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ABSTRACT

This global study of 31 off-shore back-arc basins and subbasins (BABs) identifies their principal characteristics
based on a broad spectrum of geophysical and subduction-related parameters. My synthesis is used to identify
trends in the evolution of back-arc basins for improving our understanding of subduction systems in general. The
analysis, based on the present plate configuration, demonstrates that geophysical characteristics and fate of the
back-arc basins are essentially controlled by the tectonic type of the overriding plate, which controls the lith-
osphere thermo-compositional structure and rheology. The type of the plate governs the length of the extensional
zone in back-arc settings along the trench, the efficiency of lithosphere stretching, and the crustal structure,
buoyancy and bathymetry of the BABs. Subduction dip angle apparently controls the location of the slab melting
zone and the efficiency of slab roll-back with feedback links to other parameters. By the tectonic nature of the
overriding plate (the downgoing plate is always oceanic) the back-arc basins are split into active BABs formed by
ocean-ocean, arc-ocean, and continent-ocean convergence, and extinct back-arc basins. By geophysical charac-
teristics, BABs formed on continental plates are subdivided into active BABs with and without seafloor spreading,
and extinct BABs are subdivided into the Pacific BABs, possibly formed on oceanic plates, and the non-Pacific
BABs with reworked continental or arc fragments.

Six types of BABs are distinctly different. Extension of the overriding oceanic plate above a steeply dipping old
oceanic plate, preferentially subducting nearly westwards, forms large deep back-arc basins with a thin oceanic-
type crust. In contrast, BABs on the overriding continental or arc plates form at small opening rates and often by
shallow subduction of younger oceanic plates with a random subduction orientation; these BABs have small sizes,
shallow bathymetry, and hyperextended or transitional ~20 km thick arc- or continental-type crust typical of
passive margins. The presence of a 2-5 km thick high-Vp lowermost crustal layer, characteristic of BABs in all
settings, indicates the importance of magmatic underplating in the crustal growth.

Conditions required for the initiation of a back-arc basin and transition from stretching to seafloor opening
depend on the nature of the overriding plate. BABs formed on oceanic plates always evolve to seafloor spreading.
BABs formed on continental or arc plates require long spreading duration with large (>8 cm/y) opening rates and
a large crustal thinning factor of 2.8-5.0 to progress from crustal extension to seafloor spreading. On the present
Earth such transition does not happen in the back-arc basins formed behind a shallow subduction (<45°) of a
young (<40 My) oceanic plate.

The nature of the overriding plate also determines the fate of back-arc basins after termination of lithosphere
extension: the extinct Pacific back-arc basins with oceanic-type crust evolve towards deep old “normal” oceans,
while the shallow non-Pacific BABs with low heat flow and thick crust are likely to preserve their continental or
arc affinity. BABs do not follow the oceanic cooling plate model predictions. Distinctly different geophysical
signatures for mid-ocean ridge spreading and for back-arc seafloor spreading are caused by principally different
dynamics.
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1. Introduction

The concept of back-arc basins (BABs) was originally proposed to
describe geodynamics of marginal seas with active seafloor spreading
behind subduction systems of the western Pacific (Karig, 1971). Later,
back-arc basins were also recognized in the Indian ocean, the Atlantic
ocean, in the Mediterranean Sea, and also in on-shore settings behind
subduction zones. This review excludes on-shore BABs, and focuses only
on the back-arc basins of the marginal seas (Fig. 1).

Back-arc basins form by lithosphere extension which may, or may
not, lead to seafloor spreading. In this regard, there is certain similarity
between back-arc extension and rifting which also may, or may not,
initiate seafloor spreading. However, the geodynamic framework of
continental rifting and back-arc extension is different because of a
spatially limited length of extension zone in back-arc basins, controlled
by the length of a subduction system and its part where back-arc basins
develop. In contrast to the rift-to-drift mechanism, back-arc seafloor
spreading apparently has never produced a new ocean (i.e. a global-
scale marine basin split by a major plate tectonic boundary, in
contrast to a limited-size oceanic microplate (Li et al., 2018)).

By the definition of a back-arc (Karig, 1971), subduction is a necessary
condition for its identification, since a back-arc basin is defined as “any
basin with seafloor spreading that forms over an active subduction zone”
(Stern and Dickinson, 2010). Near-coastal ocean basins without sub-
duction are termed marginal seas. However, subduction is not a sufficient
condition for back-arc extension: there are subduction systems without
associated back-arc basins and there are back-arc basins where back-arc
extension ceased while subduction continued. Therefore, geodynamic
links and casual relationships between subduction and back-arc exten-
sion remain controversial. The mechanisms of lithosphere extension in
back-arc basins are not a part of the back-arc definition. Thus mecha-
nisms with a subordinate (or no) role of subduction in back-arc exten-
sion were proposed for some back-arc basins formed behind subductions
systems (Fig. 2g-i).

The most commonly proposed mechanism is slab roll-back. In this
model, the vector sum of subducting slab pull and gravity force creates
trench retreat (Fig. 2a). The overriding plate passively follows the
retreating trench, thus producing passive lithosphere extension, which

Earth-Science Reviews 236 (2023) 104242

commonly occurs on the overriding plate behind the arc, where the
back-arc basin forms. The process may also split the arc into extinct and
active arc segments (Karig, 1974; Molnar and Atwater, 1978). In such
cases, typically both the trench and the active arc segment will move
towards the incoming plate (Allen et al., 2019); in rare cases (more
common in continent-ocean subductions) arc migration may occur in
both directions (Yang et al., 1996). Lithosphere rupture with onset of
seafloor spreading may occur not only behind the magmatic arc, or
along the magmatic arc, but it can also occur in front (trenchward) of the
magmatic arc (Martinez and Taylor, 2006). Localization of lithosphere
extension is primarily controlled by its rheology which, in turn, is
strongly controlled by temperature and hydration (Kohlstedt et al.,
1995). The weakest part of the lithosphere is expected to be above the
region of melt generation (Van Keken et al., 2002), which in subduction
settings is typically at depths of 65-170 km with a global average of
around 100 km depth (cf. Mibe et al., 2011). This observation has led to
a number of attempts to link the location of the spreading axis in back-
arc basins to subduction dip angle. However, in the Mariana Trough and
the East Scotia back-arc basins the axial parts of seafloor opening lie
beyond the deepest limit of the seismogenic zone, interpreted as the slab
(e.g. Taylor and Karner, 1983). Statistical analysis based on paleo-
reconstructions suggests that subduction of an old, dense oceanic lith-
osphere with an age of >55 Ma may be important for formation of back-
arc basins by slab roll-back (Sdrolias and Mueller, 2006), since the
process is driven by the negative buoyancy of the subducting slab (slab
pull) with respect to the underlying asthenosphere (Molnar and Atwater,
1978).

An alternative mechanism for back-arc extension assumes that a
trench is stationary in an absolute reference frame and the associated
slab is deeply anchored (Uyeda and Kanamori, 1979; Scholz and Cam-
pos, 1995). The overriding plate is being stretched if it moves landward
(Fig. 2b) leading to formation of a back-arc basin. The mechanism was
proposed to explain the extension in the Mariana Trough by subduction
of the Philippine Sea Plate beneath the Philippines (Uyeda and Kana-
mori, 1979; Stern et al., 2003), while it has been recognized that the
Mariana Trench is advancing (Carlson and Mortera-Gutiérrez, 1990) and
thus the associated slab is not fully anchored.

Models of back-arc extension associated with an eastward horizontal

Fig. 1. Off-shore back-arc basins (BABs) included into the present overview. Seven regions are zoomed in Figs. 3-9. BABs numbers 1 to 26 are used in all other
figures. See Section 2 and Table 1 for details. Active BABs are marked in orange and extinct BABs in green. Active BABs are further split into 3 types by the tectonic
origin of converging plates (ocean-ocean, arc-ocean, and continent-ocean convergence).
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Fig. 2. Mechanisms proposed to explain back-arc extension. See text (Introduction) for discussion and references.

mantle “wind” (Fig. 2c), i.e. the westward drift of lithospheric plates
with respect to the mantle (Uyeda and Kanamori, 1979; O’Connell and
Hager, 1991; Ricard et al., 1991), make an independent group. In these
models, supported by numerical modeling (Ficini et al., 2017) but still
controversial (Schellart, 2007), back-arc basins form in case of west-
dipping, steep and even near-vertical, subductions and lithosphere
extension is associated with slab roll-back and eastwards migration of
the slab hinge as it has been proposed for the Tyrrhenian Sea (Doglioni,
1991). In case of east-directed slabs, mantle flow would promote slab
shallowing and hamper lithosphere stretching thus precluding forma-
tion of a back-arc basin (Doglioni et al., 2009; Ficini et al., 2017).

A separate class of models assumes an active role of mantle flow in
back-arc extension (Fig. 2def), by analogy with the concept of active
versus passive rifting in the sense of Sengor and Burke (1978). These
models of active spreading explain lithosphere extension either by
asthenosphere upwelling caused by slab subduction (Karig, 1971) or by
secondary convection in the mantle wedge above a slab (Sleep and
Toksoz, 1971; Billen and Gurnis, 2001; Kneller and van Keken, 2008;
Wirth and Korenaga, 2012; Lee and Wada, 2017). The uprising mantle
flow which drags the bottom of the overriding plate seawards produces
tensile deformation in the overriding plate and the consequent forma-
tion of a back-arc basin (Fig. 2d). Corner flow in mantle wedge (Fig. 2e)
forms because subducting slab causes downward motion of mantle
material, and coupling between mantle and slab material is important

for the wedge flow dynamics (Shemenda, 1993). However, numerical
models show that the expected velocities of mantle flow are inconsistent
with the observed subduction rates, for example in the Mediterranean
back-arc basins (Davies and Stevenson, 1992). A modified version of this
model based on an analysis of seismic anisotropy styles in subduction
systems (e.g. Long and Wirth, 2013) involves a trench-parallel or
around-slab wedge flow (Fig. 2f), possibly caused by slab migration,
which can create along-strike pressure gradients (Conder and Wiens,
2007) and induce local trench-parallel stretching in the mantle wedge
for obliquely subducting slabs with complex shapes (Kneller and van
Keken, 2008).

Several alternative models do not involve subduction as a primary
mechanism of back-arc extension. The extrusion model (Fig. 2g) ex-
plains lithosphere deformation and extension along a convergent plate
boundary by interaction of the incoming plate with a buoyant rigid
lithospheric block (Tapponnier, 1977; Uyeda, 1986). This interaction
may lead to deformation of the accretionary belt with its partial sepa-
ration from the overriding plate (Fig. 2g). The mechanism, tested by
analogue experiments (Fournier et al., 2004), was proposed to explain
the Mediterranean back-arc basins (Mantovani et al., 2001). Two
alternative mechanisms, where lithosphere extension does not result
from subduction, were proposed to explain the back-arc basins of the Sea
of Japan (Fig. 2 hi). They include a pull-apart extension along a trans-
form plate boundary with a step-over release of deformation (Jolivet
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et al., 1994) and lithosphere stretching by plate rotation (sometimes
called a “saloon-door” model) (Kimura and Tamaki, 1986; Otofuji,
1996).

A review of published studies on the formation mechanisms of back-
arc basins testifies that different mechanisms have been involved in their
formation and evolution, and no universal global mechanism can
possibly explain the multiplicity of global observations. This overview
does not aim to reevaluate the roles of different mechanisms proposed to
explain the formation of various back-arc basins (Fig. 2). Instead it in-
vites to discussion: how much is known about back-arc basins from a
geophysical point of view? how different are they? which geophysical
features do they have in common? which parameters describing the
structure of back-arc basins are correlated with parameters related to the
subduction process? and what can we learn from this?

Back-arc basins largely remain in the focus of fundamental academic
research. A vast amount of regional, mostly geological and geochemical,
studies of back-arc basins has been summarized in a number of dedi-
cated reviews. An extensive global overview of back-arc tectonics, ge-
ology, magmatism, and hydrothermal activity can be found in Taylor
et al. (1995). A comprehensive summary of petrological characteristics
of back-arc magmatism is presented by Wilson (2007), while a review of
geological and environmental aspects of back-arc systems is given by
Christie et al. (2006). There are also numerous extensive regional
geophysical reviews, but an overall geophysical perspective is yet
missing. This paper aims to fill this gap. The analysis starts with a
geophysical overview of 26 active and extinct marine back-arc basins
(Fig. 1) presented in Section 2: Synthesis. This is followed by a compar-
ative analysis of typical geophysical and geodynamic characteristics and
correlations between them for back-arc basins of different tectonic types
Section 3: Analysis. Finally, Section 4 presents a brief summary of the
major findings.

2. Synthesis
2.1. Datasets

2.1.1. Types of back-arc basins (BABs)

This brief summary, in particular its geological part, should not be
considered as a detailed overview for any particular back-arc region.
Due to a large amount of publications, references are limited to selected
most relevant studies to stay within a journal format. Back-arc basins are
numbered from #1 to #26 in the text, the figures and tables as listed in
Section 2. The numbering starts from the northern Pacifics and con-
tinues counter-clockwise to South America, the Caribbean and the
Mediterranean region (Fig. 1). Several back-arc basins with essentially
different extensional regimes and therefore geophysical characteristics
in their different parts are subdivided into the sub-basins that are
considered independently, giving in total 31 analyzed areas, specified in
Tables 1 and 2.

Following a traditional approach, the back-arc basins are initially
split into active and extinct (Fig. 1), and active basins are further clas-
sified by subduction type (ocean-ocean, arc-ocean, and continent-ocean)
to make the following groups: (i) ocean - ocean subduction (OO-type,
blue colors in all figures), (ii) island arc - ocean subduction (AO-type,
magenta colors), (iii) continent - ocean subduction (CO-type, dark yel-
low colors), and (iv) extinct back-arc basins (Ext-type, purple colors).
Extinct basins are further split into the Pacific (Ext-1) and non-Pacific
(Ext-2) groups due to their principally different characteristics. The
Sea of Japan (#4) located behind subduction systems associated with
the active continent-ocean collisions is analyzed as part of the CO-type,
essentially to increase the amount of data in this small group. Finally,
tectonic setting associated with a continent - island arc subduction in-
cludes only the extinct back-arc basin of the Banda Sea (#12), which is
analyzed with other extinct BABs. It is shown later (Sections 3, 4) that
the originally adopted types are insufficient to describe the complexity
of back-arc basins, since the CO-type BABs with and without seafloor
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spreading make different types (Table 3).

An overview of geodynamic and geophysical information follows a
similar structure for each of 26 back-arc basins (with several sub-basins)
(Figs. 3-9): geodynamic setting, history of extension, bathymetry (based
on a global elevation ETOPO1 model), gravity anomalies, heat flow
data, and seismic data on the crustal-scale structure where available.
Additional data include duration of spreading, total opening rate, slab
age (at present along the trench) and dip angle (at present, inferred from
intermediate depth seismicity). The following data sources are used
throughout the study as described below and without an additional
referencing. Note that for many back-arc basins the existing geophysical
information is scarce and often controversial.

