in degrees. The terrain window is depicted as consecutive bidirectional features. (j)
Azimuth rose. (k) Spherical coordinate system. The variation in the vertical axis is still incomparable to those in the

horizontal axes. (1) Horizontal ellipse. The eccentricity value of this terrain window is higher than in the OCC.
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4.2. Determining optimum window size
The main feature that characterises the detachment mode of spreading is the presence of OCCs. The OCCs vary in
shape and size, depending on which side of the ridge they are emplaced and their proximity to fracture zones or non-
transform offsets. Therefore, the application of the established algorithm to the entire bathymetric grid must be
preceded by determining the most effective window size that will best capture the morphology of an OCC without
much interference from the surroundings.
Over the selected OCC terrain windows (Figure 6), we carried out a sensitivity test by creating windows with
varying widths, ranging from 4’ (~7.4 km) to 16’ (~29.6 km) with a move-along interval of 2’ (~3.7 km) and tested
the algorithm over the terrain sampled with these varying window sizes (Figure 7). In OCC-02, for instance, the
lowest value of eccentricity is computed when the window size is 16’ (~29.6 km). However, the computation is
largely affected by the extreme change of depth north of the OCC due to the transform fault, implying uncertainty in
the computed eccentricity value. Therefore, we compute the resultant (R) of the eigenvalues (14, 4,, 13) to have the

overall description of the terrain directionality, defined as:

R = /112 + AZZ + /132 (8)

In Figure 7, we can observe that although the eccentricity is minimised at 16’, the eigenvalue resultant is relatively
large compared to the other computed eccentricity ellipses. This test is carried out on all ten windowed OCCs, and
the general results can be seen in Figure 6¢. The figure shows that the 8’ (~14.8 km) window is the most suitable
window size as it generally computes the smallest range of eccentricities. Based on these results, we opt to use 8’ as

the window size to run the algorithm to the entire gridded multibeam dataset.

G. Alodia: Preprint submitted to Elsevier 18



0 20 km =55 =1.5 km

(a) 1 [ (b) Windowing
. = 7] 16" = 29.6 km
i)
- =
. in :I 4 =74km
=
°
" .

45° 20" W 45" 10" W

Vo)
g
~—

Sensitivity test results

-r —_
i
+
d.x
I
: 1
I
il 1
I
I
gt U8

14° N

o
®

=

Eccentricity (e)
o
(o2}

F----{ T H4

=z
© - T
0.4 i
: ! +
i + Outliers I
46° W 45" W 44" w 4 6 8 100 122 14 16
= Fracture zones —== Segmentation Window size

- Ridge segments

319

320 Figure 6 Sensitivity test to determine the optimum window size. (a) The ten OCCs selected for the sensitivity test.
321 The selection is aided by the interpretation of Smith et al. (2008). (b) Illustration of OCC windowing using OCC-02.
322 The window size varies from 4’ (~7.4 km) to 16’ (~29.6 km). Dashed square: windows with varying sizes. Red

323 square: best-fit window. (c) Sensitivity test result, each with the sample size of ten OCCs. Each window size is

324  presented as box and whiskers plots. The red line in each box and whiskers plot is the median eccentricity value of
325 each window size, the ‘box’ shows the interquartile range of the eccentricity values (from Q1, or lower quartile, to
326 Q3, or upper quartile), and the ‘whiskers’ the minimum and maximum eccentricity values Red crosses are

327 eccentricity values indicated as outliers. The plot illustrates that the window size of 8’ (~14.8 km) is the best fit as it

328  delivers the smallest range of eccentricities.
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330 Figure 7 Windowing over the OCC-02 terrain window. Figures (a) to (g) are eigenvalue ellipses with window sizes
331  varying from 4’ (~7.4 km) to 16’ (~29.6 km), illustrated in the index map (top-right corner). Although the 8’ (~14.8
332 km) window size (c) does not return the lowest eccentricity value on this OCC, it returns a relatively consistent
333 range of eccentricity values when applied to the other OCCs as it computes the directional component of the OCC
334 without much interference from the surrounding. For instance, the 16’ window (g) computation is largely affected
335 by the extreme change of depth at the north, depicted in its relatively large eigenvalue resultant, R compared to the

336 other windows.

