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ABSTRACT

Oceanic geodiversity provides essential information on the dynamics of the Earth. Here, we focus on the geo-
diversity of three oceanic back-arc spreading centers: the Mariana Spreading Center, the Central-Southern Lau
Basin spreading centers, and the East Scotia Ridge. We defined a method to identify their axial zones, obtaining
spreading center depths along the basins. Results improve global plate boundary models and morphology var-
iations, revealing that the average depths along the Mariana, East Scotia, and Lau Basin spreading ridges are 4.5,
3.5, and 2 km, respectively. We also measured new spreading rates based on five magnetic profiles crossing the
three back-arc spreading centers, contributing to plate kinematic models. Furthermore, we computed subduction
rates, including hinge velocities along the Mariana, South Sandwich, and Tonga Subductions, to understand the
existing interactions between the subducting slab hinge motion and the kinematics of their related back-arc
spreading centers. Our bathymetric, magnetic, and kinematic data show several differences among the
Mariana, the East Scotia, and the Lau spreading centers, stressing the oceanic geodiversity in a similar geo-
dynamic context. Our results also suggest a strong correlation between axial depth and full spreading rates along
the back-arc spreading centers, a geological correspondence that allows a similar description of these divergent
plate boundaries within the mid-ocean ridge classification. Finally, we show how hinge kinematics affects the
relationship between convergence along subduction zones and back-arc spreading rates. All our findings
contribute to understand how the oceanic geodiversity is directly related to geodynamic processes, increasing the
knowledge of global tectonics.

1. Introduction

This paper explores the “seafloor geodiversity” among zones where
new oceanic crust forms in a similar geodynamic setting, i.e., the back-

Geodiversity, i.e., the diversity of geological features in an area
(Gray, 2004), allows quantifying geofeature variations across space or
time (Tukiainen et al., 2023). If “on-land” geodiversity is catching on
today, marine geodiversity is still in an embryonic stage, focused along
coastal areas and/or submerged portions of islands (Maia and Castro,
2015). Although marine geodiversity provides essential information on
the dynamics of the Earth, the geological diversity of the ocean floor,
which makes up >70 % of the Earth's geodiversity, remains largely
unexplored (Seijmonsbergen et al., 2022). Knowledge of marine geo-
diversity, resulting from geological processes such as tectonism,
magmatic volcanism, sedimentary deposition, and modification by
marine geomorphological processes, is crucial in understanding
geological processes that operate in the marine domain.
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arc spreading centers (BASCs), within the back-arc basins (BABs) along
convergent plate boundaries, and compares results with data along mid-
ocean ridges (MORs), where new oceanic crust is created along diver-
gent plate boundaries. According to the digital isochrons of the world's
ocean floor (Miiller et al., 1997), the global distribution of hydrothermal
vent fields (Baker and German, 2004), and the first digital seafloor
geomorphic features map of the global ocean (Harris et al., 2014), the
class of “mid-ocean spreading ridges” includes all ridge-like features
that coincide with the youngest ocean crust. However, processes of
crustal accretion in back-arc regions, even if similar to those occurring
on MORs (Taylor et al., 1996), are more complicated than those of the
global MORs systems. Mechanisms that drive the upper plate extension
and the formation of a mature oceanic spreading center along the BABs
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are indeed linked to the different geological and geodynamic evolution
of a single subduction system (Martinez and Taylor, 2002; Kato et al.,
2003; Artemieva, 2023). Based on these considerations, BASCs were
often excluded by the global system of MORs and not considered in the
“spreading rates” classification by Dick et al. (2003) and reference
therein, based on the velocity with which lithospheric plates diverge
from each other (Vine and Matthews, 1963).

The main aim of this paper is to investigate morphological and ki-
nematic characteristics and relationships between depth axis and
spreading rates along different BASCs, improve bathymetric and mag-
netic data, and compare results with literature data along MORs in order
to update the axial depth/full spreading rate correlation of Dick et al.
(2003). Furthermore, we will show how the kinematic contribution
strongly influences the spreading rates along BASCs, and how the evo-
lution and diversity of subductions strongly affect the extension along
oceanic back-arc basins. We thus considered three different spreading
centers formed along different oceanic back-arc basins: (1) the Mariana
Spreading Center (MSC) in the Pacific Ocean, along the Mariana Trough
(Fig. 1); (2) the East Scotia Ridge (ESR) along the East Scotia Sea BAB in
the Atlantic Ocean (Fig. 1); (3) spreading centers along the Central-
Southern part of the Lau Basin (CSLB) in the Pacific Ocean (Fig. 1).
The MSC, the ESR, and the CSLB, formed in a similar geodynamic setting
of ocean-ocean subduction (Larter and Leat, 2003; Artemieva, 2023),
provide a good tectonic laboratory to study and compare marine geo-
diversity and better understand ocean floor dynamics along spreading
ridges. These three areas have been chosen because they are mature
spreading centers related to the opening of back-arc basins, whereas
others are in their closing stage, or their development is related to
additional tectonic processes other than slab retreat (i.e., the accom-
modation of different upper plate velocities; see Doglioni et al., 2007
and references therein).

We used: (1) bathymetric datasets to create regional maps in order to
identify in detail the axis along the three BASCs and refine a large part of
microplate-plate boundaries in those areas (Bird, 2003; Cuffaro and
Jurdy, 2006; DeMets et al., 2010); (2) five magnetic profiles located
along the central parts of the MSC, ESR, and CSLB, to compute the
related spreading rates and improve the literature; (3) a kinematic
model, which takes into account subduction rates (i.e., the effective
velocity at which the tip of a subducting plate enters the mantle; Ficini
et al.,, 2020) along the Mariana, South Sandwich, and Tonga Sub-
ductions to investigate the relationship between spreading rates along
the BABs and understand which parameter plays the major role in
determining the morphology of the BASCs.
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2. Geodynamic settings
2.1. Mariana Trough

The Mariana Trough (MT), located between ~12° and 22° N in the
Pacific Ocean, is a back-arc basin formed by extensional tectonics due to
the subduction of the Pacific below the Philippine plate along the
Mariana Subduction (MS; Fig. 2a; Artemieva, 2023 and reference
therein). The Mariana Spreading Center (MSC), located within the iso-
chrones of 2 Ma in Fig. 2b, lies in the center of the trough, between the
West Mariana Ridge (WMR) and the Volcanic Mariana Arc (MVA;
Fig. 2a). The first studies on seafloor spreading along the MSC were
published in the early ‘70s by (Karig, 1971; Anderson, 1975), and after
the IODP expeditions (Karig et al., 1978; Hynes and Mott, 1985;
Yamazaki et al., 1993; Martinez et al., 1995; Kato et al., 2003). In recent
years, with multibeam, submersible studies, and modern technology (i.
e., Autonomous Underwater Vehicles and Remotely Operated Under-
water Vehicles), portions of the central and southern MSC have been
studied in detail (Fujiwara et al., 2008; Anderson et al., 2017; Chadwick
Jr et al., 2018).