2.1.2. Gravity anomalies

Free-air gravity anomalies are taken from a global EGM2008 model
(Pavlis et al., 2012) and compared to regional high-resolution gravity
data along ship tracks, where available. For the ice-covered Antarctica, a
recent data compilation is used (Scheinert et al., 2016). Close-to-zero
free-air anomalies are interpreted as diagnostic of regional isostatic
equilibrium (Figs. 3-9). However, flexure of the elastic portion of the
lithosphere, especially in small-size back-arc basins, produces the short-
wavelength signal in free-air anomalies, so that free-air anomalies may
still be non-zero even when topography is isostatically compensated
(Burov and Gerya, 2014). It will be argued in Section 3.2 that isostasy is
important in all back-arc basins, while non-zero free-air gravity anom-
alies are largely caused primarily by flexure of the elastic portion of the
lithosphere. Interpretations of non-zero free-air anomalies in terms of
mantle flow (dynamic) topographic support may adopt the following
“rules of thumb” (McKenzie, 1994; Molnar et al., 2015): mantle con-
vection flow associated with density contrasts near the lithosphere base
(e.g. by temperature-induced lateral density variations as in the
McKenzie’s model with a constant chemistry) produces a ca. 30 mGal/
km ratio of free-air gravity-anomaly to bathymetry-anomaly, and in
submarine regions the ratio increases to 100 mGal/km if the density
anomalies generating bathymetric uplift are located deep in the mantle
(Molnar et al., 2015).

The extent of back-arc basins (shown by white lines in Figs. 3-9) is
defined here by high gradient zones in Bouguer anomalies which mark
transitions from smaller values in trenches and “normal” oceans to
significantly higher values in back-arc basins. These gradient zones are
obviously associated with large bathymetric changes associated with
back-arc basins. In off-shore regions, crustal columns have a negative
load at the surface because water is less dense than rock; therefore to
maintain isostatic balance this density deficit requires the existence of
excess compensating masses at depth, which produce high Bouguer
anomalies in oceanic areas (Figs. 3-9). Geophysical characteristics of
back-arc basins (BABs) discussed in text (e.g. bathymetry, gravity
anomalies, heat flow, Table 1) are automatically averaged from the
corresponding digital databases within the outlined BAB areas. Bouguer
anomalies calculated at sea by replacing the seawater with rocks of
average crustal density assume rock density of 2670 kg/m>, water
density of 1050 kg/m® and ice density of 919 kg/m® (Artemieva et al.,
2016).

2.1.3. Magnetic anomalies and heat flow

Information on magnetic lineations and their interpretation in terms
of ages of seafloor opening and total opening rates is based on regional
high-resolution magnetic data along ship tracks, where available and as
referenced in the text. Magnetic anomalies are marked in Figs. 3-9 where
exist and are absent in many back-arc basins.

Off-shore heat flow is based on a recently updated compilation of the
International Heat Flow Commission, IHFC (Fuchs et al., 2021). The
analysis is limited to high quality data. Extreme values (<30 mW/m?>
and > 130 mW/m?) are excluded, since these anomalous values imply
advective and transient thermal regime and as such they do not meet the
key requirements to geothermal heat flow measurements which are



Table 1
Geophysical characteristics of back-arc basins (BABs).

#  Name of BABs Associated Active or Tectonic  Spreading age or Total opening Sea-floor Crustal Thickness: total crust / Dimensionless Free air / Bouguer gravity Bathymetry Heat flow
island arc Extinct type1 extension age (Ma)® rate ((:m/y)2 spreading type3 basement / lower crust (km)* crustal thinning 5 anomalies (mGal)® (km)® (mW/m?)’
Northern Pacific Ocean
1.  Aleutian Basin Aleutians Active 00 ? ? Yes o 12/8/6.5 NA -15/230 3.6 65 £ 16
2.  Komandorsky Basin Aleutians Active 00 20-10 3 Yes o 9/7/5 NA 0/240 3.5 91 + 36
3. Kuril Basin Kuriles Active CO 30-15 1 Yes o 15/11/8 0.73 10/225 3.2 89+8
4. a) Sea of Japan-N Extinct Extinct Cco 28-18 5 Yes (0] 10/7/5 4.41 0/225 3.3 94 + 16
b) Sea of Japan-S Extinct Extinct CO 28-18 5 No? 0? 17/13/9 2.31 10/160 2.2 91 + 14
5. a) Okinawa Trough-N Ryukyu Active CcO 10-0 1 No C 22/18/11 1.67 30/85 0.8 80 + 20
b) Okinawa Trough-S Ryukyu Active Co 1-0 4 Yes 0? 11.5/6.5/4.5 4.61 25/145 1.7 84 + 28
6. Mariana Trough Marianas Active 00 10-0 4.3 Yes [0} 5.5/4.5/3 NA 50/300 3.6 62 + 23
7.  Shikoku Basin Bonin Extinct 00? 26-15 3.5 Yes 0] 6/4.5/3 1.78 15/330 4.6 82 + 31
8.  Parece Vela Basin Extinct Extinct  00? 28-15 ? Yes o 5.5/4/2.5 1.95 15/340 4.8 74 + 31
9. W Philippine Basin Extinct Extinct  00? 60-35 8.8 Yes [0} 5.5/5/3 1.67 10/400 5.7 70 + 25
10. S China Sea Manila Extinct  ? 32-16 4 Yes [0} 5.5/5/1.5 1.60 10/270 3.9 89 + 23
11. Celebes Sea Sangihe Extinct  AA or AC? 47-42 4.7 Yes o 9.5/7.5/5.5 1.07 35/345 4.6 58 + 12
12. Banda Sea Banda Extinct  AC 25?-3? ? Yes 0? 10/9/7 2.78 25/290 3.9 81 + 25
Indian and Southern Pacific Oceans
13. Andaman Sea Andaman Active [¢0) 13-0 3.7 Yes o 8.5/7/4 4.28 -5/150 2.3 88 + 19
14. Manus Basin New Britain Active 00 3.5-0 13.2 Yes 0? No seis. data NA 65/190 1.9 73 £ 49
15. Woodlark Basin Extinct Extinct  CO 45-35 7.2 Yes 0? No seis. data NA 35/260 3.3 52 + 18
16. North Fiji Basin New Hebrides Active 00 10-0 7.0 Yes (o} 4/4/3 NA 35/235 2.9 80 + 32
17. Lau Basin Tonga Active 00 6-0 16 Yes (6] 6/5.5/3.5%* NA 45/200 2.3 45 + 24
7/7/5%
18. Havre Basin Kermadec Active 00 5.5-3.0 2 Yes? 0? C? No seis. data NA 70/240 2.5 No data
Atlantic Ocean
19. East Scotia S. Sandwich/ Scotia Active (e]0) 15-0 6.8 Yes 0? No seis. data NA 40/250 3.0 115+ 21
20. Bransfield Basin S. Shetlands Active AO 4-0 1 No A? 14.5/10.5/9 2.28 40/90 0.8 102 + 19
21. a) Lesser Antilles-S Lesser Antilles Active AO 25-0 ? Yes 0? 15.5/7.5/5 1.62 -40/145 2.7 69 + 12
b) Lesser Antilles-N Lesser Antilles Active AO 25-0 ? No A? 24.5/22.5/11.5 1.02 0/145 2.1 66 + 14
c) Aves Ridge Extinct Extinct ? 88-59 ? Yes A 25.5/23.5/19 1.07 0/150 1.5 64 + 13
22. Gulf of Mexico Extinct Extinet  ? 155-140? 2.2 Yes o 13/6/6 1.29 -25/175 2.9 46 + 16
Mediterranean Sea
23. Tyrrhenian Sea Calabrian Active 00 9-0 5 Yes o 6.5/5.5/3.5 NA 5/210 3.0 95 + 36
24. Aegean Sea Hellenic Active CO 13-4 3 No C 30/27/14 1.11 130/135 1.0 62 + 18
25. a) W. Black Sea Extinct Extinct ~ CO? Ca. 100? ? ? 0? 20/8/3 3.75 -25/115 2.0 42+9
b) E. Black Sea Extinct Extinct CcO? 60-50? ? ? c?0? 16/7/0 4.28 —20/120 2.1 37 £11
West Antarctica Seas
26. W. Antarctica Extinct Extinct Cco? Pz-Mz 8 ? C 19/13/7.5 2.31 —20/20 0.6 >100

References are provided in the text.
1 00 = ocean-ocean, AO = island arc-ocean, AA = arc-arc, CO = continent-ocean plates collision,? = debated or unknown.

2 For spreading duration (start-end in Ma) most commonly accepted values are listed (see text for references). In BABs with no spreading, duration of major extensional phases is listed. Total opening rate is shown

without decimals when the uncertainty in estimates is large.

% 0 = oceanic, C = (hyper)extended continental, and A = arc crust as interpreted in the original publications (see the text for details). Hybrid crust is not shown separately. In OC collisions with seafloor spreading,
oceanic crust may be present only around the spreading axis, with continental crust elsewhere. Such BABs are marked as having oceanic crust, however sparse seismic profiles in most BABs and the absence or unclear
patterns of magnetic lineations preclude conclusions on the areal extent of oceanic crust.

# Crustal structure (with thickness rounded to 0.5 km) corresponds to representative values along existing seismic profiles within the areas marked in Figs. 3-9 (for the Lau Basin: * at the spreading axis; ** at basin

margins). Lower crust refers to layer with Vp > 6.8 km/s in continental crust and to Layers 3A + 3B in oceanic crust as identified in regional seismic interpretations.

5 Crustal thinning factor = [pre-extensional basement thickness] divided by [present basement thickness]. Pre-extensional basement thickness is assumed to be 25 km for arc crust (AO-type), 30 km for extended
continental crust (CO-type), 8 km as in “normal” oceans for extinct BABs #7-11 (assumed to be formed on oceanic plates, the OO-type), 25 km for extinct BABs formed by arc-ocean collisions (#12, 21AR) and 30 km for

extinct BABs #4, 25, 26 (assumed to be formed on stretched continental plates). NA = non-available. The OO-type is excluded from the analysis, since the approach is invalid there. See section 3.3.3 for details.

6 Gravity anomalies and bathymetry are averaged on 5 min grids within the areas marked in Figs. 2-8 and rounded to 5 mGal and 0.1 km. For West Antarctica the equivalent bathymetry compensated for ice load is given.

Standard deviation is in the range of 0.2-0.9 km for bathymetry with larger values in small BABs, and typically 10-30 mGal for free air and 20-40 mGal for Bouguer anomalies.
7 Heat flow is averaged within the areas marked in Figs. 3-9; values >130 and < 30 mW/m? are excluded as unreliable.
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Table 2

Subduction slab characteristics of individual back-arc basins (BABs).

# Name of BABs Active Tectonic EQ mid- Mid- Top-slab Trench- Age of Trench Axis of Direction of Major peculiarities (see section 2, Figs. 2-9)
or type' depth depth dip  trench normal slab subducting direction® extension magnetic
Extinct range angle distance (km) velocity plate (My)* (deg)® anomalies”
(km)2 (deg)2 atz =100 km” (mm/y), S/
Mli
Northern Pacific Ocean
1. Aleutian Basin A 00 70-270 58 180 44/68 57 W-E (W:20, NNW-SSE to Seafloor spreading. The subduction system may be
E:-20) NNE-SSW irrelevant to the back-arc basin. Magnetic
anomalies, roughly perpendicular to the front of
the Aleutian arc, are interpreted as a trapped
fragment of oceanic crust. The extension rates and
the age of the basin basement are unknown.

2. Komandorsky A 00 100-340 52 220 ?/43 60 WNW-ESE (40) NE-SW Seafloor spreading. The subduction system may be

Basin irrelevant to the back-arc basin. Magnetic
anomalies are roughly perpendicular to the front of
the Aleutian arc as in #1. Old and sparse seismic
data on the crustal structure.

3. Kuril Basin A Cco 50-320 31 260 70/88 125 NE-SW (65) Absent Fan-shaped geometry may be caused by the Pacific
subduction combined with the rotation of the
continental plate. The extension rates and the
basement age are unknown. Large number of
seismic profiles with controversial interpretations.

4. a) Sea of E CcOo 50-310 31 320 80/104 135 NE-SW 75 NE-SW Seafloor spreading is present in the Japan Basin
Japan-N and possibly absent in the Yamato Basin.

b) Sea of E Cco NA NA 320 80/46 135 NE-SW 70 Uncertain Complicated and incoherent magnetic lineations.

Japan-S The subduction system may be irrelevant to the
back-arc origin of both basins. Rotational and pull-
apart models for the opening of the Sea of Japan do
not require subduction. Crustal profiles are mostly
at the margins. Crustal origin of the Yamato Basin
(S part) is debated. One of the densest coverages by
heat flow measurements.

5. a) Okinawa A CO 50-250 60 190 31/69 57 NE-SW 30 Uncertain Possible seafloor spreading in the southern part.
Trough-N Progressive extension from south to north. In the
b) Okinawa A CO 70-300 51 250 41/69 44 NE-SW 60 NE-SW north, bathymetry is unusually shallow with small
Trough-S positive Bouguer anomalies, and the crust is

possibly still continental.

6. Mariana A 00 120-700 77 220 68/107 150 N-S —25 Absent Seafloor spreading. A rare example of a near-
Trough-N vertical subduction system. Limited number of
Mariana A 00 120-700 87 220 68/107 150 15 seismic profiles. Anomalous type of OO-

Trough-S subductions by many geophysical parameters.

7. Shikoku Basin E 00? NA NA NA 80/93 NA NW-SE -20 N-S Relict (early-middle Miocene) seafloor spreading.
Thin crust, deep bathymetry, strong positive
Bouguer anomalies. Similar evolution with #8.

8. Parece Vela E 00? NA NA NA ?/? NA N-S? 5 N-S Relict (Oligocene-middle Miocene) seafloor
Basin spreading. Strong E-W heat flow asymmetry. Thin

crust, deep bathymetry, strong positive Bouguer
anomalies. Similar evolution with #7.

9. W Philippine E 00? NA NA NA ?/? NA N-S? —60 NW-SE Relict (Paleocene-Eocene) seafloor spreading. The

Basin basin may be a trapped oceanic fragment rather

than a relict back-arc basin. The deepest (by ~1
km) BAB worldwide and extreme high positive
Bouguer anomalies, both similar to very old
oceans.

(continued on next page)

DAGIWILLY T

ZHZHOT (£20T) 9ET SMAIAFY IUINIS-YIIDT



Table 2 (continued)

#

Name of BABs

Active
or
Extinct

Tectonic
typel

EQ mid-
depth
range
(km)”

Mid-
depth dip
angle
(deg)”

Top-slab
trench
distance (km)
atz =100 km’

Trench-
normal slab
velocity
(mm/y), S/
M3

Age of
subducting
plate (My)*

Trench
direction®

Axis of
extension
(deg)®

Direction of
magnetic
anomalies”

Major peculiarities (see section 2, Figs. 2-9)

10.

11.

12.

South China
Sea

Celebes Sea

Banda Sea

AA/AC?

AC

NA

NA

NA

NA

NA

NA

NA

NA

NA

?/58

?/?

20/?

NA

NA

NA

70

75

70

NE-SW

ENE-WSW

ENE-WSW

Relict (Oligocene-middle Miocene) seafloor
spreading. Strong N-S asymmetry in free air
anomalies. Thin crust and strong positive Bouguer
anomalies typical of other OO-type BABs. The
basin, possibly formed by CO collision, has poor
resolution by conventional seismic profiles.