G. Alodia: Preprint submitted to Elsevier 20



337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354

4.3. Building the weight matrix
In 3.4., we presume that the magmatic terrain might be depicted as having gentler slopes compared to the
detachment terrain, as the detachment terrain experienced larger rotation compared to the magmatic terrain (Smith et
al., 2008). To prove this hypothesis, we compute the slopes of all the sampled OCCs and magmatic terrain windows
and examine their histograms. In Figure 8, we can see that the slope observed over an OCC falls between 0° and
30°, consistent with the observation of Smith et al. (2006) and Smith et al. (2008). A gradual change is observed
from one frequency bin to another, depicting the moderate change of slope forming the dome-shaped feature. The
mean values of the slope histograms fall between 9.1° and 14°. On the other hand, in Figure 9, the range of the
slopes observed over the magmatic terrain is generally narrower than those observed in the OCCs. In addition, we
can see a larger variance in the distribution in the OCCs compared to the MTRs. The mean value of the slope falls
between 5.2° and 8.1°. These values are lower than the mean slope values at the OCCs, confirming the hypothesis.
The computed slopes of the OCC-02 and MTR-08 terrain windows are shown in Figure 10 to observe the spatial
extent of the constructed weight matrix. The slopes surrounding the OCC are computed as steeper slopes compared
to those bounding the abyssal hills in the magmatic terrain. However, the eccentricity calculation favours magmatic
terrain with higher values compared to the OCC, as high eccentricity values represent a bidirectional trend of
dipping slopes. Therefore, the consecutive weight matrix must be built based on the early classification obtained
from the eccentricity of the horizontal eigenvalues. Lower weight must be assigned to terrain windows containing

potential OCCs. From this understanding, Equation 4 is defined.
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Figure 8 Slope histogram of the sampled OCCs. Histograms of the slopes observed on OCC-01 to OCC-10 are
shown in (a) to (j), with locations depicted in the inset. A gradual change is observed from one frequency bin to
another, depicting the moderate change of the omnidirectional slopes observed on an OCC. A bell-shaped
distribution mimicking the Gaussian normal distribution is observed at OCC-02 as the size of the OCC matches
quite well with the size of the window, and the shape of this particular OCC mimics the shape of a dome centred
within the windowed area. A highly skewed distribution is found at OCC-07 as the breakaway zone of the OCCs is
indicated by a steep-dipping slope facing away from the axis. The mean value of the slopes observed over these

OCC:s falls between 9.1° and 14°.
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Figure 9 Slope histogram of the sampled magmatic terrain. Histograms of the slopes observed on MTR-01 to MTR-

10 are shown in (a) to (j), with locations depicted in the inset. A more extreme change is observed from one

frequency bin to another, specifically starting from around 5°-10°. This extreme change depicts the scarcity of steep

slopes over this type of terrain. The largely skewed distribution depicts the domination of the ‘background,’ or the

“flat’ values compared to the steep-dipping slopes. The histogram closest to a normal distribution is found in MTR-

10, as the windowed terrain is still in proximity to an OCC. The mean value of the slopes observed over these

windows falls between 5.2° and 8.1°, lower than the mean slope values at the OCCs.
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Figure 10 Computing the weight matrix over an OCC: (a) The bathymetry (depth) of OCC-02 gridded at 15 with an
8’ window size. (b) Computed slope (8). The OCC is surrounded by an omnidirectional steep-dipping slope,
depicting the rotation experienced by the seafloor through detachment faulting. (¢) Computed weight matrix (W).
The OCC is indicated by cells with lower W values. (d) The histogram of the W matrix over an OCC. The
distribution mimics the Gaussian normal distribution curve, with a mean value of ~0.8. The normal distribution
depicts the omnidirectional dipping slopes characterising the OCCs in detachment terrain. Computing the weight
matrix over MTR-08: (e) The bathymetry (depth) of the sampled magmatic terrain gridded at 15” with an 8’ window
size. (f) Computed slope (8). The magmatic terrain is characterised by sparse, parallel, gentle dipping slopes
scattered over the sampled area, depicting the smaller amount of rotation experienced by the magmatic seafloor. (g)
Computed weight matrix (W). The magmatic terrain is indicated by cells with higher W values. (h) The histogram
of the W matrix over a sampled magmatic terrain. Compared to the distribution observed at an OCC, this
distribution is skewed, following the general distribution of the slopes. The highly skewed distribution ensures that
areas dominated by magmatic spreading will be indicated by cells with much higher W values than those in the

detachment terrain.
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5. Results