The MT is ~1300 km and ranges between 3 and 6 km in depth; its
width changes from 220 km in the southern zone to 0 in the northern
region, where the inactive and active volcanic arcs meet (Fig. 2a). Major
seismic activity is observed along the southern and central zones of the
basin; focal mechanisms show extensive tectonics along the MSC
(Fig. 2a). The dip of the Mariana slab, here computed by fitting the
location of the hypocenters in a longitude/depth diagram (Fig. 2a),
shows that it ranges from 56° in the north (profile 1) to 77° in the center
(profile 2) and to 55° in the south (profile 3). The depth of the hypo-
centers is >300 km only in the central region, where the slab is steeper.
The age of the subducting oceanic crust (Fig. 2b) ranges from 140 to 154
Ma (Miiller et al., 2019; Seton et al., 2020); otherwise, the oceanic crust
along the MSC is very young: according to Yan et al. (2022), rifting
began <10 Ma, whereas the spreading stage forming new oceanic crust
started only ~4 Ma (Bibee et al., 1980). According to the plate kinematic
models of DeMets et al. (2010), the convergence rates along the Mariana
Subduction decrease southward, from 27 mm/a in the central part to 19
mmy/a to the south (Fig. 2b); the direction of motion of the lower plate
(black arrows in Fig. 2b) is oblique to the subduction trend.

2.2. East Scotia Sea Back-Arc Basin

The East Scotia Sea BAB (Fig. 3), located between ~55° and 60° S,

Fig. 1. Global distribution of mid-ocean ridges (white solid line) and subduction zones (black solid line). Topography and seafloor crustal age are from 1-minute
resolution GEBCO database (General Bathymetric Chart of the Oceans), whereas the global dataset of oceanic crustal age is by Miiller et al. (2019) and Seton
et al. (2020). Plate boundaries (black thin line) have been plotted using data by DeMets et al. (2010). Black boxes indicate the area analyzed in this paper.
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Fig. 2. a) Shaded regional bathymetric map of the Mariana Trough from the GEBCO database (GEBCO_2023GRID; https://download.gebco.net/). WMR: West
Mariana Ridge; MT: Mariana Trough; MVA: Mariana Arc; MS: Mariana Subduction. Red stars: earthquakes. Distributions of earthquakes and focal mechanisms are
from the USGS database archives (http://earthquake.usgs.gov/) and from the CMT catalog (Ekstrom et al., 2012). Black solid lines 1, 2, and 3 show the dip of the slab
relative to the northern, central, and southern parts of the Mariana Subduction (three diagrams on the right). Scientific color maps used are based on Crameri et al.
(2020). b) Age of oceanic crust image along the Mariana region. Solid-black lines are isochrones obtained using data by Miiller et al. (2019) and Seton et al. (2020).
According to DeMets et al. (2010), the red line with triangles is the Mariana subduction and the blue line is the Mariana Spreading Center (MSC). White circles show
the convergent velocity (Vi) in mm/a_ estimated for each point using the MORVEL plate kinematic models by DeMets et al. (2010). Black arrows show the direction

and the motion of the lower plates. PA: Pacific plate; PH: Philippine plate.

formed by the subduction of Sur below the Sandwich plate (DeMets
et al., 2010). The East Scotia Ridge (ESR), lies in the center of the basin
for ~650 km, west of the Sandwich Arc (SA) and of the South Sandwich
Subduction (SSS) (Fig. 3a). Bathymetry, petrogenesis, magnetic, and
spreading data of the ESR have been studied by Fretzdorff et al. (2002)
and references therein, Taylor and Martinez (2003), Leat et al. (2004),
and Smalley Jr. et al. (2007). Major seismic activity is located along the
SSS and along the southern and northern parts of the East Scotia Sea
BAB, where focal mechanisms show extensional and transcurrent tec-
tonics (Fig. 3a). The dip of the slab is here computed (Fig. 3a): it ranges
from 40° in the northern region (profile 1) to 55° in the center (profile 2)
and 49° in the southern region (profile 3). The depth of the hypocenters
along the Sandwich slab is <300 km in all the region. The age of the
oceanic crust of the Sur subducting plate ranges from 50 to 80 Ma along
the northern part of the trench, and from 8 to 30 along the Southern
region (Miiller et al., 2019; Seton et al., 2020); the age of the oceanic
crust along the ESR is ~8 Ma (Fig. 3b). According to the plate rotation
model by DeMets et al. (2010), convergence rates along the SSS increase
southward, from 66 mm/a in the northern part to 77 mm/a to the south
(Fig. 3b); the direction of motion of the lower plate (black arrows in
Fig. 3b) is mostly perpendicular to the subduction trend.

2.3. Central-Southern Lau Back-Arc Basin

The Lau BAB results from the subduction of the Pacific plate under
the Australian plate (Fig. 4; Karig, 1970; Malahoff et al., 1982; Hynes

and Mott, 1985; Parson and Wright, 1996; Martinez and Taylor, 2002).
It is located between ~14° and 24° S in the Pacific Ocean and is char-
acterized by a triangular shape >1000 km long, ranging in width from
450 km in the north to 200 km in the south. In this paper, we only focus
on the spreading centers along the Central-Southern part of the Lau
Basin (CSLB), west of the Tonga Ridge (TR), leaving out the northern
part of the Lau Basin (Fig. 4a), as it was discussed in Palmiotto et al.
(2022) and references therein. Major seismic activity is observed in the
northern part of the Lau Basin (NLB) and along the TS; focal mechanisms
show transcurrent tectonics along the NLB and the CSLB (Fig. 4a). The
dip of the Tonga slab (Fig. 4a), ranges from 45° in the north (profile 1) to
57° in the center (profile 2) and to 59° in the south (profile 3). The
subducting oceanic crust (Fig. 4b) ranges from 122 Ma in the northern
part to 88 Ma in the southern part (Miiller et al., 2019; Seton et al.,
2020). According to plate velocities derived by DeMets et al. (2010),
convergence rates along the TS decrease southward, from 216 mm/a in
the northern part to 204 mm/a to the south (Fig. 4b); the direction of
motion of the lower plate (black arrows in Fig. 4b) is mostly perpen-
dicular to the trend of the subduction.