Relict (Eocene-middle Miocene) seafloor
spreading. May also represent an entrapped
oceanic fragment. Similar evolution with adjacent
small-scale basins. Positive free air and Bouguer
anomalies are among the largest among the extinct
BABs, while heat flow is among the lowest.
Conventional seismic profiles are sparse and old.
Relict (Miocene to Pliocene, debated) seafloor
spreading. A rare example of collision between an
arc and continental margin. The basin has the
greatest curvature of any active arc. Seismic
profiles are limited and old.

Indian and Southern Pacific Oceans

13.

14.

15.

16.

17.

18.

Andaman Sea

Manus Basin

Woodlark Basin

North Fiji Basin

Lau Basin

Havre Basin

A

Cco

00

CO or CA

00

00

00

80-200

70-350

NA

50-320

70-700

70-600

39

63

NA

69

54

64

300

NA

110

250

200

41/?

58/63

56/63

40/24

73/105

61/93

78

125

57

110

105

ENE-WSW

NNE-SSW

NNE-SSW

25

65

E:65,
W:105

N:-55, S:10

15

(20)

NNE-SSW

ENE-WSW

N-S

Complex

No regular
patter

Seafloor spreading, possibly caused by oblique
subduction. Large variations in sediment thickness.
Numerous reflection profiles, but refraction/wide-
angle reflection studies are old and sparse.
Seafloor spreading. Very high free air anomalies
and shallow bathymetry. Low Bouguer anomalies
suggest a low-density mantle. Only two heat flow
measurements. No seismic data on the crustal
structure.

Relict (Pliocene) seafloor spreading. Formed by
collision between the Ontong-Java plateau and
continental margin with westward propagation of
stretching. Crustal seismic models are restricted to
the westernmost and youngest extension of the
basin

Seafloor spreading. Basin formation may be by
block rotations and similar to the Sea of Japan,
possibly with no link between the subduction and
the BAB. Westward propagation of stretching is
reflected in bathymetry and gravity. A very thin
crust as imaged by low-resolution old seismic
refraction studies.

Controversial interpretations of complicated
magnetic anomalies, with seafloor spreading.
Extension caused by the Pacific rollback. The
largest slab displacement from the trench in the
0O-type, with a typical steep slab dip. Unusually
low heat flow.

Controversial interpretations of complicated
magnetic anomalies. No spreading axis. Extension
caused by the Pacific rollback, possibly still at
rifting stage. Small slab displacement from the

(continued on next page)
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Table 2 (continued)

#

Name of BABs Active
or
Extinct

Tectonic
typel

EQ mid-
depth
range
(km)”

Mid-
depth dip
angle
(deg)”

Top-slab
trench
distance (km)
atz =100 km’

Trench- Age of Trench
normal slab subducting direction®
velocity plate (My)*

(mm/y), S/

M3

Axis of
extension

(deg)®

Direction of
magnetic
anomalies”

Major peculiarities (see section 2, Figs. 2-9)

trench. Very high free air anomalies. Seismic data
on the crustal structure is absent. No heat flow
data.

Atlantic Ocean

19.

20.

21.

22.

East Scotia A

Bransfield A
Basin

a) Lesser A
Antilles-S
b) Lesser A
Antilles-N
c) Aves Ridge E

Gulf of Mexico E

00

AO

AO

AO

50-350

50-190

80-160

70-190

NA

NA

63

25

29

43

NA

NA

125

350

460

250

NA

NA

13/75 59 N-S

7/? 19 ENE-WSW

13/? 88 N-S

13/? 92

?/? NA N-S

?? NA ?

-15

70

30

-10

)

W:30,
C:60,
E:110

N-S

Possibly only
an axial high

No regular
pattern

Absent

Seafloor spreading caused by normal OO-type
collision. Bathymetry and gravity anomalies
typical of OO-type basins. Seismic data on the
crustal structure is absent. Heat flow is known only
in the eastern part.

No seafloor spreading yet. The most shallow slab
dip angle. Formed by NW-SE rifting propagation in
a volcanic arc caused by a combination of
transtension and roll-back of the Phoenix Plate.
Most shallow BAB, the smallest Bouguer anomalies
among all of BABs worldwide, high free air and
high heat flow require a shallow hot mantle. High-
quality seismic data.

a-b) Seafloor spreading may exist only in the
southern part that has one of the most shallow slab
dip angles and the largest negative free air anomaly
values among all back-arc basins. The northern
part has one of the thickest crust among all back-
arc basins.

c) Relict (Cretaceous-Paleocene) seafloor
spreading. High-quality seismic data show one of
the thickest crust among all back-arc basins.
Relict (Upper Jurassic) seafloor spreading.
Spreading age and its duration are not well known.
Relatively low Bouguer anomalies. Abundant heat
flow measurements with equilibrated low values.
High-quality but spatially restricted seismic data.

Mediterranean Sea

23.

24,

Tyrrhenian Sea A

Aegean Sea A

00

CO

150-330

70-160

59

31

125

200

1/6 80 Semi-
circular,
NE-SW

21/6 125 W-E

20

(=80)

N-S

Absent

Seafloor spreading. Oceanic crust is restricted to
two small axial sub-basins. The age of subducted
Mediterranean plate is debated. A rare example of a
semi-circular subduction system with one of the
largest trench curvatures. A localized near-vertical
seismogenic zone at large depths. High-quality
seismic data.

No seafloor spreading. The age and extension rate
are poorly known. Debated tectonic origin includes
the Africa-Eurasia plate convergence and
transtension associated with westward escape of
Anatolia. One of the most shallow slab dip angles.
Extremely shallow bathymetry and extremely high
free air anomalies indicate a strong lithosphere
deformation. Sparse and old classical seismic
profiles image a ca. 30 km thick crust.

(continued on next page)
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Fig. 3. Back-arc basins of the northern Pacific; BABs limits are shown by white outline; red text - BABs names and numbers (#1-3 in Fig. 1). Background: Bouguer (a)
and free-air (b) gravity anomalies over shaded relief. Symbols - heat flow measurements. Color codes are the same in Fig. 3-9. Black (yellow in b) dotted lines -
seismic reflection/refraction profiles discussed in the text (only offshore parts are shown); black solid lines - inferred major magnetic anomalies. For references see

the text.

otherwise noted. For the Lau Basin (#17), seismic data from both the
spreading axis and basin margins are included for comparison. Where
lower crustal layer is discussed, its definition is adopted from the orig-
inal seismic studies (Fig. 11).

Lithosphere thickness in convergent plates and in back-arc basins is
excluded from the analysis. For most of basins, regional lithosphere-
scale seismic models are absent, while global tomographic models
have insufficient resolution with significant differences between the
models. Indirect constraints used in numerical models and geochemical
derivations on lithosphere thickness are excluded for the same reasons
(e.g. Kerswell et al., 2021).

10

2.2. BAB:s of the north-western Pacific Ocean

#1. Aleutian Basin

The Bering Sea marginal basins formed behind the Aleutian arc
include the Aleutian, Bowers, and Komandorsky Basins (Fig. 3). The
Aleutian Basin (water depth 3.5-3.9 km) is part of the North America
Plate underthrust by the subducting Pacific Plate with age of 56-58 Ma
along the trench and ~ 53° intermediate depth (80 to 250 km) dip-angle
at the basin (Jacobsen, 2018). The formation of the Aleutian subduction
zone and related Aleutian island arc started in in the middle Eocene
(50-47 Ma ago) when the direction of the Pacific Plate has changed,
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Fig. 4. Back-arc basins of the north-western Pacific and Indian oceans (#4-13 in Fig. 1); BABs limits are shown by white outline; red text - BABs names and numbers.
Background: Bouguer (a) and free-air (b) gravity anomalies over shaded relief. Symbols - heat flow measurements. Color codes are the same in Fig. 3-9. Yellow dotted
lines - seismic reflection/refraction profiles discussed in the text; cyan solid lines - inferred major magnetic anomalies, white dotted lines - inferred paleo- or active

extensional axes. For references see the text.

Fig. 5. Back-arc basins of the south-western Pacific (#14-18 in Fig. 1); BABs limits are shown by white outline; red text - BABs names and numbers. Background:
Bouguer (a) and free-air (b) gravity anomalies over shaded relief. Symbols - heat flow measurements. Color codes are the same in Fig. 3-9. Black dotted boxes -
regions with seismic reflection/refraction profiles discussed in the text; cyan solid lines - inferred major magnetic anomalies, white dotted lines - inferred paleo- or

active extensional axes. For references see the text.

possibly as the result of the first Pacific subduction along the plate’s
western margins (Faccenna et al., 2012).

The Aleutian Basin has prominent magnetic anomalies, with crudely
N-S and NNW-SSE lineation in the eastern part of the basin and with NE-
SW lineation in its north-western part (Fig. 3). The pattern is unusual

11

because magnetic lineations are roughly perpendicular to the front of
the Aleutian arc (Table 2). They also lack symmetry with respect to a
possible relict spreading axis (Cooper et al., 1992). Due to a complex
pattern of the anomalies, links of magnetic lineaments to the geomag-
netic polarity timescale remain controversial. Therefore, the extension
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Fig. 6. Back-arc basins of the southern Atlantic (#19-20 in Fig. 1); BABs limits are shown by white outline; red text - BABs names and numbers. Background:
Bouguer (a) and free-air (b) gravity anomalies over shaded relief. Symbols - heat flow measurements. Color codes are the same in Fig. 3-9. Black dotted box in the
Bransfield Strait - region with seismic reflection/refraction profiles discussed in the text; white dotted line - inferred extensional axes in two BABs. For references see
the text. Arrows with numbers in boxes - local rate of relative motion (in mm/y) of the major plate (South American or Antarctica) relative to the smaller plate (Scotia
or Sandwich) (Thomas et al., 2003; Livermore, 2006). For locations of BABs 19 and 20 with respect to Antarctica see Fig. 9.

Fig. 7. Back-arc basins of the Caribbean (central Atlantics) (#21-22 in Fig. 1); BABs limits are shown by white outline; red text - BABs names and numbers.
Background: Bouguer (a) and free-air (b) gravity anomalies over shaded relief. Symbols - heat flow measurements. Color codes are the same in Fig. 3-9. Black dotted
lines - seismic reflection/refraction profiles discussed in the text; black solid lines - inferred major magnetic anomalies; white dotted lines - inferred paleo- or active

extensional axes. For references see the text.

(spreading) rates in the Aleutian Basin cannot be constrained. The age of
the basin basement is also still unknown.

Due to its remarkable N-S trend of magnetic lineations, common
interpretations consider the Aleutian Basin as a fragment of oceanic
crust trapped in the Paleogene by the Pacific subduction (Scholl et al.,
1975; Cooper et al., 1992), and therefore this back-arc basin did not
originate from lithosphere stretching behind the Pacific subduction. An
alternative model regards the basin’s oceanic crust as a Mesozoic Pacific
oceanic terrane accreted to the North American Plate at 50-55 Ma
(Scholl, 2016). Note that in these geodynamic models the Aleutian Basin
is still a back-arc basin, because the mechanism of basin formation is not
a part of the back-arc definition (see Introduction). These interpretations
for the Aleutian Basin are in striking contrast to geodynamical models
for other marginal basins of the north-northwest Pacific, which are
conventionally explained by back-arc spreading behind a subduction-
related volcanic arc. In line with these models, recent plate-kinematic
reconstructions of the Pacific northwest since the Cretaceous suggest
that the crust of the Aleutian Basin may have been formed 85-60 Ma in

12

back-arc setting of the relict Olyutorsky intraoceanic arc (identified on-
shore on Kamchatka, E. Sakhalin, and E. Hokkaido) (Vaes et al., 2019).
Some recent interpretations argue for a possible Paleogene back-arc
origin of the Aleutian Sea crust (Stern et al., 2012).

The Aleutian Basin is unusual in having negative free-air anomalies
(ca. -15 mGal) since most other active back-arc basins have positive
free-air anomalies (Table 1, Fig. 12a). This observation supports geo-
dynamic interpretations that the basin may represent a trapped frag-
ment of oceanic lithosphere, and the Aleutian Basin with an average
oceanic bathymetry plots next to a ca. 100 Ma ocean and the extinct
back-arc basins of the Pacific Ocean in a bathymetry—Bouguer anomalies
correlation (Fig. 12b). Strong positive Bouguer anomalies (ca. +200 +
260 mGal) are typical of back-arc basins, but are significantly lower than
in normal oceanic plates (Fig. 3). The basin has a relatively high heat
flow of ca. 69 mW/m? after correction for the effects of sedimentation
(Langseth et al., 1980), in overall agreement with later, still sparse, heat
flow measurements which report slightly smaller values (Table 1).

The presence of oceanic crust below the Aleutian Basin with crustal
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Fig. 8. Back-arc basins of the Mediterranean Sea - Black Sea region (#23-25 in Fig. 1); BABs limits are shown by white outline; red text - BABs names and numbers.
Background: Bouguer (a) and free-air (b) gravity anomalies over shaded relief. Symbols - heat flow measurements. Color codes are the same in Fig. 3-9. Yellow dotted
lines - seismic reflection/refraction profiles discussed in the text; cyan solid lines - inferred major magnetic anomalies in the Southern Tyrrhenian Sea. Black toothed
line - active subduction systems of the Eastern Mediterranean Sea (dashed - inferred); grey toothed line - paleo-subduction systems of the Neo-Tethys realm. For

references see the text.

thickness of ca. 7 km was proposed by early seismic refraction profiles in
the south-eastern part of the basin (Ludwig et al., 1971) and across the
Vitus Arch in its central part where magnetic lineations change the di-
rection (Ludwig, 1974) (Fig. 3). Recent seismic refraction profiles with
the length of ~450 km across the central part of the basin (the Vitus
Arch) image thick sediments (2 to 5 km, on average ca 4 km thick)
overlying a 7-9 km thick oceanic crust (Fig. 11) (Christeson and Barth,
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2015). Basement velocities increase from ca. 5.5 km/s below the sedi-
mentary cover to ca. 7.0 km/s at a 8 km depth below the seafloor, and
reach upper mantle velocities of 8.1-8.2 km/s at ca. 12 km depth below
the seafloor. Significant regional variations in the total crustal thickness
(6.2 t0 9.6 km at the Vitus Arch) are not related to changes in orientation
of magnetic lineaments (Fig. 3) (Christeson and Barth, 2015).
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Fig. 9. Back-arc basins of the West Antarctica region (#26 in Fig. 1); BABs limits are shown by white outline. Background: Bouguer (a, note that the color scale is
different from Figs. 3-8) and free-air (b) gravity anomalies over shaded relief. Symbols - heat flow measurements color-coded as in Fig. 3-8. Black dotted lines -
seismic reflection/refraction profiles and receiver function studies discussed in the text. Black toothed line — extinct subduction system of the Phoenix (paleo-Pacific)
Plate. For references see the text. High-resolution free-air gravity for the ice-covered Antarctica is based on Scheinert et al. (2016). Numbers 19 and 20 in (b) mark
locations of the corresponding back-arc basins.

