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ABSTRACT 26 

 27 

The shapes and directionality of the oceanic crust at slow-spreading ridges are key to understanding its magmatic or 28 

tectonic emplacement. At slow-spreading ridges, magmatic terrain is marked by linearly fault-bounded abyssal hills, 29 

while a more tectonic emplacement termed detachment terrain is marked by long-lived detachment faults forming 30 

Oceanic Core Complexes (OCCs). However, the quantitative description of the magmatic and detachment regimes is 31 

still limited. We develop a novel geomorphometric technique to automate terrain classification based on the 32 

parameterisation of the shape, directionality, and curvature of the seafloor. The algorithm consists of two steps: (1) 33 

characterising the pattern observed in the horizontal axes by computing the horizontal eigenvalues of the slope 34 

vectors at each multibeam cells and (2) building a weight matrix derived from the computed slopes. The eccentricity 35 

of the horizontal eigenvalues defines the dipping pattern in the horizontal axes, hence the term slope-weighted 36 

eccentricity (SWE). The technique is applied through a moving window and is tested at 12.5°-15.5° N on the Mid-37 

Atlantic Ridge (MAR), where the two distinct modes of spreading occur. The application of this novel 38 

geomorphometric technique yields results consistent with published qualitative interpretation and the distribution of 39 

seismicity observed from the peak amplitudes of the tertiary waves (T-waves) in the study area. Using the 40 

established algorithm, we found that 41% of the seafloor in our study area experienced detachment faulting (up to 41 

28% are identified as OCCs), 25% experienced typical magmatic accretion, and a buffer zone termed extended 42 

terrain affects 34% of the seafloor, where the morphology shows a transition from detachment to magmatic 43 

spreading or vice versa. These findings provide new insights into seafloor classification based on the observed 44 

morphology and the potential to automate such mapping at other slow-spreading ridge regions. 45 

46 
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1. Introduction 47 

Parts of slow-spreading ridges have been described as experiencing typical magmatic accretion where fault-bounded 48 

abyssal hills form symmetrically at both flanks of the spreading axis (Macdonald, 1982). Elsewhere, asymmetric 49 

accretion is observed where volcanic flows form on one flank and detachment faults form on the opposing flank 50 

(Rona et al., 1987; Smith, 2013). These atypical, curved faults form a dome-shaped seafloor, termed oceanic core 51 

complexes (OCCs), in which lower-crustal and mantle rocks are exhumed (Blackman et al., 2009; Cann et al., 1997; 52 

Dannowski et al., 2010; MacLeod et al., 2002). The OCC morphology contrasts with the linearly fault-bounded 53 

abyssal hills resulting from a magmatic accretion (Mutter and Karson, 1992; Sinton and Detrick, 1992), indicating 54 

the complex interaction between the magmatic and tectonic regimes (Escartín and Cannat, 1999). The type of 55 

spreading has been termed ‘detachment mode’ (McCaig and Harris, 2012) or, more generally, ‘tectonic’ spreading 56 

(e.g., Cann et al., 2015). It has been suggested that up to 50% of Atlantic seafloor may have formed in the 57 

detachment mode (Escartín et al., 2008), but this has not been fully quantified. 58 

Identification of different types of spreading terrain has been attempted based on qualitative observation of 59 

shipboard multibeam bathymetry, often paired with rock sampling through dredging, drilling, and sample collecting 60 

using submersible vehicles (e.g., Cannat et al., 1992; Lagabrielle et al., 1998; Schroeder et al., 2007) as well as other 61 

geophysical surveys such as gravity, magnetic, and seismic surveys (e.g., Dannowski et al., 2010; Pockalny et al., 62 

1995; Tivey and Dyment, 2013). This study aims to aid the identification by establishing a tool to automate the 63 

detachment and magmatic crust classification through a series of quantitative terrain characterisation, or the 64 

geomorphometry, of detachment and magmatic seafloor. We introduce an algorithm termed ‘slope-weighted 65 

eccentricity’ (SWE) as a novel geomorphometric technique that can be applied in slow-spreading ridges to 66 

characterise the distribution of the detachment and magmatic regimes in specific regions. 67 

The first comprehensive overview of marine geomorphometry efforts carried out to date is presented in Lecours et 68 

al. (2016). Seabed feature identification such as pockmarks (Gafeira et al., 2012; Harrison et al., 2011), submarine 69 

canyons (Green and Uken, 2008; Ismail et al., 2015; Micallef et al., 2012), and terraces (Passaro et al., 2011) have 70 

been made available from the derivation and statistical characterisation of multibeam bathymetry data. At mid-ocean 71 

ridges, seabed characterisation has been attempted, for example, by Smith and Shaw (1989), Goff et al. (1995), and 72 

Chakraborty et al. (2001). Specifically, a quantitative characterisation of abyssal hill terrain has been attempted by 73 
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Goff et al. (1995) by describing multibeam data with three physical parameters, namely the rms (root-mean-square) 74 

height, characteristic width, and plan view aspect ratio (Goff and Jordan, 1988). The study manages to characterise 75 

the relation between the spreading mechanism and resulting morphology, where abyssal hills originating at inside 76 

corners of ridge-transform intersections have larger rms height, larger characteristic width, and smaller plan view 77 

aspect ratio compared to those originating at outside corners of ridge-transform intersections. In addition, the study 78 

also found the relation between the resulting abyssal hills morphology with the thickness of the crust derived from 79 

residual mantle Bouguer anomaly (RMBA), where lower-relief, narrower, and more lineated abyssal hills are 80 

formed when the crust is thicker while higher, wider, less lineated abyssal hills are formed when the crust is thinner. 81 

In line with the plan view aspect ratio method, we develop an algorithm that exploits the directionality and steepness 82 

of the terrain, both derived from multibeam data. We argue that the quantification of massif-shaped OCCs and 83 

linearly bounded abyssal hills through their directional eigenvalue explored in this study serves as a novel and 84 

supporting method to the previously developed techniques. 85 

The algorithm is built based on three of the four main types of terrain attributes described in Wilson et al. (2007), 86 

which are the slope, orientation, and curvature of the seafloor. We exploit the plunge (slope) and azimuth 87 

(orientation) of the slope vectors computed from bathymetry over features of interest and their distribution in a 88 

spherical coordinate system (Watson, 1965; Woodcock, 1977), as well as a simplified form of azimuth rose, termed 89 

eigenvalue ellipse. The algorithm is applied to a gridded shipboard multibeam bathymetry data set using a moving 90 

window, which window size is determined through a series of sensitivity tests. 91 

From our observation, we follow Cann et al. (2015) in adding in the ‘extended terrain,’ which represents an area 92 

where both bidirectional and omnidirectional dipping slopes exist, showing the transition between the two crustal 93 

regimes. Furthermore, we exploit the curvatures of the seafloor to identify individual OCCs using a mask created 94 

from a Laplacian-of-Gaussian-filtered (LoG-filtered) bathymetry. A radially symmetric Gaussian filter, with a 95 

diameter reflecting the general size of the feature of interest, is applied to generalise the morphology of the seafloor. 96 

Subsequently, the Laplacian filters determines whether the feature is concave down (e.g., a dome) or concave up 97 

(e.g., a local basin). The automatically classified seafloor and the identified individual OCCs will then act as a novel 98 

means to provide insights into the processes that occur in a slow-spreading ridge through time. 99 

 100 
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2. Study area 101 

We select an area with available shipboard multibeam bathymetry data over ~5 Ma between the Marathon and 102 

Fifteen-Twenty fracture zones (12.5°-15.5° N). The extent of the area can be seen in Figure 1. The gridded 103 

bathymetry is provided by D. K. Smith through personal contact and is a combination of multiple shipboard 104 

multibeam surveys carried out by Escartín and Cannat (1999) along the Fifteen-Twenty fracture zone (~15° 20’ N) 105 

and its two adjacent ridge axes, by Fujiwara et al. (2003) from ~14° N up to the Fifteen-Twenty fracture zone, and 106 

by Smith et al. (2006) from ~14° N down to the Marathon fracture zone (~12° 40’ N). The original combined 107 

bathymetry was gridded by D. K. Smith with a cell size of 200 m.  108 

Seismicity in the area has been recorded by an array of autonomous hydrophones moored on the flanks of the Mid-109 