3. Data and methods
3.1. Bathymetry, seismicity, and age of crust data

Global elevation in Fig. 1 is from the 1-minute resolution GEBCO
database (General Bathymetric Chart of the Oceans); the global dataset
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Fig. 3. a) Shaded regional bathymetric map of the East Scotia Sea Back-Arc Basin and of the South Sandwich Subduction in the Southern Atlantic Ocean; data are
from the GEBCO database (GEBCO_2023GRID; https://download.gebco.net/) and from the site of the British Antarctic Survey (https://data.bas.ac.uk/metadata.php?
id=GB/NERC/BAS/PDC/00812). Red stars: earthquakes. Distributions of earthquakes and focal mechanisms are from the USGS database archives (http://earth
quake.usgs.gov/) and from the CMT catalog (Ekstrom et al., 2012). Black solid lines 1, 2, and 3 show the dip of the slab relative to the northern, central and the
southern part of the South Sandwich Subduction (three diagrams on the right). The scientific color maps used are based on Crameri et al. (2020). ESS BAB: East Scotia
Sea Back-Arc Basin; SA: Sandwich Arc; SSS: South Sandwich Subduction. b) Age of oceanic crust images along the East Scotia Sea region. Solid-black lines are
isochrones obtained using data by Miiller et al. (2019) and Seton et al. (2020). According to DeMets et al. (2010), the red line with triangles is the South Sandwich
subduction and the blue line is the East Scotia Ridge (ESR). White circles show the convergent velocity (V) in mm/a, estimated for each point using the MORVEL
plate kinematic models by DeMets et al. (2010). Black arrows show the direction and the motion of the lower plates. SW: Sandwich plate; SR: Sur plate.

of oceanic crustal age in Figs. 1, 2b, 3b, 4b, and 8 is by Miiller et al.
(2019) and Seton et al. (2020). The bathymetry of the Mariana, East
Scotia Sea, and the Central-Southern Lau BAB regions (Figs. 2-7 and
Supplementary Figures) were modeled using grid data with a 15 arc-
second resolution downloaded from the GEBCO website. The bathym-
etry of the East Scotia Sea BAB has been merged with the bathymetric
and topographic compilation of the South Sandwich Island Volcanic Arc
available from the site of the British Antarctic Survey (https://data.bas.
ac.uk/metadata.php?id=GB/NERC/BAS/PDC/00812; Fretwell, 2015).
The Global Mapper Software was used for spatial analysis, to create 2D
digital elevation images and perform the bathy-morphological analysis
along the MSC and ESR. The Minitab Software was used to plot the re-
sults of the bathymetric, magnetic, and kinematics analysis in diagrams.

Distributions of earthquakes and focal mechanisms are from the
USGS database archives (http://earthquake.usgs.gov/) and from the
CMT catalog (Ekstrom et al., 2012). Spatial analysis and mapping were
performed using the Generic Mapping Tools open-source software
(Wessel et al., 2019).

3.2. Axial zone definition methods

We propose a method to identify the axial zone along back-arc
spreading centers. First, we made 100 km long bathymetric profiles
perpendicular to the trend of each ridge segment. Along the Mariana
Spreading Centers (MSC; ~1000 km of length), we made a bathymetric
profile at each 10 km; along the East Scotia Ridge (ESR; ~500 km of
length), each 5 km; finally, along the spreading centers in the Central
and Southern part of the Lau Basin (CSLB; ~700 km of length), each 7

km. We then interpreted each single bathymetric profile and identified
the axial zone based on the following rules: 1) in the case of a
morphological rise, the axial point corresponds to the highest part along
the segment; 2) in the case of a symmetric valley, the point corresponds
to the deepest part along the segment; 3) in the case of a symmetric
valley characterized by several volcanoes, we fixed the point in the
active volcanic part of the segment; 4) in the case of an asymmetric
valley, we considered the width of the axial zone, or the length between
the western and the eastern flanks and fixed the axial point halfway. We
fixed 111 points along the MSC and the ESR, and 86 points along the
segments of the CSLB, obtaining the depth variations along their axial
zone. After this operation, we made a 60 km long bathymetric profiles
perpendicular to the ridge segments (30 km along the eastern flank and
30 km along the western flank), obtaining the variation of morphology
along the BASCs. We decided to analyze only the first 30 km because in
several cases, beyond 30 km, we fall out of the back-arc basin, crossing
the active volcanic arc. The location of all derived axial points and the
60-km bathymetric profiles are reported in the Supplementary
Figures and Materials. We estimated axial point localization un-
certainties in the order of 10 km, corresponding to the highest width
detected in the analyzed symmetric and asymmetric rift valleys along
the three back-arc spreading centers. Lower uncertainties, in the order of
4 km, can be obtained when investigating spreading ridges with rises
instead of valleys.

3.3. Magnetics

We used five selected magnetic track lines available from the Marine
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Fig. 4. a) Shaded regional bathymetric map of the Lau Basin Back-Arc Basin and of the Tonga in the Pacific Ocean; data from the GEBCO database (GEB-
CO_2023GRID; https://download.gebco.net/). Red stars: earthquakes. Distributions of earthquakes and focal mechanisms are from the USGS database archives
(http://earthquake.usgs.gov/) and from the CMT catalog (Ekstrom et al., 2012). The black solid lines 1, 2, and 3 show the dip of the slab relative to the northern,
central, and southern part of the Tonga Subduction (three diagrams on the right). The scientific color maps used are based on Crameri et al. (2020). NLB: Northern
Lau Basin; CSLB: Central-Southern Lau Basin; LR: Lau Ridge; TR: Tonga Ridge; TS: Tonga Subduction. b) Age of oceanic crust images along the Central-Southern Lau
Basin region. The black-solid lines are isochrones obtained using data by Miiller et al. (2019) and Seton et al. (2020). According to DeMets et al. (2010), the red line
with triangles is the Tonga Subduction and the blue line is the spreading center in the Central-Southern Lau Basin (CSLB). White circles show the convergent velocity
(Vy) in mm/a, estimated for each point using the MORVEL plate kinematic models by DeMets et al., 2010. Black arrows show the direction and the motion of the

lower plates. PA: Pacific plate; AU: Australia plate.