Fig. 10. Outlines of the seismogenic zones associated with ocean-ocean (a), arc-ocean and continent-ocean (b) subduction systems at the back-arc basins. See Table 2
for details.
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Fig. 11. Crustal cross-sections for the back-arc basins. Interpretations for the top of the lower crust and the top of the fast lower crust (transitions between Layer 2/
Layer 3 and Layer 3A/Layer 3B in oceanic-type crust, respectively) are adopted from the original studies. For references to seismic models see the text. For some back-
arc basins, interpretations of classical reflection/refraction seismic data are old and with low resolution for the internal crustal structure. For the Eastern Black Sea
Basin (#25e) with controversial seismic models, recent results are used. Two crustal columns are shown for back-arc basins (#4, 5, 21, 25) where seismic models
show large variations in crustal structure between different parts of BABs. For the Lau Basin, crustal columns show the structure at the extensional axis (#17a) and at
the basin margin (#17 m). For the Lesser Antilles, the extinct Aves Ridge is shown for comparison (#21AR). The plot shows an extreme variability of crustal structure
in back-arc basins. Symbols atop crustal cross-sections: the upper row — crustal type in BABs, BABs with hybrid (transitional) crust or where different crustal types are
inferred are shown by 2 colors; bottom row - BABs grouped by the type of plate collision (OO: ocean-ocean, AO: arc-ocean, CO: continental-ocean); extinct BABs are

shown as a separate group.

#2. Komandorsky Basin

The active Komandorsky Basin between Kamchatka and the Shirshov
Ridge at the western edge of the Bering Sea formed behind the sub-
ducting Pacific Plate (ca. 60 My old along the trench) dipping at
~50-55° at intermediate depth (Jacobsen, 2018). The basin with water
depth of 3.5-3.9 km (and much shallower at numerous seamounts) has a
complex pattern of NE-SW trending magnetic anomalies and extinct
spreading centers (Fig. 3), crossed by orthogonal NW-SE striking frac-
ture zones (Baranov et al., 1991). The estimated age of the back-arc
basin formation is 10-20 Ma based on interpretations of magnetic
anomalies (Valyashko et al., 1993) and paleo-reconstructions with an
estimated total extension of ca. 450 km (Vaes et al., 2019), which yields
the total opening rate of 2-4 cm/y.

Similar to the Aleutian and Bowers Basins, the Komandorsky Basin
has free-air anomalies of —20 to +20 mGal and Bouguer anomalies of
about +250 mGal, and plots next to the Aleutian Basin in Fig. 10. Few
heat flow measurements in the basin proper constrain a high mean value
of ca. 110 mW/m? reducing to 50-60 mW/m? towards the basin margins
(Fig. 3).

The age of the oceanic crust below the Bowers Basin bounded by the
Bowers Ridge and the Aleutian Arc is unknown. The curved shape of the
enigmatic intraoceanic arc of the Bowers Ridge suggests that the Bowers
Basin was formed as back-arc basin, possibly in Miocene (Vaes et al.,
2019), as supported by the presence of Oligo-Miocene arc volcanics on
the Bowers Ridge. The only heat flow measurement in the central
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Bowers Basin (79 mW/m?) at the SW edge of the Aleutian Basin is
similar to the Aleutian Basin after correction for sedimentation.

All three deep basins of the Bering Sea have oceanic crust, but with a
thin (<2 km) sedimentary layer in the Komandorsky and Bowers Basins.
The seismic profile from the Aleutian Arc in the south to the Koryak
margin in the north (Fig. 3) imaged the crustal structure of the
Komandorsky and Bowers Basins (Ludwig, 1974). In the Bowers Basin,
the crystalline crust has a 2 km thick Layer 2 (Vp ~ 5.6 km/s), underlain
by a 5 km thick Layer 3 (Vp ~6.7 km/s). The crustal structure of the
Komandorsky Basin is similar (Fig. 11), but it was resolved in less detail
(Cooper et al., 1979). Apparently no deep seismic profiling was made in
these basins in the later years.

#3. Kuril Basin

The active fan-shaped Kuril Basin located behind the Kuril arc
(Figs. 1, 3) is a 3.3 km deep, ca. 250 km wide in its widest SW part,
bathymetric depression in the Southern Okhotsk Sea. The basin opening
related to subduction of the Pacific oceanic plate (ca. 125 My old at the
Kuril Trench and dipping at ca. 45°) possibly started at Miocene/
Oligocene (Gnibidenko et al., 1995). Its fan-shaped geometry was
interpreted in terms of the clockwise rotation of the continental Okhotsk
Plate (Kashubin et al., 2010) that led to a simultaneous opening of the
Kuril Basin and the Sea of Japan back-arc basins (Kimura and Tamaki,
1986). Recent geochemical studies constrain spreading rates of ca. 1.5
cm/y (Werner et al., 2020).
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Fig. 12. Correlations between bathymetry, gravity anomalies (a, b) and crustal thickness (c) in back-arc basins of various types. Green symbols — average values
calculated for the oceans on a 30’ grid; mid-ocean ridges (MOR) are for ages 0-2 My south of 55 °N latitude; young oceans - for ages 19-21 My, old oceans - for
99-101 My; off-shore hotspot regions include the 40-45 My Kerguelen Plateau (ca 66-71°E, 46-51 °S) (crustal data from Charvis et al., 1995) and the active Iceland
region (ca 12-18 °W, 60-62 °N) (cf. Artemieva and Thybo, 2013). Color shading highlights major recognized trends. In case of the isostatic equilibrium, all slopes are
controlled by density contrasts between the crust, seawater, and the mantle. The OO-type BABs (blue shading) close to zero free-air anomaly have bathymetry and
gravity characteristics between mid-ocean ridges and young oceans. Extinct back-arc basins (purple shading) split into two subtypes (a, b): the Pacific Ocean extinct
BABs, possibly of the OO-type, plot similar to old normal oceans (EXT-1) and the non-Pacific extinct BABs, possibly of the CO- and AO-types, that plot close to the
hotspots (EXT-2). Shallow bathymetry in the CO-type basins (yellow shading) may be due to a large portion of extended buoyant continental crust. Horizontal dotted
red lines show average oceanic bathymetry; solid blue lines in (b, c) are best-fit lines for all BABs.

The Kuril Basin has no magnetic lineations characteristic of seafloor
spreading (Table 2) and, in the absence of direct dredging or drilling
sampling, its age is constrained mainly by sediment stratigraphy and
bathymetry under assumption that the latter follows oceanic square-
root-of-age plate model (Parsons and Sclater, 1977). It will be shown
later (section 3.5) that this assumption is incorrect. A 2D thermal
modeling along a NW-SE seismic profile from Sakhalin to the Pacific
Plate explains the absence of magnetic anomalies in the Kuril Basin by
partial demagnetization of lower crustal rocks with Moho temperature
of 400-600 °C (Sychev et al., 1983). The basin is covered by a large
number of heat flow measurements with common values of 70-80 mW/
mz, which increase to 90-110 mW/m? in its three sub-basins (Gnibi-
denko et al., 1995).

Similar to other back-arc basins, free-air anomalies are slightly
positive and close to zero (ca. +10 mGal), suggesting that the basin is
close to isostatic equilibrium. However, Bouguer anomalies of +200 +
250 mGal are similar to the back-arc basins formed by an ocean-ocean
convergence (the OO-type), and significantly higher than in the back-
arc basins formed by continental-oceanic collisions (the CO-type)
(Fig. 12).

The Kuril Basin is crossed in its central part by a N-S trending long-
range wide-angle seismic profile 2-DV-M (Kashubin et al., 2010) (Fig. 3,
only the offshore segment is shown). The profile shows a sharp change in
the crustal thickness from ca. 22-25 km in the shelf part of the Southern
Okhotsk Sea, where the crust has characteristics of extended continental
crust, to a typical oceanic crust in the Kuril Basin with a 7-8 km thick
crystalline basement. Seismic studies image a 4-5 km thick tectonically
undisturbed sedimentary fill with the oldest sampled sediments at the
basin margin of Miocene/Oligocene age (Gnibidenko et al., 1995);
thickness of sediments reduces to ca. 3 km at the extensional axis
(Kashubin et al., 2010). Layer 2 (4.8-5.2 km/s) varies in thickness from
0.5 to 2 km, and Layer 3 (6.4-7.2 km/s) is 5-7 km thick, yielding 7-8 km
for thickness of the crystalline basement (Bikkenina et al., 1987).

The western part of the Kuril Basin was crossed by several deep
seismic sounding profiles (Fig. 3). Away from the extensional axis, they
also image a 4 km thick sedimentary layer. However, the basement
structure is interpreted differently (Piip and Rodnikov, 2004). It in-
cludes the upper 5-6 km thick basement layer with velocity between 4.8
and 6.8 km/s and the lower basement layer of a variable thickness (4 to
10 km) with velocity of 7.0-7.6 km/s (Fig. 11). The base of the lower

16

layer is interpreted as the Moho, yielding total crustal thickness of ca. 15
km with the sub-Moho velocity of 7.9 km/s (Piip and Rodnikov, 2004).
Alternatively, this fast-velocity layer may have composition of serpen-
tinized peridotite as suggested by large amounts of these mantle rocks
dredged and drilled on the Mid-Atlantic Ridge and by ophiolite studies
(Minshull et al., 2003). In such a case, the seismic Moho corresponds to a
15 km thick crust in the Kuril Basin, while the petrological Moho cor-
responds to a 9-10 km thick crust, and marks the transition between
lower crustal mafic rocks and mantle ultramafic rocks.

#4. Sea of Japan

The Sea of Japan (Fig. 4) includes a complex system of extinct back-
arc basins formed along a continental margin in response to subduction
of the Pacific Plate. Two major basins, the 3-3.6 km deep Japan Basin in
the north (#4n) and the 2-3 km deep Yamato Basin in the south (#4s),
are separated by the topographic high (the Yamato Ridge) with
extended (22-26 km thick) continental crust (Sato et al., 2006).

Lineation of magnetic anomalies with NE (60°) trend is recognized in
the central part of the Japan Basin, and it is less pronounced, but still
recognizable, in the western part of the Japan Basin and in the Yamato
Basin, although their presence in the latter was earlier questioned
(Fukuma et al., 1998). Due to a complicated pattern of identified mag-
netic anomalies and lack of coherency in most of the Sea of Japan, their
interpretations are non-unique (cf. Van Horne et al., 2017). Based on
postulated symmetry of magnetic anomalies with respect to spreading,
paleo-spreading centers were identified in both the Japan and Yamato
Basins, with the proposed spreading rate of 3 cm/y (cf. Kobayashi,
1985). Other interpretations suggest spreading rate of 6-17 cm/y,
assuming that ~500 km of extension was achieved in 3-8 My (Van
Horne et al., 2017).

Two principally different models for the opening of Sea of Japan (a
rotational ‘saloon-door’ model, Fig. 2i (Kimura and Tamaki, 1986;
Otofuji, 1996) and a pull-apart model, Fig. 2h (Jolivet et al., 1994))
predict a different time for the start of back-arc opening: early Miocene
or late Oligocene, respectively. Geophysical interpretations based on
poorly delineated magnetic anomalies suggest that extension developed
to seafloor spreading at ca. 28 Ma and ceased at ca. 18 Ma (Tamaki,
1995). Other studies based on ocean drilling ages suggest that extension
began at ca. 23 Ma and developed to seafloor spreading by 20 Ma, and it
is unlikely that the time of the opening differed between the northern
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and southern parts (Van Horne et al., 2017). The later evolution of the
region was significantly affected by the interplay of several subduction
systems around Japan, associated with the subduction of the Philippine
Plate in the south (present age along the volcanic arc is ~25 My) and the
Pacific Plate in the north (130-140 My old along the arc and dipping at
~30-33° (Kobayashi, 1985; Jacobsen, 2018)).

The Sea of Japan has one of the densest coverages by heat flow
measurements (Fig. 4), which show a huge scatter in values. Typical
values in both the Japan and Yamato Basins range between 50 and 90
mW/m? and increase to 100-120 mW/m? in the north-eastern part of
the sea, where the presence of oceanic crust is inferred from seismic data
(Tamaki, 1995). The difference between the two basins is also reflected
in Bouguer anomalies, which are relatively low positive (+150 + 200
mGal) in the Yamato Basin and ca. 50 mGal higher in the Japan Basin,
which plots within the OO-type in the Bouguer gravity-bathymetry plots
(Fig. 10b), while free-air anomalies are near zero in both basins.

The Japan and Yamato basins, both with ca. 4 km of sediments, are
interpreted to have oceanic crust where seismic profiles exist, but with a
strikingly different crustal structure (Fig. 11) (Van Horne et al., 2017).
For this reason, the Japan and Yamato basins are analyzed separately as
#4n and #4s, respectively. The Japan Basin has a 8-10 km thick oceanic
crust (No et al., 2014), while the Yamato Basin has an anomalously thick
(15-19 km) oceanic-type crust similar to oceanic plateaux and with a ca.
9-10 km thick basal layer (Vp > 7.0 km/s) (cf. Tamaki, 1995; Sato et al.,
2014). Its origin is debated, and while models with extended continental
crust were also proposed, low velocities (<6.0 km/s) in the upper crust
are used to argue for its oceanic origin (Sato et al., 2014).

#5. Okinawa Trough

The Okinawa Trough is an active ~1000 km long and relatively
narrow (60-230 km wide) back-arc basin (Fig. 4) formed along the
Ryukyu arc in response to the oblique subduction of the Philippine Sea
Plate, the age of which progressively decreases along the trench from
~50 Ma in the northern segment of the basin to ~40 Ma in the south.
There are systematic differences in most characteristics between the
northern and southern parts of the Okinawa Trough recognized from
geological and geophysical observations; therefore the two parts are
further analyzed separately (#5n and #5s). The bathymetry is shallow
(0.6-1.0 km) in the northern and central segments of the Okinawa
Trough and exceeds 1.5 km in the southern segment with the maximum
water depth of ~2.3 km reached within a relatively narrow (60-100 km
wide) depression. The present convergence rate increases from ~7 cm/y
in the north to ~13 cm/y in the south (Argus et al., 2011), while the
intermediate-depth subduction dip angle decreases from 61° in the
north to 55° in the south (Jacobsen, 2018).

Magnetic lineations are widely present in the southern and central
parts of the Okinawa Trough but are apparently absent in the northern
part which still undergoes rifting (Sibuet et al., 1995). Lithosphere
extension started in Miocene (~10-6 Ma). Its second phase, which
started ca 1-2 Ma and has continued until present, resulted in rifting
(Sibuet et al., 1995). Despite a possible different onset of the rifting in
the central-northern and the southern Okinawa Trough (c.f. Sibuet et al.,
1995; Liu et al., 2016), the total amount of extension of ~80 km is
similar in the northern and southern segments (Sibuet et al., 1995). The
average extension rate in the southern segment is estimated 1-2 cm/y,
assuming that the rifting started at ca 1 Ma (Park et al., 1998). However,
the current extension rates are different in the central-northern and the
south Okinawa Trough, 1-2 cm/y and 4-5 cm/y, respectively, although
the details are debated (Imanishi et al., 1996; Arai et al., 2017).

The Okinawa Trough has unusually small positive Bouguer anoma-
lies, around +70 + 90 mGal in the northern part (suggesting its litho-
sphere with a ca. 22 km thick crust essentially preserves the continental
structure) and increasing to ca. +140 mGal in the southern part. Posi-
tive, typically around +20 + 30 mGal, free are anomalies suggest
incomplete isostatic equilibrium, possibly associated with the on-going
lithosphere deformation. The two parts of the Okinawa Trough and
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the two basins of the Sea of Japan define a clear trend of free-air
anomalies — bathymetry correlation in the CO-type back-arc basins
associated with continent-ocean collisions (Fig. 12a, yellow shading).
The anomalously shallow bathymetry in the northern Okinawa Trough
(#5n in plots) is likely to be essentially maintained by crustal buoyancy
with, possibly, a little contribution from mantle flow.