5.1. Characterising the different types of spreading
The established algorithm is applied to the entire multibeam data set to assess its performance. Figure 11 shows a
general result of how the eccentricity, weight matrix, and SWE calculation work. In Figure 11b, we can see how
areas dominated by omnidirectional dipping slopes are quantified as having lower eccentricity numbers (e.g., areas
in proximity to the bounding fracture zones). In comparison, areas dominated by bidirectional dipping slopes are
quantified as having higher eccentricity numbers (e.g., the area in the middle of the ridge segment). Figure 11c
shows how the weight matrix assigns lower weight to areas dominated by faults and tilted terrain. Specifically, we
can observe that areas close to the bounding fracture zones are assigned lower weight, in line with the definition
resulting from the eccentricity calculation. The complete SWE grid is presented in Figure 11d, in which the weight
matrix is applied to the computed eccentricity. The figure shows how the SWE can classify the types of spreading
by assigning cells with certain values based on the parameterisation carried out in the sampled terrain windows.
From the SWE grid shown in Figure 11d, we examine the distribution of the SWE values in the ten windowed OCC
and magmatic terrain to define the boundaries of the oceanic crust formed by the different types of spreading. We
display our observation in the form of box and whiskers plot shown in Figure 12. The box and whiskers plots show
that the SWE values in the sampled OCCs are generally lower than those observed in the sampled magmatic terrain.
The variation of SWE values is higher in the OCC samples compared to the magmatic terrain. From the distribution,
we select the highest mean SWE value from the sampled OCCs as the uppermost boundary of the detachment terrain
(D). The value of this boundary is 0.68, with a standard deviation of + 0.09. The standard deviation is computed
from the SWE values in the consecutive terrain window, i.e., the OCC-05. The lowest mean SWE value of the
sampled magmatic terrain (M) defines the other boundary, which is 0.80, with a standard deviation of £+ 0.07. As the
bounding values have been defined, the remaining terrain is described as the extended terrain (E), where 0.68 <
SWE < 0.80. The extended terrain represents a buffer zone where both omnidirectional and bidirectional dipping
slopes/faults exist, showing the transition from detachment to magmatic spreading or vice versa. The SWE values of
this buffer zone also lie within the standard deviation of the uppermost limit of the detachment terrain and the

lowermost limit of the magmatic terrain.

G. Alodia: Preprint submitted to Elsevier 25



413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

Having the ranges quantified, we simplify the colour bar of the SWE grid in Figure 11d into three different classes:
detachment terrain (SWE < 0.68), extended terrain (0.68 < SWE < 0.8), and magmatic terrain (SWE > 0.8), which
can be seen in Figure 13. According to the classification, 41% of the seafloor in our study area experienced
detachment spreading, while 34% and 25% of the area experienced extended and magmatic spreading, respectively.
The results are compared to the seismicity documented in Smith et al. (2003) and the visual interpretation of Smith
et al. (2008). The detachment terrain defined by the SWE algorithm correlates well with areas previously interpreted
as detachment terrain, where greater seismicity is observed and where the interpreted OCCs are in place. However, a
complex alternation between the detachment and magmatic terrain is observed in the southernmost segment. We
argue that our established algorithm improves the previous interpretation, in which the southernmost segment was
previously defined as being dominated solely by magmatic terrain. The results also show the efficacy of the

algorithm, at least when applied in typical slow-spreading ridge.

5.2. Identifying individual OCCs
After classifying the area into detachment, extended, and magmatic terrain, we take into account the curvature of the
seafloor to differentiate the concave down features from the concave up features. This differentiation is important as
the SWE algorithm still describes local basins with similar SWE values as those computed over the OCCs. The
description occurs as the two distinct features are governed by a similar trend of directionality (Figures 14a and b).
Therefore, we create a mask aided by the LoG filters to eliminate concave up features whose size and directionality
mimic those found in OCCs, as well as transform faults and non-transform offsets. In this study, we apply the LoG
filters through the imfilter and fspecial functions in Matlab’s Image Processing Toolbox.
A rotationally symmetric LoG filter is built with a diameter equivalent to the assigned window size (8’ or ~14.8
km), mimicking the general size of OCCs found in the study area. This diameter ensures that each window will only
contain one OCC instead of several concave down features (e.g., domes) defined by multiple zero crossings detected
by the Laplacian filters. The resulting grid is used as a mask to remove areas with concave up features (e.g., local
basins) from the SWE grid. The remaining area is shown in Figure 14c, in which the local basins have been removed
from the SWE grid. We can then highlight the individual OCCs by removing areas indicated as extended and