Trackline Geophysical Data (NOAA, 1977). We calculated the magnetic
anomalies from the line of the surveys TUNEO7WT (Mariana Spreading
Center), CD37_889 and ODP113JR (East Scotia Ridge), RNDB15W, and
MW9603 (Central-Southern Lau Basin). Raw data acquisition spans over
12 years (from 1987 to 1999). Total field magnetic anomalies were
calculated by removing the International Geomagnetic Reference Field
(IGRF-12 model; Thébault et al., 2015). These anomalies were used to
obtain the average full spreading rate following the approach proposed
by Mendel et al. (2005) and based on the geomagnetic polarity time
scale of Cande and Kent (1995). A magnetization intensity of 10 A/m on
the axis and 5 A/m off the axis, respectively, and a constant source layer
thickness of 0.5 km were assumed in the modeling; declination and
inclination derived from the calculated IGRF model. We restricted the
full spreading rate estimation to the last 2.58 Ma in the Mariana and
South Sandwich back-arc basin areas and to the last 0.78 ma and 1.77
Ma in the Lau Basin region, because these intervals allow a good rela-
tionship between magnetic anomalies and relative chronos.

3.4. Kinematic model

Computing the subduction rate allows us to evaluate the effective
velocity with which the tip of a subducting plate enters the mantle.
Differently, the convergence velocity gives the velocity with which a
moving plate approaches the trench before subducting. Between these
two final values, the subduction hinge motion (Vi) holds the leading
role. This feature represents the point of maximum curvature on a
subducting slab, and its kinematics are crucial to understanding the
dynamics of a subducting slab. The difference between the convergence

rate (Vi) and the subduction rate lies in the behavior of the slab hinge
relative to the upper plate; in particular, the hinge can move away or
toward the fixed upper plate (Doglioni et al., 2006). Following the
approach of Ficini et al. (2020), we used the relation (1) to compute the
subduction rate Vg (Doglioni et al., 2007):

Vs =Vy — Vi, €8]

where Vi, was estimated for each point using the MORVEL current plate
motion models (DeMets et al., 2010), and Vg was evaluated starting
from available GPS data:

i) from Kato et al. (2003) for the Mariana Subduction zone;

ii) from Smalley Jr. et al. (2007) and Ficini et al. (2020) for the
South Sandwich Subduction zone, computing the residual ve-
locity with respect to the Sandwich plate (MORVEL current plate
kinematics models; DeMets et al., 2010);

iii) from Ribeiro et al. (2017) for the Tonga Subduction zone.

4. Results
4.1. Mariana Spreading Center

Based on the bathymetric analysis, we obtained that the MSC can be
described with nine main segments from north (MSC1; red points) to
south (MSC9; grey points) (Fig. 5a). We plotted the trend of the MSC
axial depth relative to latitude in Fig. 5b (blue solid line in the diagram
depth/latitude); the location and depth of each point fixed along the
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Fig. 5. a) Shaded grey relief image of the Mariana region. Colored dots and lines are respectively the 111 points and the bathymetric profiles identified and analyzed
along the Mariana Spreading Center (MSC). Red dots and lines: MSC segment 1; Orange dots and lines: MSC segment 2; Brown dots and lines: MSC segment 3; Light
green dots and lines: MSC segment 4; Dark green dots and lines: MSC segment 5; Light blue dots and lines: MSC segment 6; Pink dots and lines: MSC segment 7; Purple
dots and lines: MSC segment 8; Light grey dots and lines: MSC segment 9. The blue solid lines show the trend of the spreading segments. The black solid line crossing
the MSC segment 4 is the bathymetric and magnetic profile Magl shown in the lower part of the figure. White circles show the subduction rate (Vs) in mm/a
measured according to Ficini et al. (2020). WMR: West Mariana Ridge; MT: Mariana Trough; MA: Mariana Arc; MS: Mariana Subduction. The dashed-yellow line and
brown triangles show the extinct volcanism of the WMR; the solid-yellow line and brown-orange triangles show active volcanism of the MA; the solid-red line with
red triangle show the MS. b) The blue solid line in the diagram on the right shows the variation of the axial depth along the MSC from north (20°N of latitude) to
south (13.5°N of latitude). c) Depth/Distance from the axis diagram. Each profile represents an average of all bathymetric profiles obtained along each segment. The
axis of the MSC is in correspondence of the 0 km in the lower part of the diagram; the right parts of the profiles reflect the eastern flanks of the MSC; the left parts of

the profiles reflect the western flanks of the MSC.

MSC are shown in Figs. S1, S2, and S3. The northern part of the region is
the deepest part of the basin: here, the depth of the axis ranges between
4 and 5,6 km below sea level, with a maximum value of —5.695 km at
~20°N, along the third segment. The axial depth range between 4 and 5
km below sea level in the central part (segments from 4 to 8), except for
a few points that reach —3.5 km depth. The southern part of the MSC is
the shallowest region: here, the axial depth along the southern part of
segment 8; along the MSC9, is <3.5 km, reaching the minimum depth of
2.8 km at ~13°N. The length of segments ranges from a minimum of 60
km (MSC2) to a maximum of 200 km (MSC8). The MSC's trend changes
from NW-SE (segments from MSC1 to MSC5) to N-S in the central area
(MSC6) and NE-SW in the southern zone (from MSC7 to MSC9), similar
to the Mariana Subduction trend (Fig. 5a). Based on the investigation of
111 60-km-long bathymetric profiles perpendicular to the MSC axis
(Figs. 5a and S4 to S12), we obtained the mean range of depth for each
segment (Fig. 5¢), which implies the variation of morphology of the first
30 km along the axis of the MSC. Segments from MSC1 to MSC6 (Fig. 5¢c)

are characterized by an axial valley flanked by steep walls. The depth of
the valley ranges from ~3.5 to ~5.6 km; this is the deepest part along
the entire MSC. Segments from MSC4 to MSC8 show a shallower valley,
with depths ranging from 5 to 4 km and width from 5 to 20 km. The
MSC9, in the southern region, is the only segment characterized by an
axial high at ~3 km of depth (Fig. 5c). Based on magnetic data, we
estimated a full spreading rate of 23,6 mm/a along the MSC4 (Fig. 5a).
The correlation between the magnetic and bathymetric profiles shows
an asymmetry in seafloor spreading: the western flank of the MCS is
significantly faster than the eastern one. The subduction rate calculated
along the MS, shown in the white circles along the red solid line in
Fig. 5a, increases from the central part (~43 mm/a) to the south (~64
mm/a).