The Okinawa Trough is covered by a large number of heat flow
measurements. Most of them are highly anomalous and imply strong
local effects of advection and hydrothermal circulation in thick young
sediments. Heat flow is highly heterogeneous even when extremely low
and high values are excluded (Fig. 4), and there is an overall trend with a
lower heat flow (45-85 mW/m?) in the northern part and a higher heat
flow (typically >90 mW/m?) in the south-central parts, although the
southern tip has low heat flow values (around 45 mW/mZ).

The basin has a dense coverage by seismic profiles along and across
the strike (Arai et al., 2017; Nishizawa et al., 2019). They show a pro-
gressive thinning of the crust from 18 25 km in the north to 10-16 km in
the south, with thinning to 7 km locally (Fig. 11) (Nishizawa et al.,
2019). Thus, seismic interpretations suggest that parts of the southern
Okinawa Trough may still be in a transitional stage from continental
rifting to seafloor spreading (Nishizawa et al., 2019). Thickness of sed-
iments is similar along the strike, ca. 4-5 km, therefore thickness of the
crystalline basement is ca. 15-20 km in the north and only 6-10 km in
the south. Recent interpretations suggest that the northern Okinawa
Trough has rifted continental crust, while new oceanic crust may
possibly being formed in the southern part (Table 1).

#6. Mariana Trough

The Mariana Trough (water depth of ca. 3.5-4 km) is a part of the
Izu-Bonin-Mariana subduction system which extends over ca. 2800 km
along the Pacific margin (Stern et al., 2003) (Fig. 4). Based on the age of
the basement rocks, the initial subsidence along the Izu-Bonin-Mariana
system started at ca. 43-50 Ma, in response to the abrupt change in the
motion of the Pacific Plate from a northward to a westward direction
(Richards and Lithgow-Bertelloni, 1996). The oldest segment is the West
Philippine Basin (see below, #10), and the ages of extension are getting
younger eastwards to the extinct Shikoku - Parece Vela back-arc basins
(#7-8) and to the presently active Mariana Trough back-arc basin (#6).
Numerical modeling suggests a possible recent (10-5 Ma) development
of a double subduction system related to the onset of a new subduction
zone along the Ryukyu trench (Faccenna et al., 2018), which should
have a control over the recent evolution of the Izu-Bonin-Mariana sub-
duction system.

The Mariana Trough back-arc basin, bounded at the east by the
Mariana arc, was initiated by rifting that began <10 Ma (Yan et al.,
2022) and evolved to seafloor spreading at ca. 3-4 Ma (Bibee et al.,
1980) with total opening rate of 4.3 cm/y since 6 Ma (Jarrard, 1986).
Along the trough, the present mid-depth subduction dip-angle is among
the steepest worldwide, around 80° (Table 2, Fig. 10a), with significant
variations along the trench. The age of the Pacific Plate along the trench
is ca. 150 Ma. Water depth is around 3.6 km with deepest parts at 4.2 km
and the basin has an asymmetric bathymetry since the spreading axis is
in the eastern part of the trough.

Bouguer anomalies are around +300 mGal in the central part of the
Mariana Trough, and close to those in oceanic plates. Positive (+-30 + 70
mGal) free-air anomalies indicating deviation from isostatic equilibrium
may possibly be due to lithosphere deformation above a steeply dipping
slab. This conclusion is supported by the observation that the Mariana
Trough is the only back-arc basin of the ocean-ocean (OO) convergence
type that falls outside the OO-type general trend (Fig. 12a, blue
shading), therefore suggesting that free-air anomalies are caused not by
deep sources but by lithosphere flexure. A highly heterogeneous heat
flow ranges from ~30 to ~100 mW/m? with typical values around 60
mW/m?2.

Seismic data on the crustal structure of the Mariana Trough is limited
(Fig. 4). A seismic refraction profile crossing the Mariana Trough Basin
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at ca. 17° N imaged a 5.5 km thick oceanic crust away from the
spreading axis, with crustal thickening to 8 km beneath the spreading
axis (Takahashi et al., 2007; Grevemeyer et al., 2021). The unusually
thin (~5 km) crystalline crust below a ca. 1 km of sediments is composed
of two layers (~2 km and ~ 3 km thick) with velocities of 4.5-6.3 and
6.9-7.4 km/s (Fig. 11), respectively, and with significant lateral varia-
tions in velocity of the lower crust. At the trough axis, crustal thickness
increases by 2 km by an increase in thickness of the lower crustal layer,
where velocity decreases to 6.7-7.1 km/s. The velocity structure of the
lower crust is in a sharp contrast with the adjacent Parece Vela Basin
(#8, see below), which has a 4-5 km thick crust with a low Vp of 6.5-6.8
km/s in the lower layer. The difference between the crust of two back-
arc basins can be caused by upper mantle chemical heterogeneity
(Shulgin and Artemieva, 2019), a complex pattern of mantle melting
(Martinez and Taylor, 2002; Lee and Wada, 2017) and the geometry of
mantle wedge convective flow (Billen and Gurnis, 2001; Morishige and
Honda, 2011; Wirth and Korenaga, 2012), which may produce oceanic
crust with a variable structure and different from oceanic crust created
at mid-ocean ridges (Grevemeyer et al., 2021).

#7. Shikoku Basin

The extinct Shikoku Basin (water depth ca 4.2-5.2 km) is located in
the northern part of the present Philippine Plate between the Kyushu-
Palau Ridge to the west and the westernmost ridge of the Izu-Bonin
arc to the east (Fig. 4). In the south, the basin merges with the extinct
Parece Vela back-arc basin, and the two basins have similar evolution
(Taylor, 1995).

A north-south trending long-wavelength magnetic lineation imme-
diately east of the volcanic front of the Izu-Bonin arc was interpreted as
evidence of back-arc rifting in the Shikoku Basin, where seafloor
spreading has started at ca 26 Ma (based on the oldest identified mag-
netic lineation) and stopped at ca. 15 Ma (Yamazaki and Yuasa, 1998;
Yan et al., 2022). A widespread off-ridge magmatism after termination
of spreading formed numerous seamounts (Taylor, 1995).

Free-air anomalies are close to zero in most of the basin, except for
seamounts and the margins close to the bounding ridges where they
become positive. Bouguer anomalies are very high (around 4370 mGal)
in the south-western, deep part of the basin and decrease to ca. +320
m@Gal in the northern part. This pattern associated with the bathymetry
variations is, to some extent, repeated in heat flow, which (excluding
highly anomalous values) is around 85-95 mW,/m? in the southern part,
ca. 80 mW/m? in the north-eastern part and only around 40 mW,/m? in
the north-western part (Fig. 4).

Seismic refraction profiles at the eastern margin of the Shikoku Basin
image a ca. 8 km thick (in total) oceanic crust with 1-2 km of sediments
(Suyehiro et al., 1996; Takahashi et al., 2009). Layer 2 with Vp ~
5.6-5.9 km/s is ca. 1.5 km thick, and Layer 3 with Vp ~ 7.0 km/s has ca.
3 km in thickness (Fig. 11). By its geophysical characteristics, the Shi-
koku Basin is similar to the extinct back-arc basins of the Pacific Oceans,
but differs from extinct back-arc basins of other oceans (Figs. 11-12).

#8. Parece Vela Basin

The extinct Parece Vela back-arc basin (typically nearly 5 km deep)
south of the Shikoku Basin is located on the Philippine Plate between the
extinct Kyushu Palau Ridge to the west and the extinct West Mariana
Ridge to the east (Fig. 4). Its Spanish name meaning “sail-like” reflects
the geometry of the basin. The geodynamic evolution of the Parece Vela
Basin is similar to the Shikoku Basin in the north. A distinct pattern of
lineated magnetic anomalies with a N-S axis is interpreted as seafloor
spreading which started at Oligocene (29-27 Ma) and ceased in middle
Miocene (ca. 15 Ma) (Okino et al., 1998; Yan et al., 2022).

Similar to the adjacent West Philippine and Shikoku Basins, the basin
has weakly positive (ca. +15 mGal) free-air anomalies and its isostatic
equilibrium is only marginally disturbed by lithosphere flexure. Bouguer
anomalies are high, typically +340 + 350 mGal, similar to oceans basins
and have no regional pattern. Surprisingly, the basin has a strong
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asymmetry in heat flow, which is high to the east from the relict
spreading axis (70-100 mW,/m? with mean value of 85 + 10 mW/m?)
and is unusually low in the western part (31-46 mW,/m? with mean
value of 40 + 8 mW/mz). On the whole, the basin-average value of 74 +
25 mW,/m? is similar to several other back-arcs basins of western Pacific.

The number of seismic refraction profiles across the basin is low. A
seismic profile at the eastern part of the Parece Vela Basin at ca. 17.5° N
(Fig. 4) imaged a ca. 6 km thick oceanic crust (Takahashi et al., 2007;
Grevemeyer et al., 2021), with the velocity structure similar to the active
Mariana Trough back-arc basin, but with a lower Vp in the lower crustal
layer (Fig. 11). A 4-5 km thick crystalline crust is composed of two
layers with velocities of 4.5-6.0 km/s and 6.6-6.9 km/s and thicknesses
of ca. 1.5 and 2.5 km, respectively, overlain by a 1-2 km thick layer of
sediments.

#9. West Philippine Basin

The extinct West Philippine back-arc basin (Fig. 4) is the largest
basin on the Philippine Sea Plate and the deepest (typically 5.5 to 6 km)
back-arc basin worldwide (Fig. 12, Table 1). It is separated from the
Shikoku and Parece Vela basins in the east by the 2600-km-long Kyushu-
Palau Ridge, which is an extinct N-S trending arc at the center of the
Philippine Sea Plate. From the north-west, the basin is bordered by the
Ryukyu Trench and from the south-west - by the Philippine Trench.

A clear pattern of NW-SE trending linear magnetic anomalies iden-
tified in most parts of the basin (Fig. 4) suggests that the West Philippine
Basin was formed by a symmetric spreading from the Central Basin
ridge, a NW-SE bathymetric high in the middle of the basin. Although
many details remain controversial, spreading apparently had two
distinct phases, with the change in the spreading direction and
spreading rate after subduction started along the Kyushu-Palau Ridge at
~45 Ma (Hilde and Lee, 1984). The major phase of spreading at 60-45
Ma had a NE-SW direction with a rate of 8.8 cm/y. After 45 Ma, the
spreading direction changed to N-S and slowed to 3.6 cm/y. Recent
studies based on new magnetic data confirm that the spreading ceased at
ca. 35 Ma (Sasaki et al., 2014), whereas the earlier proposed ages for the
cessation of spreading varied between 26 and 39 Ma. The NW tip of the
Philippine Plate may have an entrapped fragment of Early Cretaceous
oceanic crust (Deschamps et al., 2000).

Free-air anomalies in the West Philippine Basin are near zero, sug-
gesting a complete isostatic compensation of the basin. The basin with
an anomalously deep bathymetry also clearly stands out by its extremely
high Bouguer anomalies, ca. +400 mGal on average (Fig. 10b), and as
high as +420 + 440 mGal in the southern part. A combination of an
unusually large size of the West Philippine Basin with a pronounced
pattern of magnetic lineation in most of the basin and unusually high
Bouguer anomalies and deep bathymetry, not observed in other back-arc
basins, is typical of oceanic plates (Figs. 4, 10), and suggests that (similar
to the Aleutian Basin) the West Philippine Basin is a trapped oceanic
fragment, rather than a relict back-arc basin (Table 2).

There is a significant number of good quality heat flow measure-
ments (Fig. 4). Away from the relict spreading axis, heat flow is around
70 mW,/m? with a pronounced low-heat flow anomaly (ca. 35 mW/m?)
in the east-central part of the basin. Along the paleo-spreading axis, heat
flow is highly heterogeneous with an average of ~80 mW,/m?. The mean
value for the basin (excluding unreliable data) is 70 £+ 25 mW/mz,
reducing to 63 + 17 mW/m? when the axial zone is excluded. Very
sparse seismic refraction studies of the West Philippine Basin crust
image a typical oceanic crust with total thickness of 5-6 km, a thin
(<0.5 km) sediment layer and a thin Layer 2 (Fig. 11) (cf. Louden,
1980).

#10. South China Sea

The extinct South China Sea basin (water depth 3.7-4.5 km), sur-
rounded from three sides by continental lithosphere of the Eurasian
Plate and by the Manila Trench in the east, was formed through several
extensional phases with ridge jumps. The basin has a pronounced
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pattern of magnetic lineations which allows for reconstruction of the
basin opening and identification of relict spreading axis (Fig. 4). Mag-
netic anomalies, discovered in early 1970’s (Ben-Avraham and Uyeda,
1973; Rangin et al., 1985) are mostly E-W in the eastern part of the
South China Sea and NE-SW in the western part of the basin. The first
stage of the basin opening (32-27 Ma) included moderate extension
with average full rate of ca. 5 cm/y. Following the ridge jump, the ridge
orientation changed from E-W to ENE-WSW, at the second stage (27-16
Ma) extension rate decreased to ~3.5 cm/y, and the extension stopped
at ca. 15.5 Ma along the entire ridge (Briais et al., 1993; Barckhausen
et al., 2014).

The South China Sea has on average near-zero free-air anomalies,
which however have a strongly asymmetric pattern with negative values
(down to —20-30 mGal) in the northern part and high positive values
(up to +50 + 70 mGal) in the southern part, suggesting deviation from
the isostasy with a significant and heterogeneous lithosphere deforma-
tion. Strongly positive Bouguer anomalies are similar to most other
back-arc basins and exceed +250 mGal in the central part of the basin
(Fig. 12¢). Heat flow is around 100 mW/m? throughout most of the basin
with few values <80 mW,/m? and is at the high end for the extinct back-
arc basins (Table 1, Fig. 12d).

Several seismic profiles, mostly in the north-eastern parts of the
South China Sea, constrain a thin (5-6 km) oceanic crust, however no
details are provided (Zhao et al., 2010, 2018). These results are in accord
with gravity modeling across the major bathymetric depression (4.5 to
4.0 km) in the central South China Sea, which predicts a ca. 5 km thick
crystalline crust in the central part of the back-arc basin (Gozzard et al.,
2018). Hyper-extended, <5 km thick crust, was also imaged seismically
at the northern edge of the back-arc basin, close to the continent-ocean
transition (Gao et al., 2016). A seismic profile crossing the South China
Sea roughly from north to south imaged a sharp transition from a 18-20
km thick crust at the sea margins with shallow bathymetry to a very thin
(~5 km) oceanic crust in the central part of the South China Sea (Fig. 11)
(Pichot et al., 2014), where magnetic lineations are present. Likewise, a
seismic profile across the northeastern margin of the South China Sea
imaged a 13 km thick crust with ~2.5 km of sediments (Wang et al.,
2006), suggesting an overall crustal thickening towards the continental
margin. However, the back-arc basin proper at the end of the seismic
line was poorly resolved.