magmatic terrain (Figure 14d).
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According to the classification, 28% of the features within the study area are indicated as OCCs. The results
correlate well with the OCCs inferred by Smith et al. (2008) and potentially indicate other OCCs that have not been
previously defined (Figures 14e, f, and g). However, we can see the effect of the size of the LoG filter in the two
adjacent OCCs depicted in Figure 14g. As the two OCCs are about half the size of the LoG filter and are in
proximity to each other, the two distinct features are defined as one. This challenge could be dealt with by

modifying the size of the LoG filter.

5.3. Discussions on varying data resolution and spreading rates
The experiment presented in this study is carried out using a multibeam data set with an original gridded resolution
of 200 m. To optimise computing time, the data is resampled into having a 15” x 15” (~446 x 462 m) cell size. This
choice of cell size is considerably low compared to the resolution of modern multibeam data, which could cover less
than 10 m resolution. However, in Figure 15, we show that the algorithm is adequate to classify the types of terrain
(detachment or magmatic) as well as identifying individual OCCs with coarser data resolution, at least up to 30” x
30” (~892 x 925 m) cell size. In addition, publicly available multibeam data, e.g., the Global Multi-Resolution
Topography/GMRT (Ryan et al., 2009), has the finest, non-super sampled resolution of 122 m. This data availability
strengthens our argument that the SWE method could potentially be applied to other publicly available locations
other than newly obtained field data.
In the case of varying spreading rates, it is important to note that the SWE algorithm is built based on the shape,
size, and directionality of the feature of interest. This study focuses solely on the features identified in slow-
spreading ridges, which are the fault-bounded abyssal hills and OCCs. As the types of features might differ in
varying spreading rates, a study on the quantification of the features of interest must be carried out before applying
the SWE. However, as the SWE algorithm classification depends closely on the directionality of the features of
interest, we argue that it would aid the identification of bidirectionally-dipping fault-bounded features that
characterise magmatic spreading and a more omnidirectionally dipping amagmatic features other than OCCs. It also
important to identify the sizes of the features of interest to determine the size of the moving window and LoG filter.

This study uses 8’ x 8’ (~14.3 x 14.8 km) based on the general size of OCCs found in our study area, as explained in
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the sensitivity test is 4.2. a general study on the expected morphology and feature characterisation is advised to

avoid misinterpretation at locations other than slow-spreading ridges.

6. Conclusions

We have developed a novel geomorphometric technique to automate terrain classification in slow-spreading ridges
based on the shape, directionality, and curvature of a shipboard multibeam bathymetry data set. The algorithm
exploits the azimuth and plunge of the seafloor to compute the dimensionless SWE values, which can be used to
classify the crust dominated by either detachment or magmatic regimes based on its governing morphology. The
oceanic crust in the study is thereafter classified into:

o Detachment terrain, with SWE < 0.68 +0.09,

o Extended terrain, with 0.68 + 0.09 < SWE < 0.80 +0.07, and

o Magmatic terrain, with SWE > 0.80 + 0.07
The detachment terrain hosts features governed by omnidirectional dipping slopes such as OCCs and local basins,
while the magmatic terrain hosts features governed by bidirectional dipping faults. Between these two types, the
extended terrain represents a buffer zone where both omnidirectional and bidirectional dipping slopes/faults exist,
showing the transition from detachment to magmatic spreading or vice versa. This buffer zone approximately lies
within the standard deviations of the uppermost limit of the detachment terrain and the lowermost limit of the
magmatic terrain. The SWE values are always fixed within the range 0 < SWE < 1, implying the re-applicability of
the algorithm into various grid sets.
According to the classification, 41% of the seafloor in our study area experienced detachment spreading, with 28%
of the features indicated as OCCs. This finding confirms how detachment faulting is more important in the
generation of ocean crust at slow-spreading ridges than previously suspected (Smith et al., 2006). Extended and
magmatic terrain governs 34% and 25% of the terrain, respectively, implying the dramatic variation of magma
supply along the axis.
We suggest that the automated classification through SWE with an additional application of LoG filters can act as a
novel and efficient means to provide quantitative insights into the detachment and magmatic processes that occur in