Atlantic Ridge (MAR) between 15° N and 35° N (Escartín et al., 2003; Smith et al., 2003; Smith et al., 2002). 110 

Earthquakes’ locations are derived from the peak amplitudes of the tertiary waves (T-waves) observed in the vicinity 111 

of the hydrophones. The derived locations may coincide with earthquake epicentres, but factors such as morphology, 112 

the velocity structure of the crust, and the depth of the earthquake below the seafloor may bias the calculation. 113 

Hence, the derived locations are not termed ‘epicentres’ but rather ‘T-wave source locations’ (Fox et al., 2001).  114 

The distribution of the observed seismicity reflects the tectonism in the area, where continuous seismicity is found 115 

close to the bounding fracture zones while a seismic gap is found in the middle of the area, or around 14° N 116 

(Escartín et al., 2003). The seismic gap at the segment is consistent with a continuous zone of high acoustic 117 

backscatter and a magmatically-robust morphology, marked by the presence of long abyssal hills parallel to the 118 

spreading axis. In contrast, the continuous seismicity at the segment ends (13° N and 15° N) occurs in terrain with 119 

much rougher topography where sporadic massifs are in place (Smith et al., 2008). The broadly scattered seismicity 120 

along the axis is thought to be associated with slip on detachment faults (Smith et al., 2006). Furthermore, the 121 

observation is consistent with the indication of brittle rupture at depths up to 10-12 km below the seafloor near the 122 

ends of spreading segments by means of teleseismic and microearthquake studies (Bergman and Solomon, 1990; 123 

Kong et al., 1992; Wolfe et al., 1995). 124 

The abundant samples of ultramafic rocks close to the massifs at both 13° N and 15° N segments (Cannat et al., 125 

1997; MacLeod et al., 2009; Rona et al., 1987) demonstrate the domination of the OCC formation specifically in 126 

these two segments. The study of Smith et al. (2008) explores fault rotation and core complex formation in the 127 
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region, where steep outward-facing slopes of the footwalls of many of the normal faults have rotated more than 30 128 

degrees, indicating a large amount of tectonic extension. The steep fault resulting from the rotation typically grades 129 

into smoother dome-shaped seafloor, in which an OCC may develop. The dome-shaped seafloor is commonly 130 

elevated compared to the surrounding seafloor. In contrast, the abyssal hills formed at the 14° N segment display a 131 

smaller amount of rotation, typically less than 15 degrees. 132 
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 133 

Figure 1 Bathymetric map of the study area. The combined data originates from cruises documented in Escartín and 134 

Cannat (1999), Fujiwara et al. (2003), and Smith et al. (2006). Segmentation (black dashed lines) is inferred by 135 

Smith et al. (2008), dividing the area into detachment (D) and magmatic (M) terrain. Black stars: inferred OCCs 136 

(Smith et al., 2008). Red dots: T-wave origin seismicity (Smith et al., 2003). Black lines: fracture zones. Red lines: 137 

ridge segments.  138 
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3. Slope-weighted eccentricity 139 

The slope-weighted eccentricity (SWE) is a geomorphometric algorithm created to obtain the numerical description 140 

of both detachment and magmatic crust through a series of calculations based on the distribution of the azimuth and 141 

plunge of the slope vector, which is the steepest line within the seafloor surface at any point. The calculation is 142 

applied to a set of gridded multibeam bathymetry data through a moving window, starting from the top-left corner 143 

down to the bottom-right corner of the grid. In this section, we explain the fundamental theories on which the 144 

calculation is based, starting from the description of a spherical coordinate system, eigenvalues of the slope vectors 145 

and their graphical representation, eigenvalue ellipse and eccentricity as a means of describing the horizontal pattern 146 

of a terrain window, and the introduction of slope as a weight matrix. In addition, we use the Laplacian-of-Gaussian 147 

(LoG) filters (e.g., Huertas and Medioni, 1986) to define the generalised curvatures of the seafloor. The defined 148 

curvatures will serve as a means to highlight the concave down morphology of both magmatic abyssal hills and 149 

OCCs and mask out the concave up morphology to identify individual OCCs. 150 

 151 

3.1. Spherical coordinate system 152 

The gridded multibeam bathymetry comprises data cells of longitude, latitude, and height (𝑙𝑜𝑛, 𝑙𝑎𝑡, ℎ). From the 153 

gridded data set, we compute the azimuth (𝛼) and plunge (𝜃) of the mean slope vector within each cell using the 154 

built-in aspect and slope functions in Matlab, respectively. In the functions, azimuth is calculated by considering the 155 

horizontal deviation of dip relative to the north (0°), while the plunge is calculated by analysing the depth gradient 156 

of each cell of a gridded surface relative to a plane surface. In this function, the plunge is described as positive down 157 

(+𝜃 down) from the horizon to the nadir (+0° to +90°). Therefore, to match the spherical coordinate system, the sign 158 

is reversed (−𝜃), so the values are all ≤ 0° (see Figure 2). From the azimuth and plunge grids, the slope vectors are 159 

described in its Cartesian representations of the tangent surface to the grid at each point (𝑇𝑥, 𝑇𝑦, 𝑇𝑧) by: 160 
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𝑇𝑥 = sin 𝛼 cos(−𝜃) 𝑇𝑦 = cos 𝛼 cos(−𝜃 ) 𝑇𝑧 = sin(−𝜃) 

(1) 

A window of multiple cells (𝑇𝑥𝑖 , 𝑇𝑦𝑖 , 𝑇𝑧𝑖) is then defined (see Figure 2) to observe the directional trend on a 161 

sampled terrain. By plotting (𝑇𝑥𝑖 , 𝑇𝑦𝑖 , 𝑇𝑧𝑖) coordinates in a spherical coordinate system, we can see approximately 162 

where these points are distributed and about which axis they are most clustered (see Watson, 1965; Woodcock, 163 

1977). This distribution can be numerically described by computing the three-dimensional eigenvalues in each 164 

windowed terrain. 165 

 166 

Figure 2 Illustration of how a window of terrain with cells described as (𝑙𝑜𝑛, 𝑙𝑎𝑡, ℎ) is converted into a spherical 167 

coordinate system containing azimuth and plunge values. Firstly, the terrain window is computed into two separate 168 

windows of azimuth (𝛼) and plunge (𝜃) using the built-in aspect and slope functions in Matlab, respectively. 169 

Afterwards, the azimuth and plunge of the slope vectors are used to compute the Cartesian representations of the 170 

tangent surface to the grid at each point (𝑇𝑥, 𝑇𝑦, 𝑇𝑧) using Equation 1. Each point within the window (𝑇𝑥𝑖 , 𝑇𝑦𝑖 , 𝑇𝑧𝑖) 171 

is presented into a spherical coordinate system to see approximately where the points are most clustered (see 172 

Watson, 1965; Woodcock, 1977).  173 
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3.2. Eigenvalues on each windowed terrain 174 

To compute the three-dimensional eigenvalues, a windowed terrain is described as matrix 𝐵 (Scheidegger, 1965; 175 

Woodcock, 1977): 176 

B = [  
   ∑𝑇𝑥𝑖2 ∑𝑇𝑥𝑖𝑇𝑦𝑖 ∑ 𝑇𝑥𝑖𝑇𝑧𝑖∑ 𝑇𝑦𝑖𝑇𝑥𝑖 ∑𝑇𝑦𝑖2 ∑𝑇𝑦𝑖𝑇𝑧𝑖∑ 𝑇𝑧𝑖𝑇𝑥𝑖 ∑ 𝑇𝑧𝑖𝑇𝑦𝑖 ∑ 𝑇𝑧𝑖2 ]  

   ÷ n (2) 

Each matrix element is the summation of the Cartesian representations of the tangent surface to the grid at each 177 

point (𝑇𝑥𝑖 , 𝑇𝑦𝑖 , 𝑇𝑧𝑖) divided by the number of points (𝑛) over a terrain window. Each window comprises cells (𝑖) of 178 

three-dimensional coordinates regarded as points of slope vectors on a sphere. The eigenvalues of 𝐵 are computed 179 

using the eig function in Matlab to represent the degree of data clustering on the unit sphere. The three eigenvalues 180 

are defined in ascending order (𝜆1, 𝜆2, 𝜆3), each representing the degree of data clustering on a Cartesian axis, where 181 

the smallest value is defined as 𝜆1. In the algorithm building section (see 4.1), we show that data clustering is always 182 

minimised at the vertical axis. Having the axis with the smallest eigenvalue defined, the axis of 𝜆2 is defined 183 

perpendicular to 𝜆1 and 𝜆3 following the right-hand rule. The eigenvalues of each Cartesian representation 184 