4.2. East Scotia Ridge

Similar to MSC, our analysis suggests that the ESR can be divided into
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Fig. 6. a) Shaded grey relief image of the East Scotia Sea region. Colored dots and lines are respectively the 111 points and the bathymetric profiles identified and
analyzed along the East Scotia Ridge (ESR). Red dots and lines: ESR segment 1; Orange dots and lines: ESR segment 2; Brown dots and lines: ESR segment 3; Light
green dots and lines: ESR segment 4; Dark green dots and lines: ESR segment 5; Light blue dots and lines: ESR segment 6; Pink dots and lines: ESR segment 7; Purple
dots and lines: ESR segment 8; Light grey dots and lines: ESR segment 9. Blue solid lines show the trend of the spreading segments. Black solid lines crossing the ESR
segments 3 and 6 represent the bathymetric and magnetic profiles Mag2 and Mag3 shown in the lower part of the figure. White circles show the subduction rate (Vs)
in mm/a measured according to Ficini et al. (2020). ESR: East Scotia Ridge; SA: Sandwich Arc; SSS: South Sandwich Subduction. The solid-yellow line and brown-
orange triangles show active volcanism along the SA; the solid-red line with red triangles shows the SSS. b) The blue-solid line in the diagram on the right shows the
variation of the axial depth along the ESR from north (55.3°S of latitude) to south (60.4°S of latitude). ¢) Depth/Distance from the axis diagram. Each profile
represents an average of all bathymetric profiles obtained along each segment. The axis of the ESR is in correspondence of the 0 km in the lower part of the diagram;
right parts of the profiles reflect the eastern flanks of the ESR; left parts of the profiles reflect the western flanks of the ESR.

nine main segments from north (ESR1; red dots) to south (ESR9; grey
dots) (Fig. 6a). We plotted the points in the depth/latitude diagram of
Fig. 6b obtaining the trend of the ESR axial depth from the northern to
the southern basin; the location and depth of each point fixed along the
ESR are shown in Figs. S13, S14, and S15. Results show that: a) the
maximum axial depth along the ESR is along the first part of the first
segment (5.392 km at ~55.3°S), in the Northern East Scotia Sea basin; b)
from the beginning of segment 3 to the end of segment 8, the ESR axial
depth ranges from 4.3 and 3 km below sea level; c) the axial depth along
the second and the last segment is <3 km, reaching a minimum of 2.595
km along the ESR2 and 2.389 km along the ESR9. The lengths of the nine
ESR segments range from 40 to 100 km, and the trend is from NNW-SSE
(northern region) to NNE-SSW (southern region). With the analysis of
the 111 60-km-long bathymetric profiles perpendicular to the ESR axis
(Figs. 6a and S16 to S24), we show the variations of morphology along
ESR segments. The mean range of depth for each segment, showing the
variation of morphology of the first 30 km along the axis of the ESR, is
shown in Fig. 6¢ and in the Supplementary Materials. The bathymetry of

segments ESR1 and ESR3 shows a deep (—4 km) and narrow (width <
10 km) median valley flanked by steep walls; the segment in between,
the ESR2, is shallower (~—3 km), and it shows neither a valley nor a
rise. Segments from 4 to 8 are all characterized by a median axial valley
ranging from 4 to 3 km of depth and from 10 to 20 km in width. The
southern segment, the ESR9, is the only one to be characterized by a rise
along the axis; its summit reaches ~—2.4 km. Two magnetic profiles
along segments 3 and 6 (Fig. 6a) are slightly clockwise rotated relative to
the seafloor fabric. The magnetic anomalies are approximately sym-
metric in the E-W direction. We estimated a full spreading rate of 52,3
mm/a along the ESR3, and of 62 mm/a along the ESR6. The good cor-
relation between magnetic and bathymetric profiles suggests a sym-
metric spreading rate (Fig. 6a). The velocity of subduction (Fig. 6a),
calculated considering the kinematics of the hinge, increases from north
(~77 mm/a) to south (~87 mmy/a).
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Fig. 7. a) Shaded grey relief image of the Lau Basin region. Colored dots and lines are respectively the 86 points and the bathymetric profiles identified and analyzed
along the Central-Southern Lau Basin (CSLB) spreading centers. Red dots and lines: segment 1; Orange dots and lines: segment 2; Brown dots and lines: segment 3;
Light green dots and lines: segment 4; Dark green dots and lines: segment 5; Light blue dots and lines: segment 6; Pink dots and lines: segment 7; Purple dots and lines:
segment 8. Blue solid lines show the trend of the spreading segments. The black-solid lines crossing the CSLB segments 3 and 4 represent the bathymetric and
magnetic profiles Mag4 and Mag5 shown in the lower part of the figure. White circles show the subduction rate (Vg) in mm/a measured according to Ficini et al.
(2020). TR: Tonga Ridge; TS: Tonga Subduction. The yellow-solid line and the brown-orange triangles show active volcanism along the TR; the red-solid line with red
triangles shows the TS. b) The blue-solid line in the diagram on the right shows the variation of the axial depth along the CSLB from north (18.1°S of latitude) to south
(22.2°S of latitude). ¢) Depth/Distance from the axis diagram. Each profile represents an average of all bathymetric profiles obtained along each segment. The axis of
the CSLB is in correspondence of the 0 km in the lower part of the diagram; the right parts of the profiles reflect the eastern flanks of the CSLB; the left parts of the
profiles reflect the western flanks of the CSLB.
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4.3. Central-Southern Lau Basin spreading center