a slow-spreading ridge where shipboard multibeam bathymetry data exists. This technique also widens the use of
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geomorphometric techniques to automate terrain classification by deriving the statistical characteristics of available
multibeam bathymetry data sets. The resulting classification will serve as a substantial first step to revealing the
evolution of a slow-spreading ridge through time, together with a more thorough geophysical and geochemical

studies through various types of surveys, rock sampling, and laboratory analyses.
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Figure 11 From bathymetry to SWE. (a) Bathymetry gridded in 15” cell size. (b) Eccentricity grid, computed from
the two horizontal eigenvalues. Lower eccentricity values indicate areas composed of omnidirectional dipping
slopes. (c¢) Weight matrix (W), computed from the slope values. Lower W values indicate cells with relatively steep
slopes compared to their surroundings. (d) Slope-weighted eccentricity (SWE) grid, computed by assigning the
weight matrix to the eccentricity grid. The general classification of the terrain can already be seen where lower SWE
values indicate detachment terrain. The boundary between the detachment and magmatic types of spreading is

examined in Figure 12.
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Figure 12 Terrain classification based on the SWE values computed in the sampled terrain patches. Each terrain

patch is presented as box and whiskers plots. The red line in each plot is the median SWE value of each terrain

patch. The box shows the interquartile range of the SWE values. The whiskers show the minimum and maximum

SWE values. The red crosses are SWE values indicated as outliers. The SWE values in the sampled OCCs (a) are

generally lower than those observed in the sampled magmatic terrain (b). Based on the distribution, we select the

highest mean SWE value at the sampled OCCs as the uppermost boundary of the tectonic terrain (D = SWE < 0.68)

and the lowest mean SWE value at the lowermost boundary of the magmatic terrain (M = SWE > 0.80). The

standard deviation of these bounding values is computed from the SWE values in the consecutive terrain patches,

i.e., the OCC with the highest mean SWE values (OCC-05) and the magmatic terrain with the lowest mean SWE

values (MTR-10). The resulting standard deviation is + 0.09 for the uppermost boundary of the detachment terrain

and + 0.07 for the magmatic terrain. SWE values between 0.68 and 0.80 are defined as extended terrain (E), in

which the alteration from one type of spreading to another is commonly found.
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Figure 13 Terrain classification using the SWE algorithm. (a) The study area is classified based on examining the
sampled OCC and magmatic terrain, shown in Figure 12. Detachment terrain is defined where SWE < 0.68,
extended terrain is defined where 0.68 < SWE < 0.8, and magmatic terrain is defined where SWE > 0.8. (b) The
SWE classification results are compared to the segmentation and OCCs interpreted by Smith et al. (2008) and
seismicity documented in Smith et al. (2003). D: Detachment terrain. M: Magmatic terrain. The detachment terrain
from the SWE correlates well with the areas close to the bounding fracture zones, where higher seismicity is
observed, and inferred OCCs are in place. A complex alternation between the magmatic and detachment terrain is

observed in the southernmost segment.
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Figure 14 Identifying individual OCCs. (a) Bathymetric grid. Local basins are indicated in black squares. (b) SWE
grid with local basins indicated as in the bathymetry. The SWE values of the local basins are similar to those
computed over the OCCs, as a similar trend of directionality governs the two distinct features, and the curvature of
the seafloor has not been taken into account. (c) Masked SWE grid. The mask is built using the LoG filter with an 8’
(~14.8 km) window size, following the most suitable window size shown in Figure 6. The local basins indicated in
(a) and (b) as well as transform fault areas have been removed. (d) Individual OCCs highlighted by removing areas

indicated as extended and magmatic terrain. The results correlate well with the OCCs inferred by Smith et al. (2008)

G. Alodia: Preprint submitted to Elsevier 33



542
543
544

and potentially indicate other undiscovered OCCs. Samples of newly indicated OCCs are highlighted with red
boxes, and the bathymetry is shown in (e), (f), and (g). In (g), two OCCs are defined as one based on the size of the

LoG mask. Details are discussed in the text.
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Figure 15 The effect of cell size in the SWE algorithm. The OCC-09 bathymetry (cf. Figure 4) is gridded into 30,