(𝑇𝑥, 𝑇𝑦, 𝑇𝑧) are described as (𝜆2, 𝜆3, 𝜆1). 185 

Formerly, the pattern of the spherical distribution was classified by computing logs of ratios of the three eigenvalues 186 

termed as 𝐾 (see Woodcock, 1977). However, we will see in Table 1 that the vertical eigenvalue 𝜆1 embodies only 187 

less than 6% of the total eigenvalue in detachment terrain and less than 3% in magmatic terrain. This narrow range 188 

of vertical distribution means that the computed logs of ratios will mainly represent the pattern observed in the 189 

horizontal axis, almost neglecting the vertical component. In addition, there is no known upper limit to the computed 190 𝐾 value, limiting the re-applicability of the formula at different settings as the range of the value is not fixed. 191 

Therefore, in our algorithm, we separate the computation into two steps. The first part focuses on the horizontal 192 

distribution of the points, and the second part focuses on the vertical distribution. The horizontal distribution of the 193 

points is observed through the eigenvalue ellipse and its horizontal eccentricity.  194 
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3.3. Eigenvalue ellipse and horizontal eccentricity 195 

The eigenvalue ellipse is created by the horizontal eigenvalues 𝜆3 and 𝜆2, each represents the semi-major and the 196 

semi-minor axes (𝑎 and 𝑏, respectively). Illustration of the eigenvalue ellipse is presented in Figure 3. 197 

 198 

Figure 3 Illustration of the eigenvalue ellipse. The semi-major and semi-minor axes of the ellipse (𝑎 and 𝑏, 199 

respectively) are described as 𝜆3 and 𝜆2, respectively. 200 

 201 

Mathematically, the shape of an ellipse can be characterised by a unique number termed eccentricity (𝑒), computed 202 

based on the values of the semi-major and semi-minor axes. In particular, the eccentricity of an ellipse that is not a 203 

circle falls between 0 < 𝑒 < 1, where 𝑒 = 0 represents a circle. Therefore, the horizontal pattern of the terrain window 204 

can be characterised using the eccentricity equation, described as: 205 

e = √1 − 𝑏2𝑎2 = √1 − 𝜆22𝜆32 (3) 

The eccentricity value of a terrain window then describes the general pattern of the point in its horizontal axes. For 206 

instance, a terrain window with a high eccentricity value describes a bidirectional pattern of azimuths commonly 207 

found in magmatic terrain, as the faults are slipping parallel to each other. On the other hand, a terrain window with 208 

a low eccentricity value describes a more omnidirectional pattern of azimuth, which might indicate the presence of a 209 

detachment fault or an OCC. Having the horizontal components defined, we introduce the vertical component to 210 

have a full numerical description of the seafloor morphology. The vertical component is introduced to the computed 211 

horizontal eccentricity as a weight matrix. 212 

  213 
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3.4. Introducing slope as a weight matrix 214 

The vertical distribution of the points can be described by the plunge (𝜃) parameter over the terrain window. This 215 

depth gradient can be viewed as a proxy of the fault planes over both detachment and magmatic terrain, in which 216 

normal faults indicate the presence of magmatic terrain and detachment faults indicate the latter. From the computed 217 

plunges, we generate a weight matrix that resembles the range of the eccentricity numbers computed in the previous 218 

subsection (0 < 𝑒 < 1). The simplest way to achieve it is by computing the sine of the slope (sin 𝜃), as the sine of 0 ≤ 219 𝜃 ≤ 90° is 0 ≤ sin 𝜃 ≤ 1. Considering the higher amount of rotation over detachment faults (Smith et al., 2008), 220 

magmatic terrain might be depicted as having a gentler slope than the detachment terrain, as the slope computes both 221 

the tilted seafloor and the well as faults. 222 

Previously, we have learned that the eccentricity equation favours magmatic terrain with higher values than the 223 

detachment terrain. Therefore, the weight matrix must also be built to favour magmatic terrain with higher values. 224 

Considering the argument that magmatic terrain tends to be described as having gentler slopes than detachment 225 

terrain, the weight matrix 𝑊 is introduced as: 226 𝑊 = 1 − sin 𝜃 (4) 

By introducing Equation 4 as a weight matrix to Equation 3, the ‘slope-weighted eccentricity’ or SWE is defined as: 227 

𝑆𝑊𝐸 = 𝑒 × 𝑊 = √1 − 𝜆22𝜆32 × (1 − sin 𝜃) (5) 

Following the original ranges of 𝑒 and 𝑊, the SWE will always fall between 0 < SWE < 1, making it applicable to 228 

any multibeam dataset. To further identify individual OCCs, we must take into account the curvatures of the 229 

seafloor. To filter out the concave up features from the analysis, we create a mask derived from the LoG filters. 230 

 231 

3.5. Defining curvatures with Laplacian-of-Gaussian filters 232 

The concave up features can be masked by determining the zero-crossing of each slope from the bathymetry using 233 

the Laplacian filter (Marr and Hildreth, 1980). This space-domain filter uses curvature to discriminate long- and 234 

short-wavelength anomalies by delineating their zero-crossing points. This filter can be used to observe the general 235 

directionality and, at times, shapes and patterns of the observed signals. The two-dimensional filter can be expressed 236 
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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 237 

differential operator approximating the second derivative given by: 238 

∇2𝑓 = 𝜕2𝑓𝜕𝑥2 + 𝜕2𝑓𝜕𝑦2 (6) 

However, if the filter is applied directly to the original gridded bathymetry, too many edges will be detected, as a 239 

slight change of slope will be defined as a new zero-crossing. In the same study, Marr and Hildreth (1980) suggested 240 

the use of a smoothing filter before running the edge detection; hence the term Laplacian-of-Gaussian (LoG) mask 241 

(e.g., Huertas and Medioni, 1986). The Gaussian filter itself is a fixed bell-shaped response curve, essentially a 242 

space-domain low-pass filter from a specified cut-off wavelength, which is useful to mask noise and high-frequency 243 

features that might affect further operations and interpretations. According to Wells (1986), a normalised, radially 244 

symmetric, central two-dimensional Gaussian function is defined by: 245 

𝐺(𝑥, 𝑦, 𝜎) = 12𝜋𝜎2 𝑒−(𝑥2+𝑦2)/2𝜎2
 (7) 

where 𝜎 is the standard deviation of the Gaussian filters, which represents the size of the bell-shaped curve. 246 

Physically, it represents the size of the smoothing filters, which can be determined by observing the general size of 247 

the object of interest within the study area. In our study, LoG filters are applied through the imfilter and fspecial 248 

functions of Matlab’s Image Processing Toolbox. 249 

 250 

4. Algorithm building 251 

4.1. Calculating the eccentricity of the horizontal eigenvalues 252 

To observe the general pattern of the two types of spreading, we select ten different windows of OCC and magmatic 253 

terrain (MTR), guided by Smith et al. (2008) interpretation. For this trial, we window the terrain with the size of 8’ × 254 

8’ (~14.3 × 14.8 km), following the general size of OCCs found in the MAR (Cann et al., 1997; Cann et al., 2015; 255 

Smith et al., 2008). A more thorough sensitivity test on the window size determination will be discussed in the next 256 

step. The selected terrain windows are shown in Figure 4. From the original gridded cell size (200 m), the terrain 257 

windows are resampled into having a 15” × 15” (~446 × 462 m) cell size to optimise the computing time while 258 

maintaining quality, as well as increasing the re-applicability of the algorithm in standard computing systems. The 259 

resampling is carried out through the grd2xyz and surface functions in GMT 5.4.5 (Wessel et al., 2013).  260 
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The general pattern of the terrain can be observed from the plunge and azimuth of the slope vector. By computing 261 

these two parameters, the edges of an OCC can be depicted as having steeper slopes compared to its surroundings 262 

and dipping in an omnidirectional form (Figure 5d). On the other hand, the fault planes over magmatic terrain are 263 

also depicted as having steeper slopes compared to its surrounding, but not as steep as those found at the edges of an 264 