#11. Celebes Sea

The extinct back-arc basins of the Celebes, Sulu and Molucca Seas to
the south(east) of the South China Sea were formed in a complex geo-
dynamic environment which presently includes active arc-arc or arc-
continent collision zones (Rangin et al., 1990). The Celebes Sea and
other small ocean basins between mainland Asia and the Pacific basin
are interpreted either as back-arc basins, or entrapped fragments of
older ocean basins, or extensional basins formed by rifting of the con-
tinental margin (Lewis, 1991; Nichols and Hall, 1999). This overview
omits smaller basins and herewith focuses on the Celebes Sea basin.

The Celebes Sea (water depth 4.5-5.5 km) is bordered from the west
by the Borneo archipelago, from the south and east - by the North
Sulawesi and Cotabato Trenches, respectively, and from the north - by
the Sulu island arc (Fig. 4). A complex series of paleo-plate boundaries,
ridges and basins separate it from the South China Sea. Geodynamic
models for the Celebes Sea formation include an inter-arc subduction-
related back-arc basin, a rifted part of the Eurasian Plate, or part of the
Philippine Sea basin (cf. Gaina and Mueller, 2007).

The oldest magnetic anomalies mapped in the western part of the
Celebes Sea (trending ENE-WSW, 65°) constrain ages 47 to 42 Ma
(Weissel, 1980; Rangin et al., 1990), in agreement with ocean drilling
results which reported middle Eocene ages for the basement (Lewis,
1991). The middle Miocene spreading rate is estimated as ca. 4.7 cm/y
(Rangin et al., 1990), that is a half of the spreading rate in the West
Philippine Sea Basin at the same time.

Most of the back-arc basin has positive free-air anomalies, +25 + 50
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mGal, some of the largest among the extinct back-arc basins (Fig. 12a),
which drop to —90-100 mGal in the Cotabato and North Sulawesi
Trenches. Bouguer anomalies are also among the highest in back-arc
basins, ca. +300 + 400 mGal as expected for deep basins (Fig. 12b).
At the same time, the basin has one of the lowest heat flow values among
the western Pacific back-arc basins. Most reliable measurements,
consistent with earlier estimates, constrain the average heat flow of 58
+ 12 mW/m? (Lewis, 1991).

Several marine seismic refraction experiments of 1970-ies, compiled
by Hayes (1978), imaged a 2-3 km thick sedimentary layer (with P-
velocity of 1.7-2.1 km/s), a 1.5-2 km thick layer with velocity between
5.3 and 6.4 km/s, and a 5-6 km thick lower crustal layer (Vp ~ 6.4-6.9
km/s) (Fig. 11). The total crustal thickness is 9.5-11 km, with a 7-8 km
thickness of the crystalline basement typical of oceanic crust. More
recent seismic studies are still absent.

#12. Banda Basin

The extinct Banda Sea back-arc basin (Fig. 4) is separated from the
Celebes Sea in the north by the complex collision between the island of
Sulawesi and the Sula Platform (Rangin et al., 1990). The region rep-
resents one of rare examples of collision of the island arc (Banda arc)
with the continental margin (the North Australian shelf), and the short
Banda arc has the greatest curvature of any active arc on the Earth
(Bowin et al., 1980). A linear pattern of magnetic anomalies (~70°),
observed only in a part of the Banda Sea, suggests that seafloor
spreading may have started ca. 20-25 Ma (Lewis, 1991). Other studies
argue that active phase of spreading was very short, between 6 Ma and 3
Ma (cf. Stern and Dickinson, 2010).

The bathymetry of the back-arc basin is highly heterogeneous, with
short-wavelength variations from ca. 2.2 km to >5 km, and a typical
water depth of 3.5-4 km. Most of the Banda Sea basin has positive free-
air gravity anomalies (around +25 mGal). Their shift from the near-zero
values may be related to the region’s position on the southwest flank of
the Earth’s largest geoid maximum centered over eastern New Guinea
(Bowin et al., 1980). Possibly for the same reason, Bouguer anomalies
are also slightly higher (+250 + 350 mGal) than expected from the
equivalent bathymetry in ocean basins of such age. Note that both free-
air and Bouguer anomalies related to the total crustal thickness are
typical of extinct back-arc basins of the western Pacific Ocean (Fig. 12,
purple shading). Heat flow is highly heterogeneous (33 to >100 mW/
m?) and reflects a complex geodynamic setting of the Banda Sea. Most
reliable heat flow measurements in the South Banda Sea constrain
moderate average values of 60-65 mW,/m? or less (Bowin et al., 1980);
later data increased this value to ca. 80 mW,/m?> (Fig. 4).

An old seismic refraction experiment in the central Banda Sea basin
(Purdy and Detrick, 1978) reported sediment thicknesses of ca. 1 km
atop of oceanic-type crust with 1.5-2.0 km thick Layer 2 (Vp ~ 4.97 km/
s, Poisson’s ratio ~ 0.33), 2.0-3.5 km thick Layer 3A (Vp ~ 6.47 km/s,
Poisson’s ratio ~ 0.25-0.28) and an unusually thick (2.5-4.6 km) Layer
3B (Vp ~ 7.18 km/s) underlain by mantle with velocity of 7.97 km/s
(Fig. 11). Apparently, no other seismic studies of the Banda Sea crustal
structure have been published since then.

2.3. BAB:s of the Indian Ocean

#13. Andaman Sea

The Andaman Sea is an active back-arc basin in the northwestern
part of the Sunda subduction system in the north-eastern part of the
Indian Ocean (Figs. 1, 4). Its origin is related to a very oblique sub-
duction of the Indian-Australian Plate (with age along the trench of ca.
70 My in the north and ca. 85 My in the south) beneath the Sunda Plate
(Curray, 2005), with the current mid-depth subduction dip angle of ca.
40° (Fig. 10b). The combination of back-arc extension and the strike-slip
motion created a series of extensional basins which opened obliquely
starting from ~32 Ma in the Mergui Basin in the south of the Andaman
Sea back-arc basin.
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Interpretations of magnetic lineations identified in the southwestern
part of the back-arc basin (Raju et al., 2004) indicate a ca. 120 km
opening in the last ca. 4 My, with the total opening of up to 460 km over
the last 11 My (Curray, 2005). These numbers yield opening rate of 3-4
cm/y, close to the estimated total opening rate of 3.7 cm/y since 13 Ma
(Jarrard, 1986). The spreading center is marked by a 12 km wide valley
with water depth of ca. 3.6 km, while most of the back-arc basin is
around 2-3 km deep.

Free-air anomalies, overall close to zero, are weakly positive in the
western part and slightly positive along the eastern margin of the back-
arc basin with weakly negative values elsewhere. Bouguer anomalies are
relatively small, around +150 mGal, with higher values (ca. +230
mGal) along the spreading axis. By the correlations between gravity
anomalies, crustal thickness and bathymetry, the Andaman Sea is
similar to the back-arc basins formed in ocean-ocean collisional settings
(Fig. 12). Heat flow measurements exist only along the western margin,
with the values around 90 mW/m? (Table 1) and dropping to 30-40
mW/m? in the trench.

Numerous reflection profiles show a highly variable thickness of
sediments, ranging from ca. 1 km to 5 km and more (Curray, 2005), and
possibly affected by the Bengal Fan sedimentation. Two N-S high-
resolution seismic reflection profiles across the spreading center of the
central Andaman back-arc basin image ~1.5 km thick sedimentary layer
which thickness decreases towards the flanks (Jourdain et al., 2016).
Assuming P-wave velocities typical for oceanic crust, the interpretation
of the crustal structure includes a 3 km thick upper crustal layer and a
3-4.8 km thick lower crust, with total crustal thickness of ~6-7.8 km
(Fig. 11). Crustal-scale seismic refraction/wide-angle reflection studies
are, apparently, limited to few profiles acquired in 1960-1970’s along
the northern and eastern margins of the back-arc basin (Curray, 2005).
Thus, the details of the back-arc crustal structure remain yet poorly
constrained.

2.4. BAB:s of the south-western Pacific Ocean

#14. Manus Basin (Bismarck Sea)

The Manus Basin in the west-equatorial Pacific Ocean is part of the
Bismarck Sea basin. Bounded by New Guinea in the west, the Manus
Trench in the north and east, and the New Britain Trench in the south-
east, it is an active back-arc basin with respect to the New Britain arc-
trench system (NBT in Fig. 5). The ENE-WSW trending magnetic linea-
tions, identified only in the eastern part of the basin, are interpreted as
evidence for asymmetric seafloor spreading (spreading direction 60°)
during the past 3.5 My with the total opening rate of 13.2 cm/y (Taylor,
1979). The mid-depth subduction angle is ca. 63° and similar to most
other active back-arc basins (Fig. 10a, Table 2).

Free-air anomalies in the Manus Basin are unusually high, ca. +65
mGal, suggesting on-going lithosphere deformation. Together with the
Havre Basin (#18, see below), the Manus Basin is the end-member of the
OO-type back arc basins on the free-air gravity versus bathymetry plot
(Fig. 12a, blue shading) which indicates a likely contribution of the
vertical component of mantle flow (e.g. caused by temperature-induced
lateral density variations) in maintaining its unusually shallow ba-
thymetry (ca. 1.9 km) (Molnar et al., 2015). This conclusion is in
agreement with Bouguer anomalies which are significantly lower than
typical for back-arcs, between +140 and + 220 mGal, suggesting low-
density mantle (e.g. due to high mantle temperatures) below this
active back-arc basin. Two heat flow measurements have very different
values of 38 mW/m? in the center and 107 mW/m? at the margin. The
lower value measured at the end of the spreading axis (as interpreted
from magnetic anomalies) may be more representative of regional heat
flow. There is, apparently, no seismic data on the crustal structure of the
Manus Basin.

#15. Woodlark Basin
Despite its very small size, the extinct Woodlark back-arc basin
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provides important details on the transition from intra-continental rift-
ing to seafloor spreading (Taylor et al., 1995). The basin located on the
Australian Plate between the Papuan Peninsula of New Guinea and the
Solomon Islands (Fig. 5) formed by the collision between the Ontong-
Java Plateau of the Pacific Plate and the New Guinea continental
extension of the Australian Plate (Taylor and Karner, 1983), although
other studies propose the rifting of continental and arc lithosphere that
has initiated seafloor spreading after ca 2 Ma (Martinez et al., 1999).
This created a complex deformation style within the basin, which has
later started subducting eastwards beneath the Solomon arc.

Detailed geophysical surveys identified three segments of seafloor
spreading separated by ~50 km-long and ~ 30 km-long transform
faults. The basin has a symmetric, roughly E-W trending, pattern of
magnetic anomalies, with two jumps at the transform faults. The total
opening rate of the back-arc basin is between 5.6 and 7.2 cm/y. Seafloor
spreading initiated in the eastern part of the basin at ca. 6 Ma (Martinez
et al., 1999), and propagated westwards with an estimated rate of 14
cm/y (Taylor and Huchon, 2002) so that in the western part of the basin
seafloor spreading began <2 Ma.

East-west variations in water depth and gravity anomalies reflect the
evolution of lithosphere extension in the Woodlark Basin with westward
propagation of stretching. Water depth shallows from ca. 3.5 km in the
eastern part to ca. 2.5-2.9 km in the western part. Free-air anomalies,
slightly positive in the entire basin, reach ca. +50 mGal in its eastern
part, which undergoes deformation. The basin follows the free-air
gravity versus bathymetry trend of the extinct Pacific back-arc basins
(Fig. 12a, purple shading) where it plots at the shallow end, with an
additional topographic support possibly coming from elastic stress due
to lithosphere flexure. Similar to free-air anomalies and reflecting the
bathymetry change, Bouguer anomalies increase from +220 mGal in the
west to ca. +270 mGal in the east. Gravity modeling indicates that the
older, eastern basin has a < 7 km thick oceanic crust and the difference
between water depth and Bouguer anomalies between the eastern and
western parts can be explained by a 2 km thicker crust or a thinner
lithosphere in the western basin (Martinez et al., 1999).

There are, apparently, no seismic refraction studies of the Woodlark
Basin to test the gravity model, and all regional seismic models focus on
the very western part of the basin. A seismic tomography model at the
basin’s youngest westernmost tip (ca. 151.5°E, 9.5 °S, Fig. 5) imaged an
oceanic-type crust with a relatively low Vp (<6.0 km/s) in a large
fraction of the crust. Due to limitations in ray coverage, crustal thickness
of 15-20 km was inferred from seismicity recorded at the ocean bottom
array (Zelt et al., 2001). Further westwards, between the western
Woodlark Basin and the Papuan peninsula, receiver function analysis
indicates the Moho depth of 22-32 km (i.e. crustal thickness of 20-30
km) (Abers et al., 2014), although in the same region a Rayleigh-wave
tomography study imaged the upper mantle with a shear-velocity
structure similar to mid-ocean ridges (Jin et al., 2015). Four heat flow
measurements in the back-arc basin range between 37 and 74 mW,/m?
(excluding values of 100-115 mW/m? at the basin flanks). Low values
are all measured at the younger, westernmost end of the basin.

#16. North Fiji Basin

The active North Fiji Basin (Fig. 5) was created by back-arc spreading
behind the active eastwards-dipping New Hebrides (Vanuatu) subduc-
tion zone produced by convergence of the Pacific and Indo-Australian
Plates. The basin is limited by the Vanuatu island arc in the west and
south-west, the Vitiaz paleo-trench in the north, the Fiji Islands in the
east, and the Hunter Fracture Zone in the south-east. The extension
history of the basin is reviewed in detail by Auzende et al. (1988, 1995).
Most models agree that the basin formed ca. 10 Ma ago as a result of the
clockwise rotation of the Vanuatu arc and the counterclockwise rotation
of the Fiji Islands, that is apparently similar to the Sea of Japan and with
no certain link between the basin opening and the subduction (e.g.
Fig. 2i). A N-S trending seafloor spreading zone was initiated ca. 4 Ma
ago in the central part of the basin and it is still active at present. An
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average total spreading rate over the past 2 Ma is estimated as 6.2-8.2
cm/y (Auzende et al., 1988) and the present convergence rate is 9-12
cm/y around most of the Vanuatu arc, except for its central segment
(Baillard et al., 2015). The geometry of the seismogenic zone indicates a
steep subduction at 90-150 km depth with dip angle of ~70° (Baillard
et al., 2015) with an overall geometry similar to the Tyrrhenian Sea and
the East Scotia arcs (Fig. 10a); the age of the downgoing plate is ~57 Ma
(Collot et al., 1985).

Magnetic lineations typical of oceanic crust have several segments.
The central part of the basin (between 21 and 17 °S) has N-S trending
anomalies, which correspond to the recent and still active basin opening
(Auzende et al., 1995). The magnetic pattern becomes complicated in
the NE part of the basin, where it splits into several segments with a NW-
SE trend which results from the superposition of the past rotational and
the present plate motions.

The eastern and western parts of the basin are slightly different in
bathymetry and gravity. The basin is shallow with water depth of about
3 km, slightly deeper in the western part (~3.2 km) and ~ 2.7 km in the
NE part. Strongly positive free-air anomalies range from ca. +30 mGal in
the east to ca. +50 mGal in the west. Likewise, Bouguer anomalies range
from +220 mGal in the NE basin to +270 mGal in the western basin. The
pattern is similar to the Woodlark Basin (#15) and possibly reflects
progression of lithosphere extension in the North Fiji Basin.