157, 12”7, and 6” cell sizes, respectively, from (a) to (d). The resulting SWE interpretation of the same object is

presented in (e) to (h), and the masked SWE is presented in (i) to (1). As expected, a smaller cell size (or equivalent

to finer data resolution) results in a more precise interpretation of individual OCCs. However, the experiment shows

that 15” (~446 x 462 m) serves as a sufficient cell size to run the SWE algorithm.
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Data availability

The combined multibeam dataset originates from cruises documented in Escartin and Cannat (1999), Fujiwara et al.
(2003), and Smith et al. (2006). Part of the data set can be accessed via the Global Multi-Resolution Topography

MapTool, or GMRT (https://www.gmrt.org/GMRTMapTool/) after Ryan et al. (2009). The T-wave seismicity data

can be accessed via NOAA’s Pacific Marine Environmental Laboratory, or PMEL

(http://autochart.pmel.noaa.gov:1776/autochart/GetPosit.html) after Smith et al. (2003).

Code availability

SWE_of_Bathymetry.m

Contact: gabriella.alodia@itb.ac.id / +6287737897168

Hardware requirements: The code will be most effective when used in a minimum of 8§ GB RAM

Program language: The code is built in Matlab R2021a and should be compatible with any release with Image
Processing Toolbox add-on

Software required: Matlab with Image Processsing Toolbox add-on

Program size: 11.2 KB (23.6 MB with data sample)

The source code and data samples are available for downloading at the link: https://github.com/gabriella-

alodia/SWE_of Bathymetry.m
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List of Figures

1.

Figure 1: Bathymetric map of the study area. The combined data originates from cruises documented in Escartin
and Cannat (1999), Fujiwara et al. (2003), and Smith et al. (2006). Segmentation (black dashed lines) is inferred
by Smith et al. (2008), dividing the area into detachment (D) and magmatic (M) terrain. Black stars: inferred
OCCs (Smith et al., 2008). Red dots: T-wave origin seismicity (Smith et al., 2003). Black lines: fracture zones.
Red lines: ridge segments.

Figure 2: Illustration of how a window of terrain with cells described as (lon, lat, h) is converted into a
spherical coordinate system containing azimuth and plunge values. Firstly, the terrain window is computed into
two separate windows of azimuth () and plunge (6) using the built-in aspect and slope functions in Matlab,
respectively. Afterwards, the azimuth and plunge of the slope vectors are used to compute the Cartesian
representations of the tangent surface to the grid at each point (Tx, Ty, Tz) using Equation 1. Each point within
the window (Tx;, Ty;, Tz;) is presented into a spherical coordinate system to see approximately where the points
are most clustered (see Watson, 1965; Woodcock, 1977).

Figure 3: Illustration of the eigenvalue ellipse. The semi-major and semi-minor axes of the ellipse (a and b,
respectively) are described as A; and 4,, respectively.

Figure 4: Distribution of windowed OCC and magmatic terrain. (a) The study area with the distribution of
windowed OCC (blue squares) and magmatic terrain (red squares) used throughout the study. Inferred OCCs
and segmentation (Smith et al., 2008), fracture zones, and ridge segments are identified in Figure 1. (b) Three-
dimensional visualisation of an OCC terrain window. (c) Three-dimensional visualisation of a magmatic terrain
window. The terrain windows shown are sampled with the size of 8’ X 8’ and 15” X 15” cell size.

Figure 5: Directionality of OCC-02 and MTR-08 terrain windows. For OCC-02: (a) Depth in km. (b) Plunge, or
6 in degrees. The edges surrounding the OCC are depicted as steeper slopes up to ~30°. (¢) Azimuth, or a in
degrees. The OCC is depicted as an omnidirectional feature centred at the peak of the massif. (d) Azimuth rose.
(e) Spherical coordinate system. Based on the spherical distribution, variation in the vertical axis is
incomparable to those in the horizontal axes. (f) Horizontal ellipse. The mean azimuth, &, depicts the resultant
of the entire points and the eccentricity, e, describes the directional trend observed over the terrain window. For

MTR-08: (g) Depth in km. (h) Plunge, or 6 in degrees. The edges of the abyssal hills are depicted as gentler
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slopes compared to the OCC terrain window. (i) Azimuth, or & in degrees. The terrain window is depicted as
consecutive bidirectional features. (j) Azimuth rose. (k) Spherical coordinate system. The variation in the
vertical axis is still incomparable to those in the horizontal axes. (1) Horizontal ellipse. The eccentricity value of
this terrain window is higher than in the OCC.