OCC. These slopes indicate the steep yet narrow scarps bounding the abyssal hills, which alternate in a bidirectional 265 

form (Figure 5j). The azimuth is distributed more equally in the OCC compared to a more clustered distribution in 266 

the magmatic terrain. 267 

Each cell is then displayed in its Cartesian representations (𝑇𝑥, 𝑇𝑦, 𝑇𝑧) in the form of spherical coordinate system 268 

(Figures 5e and k). From the figures, we observe that the variation in the vertical axis is not comparable to those in 269 

the horizontal axes, as the plunge values computed in the study area never surpass 30 degrees. To prove this 270 

argument, we calculate the eigenvalues of each terrain window, which results can be seen in Table 1. Based on the 271 

table, the values of 𝜆1 are extremely small compared to the other two eigenvalues. These values confirm the 272 

argument in 3.2. The vertical axis will always be described as 𝜆1, with 𝜆2 and 𝜆3 axes described consecutively 273 

following the right-hand rule.  274 

Furthermore, we can see a directionality pattern in the ratio between 𝜆2 and 𝜆3 over both types of terrain. In the 275 

OCCs, the ratio between these two horizontal eigenvalues is not as extreme as the ratio found in the magmatic 276 

terrain. Hence, the general directionality of each window of terrain can be described in one single number by 277 

computing the eccentricity of a ‘horizontal ellipse,’ where 𝜆3 and 𝜆2 are defined as its semi-major and semi-minor 278 

axes, respectively (Figure 5f and l). In Table 1, we can already see that OCCs generally have a lower eccentricity 279 

value than the magmatic terrain. 280 
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 281 

Figure 4 Distribution of windowed OCC and magmatic terrain. (a) The study area with the distribution of windowed 282 

OCC (blue squares) and magmatic terrain (red squares) used throughout the study. Inferred OCCs and segmentation 283 

(Smith et al., 2008), fracture zones, and ridge segments are identified in Figure 1. (b) Three-dimensional 284 

visualisation of an OCC terrain window. (c) Three-dimensional visualisation of a magmatic terrain window. The 285 

terrain windows shown are sampled with the size of 8’ × 8’ and 15” × 15” cell size.   286 
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Table 1 Eigen values (𝜆1, 𝜆2, 𝜆3) and eccentricity (𝑒) of the sampled terrain window 287 

Oceanic core complex (OCC) Magmatic terrain (MTR) 

Terrain ID 𝜆1 𝜆2 𝜆3 𝑒 Terrain ID 𝜆1 𝜆2 𝜆3 𝑒 

OCC-01 0.04 0.42 0.54 0.63 MTR-01 0.01 0.26 0.73 0.94 

OCC-02 0.05 0.42 0.53 0.62 MTR-02 0.01 0.17 0.82 0.98 

OCC-03 0.02 0.43 0.55 0.63 MTR-03 0.02 0.23 0.75 0.95 

OCC-04 0.04 0.40 0.56 0.70 MTR-04 0.01 0.17 0.81 0.98 

OCC-05 0.04 0.31 0.65 0.88 MTR-05 0.02 0.18 0.81 0.98 

OCC-06 0.04 0.33 0.63 0.80 MTR-06 0.03 0.18 0.80 0.97 

OCC-07 0.04 0.40 0.56 0.72 MTR-07 0.01 0.17 0.80 0.98 

OCC-08 0.03 0.41 0.56 0.67 MTR-08 0.01 0.20 0.79 0.97 

OCC-09 0.05 0.42 0.53 0.61 MTR-09 0.01 0.27 0.72 0.93 

OCC-10 0.06 0.42 0.52 0.60 MTR-10 0.01 0.26 0.73 0.94 

Mean 0.04 0.40 0.56 0.69 Mean 0.01 0.21 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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 290 

Figure 5 Directionality of OCC-02 and MTR-08 terrain windows. For OCC-02: (a) Depth in km. (b) Plunge, or 𝜃 in 291 

degrees. The edges surrounding the OCC are depicted as steeper slopes up to ~30°. (c) Azimuth, or 𝛼 in degrees. 292 

The OCC is depicted as an omnidirectional feature centred at the peak of the massif. (d) Azimuth rose. (e) Spherical 293 

coordinate system. Based on the spherical distribution, variation in the vertical axis is incomparable to those in the 294 

horizontal axes. (f) Horizontal ellipse. The mean azimuth, �̅�, depicts the resultant of the entire points and the 295 

eccentricity, 𝑒, describes the directional trend observed over the terrain window. For MTR-08: (g) Depth in km. (h) 296 

Plunge, or 𝜃 in degrees. The edges of the abyssal hills are depicted as gentler slopes compared to the OCC terrain 297 

window. (i) Azimuth, or 𝛼 in degrees. The terrain window is depicted as consecutive bidirectional features. (j) 298 

Azimuth rose. (k) Spherical coordinate system. The variation in the vertical axis is still incomparable to those in the 299 

horizontal axes. (l) Horizontal ellipse. The eccentricity value of this terrain window is higher than in the OCC. 300 
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4.2. Determining optimum window size 301 

The main feature that characterises the detachment mode of spreading is the presence of OCCs. The OCCs vary in 302 

shape and size, depending on which side of the ridge they are emplaced and their proximity to fracture zones or non-303 

transform offsets. Therefore, the application of the established algorithm to the entire bathymetric grid must be 304 

preceded by determining the most effective window size that will best capture the morphology of an OCC without 305 

much interference from the surroundings. 306 

Over the selected OCC terrain windows (Figure 6), we carried out a sensitivity test by creating windows with 307 

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 308 

the algorithm over the terrain sampled with these varying window sizes (Figure 7). In OCC-02, for instance, the 309 

lowest value of eccentricity is computed when the window size is 16’ (~29.6 km). However, the computation is 310 

largely affected by the extreme change of depth north of the OCC due to the transform fault, implying uncertainty in 311 

the computed eccentricity value. Therefore, we compute the resultant (R) of the eigenvalues (𝜆1, 𝜆2, 𝜆3) to have the 312 

overall description of the terrain directionality, defined as: 313 

𝑅 = √𝜆12 + 𝜆22 + 𝜆32
 (8) 

In Figure 7, we can observe that although the eccentricity is minimised at 16’, the eigenvalue resultant is relatively 314 

large compared to the other computed eccentricity ellipses. This test is carried out on all ten windowed OCCs, and 315 

the general results can be seen in Figure 6c. The figure shows that the 8’ (~14.8 km) window is the most suitable 316 

window size as it generally computes the smallest range of eccentricities. Based on these results, we opt to use 8’ as 317 

the window size to run the algorithm to the entire gridded multibeam dataset. 318 
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 319 

Figure 6 Sensitivity test to determine the optimum window size. (a) The ten OCCs selected for the sensitivity test. 320 

The selection is aided by the interpretation of Smith et al. (2008). (b) Illustration of OCC windowing using OCC-02. 321 

The window size varies from 4’ (~7.4 km) to 16’ (~29.6 km). Dashed square: windows with varying sizes. Red 322 

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

presented as box and whiskers plots. The red line in each box and whiskers plot is the median eccentricity value of 324 

each window size, the ‘box’ shows the interquartile range of the eccentricity values (from Q1, or lower quartile, to 325 

Q3, or upper quartile), and the ‘whiskers’ the minimum and maximum eccentricity values Red crosses are 326 

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

delivers the smallest range of eccentricities. 328 
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 329 

Figure 7 Windowing over the OCC-02 terrain window. Figures (a) to (g) are eigenvalue ellipses with window sizes 330 

varying from 4’ (~7.4 km) to 16’ (~29.6 km), illustrated in the index map (top-right corner). Although the 8’ (~14.8 331 

km) window size (c) does not return the lowest eccentricity value on this OCC, it returns a relatively consistent 332 

range of eccentricity values when applied to the other OCCs as it computes the directional component of the OCC 333 

without much interference from the surrounding. For instance, the 16’ window (g) computation is largely affected 334 

by the extreme change of depth at the north, depicted in its relatively large eigenvalue resultant, 𝑅 compared to the 335 

other windows.  336 
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4.3. Building the weight matrix 337 