Early studies from the 1970’s reported high average heat flow in the
North Fiji Basin (116 mW,/m?) with significant regional variations. The
IHFC database (Fuchs et al., 2021) shows that high heat flow (109-168
mW,/m?) is typical mostly of the central-western basin, while low values
(30-60 mW/m?) dominate away from the spreading center. Average
basin heat flow based on reliable 26 heat flow values in the IHFC
database is 80 + 32 mW/m?> (excluding 3 anomalous values between
160 and 168 mW/m?).

Few low-resolution seismic refraction studies (Larue et al., 1982;
Kisimoto et al., 1994) reveal a very thin (ca. 0 km) sedimentary cover
and a thin oceanic-type crust in the central basin around the spreading
axis. Away from the axial zone, the total crustal thickness in the central
basin is ca 4 km only, and the lower 2 km have a high Vp ~ 7.0 km/s
(Fig. 11). The pattern may reflect a strong recent stretching of oceanic
crust, possibly essentially compensated by magmatic additions. A
similar crustal structure was identified in old refraction experiments in
the NE and SW parts of the basin, with the total crustal thickness of ca.
5.7 km and 6.5 km, respectively, low average crustal velocities (<6.5
km/s) and 1-2 km of sediments (Shor et al., 1971).

#17. Lau Basin

The active and shallow V-shaped Lau Basin (water depth ca. 2.3 km)
is one of the best studied classical examples of back-arc basins. The basin
is located behind the Tonga Arc which was formed by the subduction of
the Pacific Plate below the Indo-Australian Plate (Fig. 5). Along the
trench, an intermediate dip angle of the west dipping Pacific slab (age ~
110 Ma) is ca. 55° (Jacobsen, 2018). While the dip angle is similar to
other back-arc basins formed by ocean-ocean collision, the seismogenic
zone below the Lau Basin is most displaced from the trench (Fig. 10a), so
that the slab is at ca. 250 km depth below the Lau Basin spreading axis
(Table 2). The southern extent of the basin is marked by the subduction
of the Louisville Ridge (hotspot track) below the Tonga-Kermadec arc
system. The western side of the back-arc basin is delimited by the
remnant Lau Ridge volcanic arc (active at ca. 14-2 Ma (Hawkins, 1995))
at the eastern edge of the Indo-Australian Plate. The Lau Ridge was
partially dismembered by crustal extension in the Lau Basin.

Ocean drilling data indicate that the present seafloor spreading
started at ca. 5.5-5 Ma in the north, from where it propagated south-
wards, as suggested by the V-shape of the basin (Hawkins, 1995). The
pattern of magnetic anomalies is complicated and their interpretations
are controversial. Geodetic measurements in the Tonga-Lau region
revealed the fastest observed crustal movements, which constrain the
present opening rate of the northern Lau Basin of ca 16 cm/y caused by
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seaward rollback of the trench axis (Bevis et al., 1995). Presently, the
Lau Basin is opening along three spreading segments.

The Lau Basin has extremely consistent positive free-air anomalies of
ca. +45 mGal commonly attributed to an efficient mantle wedge flow
(Martinez and Taylor, 2002). Bouguer anomalies are weakly positive
+170 + 220 mGal, with higher values along the spreading axis. By
gravity anomalies and bathymetry, the Lau Basin is a typical example of
active back-arc basins formed by an ocean-ocean collision (Fig. 12).
Except for three high values (97-124 mW/m?) near the spreading axis,
heat flow is unusually low for an active basin with an average of 45 +
12 mW/m? based on about 20 heat flow measurements (Fig. 5).

A recent seismic refraction profile across the Tonga Ridge and the
Lau Basin at 18.5° S imaged the crustal structure of the northern Lau
Basin (Crawford et al., 2003) (Fig. 4). At the Central Lau Spreading
Center, the crust is 7 km thick, and includes a 2 km thick Layer 2 (Vp <
6.0 km/s, interpreted as sheeted-dike section), a 3 km thick
intermediate-velocity Layer 3A (Vp ~ 6.0-7.0 km/s) and a 2 km thick
fast-Vp (7.0-7.4 km/s) Layer 3B (Fig. 11). The crust thins by ca. 1 km
away from the spreading center, despite a 0.5-1 km thick layer of sed-
iments is present there. Away from the spreading center, Layer 2 pre-
serves the same thickness as in the axial zone, but Layers 3A and 3B
reduce to 2 km and 1.5 km, respectively, yielding the total crustal
thickness of ca 6 km. A seismic experiment at the south-eastern Lau
Basin imaged a much thicker crust (8.7 km) with ca. 2.5-3 km of sedi-
ments and with a thick lower crustal layer (2.5-3.2 km) (Turner et al.,
1999).

#18. Havre Basin

The Havre Basin (Fig. 5) shares its geodynamic evolution with the
Lau Basin located northwards, so that most publications consider the
Lau-Havre Basin system together (Karig, 1970). Indeed, some charac-
teristics are similar in both basins (Table 1). The basin is bordered to the
west by the remnant Colville Ridge (volcanic arc) and to the east by the
Kermadec Ridge, related to the Pacific Plate subduction (intermediate
depth dip angle ~64°) underneath the Indo-Australian Plate. Impor-
tantly, the Lau and Havre basins have significant differences in the
displacement of the seismogenic zone from the trench (Fig. 10a), sug-
gesting significant differences in the Pacific Plate rollback dynamics.
Indeed, recent seafloor spreading at the Havre Basin started ca. 5.5-5.0
My ago in response to the rollback of the subducting Pacific Plate and
terminated abruptly ca. 3.0-2.5 My ago (Tontini et al., 2019). However,
the pattern of magnetic anomalies is controversial, and an obvious
spreading ridge is absent. These data, interpreted as the lack of evidence
for the present-day seafloor spreading, led to interpretations that the
Havre Trough may still be in a rifting phase (Wright, 1993; Parson and
Wright, 1996; Tontini et al., 2019), while the Lau Basin has seafloor
spreading.

Free-air gravity anomalies in the Havre Basin are among the largest
in all back-arc basins and increase from ca. +40 mGal in the west to ca.
+90 mGal in the east along the Kermadec Trench. Their average value is
the end-member on the bathymetry — free-air gravity plot for the OO-
type basins (Fig. 10a), and suggests that mantle dynamic component
(possibly associated with the Louisville hotspot) may contribute to
isostatic disequilibrium. Bouguer anomalies, mostly between +210 +
250 mGal are typical of the OO-type basins with seafloor spreading
(Fig. 12¢).

There are, apparently, no seismic data on the crustal structure,
except that MCS (multi-channel seismic) data show the presence of
0.5-1.5 km of sediments (Tontini et al., 2019). Heat flow measurements
are also absent. In further analysis, I consider the Havre Basin as the OO-
type, formed in response to the collision of two oceanic plates, and the
basin formed on the overriding oceanic plate should clearly have
oceanic crust.
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2.5. BAB:s of the Atlantic Ocean

#19. East Scotia Sea

The East Scotia Sea, an active back-arc basin in the southern Atlantic
Ocean, has been described as “a complication of the SAM (South
America) - ANT (Antarctica) plate boundary” (Barker, 1995). The slow
relative west-east motion of the South America and Antarctica Plates is
accommodated at the northern and southern boundaries of the Scotia
Plate (Fig. 6), which in turn was also formed by extinct back-arc
spreading (32 to 7 Ma) (cf. Livermore, 2006).

The East Scotia Sea was formed by spreading at the East Scotia Ridge
spreading center, behind the east-migrating South Sandwich Trench,
where oceanic lithosphere of the South American Plate is being sub-
ducted at the eastern boundary of the Sandwich Plate. Relative motion
of the South America and the Sandwich Plates is 70-79 mm/y (Thomas
et al., 2003). Along the trench, the age of the subducting plate varies
from 27 Ma in the south to ca. 80 Ma in the north, and the dip angle
changes from 45° to 55° above 180 km depth (Barker, 1995) to ~63°
and more at a greater depth (Fig. 10).

The N-S trending East Scotia Ridge in the central part of the basin is
one of the longest-lived back-arc spreading centers with the seafloor
spreading age of 15-17 Ma based on magnetic lineations on the western
side of the ridge. However, the age of extension at the southernmost tip
of the East Scotia spreading center is ~1 Ma only. Spreading rates were
accelerating towards the present values of 6.2 cm/y in the north and 7.0
cm/y in the south. The total opening of the East Scotia Sea is ca. 650 km
and the present-day rate of rollback of the subduction hinge is estimated
as 3.5-5.0 cm/y (cf. Livermore, 2006).

Free-air anomalies of +30 + 45 mGal indicate deviation from
regional isostasy. Bouguer anomalies are very uniform, around +250
mGal, and similar to many back-arcs basins (Fig. 12). Typical water
depth is ca. 3.0 km and slightly deeper in the western part of the basin.
Heat flow measurements exist only in the eastern part of the East Scotia
Basin. All values are above 90 mW,/m? with a mean heat flow of 115 +
21 mW/m?, which is among the highest heat flow in the back-arc basins.
Crustal-scale seismic studies are absent for the East Scotia Sea back-arc
basin.

#20. Bransfield Basin

The Bransfield Strait between the tip of the Antarctic Peninsula and
the South Shetland Islands (Fig. 6) is an active back-arc basin formed by
rifting within a continental volcanic arc of the Antarctic Peninsula. The
associated South Shetland Arc is a remnant of paleo-subduction of the
former Phoenix Plate below the entire Pacific margin of the Antarctic
Peninsula. At ca. 4 Ma, the lithosphere extension between the Phoenix
and Antarctica Plates stopped, and the Phoenix Plate became a part of
the Antarctica Plate (Lawver et al., 1995). Along the South Shetland
Trench, the age of the SE-subducting Phoenix Plate increases from 14 Ma
in SW to 23 Ma in NE. Its dip angle of 25° is the smallest among the back-
arc basins worldwide (Fig. 10b, Table 2). The extension in the Bransfield
Strait is 4-5 My old and possibly as young as 1.5 My (Lawver et al.,
1995), although alternative estimates are possible (Solari et al., 2008).
GPS studies indicate the present NW-SE extension rate of ~10 mm/y
(Dietrich et al., 2001).

The basin is an unusually shallow with a typical water depth of ca.
0.8 km. However, the bathymetry is highly variable and ranges from ca.
0.5 km in SW to ca. 2 km in the central part and to 2.2-2.5 km close to
the NE end. Free-air anomalies are also very heterogeneous, typically
around +30 + 40 mGal. Bouguer anomalies between +50 and + 120
mGal are among the smallest of all back-arcs basins worldwide and
reflect its shallow bathymetry (Fig. 12). Numerous heat flow measure-
ments are mostly along the spreading axis with nearly all values >100
mW,/m? yielding a very high mean heat flow of ca. 120-125 mW,/m? and
around 100 mW/m? when the extreme values are excluded (Table 1).
This combination of shallow bathymetry, high free-air and low Bouguer
anomalies, and very high heat flow clearly indicates the presence of a
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shallow temperature anomaly associated with mantle flow.

Seismic information of crustal structure and Moho depth remains
controversial. Crustal-scale seismic refraction study across the Brans-
field Strait, from the South Shetland Trench to the Antarctic Peninsula,
imaged a 30 km thick continental crust in the central part of the basin.
The reported structure, dominated by a ca. 25 km thick high-velocity
(Vp > 7.0 km/s) lower layer below 2 km of sediments and 2-3 km
thick upper crust, is very unusual (Grad et al., 1997) and suggests
misinterpretation of the lower crustal layer and the Moho depth. In
contrast, old refraction models (Ashcroft, 1972) and more recent in-
terpretations along eight high-resolution seismic refraction profiles
across and along the strike of the back-arc basin (Barker et al., 2003)
show crustal thickness of ~10 km (including 3-4 km of sediments)
below the extensional axis, and crustal thickness increases to 14-16 km
towards the flanks (Fig. 11). A subtle increase in crustal thickness from
NE to SW was interpreted to reflect a NE-SW propagation of extension.
Despite a thin crust, the seismic structure is interpreted as rifted arc crust
of the Antarctic Peninsula, with the conclusion that the back-arc basin
does not yet have oceanic crust (Barker et al., 2003).

#21. Eastern Caribbean Sea

The eastern Caribbean Sea (Fig. 7) hosts three separate subduction
systems that have been active at different times (Bonini et al., 1984).
Two of them (the Great Arc of the Caribbean in the west and the Lesser
Antilles Arc in the east) created back-arc basins, which are analyzed as
three individual areas. (i) The oldest Cretaceous-Paleocene Great Arc of
the Caribbean was active possibly since 88 Ma and became extinct at ca.
59 Ma (Neill et al., 2011). The Aves Ridge (#21AR) is a part of the
remnant arc. Clear N-S trending magnetic lineations are interpreted to
result from E-W seafloor spreading. (ii) The early Paleocene to Eocene
subduction is evidenced by ~40 Ma arc-type magmatism along the NE
Caribbean plate boundary. This subduction system apparently did not
produce any back-arc spreading and its geodynamic interpretations
remain controversial (Bird et al., 1999; Allen et al., 2019).

(iii) The youngest (<25 Ma) subduction system, associated with
westward subduction of the Atlantic oceanic lithosphere below the
Caribbean Plate (intermediate-depth dip angle of ca. 29-43°), created
the active Lesser Antilles Arc and the Grenada Basin (#21n,s) behind the
arc (Fig. 7). The geodynamic origin of the Grenada Basin is debated (cf.
Boschman et al., 2014). Magnetic anomalies in the northern Grenada
Basin (#21n) have no regular pattern, while in the southern Grenada
Basin (#21s) and the Tobago Basin on the opposite sides of the Lesser
Antilles Arc they have reverse polarities. This magnetic pattern was
interpreted as an indicator that roll-back of the Proto-Caribbean slab
caused a westward migration of the volcanic arc in Miocene from the
Aves Ridge to the Lesser Antilles Arc, which has split the former forearc
of the Aves Ridge into the Grenada and Tobago Basins (Allen et al.,
2019). Alternative models for the evolution of the Grenada Basin include
both an east-west-striking (Pindell and Kennan, 2009) and north-south-
striking (Bird et al., 1999) spreading center; however all models
consider the Grenada Basin as a back-arc basin. Seismic models suggest
that seafloor spreading may exist only in its southern part (south of ca.
13 °N), where the slab dip angle of <30° is one of the smallest among the
back-arc basins worldwide, Fig. 10b)

The bathymetry of the active Lesser Antilles back-arc basin of the
Grenada Basin deepens from around 2.1 km in the north (#21n) to ca.
2.7 km in the south (#21s). Free-air anomalies decrease southwards
from close to zero in the northern part to ca. -40 mGal in the south (the
lowest free-air anomaly values among all back-arc basins, Fig. 12a),
where back-arc spreading is active and oceanic crust was interpreted
from seismic data (Speed and Walker, 1991; Christeson et al., 2008).
Bouguer anomalies are positive and uniform, ca. +130 to +180 mGal, in
both parts of the basin. Heat flow with a mean value of 69 + 12 mW,/m?
does not differ between north and south.