Figure 6: Sensitivity test to determine the optimum window size. (a) The ten OCCs selected for the sensitivity
test. The selection is aided by the interpretation of Smith et al. (2008). (b) [llustration of OCC windowing using
OCC-02. The window size varies from 4’ (~7.4 km) to 16’ (~29.6 km). Dashed square: windows with varying
sizes. Red square: best-fit window. (c) Sensitivity test result, each with the sample size of ten OCCs. Each
window size is presented as box and whiskers plots. The red line in each box and whiskers plot is the median
eccentricity value of each window size, the ‘box’ shows the interquartile range of the eccentricity values (from
Q1, or lower quartile, to Q3, or upper quartile), and the ‘whiskers’ the minimum and maximum eccentricity
values. Red crosses are eccentricity values indicated as outliers. The plot illustrates that the window size of 8’
(~14.8 km) is the best fit as it delivers the smallest range of eccentricities.

Figure 7: Windowing over the OCC-02 terrain window. Figures (a) to (g) are eigenvalue ellipses with window
sizes varying from 4’ (~7.4 km) to 16’ (~29.6 km), illustrated in the index map (top-right corner). Although the
8’ (~14.8 km) window size (c) does not return the lowest eccentricity value on this OCC, it returns a relatively
consistent range of eccentricity values when applied to the other OCCs as it computes the directional
component of the OCC without much interference from the surrounding. For instance, the 16’ window (g)
computation is largely affected by the extreme change of depth at the north, depicted in its relatively large
eigenvalue resultant, R compared to the other windows.

Figure 8: Slope histogram of the sampled OCCs. Histograms of the slopes observed on OCC-01 to OCC-10 are
shown in (a) to (j), with locations depicted in the inset. A gradual change is observed from one frequency bin to
another, depicting the moderate change of the omnidirectional slopes observed on an OCC. A bell-shaped
distribution mimicking the Gaussian normal distribution is observed at OCC-02 as the size of the OCC matches
quite well with the size of the window, and the shape of this particular OCC mimics the shape of a dome

centred within the windowed area. A highly skewed distribution is found at OCC-07 as the breakaway zone of
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10.

the OCC:s is indicated by a steep-dipping slope facing away from the axis. The mean value of the slopes
observed over these OCCs falls between 9.1° and 14°.

Figure 9: Slope histogram of the sampled magmatic terrain. Histograms of the slopes observed on MTR-01 to
MTR-10 are shown in (a) to (j), with locations depicted in the inset. A more extreme change is observed from
one frequency bin to another, specifically starting from around 5°-10°. This extreme change depicts the scarcity
of steep slopes over this type of terrain. The largely skewed distribution depicts the domination of the
‘background,’ or the ‘flat” values compared to the steep-dipping slopes. The histogram closest to a normal
distribution is found in MTR-10, as the windowed terrain is still in proximity to an OCC. The mean value of the
slopes observed over these windows falls between 5.2° and 8.1°, lower than the mean slope values at the OCCs.
Figure 10: Computing the weight matrix over an OCC: (a) The bathymetry (depth) of OCC-02 gridded at 15”
with an 8’ window size. (b) Computed slope (6). The OCC is surrounded by an omnidirectional steep-dipping
slope, depicting the rotation experienced by the seafloor through detachment faulting. (¢) Computed weight
matrix (W). The OCC is indicated by cells with lower W values. (d) The histogram of the W matrix over an
OCC. The distribution mimics the Gaussian normal distribution curve, with a mean value of ~0.8. The normal
distribution depicts the omnidirectional dipping slopes characterising the OCCs in detachment terrain.
Computing the weight matrix over MTR-08: (e) The bathymetry (depth) of the sampled magmatic terrain
gridded at 15” with an 8 window size. (f) Computed slope (6). The magmatic terrain is characterised by sparse,
parallel, gentle dipping slopes scattered over the sampled area, depicting the smaller amount of rotation
experienced by the magmatic seafloor. (g) Computed weight matrix (W). The magmatic terrain is indicated by
cells with higher W values. (h) The histogram of the W matrix over a sampled magmatic terrain. Compared to
the distribution observed at an OCC, this distribution is skewed, following the general distribution of the slopes.
The highly skewed distribution ensures that areas dominated by magmatic spreading will be indicated by cells

with much higher W values than those in the detachment terrain.