In 3.4., we presume that the magmatic terrain might be depicted as having gentler slopes compared to the 338 

detachment terrain, as the detachment terrain experienced larger rotation compared to the magmatic terrain (Smith et 339 

al., 2008). To prove this hypothesis, we compute the slopes of all the sampled OCCs and magmatic terrain windows 340 

and examine their histograms. In Figure 8, we can see that the slope observed over an OCC falls between 0° and 341 

30°, consistent with the observation of Smith et al. (2006) and Smith et al. (2008). A gradual change is observed 342 

from one frequency bin to another, depicting the moderate change of slope forming the dome-shaped feature. The 343 

mean values of the slope histograms fall between 9.1° and 14°. On the other hand, in Figure 9, the range of the 344 

slopes observed over the magmatic terrain is generally narrower than those observed in the OCCs. In addition, we 345 

can see a larger variance in the distribution in the OCCs compared to the MTRs. The mean value of the slope falls 346 

between 5.2° and 8.1°. These values are lower than the mean slope values at the OCCs, confirming the hypothesis. 347 

The computed slopes of the OCC-02 and MTR-08 terrain windows are shown in Figure 10 to observe the spatial 348 

extent of the constructed weight matrix. The slopes surrounding the OCC are computed as steeper slopes compared 349 

to those bounding the abyssal hills in the magmatic terrain. However, the eccentricity calculation favours magmatic 350 

terrain with higher values compared to the OCC, as high eccentricity values represent a bidirectional trend of 351 

dipping slopes. Therefore, the consecutive weight matrix must be built based on the early classification obtained 352 

from the eccentricity of the horizontal eigenvalues. Lower weight must be assigned to terrain windows containing 353 

potential OCCs. From this understanding, Equation 4 is defined.  354 
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 355 

Figure 8 Slope histogram of the sampled OCCs. Histograms of the slopes observed on OCC-01 to OCC-10 are 356 

shown in (a) to (j), with locations depicted in the inset. A gradual change is observed from one frequency bin to 357 

another, depicting the moderate change of the omnidirectional slopes observed on an OCC. A bell-shaped 358 

distribution mimicking the Gaussian normal distribution is observed at OCC-02 as the size of the OCC matches 359 

quite well with the size of the window, and the shape of this particular OCC mimics the shape of a dome centred 360 

within the windowed area. A highly skewed distribution is found at OCC-07 as the breakaway zone of the OCCs is 361 

indicated by a steep-dipping slope facing away from the axis. The mean value of the slopes observed over these 362 

OCCs falls between 9.1° and 14°. 363 
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 364 
Figure 9 Slope histogram of the sampled magmatic terrain. Histograms of the slopes observed on MTR-01 to MTR-365 

10 are shown in (a) to (j), with locations depicted in the inset. A more extreme change is observed from one 366 

frequency bin to another, specifically starting from around 5°-10°. This extreme change depicts the scarcity of steep 367 

slopes over this type of terrain. The largely skewed distribution depicts the domination of the ‘background,’ or the 368 

‘flat’ values compared to the steep-dipping slopes. The histogram closest to a normal distribution is found in MTR-369 

10, as the windowed terrain is still in proximity to an OCC. The mean value of the slopes observed over these 370 

windows falls between 5.2° and 8.1°, lower than the mean slope values at the OCCs. 371 
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 372 
Figure 10 Computing the weight matrix over an OCC: (a) The bathymetry (depth) of OCC-02 gridded at 15” with an 373 

8’ window size. (b) Computed slope (𝜃). The OCC is surrounded by an omnidirectional steep-dipping slope, 374 

depicting the rotation experienced by the seafloor through detachment faulting. (c) Computed weight matrix (𝑊). 375 

The OCC is indicated by cells with lower 𝑊 values. (d) The histogram of the 𝑊 matrix over an OCC. The 376 

distribution mimics the Gaussian normal distribution curve, with a mean value of ~0.8. The normal distribution 377 

depicts the omnidirectional dipping slopes characterising the OCCs in detachment terrain. Computing the weight 378 

matrix over MTR-08: (e) The bathymetry (depth) of the sampled magmatic terrain gridded at 15” with an 8’ window 379 

size. (f) Computed slope (𝜃). The magmatic terrain is characterised by sparse, parallel, gentle dipping slopes 380 

scattered over the sampled area, depicting the smaller amount of rotation experienced by the magmatic seafloor. (g) 381 

Computed weight matrix (𝑊). The magmatic terrain is indicated by cells with higher 𝑊 values. (h) The histogram 382 

of the 𝑊 matrix over a sampled magmatic terrain. Compared to the distribution observed at an OCC, this 383 

distribution is skewed, following the general distribution of the slopes. The highly skewed distribution ensures that 384 

areas dominated by magmatic spreading will be indicated by cells with much higher 𝑊 values than those in the 385 

detachment terrain.  386 
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5. Results 387 

5.1. Characterising the different types of spreading 388 

The established algorithm is applied to the entire multibeam data set to assess its performance. Figure 11 shows a 389 

general result of how the eccentricity, weight matrix, and SWE calculation work. In Figure 11b, we can see how 390 

areas dominated by omnidirectional dipping slopes are quantified as having lower eccentricity numbers (e.g., areas 391 

in proximity to the bounding fracture zones). In comparison, areas dominated by bidirectional dipping slopes are 392 

quantified as having higher eccentricity numbers (e.g., the area in the middle of the ridge segment). Figure 11c 393 

shows how the weight matrix assigns lower weight to areas dominated by faults and tilted terrain. Specifically, we 394 

can observe that areas close to the bounding fracture zones are assigned lower weight, in line with the definition 395 

resulting from the eccentricity calculation. The complete SWE grid is presented in Figure 11d, in which the weight 396 

matrix is applied to the computed eccentricity. The figure shows how the SWE can classify the types of spreading 397 

by assigning cells with certain values based on the parameterisation carried out in the sampled terrain windows.  398 

From the SWE grid shown in Figure 11d, we examine the distribution of the SWE values in the ten windowed OCC 399 

and magmatic terrain to define the boundaries of the oceanic crust formed by the different types of spreading. We 400 

display our observation in the form of box and whiskers plot shown in Figure 12. The box and whiskers plots show 401 

that the SWE values in the sampled OCCs are generally lower than those observed in the sampled magmatic terrain. 402 

The variation of SWE values is higher in the OCC samples compared to the magmatic terrain. From the distribution, 403 

we select the highest mean SWE value from the sampled OCCs as the uppermost boundary of the detachment terrain 404 

(D). The value of this boundary is 0.68, with a standard deviation of ± 0.09. The standard deviation is computed 405 

from the SWE values in the consecutive terrain window, i.e., the OCC-05. The lowest mean SWE value of the 406 

sampled magmatic terrain (M) defines the other boundary, which is 0.80, with a standard deviation of ± 0.07. As the 407 

bounding values have been defined, the remaining terrain is described as the extended terrain (E), where 0.68 < 408 

SWE < 0.80. The extended terrain represents a buffer zone where both omnidirectional and bidirectional dipping 409 

slopes/faults exist, showing the transition from detachment to magmatic spreading or vice versa. The SWE values of 410 

this buffer zone also lie within the standard deviation of the uppermost limit of the detachment terrain and the 411 

lowermost limit of the magmatic terrain. 412 
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Having the ranges quantified, we simplify the colour bar of the SWE grid in Figure 11d into three different classes: 413 

detachment terrain (SWE ≤ 0.68), extended terrain (0.68 < SWE < 0.8), and magmatic terrain (SWE ≥ 0.8), which 414 

can be seen in Figure 13. According to the classification, 41% of the seafloor in our study area experienced 415 

detachment spreading, while 34% and 25% of the area experienced extended and magmatic spreading, respectively.  416 

The results are compared to the seismicity documented in Smith et al. (2003) and the visual interpretation of Smith 417 

et al. (2008). The detachment terrain defined by the SWE algorithm correlates well with areas previously interpreted 418 

as detachment terrain, where greater seismicity is observed and where the interpreted OCCs are in place. However, a 419 

complex alternation between the detachment and magmatic terrain is observed in the southernmost segment. We 420 

argue that our established algorithm improves the previous interpretation, in which the southernmost segment was 421 

previously defined as being dominated solely by magmatic terrain. The results also show the efficacy of the 422 

algorithm, at least when applied in typical slow-spreading ridge. 423 

 424 

5.2. Identifying individual OCCs 425 

After classifying the area into detachment, extended, and magmatic terrain, we take into account the curvature of the 426 

seafloor to differentiate the concave down features from the concave up features. This differentiation is important as 427 

the SWE algorithm still describes local basins with similar SWE values as those computed over the OCCs. The 428 

description occurs as the two distinct features are governed by a similar trend of directionality (Figures 14a and b). 429 