The Central-Southern Lau Basin is characterized by eight segments
from north (CSLB1; red dots) to south (CSLBS; violet dots) (Fig. 7a). We
plotted the trend of the CSLB axial depth relative to the latitude in
Fig. 7b (blue solid line of the depth/latitude diagram on the right);
furthermore, the location and depth of each point identified along the
CSLB spreading centers are shown in Figs. 7a, S25, and S26. Results
show: a) the maximum axial depth is along segment 2, a short segment of
spreading center located between the southern part of segment 1 and the
northern part of the segment 3 (3.145 km at ~19.3°S of latitude); b)
from segments 1 to 5 (if we exclude the second segment), the depth of
the axis ranges between 3 and 2 km below sea level; c) the axial depth
along the southern part of the Lau Basin, from segment 6 to 8, is <3000
m, reaching the minimum depth of 1732 m at ~22,2°S. The length of
segments ranges from a minimum of 30 km (CSLB2) to a maximum of
130 km (CSLB1). The trend of all spreading segments is NE-SW, parallel
to the trend of the Tonga Subduction (Fig. 7a). We carried out eighty-six
60-km-long bathymetric profiles perpendicular to the axis of the CSLB
segments (Figs. 7a and S27 to S34), to show the variation of the ba-
thymetry along the basin. The main range of depth for each segment,
showing the variation of morphology in the first 30 km along their axis,
is shown in Fig. 7c. Except for the CSLB2 segment, which shows a valley
in correspondence with the axis (~3 km of depth; this is the deepest part
along the entire CSLB segment system), all segments located in this re-
gion show either the absence of a valley (CSLB3 and CSLB4) or a rise
that, in some cases, reaches <2 km below sea level. Furthermore, except
for the second segment, there is no axial valley flanked by steep walls.
Based on the magnetic data, we calculated a full spreading rate of 75
mm/a along the CSLB3 segment and 62 mm/a along the CSLB4 segment
(Fig. 7a). Subduction rates along the Tonga Subduction, shown in
Fig. 7a, increase from the central part (~59 mm/a) to the south (~62
mm/a).
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5. Discussion
5.1. New insights on the oceanic spreading centers classification

The bathymetry and kinematics of the Mariana Spreading Center
(MSC), the East Scotia Ridge (ESR), and the Central-Southern Lau Basin
(CSLB), three back-arc spreading centers (BASCs) formed and developed
in a similar geodynamic context, have been analyzed to improve the
knowledge on oceanic geodiversity. In particular, the new bathymetric
methods allowed to: 1) locate the axial point along the BASCs; 2)
determine the variation of the BASCs' axial depth along their basins.

Based on the new location of the axial points, we refined the seg-
ments of microplate-plate boundaries with high resolution relative to
those previously used in literature (e.g., Bird, 2003; Cuffaro and Jurdy,
2006; DeMets et al., 2010), such as the Philippine Sea — Mariana, Scotia
— Sandwich, and Australia — Tonga divergent boundaries at MSC, ESR,
and CSLB (Fig. 8). A comparison of the updated segments at the three
examined BASCs with models by DeMets et al. (2010) is reported in
Fig. 8. Evidence of refinement is especially shown in the northern part of
the MSC (Fig. 8a.); whereas, in the southern part, the two digital models
correlate better. A better fit is found for the ESR and CSLB (Fig. 8b and
c), where the microplate boundaries by DeMets et al. (2010) stand
mainly in the uncertainty band of the boundaries obtained here.

Furthermore, results of our bathymetric analyses also revealed dif-
ferences in the depth of the back-arc spreading ridges, on average about
4.5, 3.5, and 2 km respectively at the MSC, ESR, and CSLB (Figs. 5b, 6b,
and 7b). This bathymetric diversity is very common also along the axis
of the global system of mid-ocean ridges (MORs), that generally are
classified for “spreading rates” (Perfit and Chadwick, 1998; Small, 1998;
Dick et al., 2003; Piithe and Gerya, 2014). The ultra-slow Gakkel Ridge
(Fig. 1) (spreading rate < 12 mm/a) and the very-slow MORs (spreading
rate between 12 and 20 mm/a), such as the South-West Indian Ridge
(SWIR) (Fig. 1), show a rugged median valley which in places exceeds 2
km deep, with a depth at the axis of over 4,5 km (Fig. 9a; Dick et al.,
2003). Slow MORs (spreading rate between 20 and 55 mm/a), such as

Fig. 8. Comparison between microplate boundaries by DeMets et al. (2010) (black lines) and refined segments of this study (red lines) at the three analyzed back-arc
spreading centers (a) MSC, (b) ESR, and (c) CSLB, which characterize the Philippine Sea (PH) — Mariana (MA), the Scotia (SC) - South Sandwich SW) and the Australia
(AU) - Tonga (TO) plate and microplate edges. Convergent plates at the MSC and CSLB are the Pacific (PA), whereas at ESR is the Sur (SR), respectively, according to
DeMets et al. (2010). Sea floor crustal age is from by Miiller et al. (2019) and Seton et al. (2020). The evidence of refinement is especially shown in the northern part,
of the MSC (a), whereas in the southern part the two digital models better correlate. A better fit is found for the ESR and CSLB (b) and (c) where the microplate
boundaries by DeMets et al. (2010) mostly stand in the 10-km uncertainty band of the boundaries here obtained (grey line). Values in the circles are the subduction

velocities, and those in rounded rectangles are the full spreading rates.
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Fig. 9. a) Diagram depth/distance from axis showing the mean depth along the global system of MORs and along the MSC, ESR, and CSLB. The axis is located in
correspondence with the 0 km in all the diagrams; the right parts of the profiles reflect the eastern part of the spreading centers; the left parts of the profiles reflect the
western part of the spreading centers. b) Diagram axis depth/full spreading rate modified from Dick et al. (2003) including our data and data from literature along
oceanic mature back-arc spreading centers. ¢) On the left, full spreading/convergence rates diagram along MSC, ESR, and CSLB; on the right, full spreading/sub-
duction rates diagram along MSC, ESR, and CSLB. MSC: Mariana Spreading Center; ESR: East Scotia Ridge; CSLB: Central-Southern Lau Basin spreading centers.

the Mid-Atlantic Ridge (MAR) (Fig. 1), are characterized by rugged
faulted block bathymetry and a 20-30 km wide, ~1-2 km deep axial
median valley. The depth of slow MOR valleys ranges between 4 and 5
km (Fig. 9a; Escartin et al., 1999). Fast MORs (spreading rate between
75 and 160 mm/a), like the East Pacific Rise (EPR; Fig. 1), show a
smoother topography and generally lack a median valley, having instead
an axial high some 1-2 km wide. Their morphology is characterized by a
large dome reaching between 2 and 1 km below sea level (Fig. 9a; Spiess
et al., 1980). Finally, MORs with intermediate spreading rates (between
55 and 75 mm/a) can have either slow or fast type bathymetry (see the
South-East Indian Ridge in Fig. 9a), and generally show an axial depth
between 3 and 2 km below sea level.