. Figure 11: From bathymetry to SWE. (a) Bathymetry gridded in 15” cell size. (b) Eccentricity grid, computed

from the two horizontal eigenvalues. Lower eccentricity values indicate areas composed of omnidirectional
dipping slopes. (c) Weight matrix (W), computed from the slope values. Lower W values indicate cells with

relatively steep slopes compared to their surroundings. (d) Slope-weighted eccentricity (SWE) grid, computed
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by assigning the weight matrix to the eccentricity grid. The general classification of the terrain can already be
seen where lower SWE values indicate detachment terrain. The boundary between the detachment and
magmatic types of spreading is examined in Figure 12.

Figure 12: Terrain classification based on the SWE values computed in the sampled terrain patches. Each
terrain patch is presented as box and whiskers plots. The red line in each plot is the median SWE value of each
terrain patch. The box shows the interquartile range of the SWE values. The whiskers show the minimum and
maximum SWE values. The red crosses are SWE values indicated as outliers. The SWE values in the sampled
OCC:s (a) are generally lower than those observed in the sampled magmatic terrain (b). Based on the
distribution, we select the highest mean SWE value at the sampled OCCs as the uppermost boundary of the
tectonic terrain (D = SWE < 0.68) and the lowest mean SWE value at the lowermost boundary of the magmatic
terrain (M = SWE > 0.80). The standard deviation of these bounding values is computed from the SWE values
in the consecutive terrain patches, i.e., the OCC with the highest mean SWE values (OCC-05) and the magmatic
terrain with the lowest mean SWE values (MTR-10). The resulting standard deviation is + 0.09 for the
uppermost boundary of the detachment terrain and + 0.07 for the magmatic terrain. SWE values between 0.68
and 0.80 are defined as extended terrain (E), in which the alteration from one type of spreading to another is

commonly found.

. Figure 13: Terrain classification using the SWE algorithm. (a) The study area is classified based on examining

the sampled OCC and magmatic terrain, shown in Figure 12. Detachment terrain is defined where SWE < 0.68,
extended terrain is defined where 0.68 < SWE < 0.8, and magmatic terrain is defined where SWE > 0.8. (b) The
SWE classification results are compared to the segmentation and OCCs interpreted by Smith et al. (2008) and
seismicity documented in Smith et al. (2003). D: Detachment terrain. M: Magmatic terrain. The detachment
terrain from the SWE correlates well with the areas close to the bounding fracture zones, where higher
seismicity is observed, and inferred OCCs are in place. A complex alternation between the magmatic and

detachment terrain is observed in the southernmost segment.

. Figure 14: Identifying individual OCCs. (a) Bathymetric grid. Local basins are indicated in black squares. (b)

SWE grid with local basins indicated as in the bathymetry. The SWE values of the local basins are similar to

those computed over the OCCs, as a similar trend of directionality governs the two distinct features, and the
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curvature of the seafloor has not been taken into account. (c) Masked SWE grid. The mask is built using the
LoG filter with an 8’ (~14.8 km) window size, following the most suitable window size shown in Figure 6. The
local basins indicated in (a) and (b) as well as transform fault areas have been removed. (d) Individual OCCs
highlighted by removing areas indicated as extended and magmatic terrain. The results correlate well with the
OCC:s inferred by Smith et al. (2008) and potentially indicate other undiscovered OCCs. Samples of newly
indicated OCCs are highlighted with red boxes, and the bathymetry is shown in (e), (f), and (g). In (g), two
OCC:s are defined as one based on the size of the LoG mask. Details are discussed in the text.

Figure 15: The effect of cell size in the SWE algorithm. The OCC-09 bathymetry (cf. Figure 4) is gridded into
307, 157, 127, and 6” cell sizes, respectively, from (a) to (d). The resulting SWE interpretation of the same
object is presented in (e) to (h), and the masked SWE is presented in (i) to (1). As expected, a smaller cell size
(or equivalent to finer data resolution) results in a more precise interpretation of individual OCCs. However, the

experiment shows that 15 (~446 x 462 m) serves as a sufficient cell size to run the SWE algorithm.
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