Therefore, we create a mask aided by the LoG filters to eliminate concave up features whose size and directionality 430 

mimic those found in OCCs, as well as transform faults and non-transform offsets. In this study, we apply the LoG 431 

filters through the imfilter and fspecial functions in Matlab’s Image Processing Toolbox. 432 

A rotationally symmetric LoG filter is built with a diameter equivalent to the assigned window size (8’ or ~14.8 433 

km), mimicking the general size of OCCs found in the study area. This diameter ensures that each window will only 434 

contain one OCC instead of several concave down features (e.g., domes) defined by multiple zero crossings detected 435 

by the Laplacian filters. The resulting grid is used as a mask to remove areas with concave up features (e.g., local 436 

basins) from the SWE grid. The remaining area is shown in Figure 14c, in which the local basins have been removed 437 

from the SWE grid. We can then highlight the individual OCCs by removing areas indicated as extended and 438 

magmatic terrain (Figure 14d).  439 
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According to the classification, 28% of the features within the study area are indicated as OCCs. The results 440 

correlate well with the OCCs inferred by Smith et al. (2008) and potentially indicate other OCCs that have not been 441 

previously defined (Figures 14e, f, and g). However, we can see the effect of the size of the LoG filter in the two 442 

adjacent OCCs depicted in Figure 14g. As the two OCCs are about half the size of the LoG filter and are in 443 

proximity to each other, the two distinct features are defined as one. This challenge could be dealt with by 444 

modifying the size of the LoG filter.  445 

 446 

5.3. Discussions on varying data resolution and spreading rates 447 

The experiment presented in this study is carried out using a multibeam data set with an original gridded resolution 448 

of 200 m. To optimise computing time, the data is resampled into having a 15” × 15” (~446 × 462 m) cell size. This 449 

choice of cell size is considerably low compared to the resolution of modern multibeam data, which could cover less 450 

than 10 m resolution. However, in Figure 15, we show that the algorithm is adequate to classify the types of terrain 451 

(detachment or magmatic) as well as identifying individual OCCs with coarser data resolution, at least up to 30” × 452 

30” (~892 × 925 m) cell size. In addition, publicly available multibeam data, e.g., the Global Multi-Resolution 453 

Topography/GMRT (Ryan et al., 2009), has the finest, non-super sampled resolution of 122 m. This data availability 454 

strengthens our argument that the SWE method could potentially be applied to other publicly available locations 455 

other than newly obtained field data. 456 

In the case of varying spreading rates, it is important to note that the SWE algorithm is built based on the shape, 457 

size, and directionality of the feature of interest. This study focuses solely on the features identified in slow-458 

spreading ridges, which are the fault-bounded abyssal hills and OCCs. As the types of features might differ in 459 

varying spreading rates, a study on the quantification of the features of interest must be carried out before applying 460 

the SWE. However, as the SWE algorithm classification depends closely on the directionality of the features of 461 

interest, we argue that it would aid the identification of bidirectionally-dipping fault-bounded features that 462 

characterise magmatic spreading and a more omnidirectionally dipping amagmatic features other than OCCs. It also 463 

important to identify the sizes of the features of interest to determine the size of the moving window and LoG filter. 464 

This study uses 8’ × 8’ (~14.3 × 14.8 km) based on the general size of OCCs found in our study area, as explained in 465 
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the sensitivity test is 4.2. a general study on the expected morphology and feature characterisation is advised to 466 

avoid misinterpretation at locations other than slow-spreading ridges. 467 

 468 

6. Conclusions 469 

We have developed a novel geomorphometric technique to automate terrain classification in slow-spreading ridges 470 

based on the shape, directionality, and curvature of a shipboard multibeam bathymetry data set. The algorithm 471 

exploits the azimuth and plunge of the seafloor to compute the dimensionless SWE values, which can be used to 472 

classify the crust dominated by either detachment or magmatic regimes based on its governing morphology. The 473 

oceanic crust in the study is thereafter classified into: 474 

o Detachment terrain, with SWE ≤ 0.68 ± 0.09, 475 

o Extended terrain, with 0.68 ± 0.09 < SWE < 0.80 ± 0.07, and 476 

o Magmatic terrain, with SWE ≥ 0.80 ± 0.07 477 

The detachment terrain hosts features governed by omnidirectional dipping slopes such as OCCs and local basins, 478 

while the magmatic terrain hosts features governed by bidirectional dipping faults. Between these two types, the 479 

extended terrain represents a buffer zone where both omnidirectional and bidirectional dipping slopes/faults exist, 480 

showing the transition from detachment to magmatic spreading or vice versa. This buffer zone approximately lies 481 

within the standard deviations of the uppermost limit of the detachment terrain and the lowermost limit of the 482 

magmatic terrain. The SWE values are always fixed within the range 0 < 𝑆𝑊𝐸 < 1, implying the re-applicability of 483 

the algorithm into various grid sets.  484 

According to the classification, 41% of the seafloor in our study area experienced detachment spreading, with 28% 485 

of the features indicated as OCCs. This finding confirms how detachment faulting is more important in the 486 

generation of ocean crust at slow-spreading ridges than previously suspected (Smith et al., 2006). Extended and 487 

magmatic terrain governs 34% and 25% of the terrain, respectively, implying the dramatic variation of magma 488 

supply along the axis.  489 

We suggest that the automated classification through SWE with an additional application of LoG filters can act as a 490 

novel and efficient means to provide quantitative insights into the detachment and magmatic processes that occur in 491 

a slow-spreading ridge where shipboard multibeam bathymetry data exists. This technique also widens the use of 492 
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geomorphometric techniques to automate terrain classification by deriving the statistical characteristics of available 493 

multibeam bathymetry data sets. The resulting classification will serve as a substantial first step to revealing the 494 

evolution of a slow-spreading ridge through time, together with a more thorough geophysical and geochemical 495 

studies through various types of surveys, rock sampling, and laboratory analyses. 496 

 497 
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 504 

Figure 11 From bathymetry to SWE. (a) Bathymetry gridded in 15” cell size. (b) Eccentricity grid, computed from 505 

the two horizontal eigenvalues. Lower eccentricity values indicate areas composed of omnidirectional dipping 506 

slopes. (c) Weight matrix (𝑊), computed from the slope values. Lower 𝑊 values indicate cells with relatively steep 507 

slopes compared to their surroundings. (d) Slope-weighted eccentricity (SWE) grid, computed by assigning the 508 

weight matrix to the eccentricity grid. The general classification of the terrain can already be seen where lower SWE 509 

values indicate detachment terrain. The boundary between the detachment and magmatic types of spreading is 510 

examined in Figure 12. 511 
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 512 
Figure 12 Terrain classification based on the SWE values computed in the sampled terrain patches. Each terrain 513 

patch is presented as box and whiskers plots. The red line in each plot is the median SWE value of each terrain 514 

patch. The box shows the interquartile range of the SWE values. The whiskers show the minimum and maximum 515 

SWE values. The red crosses are SWE values indicated as outliers. The SWE values in the sampled OCCs (a) are 516 

generally lower than those observed in the sampled magmatic terrain (b). Based on the distribution, we select the 517 

highest mean SWE value at the sampled OCCs as the uppermost boundary of the tectonic terrain (D = SWE ≤ 0.68) 518 

and the lowest mean SWE value at the lowermost boundary of the magmatic terrain (M = SWE ≥ 0.80). The 519 

standard deviation of these bounding values is computed from the SWE values in the consecutive terrain patches, 520 

i.e., the OCC with the highest mean SWE values (OCC-05) and the magmatic terrain with the lowest mean SWE 521 

values (MTR-10). The resulting standard deviation is ± 0.09 for the uppermost boundary of the detachment terrain 522 

and ± 0.07 for the magmatic terrain. SWE values between 0.68 and 0.80 are defined as extended terrain (E), in 523 

which the alteration from one type of spreading to another is commonly found.  524 
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 525 
Figure 13 Terrain classification using the SWE algorithm. (a) The study area is classified based on examining the 526 

sampled OCC and magmatic terrain, shown in Figure 12. Detachment terrain is defined where SWE ≤ 0.68, 527 

extended terrain is defined where 0.68 < SWE < 0.8, and magmatic terrain is defined where SWE ≥ 0.8. (b) The 528 