Back-arc spreading centers (BASCs) are generally not included in
these classifications (Kato et al., 2003; Taylor and Martinez, 2003;
Hannington et al., 2005; Artemieva, 2023). However, our bathymetric
data along the three examples of mature BASCs show a strong similarity
between BASCs and MORs (Fig. 9a). The MSC morphology (light blue
bathymetric profile in Fig. 9a) resembles that of the Mid-Atlantic Ridge,
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with a deep axial valley (from 5 to 4 km below sea level) bounded by
steep flanks (see Supplementary Materials). Along the northern and
central part of the MSC, the morphology is very similar to that of ultra-
slow and slow MORs (the depth of the valley is >5 km), as already noted
by Anderson et al. (2017), who stressed the similarities between MSC
and MAR between 12.7° and 18.3° of latitude. In the southern part of the
Mariana Trough, the segments MSC8 and MSC9 morphology is charac-
terized by a long and continuous rise ranging between 3.6 and 3 km
depth (see Fig. S3 and bathymetric profiles of Figs. S11 and S12). Ac-
cording to Taylor and Martinez (2003), there is a first-order difference
concerning the depth of origin and geochemistry between lavas from the
arc-region and those from central spreading axes. The presence of this
axial high can be linked to a different mantle thermal or compositional
anomaly due to its location near the volcanic arc (Taylor and Martinez,
2003). However, literature data also show several outliers along MORs
because, in addition to spreading rates, other factors (e.g., magmatic
supply, tectonic strain, composition, and thermal state of the mantle)
can affect the morphology of MOR segments (Macdonald, 1982, 2001;
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Rubin and Sinton, 2007). The spreading rate along the MSC (Fig. 8a)
increases from 26 mm/a (full rate) in the north (~18°N; MCS5) to 45
mm/a in the south (~13,5°N; MCS8) according to GPS-derived data of
Kato et al. (2003) and Anderson et al. (2017). Our magnetic data
improved MSC spreading rates, calculating a value of 23,6 mm/a along
segment 4 (Fig. 8a). Furthermore, based on Magl profile (Fig. 5a), we
suggest a ridge jump of the MSC from the area north of segment 5 to
segment 4; if we consider the MSC4 as the central median valley that
generated the anomaly, the spreading became symmetric. The asym-
metry of seafloor spreading along the MSC has also been highlighted in
Yamazaki et al. (1993).

The ESR morphology (red bathymetric profile in Fig. 9a), with axial
valley depths from 4 to 3 km below sea level, resembles the bathymetric
range of intermediate MORs (Fig. 9a). The northern segment (ESR1) is
the deepest; segments from ESR2 to ESR7 show similar morphology,
with an axial valley depth ranging from 4 to 3 km; segment ESR8 does
not show a valley and is located close to 3 km below sea level. The
southern segment (ESR9) is the shallowest, and its first part shows a
continuous axial rise. Based on two magnetic profiles (Fig. 6a), we
suggested spreading rates of 52,3 mm/a along the ESR3 and of 62 mm/a
along the ESR6 (Fig. 8b). This trend increasing southward correlates
with a full spreading rate ranging from 59 to 68 mm/a of Smalley Jr.
et al. (2007), and from 62 to 70 mm/a (Fig. 8b) of Livermore et al.
(1995) and Thomas et al. (2003).

In the central part of the Lau Basin, the first segment (in literature,
“Central Lau Spreading Center”; Martinez and Taylor, 2002) shows a
morphological rise of ~2.5 km below sea level (Fig. 7 and Supplemen-
tary Figures), very similar to the fast East Pacific Rise (Fig. 9a). It is the
longest and fastest segment of this area: according to Martinez and
Taylor (2002), spreading rates here are 90-85 mm/a; according to
Baxter et al. (2020), they are from 120 to 101 mm/a. The second
segment (in literature, “Intermediate Lau Spreading Center”; Martinez
and Taylor, 2003) is instead the shortest and deepest (Fig. 8 and Sup-
plementary Figures). According to Taylor and Martinez (2003), it is a
short segment of spreading located between two longer spreading cen-
ters. According to Baxter et al. (2020), it is a short transfer zone between
two spreading segments. Based on its trend parallel to that of other
spreading centers in this area, we consider the CSLB segment 2 as a short
spreading center, given that transfer zones are generally perpendicular
to spreading centers (Atwater and Macdonald, 1977). Segments from 3
to 5 (in literature, “East Lau Spreading Center”; Martinez and Taylor,
2003) are characterized neither by a rise nor by a valley (a subaxial
magma chamber has not be detected by seismic profiles; Martinez and
Taylor, 2002); however, the bathymetry continues to be very shallow,
ranging from 2 to 3 km of depth (Fig. 7 and Supplementary Figures). We
calculated a full spreading rate of 75 mm/a along the CLSB3 segment
and 62 mm/a along the CSLB4 segment (Fig. 8c), lower than ~95 to
~60 mm/a calculated by Martinez and Taylor (2003). In the southern
part of the Lau basin, segments from 6 to 8, corresponding in literature
to the “Vala Fu Ridge”, show a long and steady axial high at ~2.3 km of
depth (Fig. 7 and Supplementary Materials), a magmatically robust
ridge with a spreading rate from 60 to 40 mm/a (Martinez and Taylor,
2002; Fig. 8c).