SWE classification results are compared to the segmentation and OCCs interpreted by Smith et al. (2008) and 529 

seismicity documented in Smith et al. (2003). D: Detachment terrain. M: Magmatic terrain. The detachment terrain 530 

from the SWE correlates well with the areas close to the bounding fracture zones, where higher seismicity is 531 

observed, and inferred OCCs are in place. A complex alternation between the magmatic and detachment terrain is 532 

observed in the southernmost segment.  533 



G. Alodia: Preprint submitted to Elsevier   

 

 

 

33 

 534 

Figure 14 Identifying individual OCCs. (a) Bathymetric grid. Local basins are indicated in black squares. (b) SWE 535 

grid with local basins indicated as in the bathymetry. The SWE values of the local basins are similar to those 536 

computed over the OCCs, as a similar trend of directionality governs the two distinct features, and the curvature of 537 

the seafloor has not been taken into account. (c) Masked SWE grid. The mask is built using the LoG filter with an 8’ 538 

(~14.8 km) window size, following the most suitable window size shown in Figure 6. The local basins indicated in 539 

(a) and (b) as well as transform fault areas have been removed. (d) Individual OCCs highlighted by removing areas 540 

indicated as extended and magmatic terrain. The results correlate well with the OCCs inferred by Smith et al. (2008) 541 
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and potentially indicate other undiscovered OCCs. Samples of newly indicated OCCs are highlighted with red 542 

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 543 

LoG mask. Details are discussed in the text.  544 
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 545 

Figure 15 The effect of cell size in the SWE algorithm. The OCC-09 bathymetry (cf. Figure 4) is gridded into 30”, 546 

15”, 12”, and 6” cell sizes, respectively, from (a) to (d). The resulting SWE interpretation of the same object is 547 

presented in (e) to (h), and the masked SWE is presented in (i) to (l). As expected, a smaller cell size (or equivalent 548 

to finer data resolution) results in a more precise interpretation of individual OCCs. However, the experiment shows 549 

that 15” (~446 × 462 m) serves as a sufficient cell size to run the SWE algorithm.  550 
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Data availability 551 

The combined multibeam dataset originates from cruises documented in Escartín and Cannat (1999), Fujiwara et al. 552 

(2003), and Smith et al. (2006). Part of the data set can be accessed via the Global Multi-Resolution Topography 553 

MapTool, or GMRT (https://www.gmrt.org/GMRTMapTool/) after Ryan et al. (2009). The T-wave seismicity data 554 

can be accessed via NOAA’s Pacific Marine Environmental Laboratory, or PMEL 555 

(http://autochart.pmel.noaa.gov:1776/autochart/GetPosit.html) after Smith et al. (2003). 556 

 557 

Code availability 558 

SWE_of_Bathymetry.m 559 

Contact: gabriella.alodia@itb.ac.id / +6287737897168 560 

Hardware requirements: The code will be most effective when used in a minimum of 8 GB RAM  561 

Program language: The code is built in Matlab R2021a and should be compatible with any release with Image 562 

Processing Toolbox add-on 563 

Software required: Matlab with Image Processsing Toolbox add-on 564 

Program size: 11.2 KB (23.6 MB with data sample) 565 

The source code and data samples are available for downloading at the link: https://github.com/gabriella-566 

alodia/SWE_of_Bathymetry.m   567 

https://www.gmrt.org/GMRTMapTool/
http://autochart.pmel.noaa.gov:1776/autochart/GetPosit.html
mailto:gabriella.alodia@itb.ac.id
https://github.com/gabriella-alodia/SWE_of_Bathymetry.m
https://github.com/gabriella-alodia/SWE_of_Bathymetry.m
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List of Figures 691 

1. Figure 1: Bathymetric map of the study area. The combined data originates from cruises documented in Escartín 692 

and Cannat (1999), Fujiwara et al. (2003), and Smith et al. (2006). Segmentation (black dashed lines) is inferred 693 

by Smith et al. (2008), dividing the area into detachment (D) and magmatic (M) terrain. Black stars: inferred 694 

OCCs (Smith et al., 2008). Red dots: T-wave origin seismicity (Smith et al., 2003). Black lines: fracture zones. 695 

Red lines: ridge segments. 696 

2. Figure 2: Illustration of how a window of terrain with cells described as (𝑙𝑜𝑛, 𝑙𝑎𝑡, ℎ) is converted into a 697 

spherical coordinate system containing azimuth and plunge values. Firstly, the terrain window is computed into 698 

two separate windows of azimuth (𝛼) and plunge (𝜃) using the built-in aspect and slope functions in Matlab, 699 

respectively. Afterwards, the azimuth and plunge of the slope vectors are used to compute the Cartesian 700 

representations of the tangent surface to the grid at each point (𝑇𝑥, 𝑇𝑦, 𝑇𝑧) using Equation 1. Each point within 701 

the window (𝑇𝑥𝑖 , 𝑇𝑦𝑖 , 𝑇𝑧𝑖) is presented into a spherical coordinate system to see approximately where the points 702 

are most clustered (see Watson, 1965; Woodcock, 1977). 703 

3. Figure 3: Illustration of the eigenvalue ellipse. The semi-major and semi-minor axes of the ellipse (𝑎 and 𝑏, 704 

respectively) are described as 𝜆3 and 𝜆2, respectively. 705 

4. Figure 4: Distribution of windowed OCC and magmatic terrain. (a) The study area with the distribution of 706 

windowed OCC (blue squares) and magmatic terrain (red squares) used throughout the study. Inferred OCCs 707 

and segmentation (Smith et al., 2008), fracture zones, and ridge segments are identified in Figure 1. (b) Three-708 

dimensional visualisation of an OCC terrain window. (c) Three-dimensional visualisation of a magmatic terrain 709 

window. The terrain windows shown are sampled with the size of 8’ × 8’ and 15” × 15” cell size. 710 

5. Figure 5: Directionality of OCC-02 and MTR-08 terrain windows. For OCC-02: (a) Depth in km. (b) Plunge, or 711 𝜃 in degrees. The edges surrounding the OCC are depicted as steeper slopes up to ~30°. (c) Azimuth, or 𝛼 in 712 

degrees. The OCC is depicted as an omnidirectional feature centred at the peak of the massif. (d) Azimuth rose. 713 

(e) Spherical coordinate system. Based on the spherical distribution, variation in the vertical axis is 714 

incomparable to those in the horizontal axes. (f) Horizontal ellipse. The mean azimuth, �̅�, depicts the resultant 715 

of the entire points and the eccentricity, 𝑒, describes the directional trend observed over the terrain window. For 716 

MTR-08: (g) Depth in km. (h) Plunge, or 𝜃 in degrees. The edges of the abyssal hills are depicted as gentler 717 
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slopes compared to the OCC terrain window. (i) Azimuth, or 𝛼 in degrees. The terrain window is depicted as 718 

consecutive bidirectional features. (j) Azimuth rose. (k) Spherical coordinate system. The variation in the 719 

vertical axis is still incomparable to those in the horizontal axes. (l) Horizontal ellipse. The eccentricity value of 720 

this terrain window is higher than in the OCC. 721 

6. Figure 6: Sensitivity test to determine the optimum window size. (a) The ten OCCs selected for the sensitivity 722 

test. The selection is aided by the interpretation of Smith et al. (2008). (b) Illustration of OCC windowing using 723 

OCC-02. The window size varies from 4’ (~7.4 km) to 16’ (~29.6 km). Dashed square: windows with varying 724 

sizes. Red square: best-fit window. (c) Sensitivity test result, each with the sample size of ten OCCs. Each 725 

window size is presented as box and whiskers plots. The red line in each box and whiskers plot is the median 726 

eccentricity value of each window size, the ‘box’ shows the interquartile range of the eccentricity values (from 727 

Q1, or lower quartile, to Q3, or upper quartile), and the ‘whiskers’ the minimum and maximum eccentricity 728 

values. Red crosses are eccentricity values indicated as outliers. The plot illustrates that the window size of 8’ 729 