Similarities of spreading rates and axial valley depths between BASCs
and MOR are also revealed if we insert our data in the axial relief/full
spreading rate diagram of Dick et al. (2003) (Fig. 9b). We also added
values for the Manus Spreading Center along the Manus BAB, assuming a
spreading rate of 140 mm/a (Taylor and Martinez, 2003) and an axial
depth of ~2.2 km (Dyriw et al., 2021), revealing a strong correlation
between axial relief and full spreading rates along all back-arc spreading
centers, very similar to data correlations along mid-ocean ridges.

5.2. The kinematic contribution to back-arc spreading centers geodiversity

Driving mechanisms for spreading along back-arc spreading centers
are linked to processes along subduction zones, their diversity, and
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kinematics, and the thermal state and composition of the sub-mantle
(Sdrolias and Muller, 2006). Here, we discuss the geodiversity of the
Mariana, South Sandwich, and Tonga Subductions in order to see how
their geodynamic features influence the morphology and kinematics
along Mariana Spreading Centers (MSC), the East Scotia Ridge (ESR),
and the segments located in the Central-Southern Lau Basin (CSLB).

Seafloor crustal ages of the subducting plates range from 140 to 154
along the Mariana Subduction (MS), from 50 to 80 along the northern
part of the South Sandwich Subduction (SSS), from 8 to 30 along the
southern part of the SSS, and from 88 to 120 along the Tonga Sub-
ductions (Figs. 2-4 and 8). The convergence velocities (Figs. 2-4) range
from 19 mm/a to 27 mm/a along Mariana, from 67 mm/a to 77 mm/a
along South Sandwich, and from 75 mm/a to 80 mm/a along Tonga. The
dips of the subducting slabs, at the point of maximum curvature shown
in Figs. 2-4, are 77° at Mariana, 55° at South Sandwich, and 57° at
Tonga. Subduction velocities range from 43 mm/a to 64 mm/a along
MS, from 77 mm/a to 87 mm/a along SSS, and from 157 mm/a to 211
mm/a along TS (Figs. 5-7 and 8).

We plotted in Fig. 9c the spreading rates along the MSC, ESR, and
CSLB versus the convergence (Vy, left panel), and subduction (Vs, right
panel) rates measured along the related subduction zones, respectively.
Data along the MSC show an inverse trend between spreading rates and
convergence rates, which increase (from <20 to 45 mm/a) and decrease
(from 27 to 19 mm/a) southward, respectively, whereas the subduction
rate increases southward (from 43 to 64 mm/a). Otherwise, along the
ESR, each of the spreading rates (from ~53 to 70 mm/a), the conver-
gence rates (from 67 to 77 mm/a), and the subduction rates (from 77 to
87 mmy/a) increase southward, whereas along the Central-Southern Lau
Basin, the spreading rates (from ~90 to 40 mm/a), the convergence
rates along the Tonga Subduction (from 80 to 75 mm/a), and the
measured values of subduction rate (from 211 to 157 mm/a) decrease
southward.

Retrieving data on the motion of a subduction hinge could be
extremely complicated. According to the global analysis of Ficini et al.
(2020), only one representative geodetic value was used to characterize
the hinge velocity Vy. Local analyses (i.e., this study) need an increase in
data resolution, including GPS points (Kato et al., 2003). Following this
approach, we obtain a correlation between Vg and Vy, as this paper
shows for the Mariana, South Sandwich, and Tonga Subductions. This
implies that the hinge velocity could play a fundamental role in the
subduction process, back-.arc basin evolution, and back-arc spreading
center maturation degree. Ha et al. (2023) suggested that the formation
of a BASC is influenced primarily by the motion of the subducting hinge,
particularly in response to alterations in the slab geometry. Those au-
thors also correlate the high variability of the Mariana slab dip with
respect to the Sandwich and Tonga dips, stressing the importance of
hinge motion at the back-arc basin of a subduction zone. Here, we ob-
tained evidence of this important contribution at the MSC, where Vi has
a significant role in producing a direct relation between Vg and
spreading rates within the back-arc basin.

An interesting observation that is retrieved from our work is that
some of the spreading centers (e.g., Mariana) are characterized by
asymmetric opening while others are not. Although it would require
specific and thorough dedicated work, we believe that observed
different kinematics can also be related to mantle heterogeneities, which
may produce partial sliding of lithospheric plates, plate motion changes
(Cuffaro et al., 2008), and variable half-spreading rates along plate
boundaries. Moreover, even though we only made our analyses on three
case studies, we are confident that some relation could be found for all
spreading centers in back-arc basins at their mature stage. This is also
based on recent literature (e.g., Ha et al., 2023; Ficini et al., 2024),
where the kinematics of the subducting plate, including that of the slab
hinge, appear as a pillar for the deformation regime developed within
the upper plate at subduction zones.
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6. Conclusion

The morphology and kinematics of the Mariana Spreading Center
(MSC), and the Central-Southern Lau Basin (CSLB) in the Pacific, and of
the East Scotia Ridge (ESR) in the Southern Atlantic, all caused by
extensional tectonics along ocean convergence, show evidence of geo-
diversity. The results of our bathymetric analyses revealed differences in
the depth of the back-arc spreading ridges, on average about 4.5, 3.5,
and 2 km respectively, at the MSC, ESR, and CSLB. Furthermore, the
detailed description of the location of the axial point along oceanic
mature back-arc spreading centers, with the proposed methods of this
study, also contributes to the knowledge of high-resolution microplate-
plate boundaries, with the analysis of magnetic profiles providing
additional kinematic information along those boundaries with new full
spreading rate data.

Despite the strong morphological and kinematic geodiversity, our
results suggest that (1) the MSC resembles slow and ultra-slow mid-
ocean ridges; (2) the ESR resembles intermediate mid-ocean ridges; (3)
the CSLB resembles fast mid-ocean ridges; (4) kinematic modeling of
subduction velocity along Mariana, South Sandwich, and Tonga, stresses
the hinge contributions in the back-arc spreading rates.

This paper suggests that the geodiversity of the mature back-arc
spreading centers, forming during different geodynamic processes
along oceanic subduction zones, correlates perfectly with the geo-
diversity of the global mid-ocean ridge systems along divergent plate
boundaries. Furthermore, this paper contributes to understanding how
oceanic geodiversity is directly related to geodynamic processes,
showing how hinge kinematics affects the relationship between
convergence along subduction zones and spreading rates along back-arc
spreading centers.
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