(∼14.8 km) is the best fit as it delivers the smallest range of eccentricities. 730 

7. Figure 7: Windowing over the OCC-02 terrain window. Figures (a) to (g) are eigenvalue ellipses with window 731 

sizes varying from 4’ (~7.4 km) to 16’ (~29.6 km), illustrated in the index map (top-right corner). Although the 732 

8’ (~14.8 km) window size (c) does not return the lowest eccentricity value on this OCC, it returns a relatively 733 

consistent range of eccentricity values when applied to the other OCCs as it computes the directional 734 

component of the OCC without much interference from the surrounding. For instance, the 16’ window (g) 735 

computation is largely affected by the extreme change of depth at the north, depicted in its relatively large 736 

eigenvalue resultant, 𝑅 compared to the other windows. 737 

8. Figure 8: Slope histogram of the sampled OCCs. Histograms of the slopes observed on OCC-01 to OCC-10 are 738 

shown in (a) to (j), with locations depicted in the inset. A gradual change is observed from one frequency bin to 739 

another, depicting the moderate change of the omnidirectional slopes observed on an OCC. A bell-shaped 740 

distribution mimicking the Gaussian normal distribution is observed at OCC-02 as the size of the OCC matches 741 

quite well with the size of the window, and the shape of this particular OCC mimics the shape of a dome 742 

centred within the windowed area. A highly skewed distribution is found at OCC-07 as the breakaway zone of 743 
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the OCCs is indicated by a steep-dipping slope facing away from the axis. The mean value of the slopes 744 

observed over these OCCs falls between 9.1° and 14°. 745 

9. Figure 9: Slope histogram of the sampled magmatic terrain. Histograms of the slopes observed on MTR-01 to 746 

MTR-10 are shown in (a) to (j), with locations depicted in the inset. A more extreme change is observed from 747 

one frequency bin to another, specifically starting from around 5°-10°. This extreme change depicts the scarcity 748 

of steep slopes over this type of terrain. The largely skewed distribution depicts the domination of the 749 

‘background,’ or the ‘flat’ values compared to the steep-dipping slopes. The histogram closest to a normal 750 

distribution is found in MTR-10, as the windowed terrain is still in proximity to an OCC. The mean value of the 751 

slopes observed over these windows falls between 5.2° and 8.1°, lower than the mean slope values at the OCCs. 752 

10. Figure 10: Computing the weight matrix over an OCC: (a) The bathymetry (depth) of OCC-02 gridded at 15” 753 

with an 8’ window size. (b) Computed slope (𝜃). The OCC is surrounded by an omnidirectional steep-dipping 754 

slope, depicting the rotation experienced by the seafloor through detachment faulting. (c) Computed weight 755 

matrix (𝑊). The OCC is indicated by cells with lower 𝑊 values. (d) The histogram of the 𝑊 matrix over an 756 

OCC. The distribution mimics the Gaussian normal distribution curve, with a mean value of ~0.8. The normal 757 

distribution depicts the omnidirectional dipping slopes characterising the OCCs in detachment terrain. 758 

Computing the weight matrix over MTR-08: (e) The bathymetry (depth) of the sampled magmatic terrain 759 

gridded at 15” with an 8’ window size. (f) Computed slope (𝜃). The magmatic terrain is characterised by sparse, 760 

parallel, gentle dipping slopes scattered over the sampled area, depicting the smaller amount of rotation 761 

experienced by the magmatic seafloor. (g) Computed weight matrix (𝑊). The magmatic terrain is indicated by 762 

cells with higher 𝑊 values. (h) The histogram of the 𝑊 matrix over a sampled magmatic terrain. Compared to 763 

the distribution observed at an OCC, this distribution is skewed, following the general distribution of the slopes. 764 

The highly skewed distribution ensures that areas dominated by magmatic spreading will be indicated by cells 765 

with much higher 𝑊 values than those in the detachment terrain. 766 

11. Figure 11: From bathymetry to SWE. (a) Bathymetry gridded in 15” cell size. (b) Eccentricity grid, computed 767 

from the two horizontal eigenvalues. Lower eccentricity values indicate areas composed of omnidirectional 768 

dipping slopes. (c) Weight matrix (𝑊), computed from the slope values. Lower 𝑊 values indicate cells with 769 

relatively steep slopes compared to their surroundings. (d) Slope-weighted eccentricity (SWE) grid, computed 770 
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by assigning the weight matrix to the eccentricity grid. The general classification of the terrain can already be 771 

seen where lower SWE values indicate detachment terrain. The boundary between the detachment and 772 

magmatic types of spreading is examined in Figure 12. 773 

12. Figure 12: Terrain classification based on the SWE values computed in the sampled terrain patches. Each 774 

terrain patch is presented as box and whiskers plots. The red line in each plot is the median SWE value of each 775 

terrain patch. The box shows the interquartile range of the SWE values. The whiskers show the minimum and 776 

maximum SWE values. The red crosses are SWE values indicated as outliers. The SWE values in the sampled 777 

OCCs (a) are generally lower than those observed in the sampled magmatic terrain (b). Based on the 778 

distribution, we select the highest mean SWE value at the sampled OCCs as the uppermost boundary of the 779 

tectonic terrain (D = SWE ≤ 0.68) and the lowest mean SWE value at the lowermost boundary of the magmatic 780 

terrain (M = SWE ≥ 0.80). The standard deviation of these bounding values is computed from the SWE values 781 

in the consecutive terrain patches, i.e., the OCC with the highest mean SWE values (OCC-05) and the magmatic 782 

terrain with the lowest mean SWE values (MTR-10). The resulting standard deviation is ± 0.09 for the 783 

uppermost boundary of the detachment terrain and ± 0.07 for the magmatic terrain. SWE values between 0.68 784 

and 0.80 are defined as extended terrain (E), in which the alteration from one type of spreading to another is 785 

commonly found. 786 

13. Figure 13: Terrain classification using the SWE algorithm. (a) The study area is classified based on examining 787 

the sampled OCC and magmatic terrain, shown in Figure 12. Detachment terrain is defined where SWE ≤ 0.68, 788 

extended terrain is defined where 0.68 < SWE < 0.8, and magmatic terrain is defined where SWE ≥ 0.8. (b) The 789 

SWE classification results are compared to the segmentation and OCCs interpreted by Smith et al. (2008) and 790 

seismicity documented in Smith et al. (2003). D: Detachment terrain. M: Magmatic terrain. The detachment 791 

terrain from the SWE correlates well with the areas close to the bounding fracture zones, where higher 792 

seismicity is observed, and inferred OCCs are in place. A complex alternation between the magmatic and 793 

detachment terrain is observed in the southernmost segment. 794 

14. Figure 14: Identifying individual OCCs. (a) Bathymetric grid. Local basins are indicated in black squares. (b) 795 

SWE grid with local basins indicated as in the bathymetry. The SWE values of the local basins are similar to 796 

those computed over the OCCs, as a similar trend of directionality governs the two distinct features, and the 797 
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curvature of the seafloor has not been taken into account. (c) Masked SWE grid. The mask is built using the 798 

LoG filter with an 8’ (~14.8 km) window size, following the most suitable window size shown in Figure 6. The 799 

local basins indicated in (a) and (b) as well as transform fault areas have been removed. (d) Individual OCCs 800 

highlighted by removing areas indicated as extended and magmatic terrain. The results correlate well with the 801 

OCCs inferred by Smith et al. (2008) and potentially indicate other undiscovered OCCs. Samples of newly 802 

indicated OCCs are highlighted with red boxes, and the bathymetry is shown in (e), (f), and (g). In (g), two 803 

OCCs are defined as one based on the size of the LoG mask. Details are discussed in the text. 804 

15. Figure 15: The effect of cell size in the SWE algorithm. The OCC-09 bathymetry (cf. Figure 4) is gridded into 805 

30”, 15”, 12”, and 6” cell sizes, respectively, from (a) to (d). The resulting SWE interpretation of the same 806 

object is presented in (e) to (h), and the masked SWE is presented in (i) to (l). As expected, a smaller cell size 807 

(or equivalent to finer data resolution) results in a more precise interpretation of individual OCCs. However, the 808 

experiment shows that 15” (~446 × 462 m) serves as a sufficient cell size to run the SWE algorithm. 809 
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