The region is well covered by crustal-scale wide-angle seismic
reflection/refraction profiles. In the southern Grenada Basin the crust
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has a total thickness of ca. 15 km with a structurally homogeneous 6-7-
km thick crystalline basement (Fig. 11). The basement has a 1.5 km thick
upper crust and ca. 5.0 km thick lower crust with a typical oceanic ve-
locity structure, overlain by a very thick (7 to 11 km) cover of sediments
(Allen et al., 2019; Christeson et al., 2008). The crustal structure of the
southern Grenada Basin was interpreted as an evidence for an active
back-arc spreading, while back-arc spreading in the northern Grenada
Basin is ruled out by seismic models. In the northern Grenada basin (ca.
16-17 °N), the crust is 2027 km thick and includes a > 10 km thick fast-
Vp (6.8-7.2 km/s) lower crust (Fig. 11), similar to the crust of the central
Lesser Antilles island arc (Kopp et al., 2011), suggesting that the
northern part of the Lesser Antilles back-arc basin preserves the arc
crust.

The remnant back-arc basin of the Aves Ridge (#21AR) has water
depth of ca 1.5 km, near-zero free-air anomalies and moderately positive
Bouguer anomalies between +100 and + 200 mGal, similar to the
younger Lesser Antilles back-arc basin. Heat flow between 46 and 88
mW,/m? (with one high value at the ridge axis) is also similar to the
Grenada Basin and yields an average of 64 + 13 mW/m?. The crust of
the southernmost Aves Ridge has a similar seismic velocity structure and
crustal thickness of ca. 25-30 km as the Lesser Antilles Arc (Christeson
et al., 2008). Tomographic inversion shows that the ridge has little or no
sediments, and the lower 5-6 km of the crust have Vp > 7.3 km/s
(Fig. 11). Earlier models with sparse seismic data reported crustal
thickness of 30-40 km in a seismic profile along the strike of the Aves
Ridge (Boynton et al., 1979).

#22. Gulf of Mexico

The extinct Gulf of Mexico back-arc basin in the southern part of the
North American Plate has opened between ca. 165 and 142 Ma behind
an arc, possibly associated with an eastward subduction of the Pacific
Plate (cf. Stern and Dickinson, 2010; Lin et al., 2019). However, in the
absence of clear magnetic anomalies within the Gulf of Mexico, the exact
age of seafloor spreading and its duration remain not well constrained
and the evolution of this large ocean basin buried under a thick sedi-
mentary cover is not yet well known. The system of paleo-spreading
ridges, fracture zones and transform faults (Fig. 7) beneath 6-8 km of
sediments has been recognized from satellite gravity data (Sandwell
et al., 2014) and high-resolution magnetic data (Imbert and Philippe,
2005). The total extension rate, estimated from a combined gravity and
seismic interpretation of the ocean floor area and the location of extinct
spreading center, is ca. 2.2 cm/y, assuming that normal seafloor
spreading started at ~155-152 Ma and ended at ~142-138 Ma
(Christeson et al., 2014).

Water depth within the Gulf of Mexico back-arc basin varies from ca.
3.5-3.7 km to 1.8-2.0 km towards the North America continent and in
the NE part of the basin; typical values around the paleo-spreading
center are around 3.2-3.4 km and the basin average is ca. 2.9 km.
Free-air anomalies are typically negative and increase from ca. -50 mGal
in SW to ca. +20 mGal in NE, and overall the basin deviates from the
isostatic equilibrium. Bouguer anomalies are between +140 and + 220
mGal with higher values south of the paleo-spreading (Fig. 7). Abundant
heat flow measurements constrain a rather uniform low heat flow with
mean value of 46 + 16 mW/m?, indicating that the basin’s lithosphere
equilibrated to a platform-type thermal regime since the extension has
terminated.

Seismic refraction experiments of the Gulf of Mexico Opening
(GUMBO) project (Christeson et al., 2014; Eddy et al., 2014) imaged a
typical oceanic crust with ca. 6-7 km of sediments above a 6-7 km thick
crystalline basement. In the eastern part of the back-arc basin, the upper
layer with an unusually high Vp ~ 6.0-6.7 km/s imaged over a distance
of ca. 100 km was interpreted as part of oceanic Layer 3; the lower, 2-3
km thick, crust has Vp > 7.0 km/s (Fig. 11). In other parts of the Gulf of
Mexico basin, upper crustal velocities in oceanic crust are 4.5-4.7 km/s.
As result, within the back-arc basin average crustal velocities decrease
from 6.95 km/s in SW to 6.55 km/s in NE, matching a decrease in water
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depth towards NE (Christeson et al., 2014). The GUMBO results are
consistent with seismic reflection experiments (correlated with deep
industrial wells) in the north-central parts of the Gulf of Mexico, which
identified a 7-8 km thick sequence of sediments atop an oceanic 8 km
thick crust with the total crustal thickness of 14-16 km (Lin et al., 2019).

2.6. BAB:s of the Mediterranean Region

#23. Southern Tyrrhenian Sea

The active back-arc basin of the Southern Tyrrhenian Sea in the
central-eastern Mediterranean is located between the Apennines
peninsula to the east, the island of Sicily to the south, and Corsica and
Sardinia islands to the west (Fig. 8). The back-arc basin has developed as
result of ESE migration of the Calabria-Sicilia arc system in response to
subduction of an old, largely oceanic Eastern Mediterranean (Ionian-
Levantine) lithosphere (Ritsema, 1979). The age of the subducted Ionian
oceanic crust is debated, and late Mesozoic is commonly proposed (cf.
Sartori, 2003). The seismicity pattern indicates that presently the slab
plunges NW beneath the Southern Tyrrhenian Sea at ca. 50-58° (Rehault
et al., 1987; Jacobsen, 2018) and may reach a 300-450 km depth
beneath the most extended parts of the basin (Sartori, 2003). The cur-
vature of the arc is among the largest presently active (Fig. 8).

In contrast, subduction of the continental Adriatic slab and its retreat
are proposed as mechanism of extension in the Northern Tyrrhenian Sea,
where the back-arc basin of the Apennines-Calabria subduction system
formed during the last 15 Ma (Jolivet et al., 1999). This small back-arc
basin is excluded from the present analysis.

The evolution of the Southern Tyrrhenian back-arc basin, conven-
tionally ascribed to slab roll-back and possibly promoted by the upper
mantle flow (e.g. Doglioni, 1991; Panza et al., 2007; Carminati et al.,
2012; Balazs et al., 2022) (Fig. 2¢), was complicated by the collision of
the African and the Eurasian Plates (Doglioni et al., 1997, 2009). The
opening of several Mediterranean back-arc basins (Tyrrhenian, Ligurian,
Aegean) has been attributed to an interplay of three main processes: (i)
N-S shortening due to the convergence of Africa and Europe (Tappon-
nier, 1977), (ii) slab pull by subduction retreat (i.e. roll-back of the
subducting slab) (Malinverno and Ryan, 1986; Doglioni, 1991), (iii)
gravitational collapse of the thickened Apenninic lithosphere (Channell
and Mareschal, 1989). A combination of these three mechanisms best
explains the tectonics of the Tyrrhenian-Apennine system (Faccenna
et al., 1996; Doglioni et al., 1997; Jolivet and Faccenna, 2000; Carminati
et al., 2012).

Fast extension in the Tyrrhenian Basin started in Lower Miocene (ca.
20 Ma), while the main phase initiated at ca. 9 Ma and led to seafloor
spreading in Early Pliocene (5-4 Ma) with the NNE-SSW trending
spreading axis and magnetic anomalies recognized in the eastern part of
the basin (Kastens and Mascle, 1990). Thus formed oceanic crust is
restricted to two small sub-basins (Vavilov and Marsili) in the axial zone
of the south-central Tyrrhenian Sea (Rehault et al., 1987; Sartori, 2003).
Ocean drilling data suggests that the opening rate in the Marsili Basin
during the past 2-1.5 Ma was 3.1-4.5 cm/y (Kastens and Mascle, 1990).
These results were challenged by a recent analysis of the NNE-SSW
trending magnetic lineations, which suggest that between ca. 2.1 and
1.6 Ma the Marsili Basin (Fig. 8) opened at the highest ever documented
full spreading rate of ca. 19 cm/y, and that the back-arc opening was
episodic with rapid extensional pulses separated by slow spreading
phases (Nicolosi et al., 2006). Averaging this exceptionally high exten-
sion rate over 2 Ma (from the start of the rapid extension until present)
yields the value of ca. 5 cm/y, which is adopted here for further analysis.

The Southern Tyrrhenian Basin has bathymetry and gravity anom-
alies typical of the OO-type back-arc basins worldwide (Fig. 12). The
bathymetry in the deepest parts of the basin with oceanic crust is 3-3.6
km and is complicated by numerous seamounts. Water depth reduces to
ca. 2.4 km in the basin parts with continental crust. Free-air anomalies
are close to zero in most of the basin (—10 + 20 mGal), and overall both
the bathymetry and free-air anomalies are close to the oceans worldwide
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(Fig. 12a). Bouguer anomalies are considerably smaller than in many
other back-arc basins, ranging from +150 mGal in parts with continental
crust to +250 mGal in the oceanic sub-basins, and the bathymetry-
Bouguer anomalies combination is similar to an average mid-ocean
ridge (Fig. 12b). Numerous measurements report a highly heteroge-
neous heat flow (from 34 to >150 rnW/mz) without any systematic
trends. The mean heat flow value for the entire back-arc basin con-
strained by high-quality data is 95 + 36 mW/m? (Table 1), and is
significantly lower than suggested by old studies (Della Vedova et al.,
1984).

Early seismic studies imaged an oceanic-type crust in the central part
of the Southern Tyrrhenian Sea with 2-3 km of sediments, 3 km thick
Layer 2 (Vp ~ 5.0-5.2 km/s) and 2 km thick Layer 3 (Vp ~ 6.5-6.8 km/
s) (cf. Rehault et al., 1987). These results were confirmed by a NW-SE
seismic reflection profile across the central part of the Tyrrhenian
back-arc basin (Pepe et al., 2000) and a regional Rayleigh group- and
phase-velocity tomography study which imaged a ca. 10 km thick crust
beneath the Vavilov and Marsili sub-basins with crustal thickening to ca.
16 km in the northern Tyrrhenian Sea (Manu-Marfo et al., 2019).

A high-resolution E-W striking seismic refraction and wide-angle
reflection profile MEDOC along 40 °N revealed in detail crustal struc-
ture of the Central Tyrrhenian basin (Prada et al., 2014). From margins
seawards, the crustal thickness changes from ~20 km to 13 km and this
peripheral zone is interpreted as thinned continental crust. The central
domain (between ~10.5°E and ~ 13.8°E) is interpreted as oceanic crust,
but with different structure closer to the margins (the Cornaglia Terrace
in the west and its conjugate Campania Terrace in the east) and in the
axial part (the Vavilov and Marsili sub-basins between ~11.5°E and ~
13.1°E).

The Cornaglia and Campania Terraces have a two-layer crust ranging
in thickness between 7 and 9 km with seismic structure similar to
oceanic crust. The upper layer (below a 1 km thick layer of sediments) is
ca. 2 km thick, and the lower crust with Vp ~ 6.5-7.1 km/s is ca. 5-7 km
thick and thins towards the basin center. In the Vavilov and Marsili sub-
basins, the oceanic crust is ca. 6-6.5 km thick due to thinning of the
lower crust which has fast Vp > 7.0 km/s (Fig. 11). Lack of Moho re-
flections beneath the Vavilov and Marsili sub-basins was interpreted as
evidence that the entire basement may be composed of chiefly serpen-
tinized mantle peridotites with 20-30% of serpentinization in the upper
crustal layer and 80% of serpentinization in the lower crustal layer
(Prada et al., 2014). However, such interpretation is in conflict with
common petrological definitions of the crust as the layer that is
compositionally distinct (felsic-to-mafic) from the dominantly ultra-
mafic mantle (O’Reilly and Griffin, 2013).

#24. Aegean Sea

The Aegean Sea has long been recognized as a typical active exten-
sional back-arc basin (McKenzie, 1978; Le Pichon and Angelier, 1979;
Pe-Piper and Piper, 1989), while its origin as a typical back-arc basin has
been questioned (Doglioni, 1991; Gautier and Brun, 1994; Doglioni
et al., 2002; Agostini et al., 2010) with arguments for its formation in
response to the westward escape of the Anatolia Plate associated with
the Africa-Eurasia collision (e.g. McClusky et al., 2000) or by a gravi-
tational collapse (e.g. Jolivet, 2001). Without entering the debate on
tectonic origin of the Aegean Sea, the region is analyzed together with
other back-arc basins, since the mechanisms of lithosphere extension in
back-arc basins are not a part of the back-arc definition (see Introduc-
tion), and in many BABs subduction may have played a subordinate (or
no) role of in back-arc extension (Table 2, Fig. 2).

The back-arc basin, located north of Crete between the Balkanian
and Anatolian microplates (Fig. 8), was formed behind the South Aegean
Arc in response to subduction of an old oceanic Ionian-Levantine lith-
osphere (Robertson, 1998; Sartori, 2003), although some studies relate
it to subduction of the continental African Plate lithosphere (Snopek
etal., 2007). Aroughly E-W trend of the Aegean Trench and the Hellenic
Arc reflects the N-S convergence between the African and Eurasian
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Plates and indicates an importance of trench retreat in the Aegean basin
extension (Brun and Sokoutis, 2010). Additionally, transtension asso-
ciated with the right-lateral motion on the North Anatolian Fault (NAF)
system and coaxial westward escape of Anatolia played an important
role in regional geodynamics (Dewey and Sengor, 1979; Le Pichon and
Angelier, 1979; McClusky et al., 2000). An inherited, reactivated
lithosphere-scale mechanical discontinuity (the Vardar Suture Zone in
the Balkans) has been offered to explain back-arc extension by the
combination of trench retreat, rotation of the Aegean microplate
(located between the Balkanian and Anatolian microplates) and strike-
slip motion on the North Anatolian Fault system (Philippon et al.,
2014). A complex pattern of seismic anisotropy in the lower crust and
upper mantle (Endrun et al., 2011) suggests an important role of lower
crustal and mantle flow in the basin extension and magmatism (Agostini
et al., 2010).

In contrast to most other back-arc basins, the Aegean basin has no
oceanic spreading center, and the extension rate cannot be assessed from
magnetic data. Geological evidence suggests that the first phase of slow
extension took place from 45 to 13 Ma (Agostini et al., 2010). At the
second stage (from 13 Ma to 4 Ma, with a peak at 8-9 Ma) the extension
rate was up to 3 cm/y (Philippon et al., 2014), and the total extension is
estimated as 580 km (Brun and Faccenna, 2008).

The Aegean basin is extremely shallow, with typical water depth
between 0.6 km and 1.4 km. Such shallow bathymetry is similar to ba-
thymetry in the Okinawa Trough, also formed by ocean-continent
collision, and to water depth in the Bransfield Basin formed by arc-
ocean collision, but it is neither observed in back-arc basins formed by
collision of oceanic plates (Table 1), nor in the extinct back-arc basins of
the western Pacific Ocean, which mostly belong to the OO-type
(Fig. 12a). Extremely high free-air anomalies, on average + 130 mGal,
which indicate a very strong deviation from regional isostasy, are
generated by elastic stresses produced by flexure of the elastic portion of
the lithosphere and supporting topographic loads (Cochran and Tal-
wani, 1977; Molnar et al., 2015). A truly anomalous pattern of the
Aegean Sea on the bathymetry-free-air gravity plot (Fig. 12a) suggests
that the departure from isostasy should also be essentially associated
with convection flow-induced normal stresses at the lithosphere base, as
supported by small values of Bouguer anomalies (typically ca. 250-300
mGal less than in the oceans). The seismogenic zone also indicates that
the plunging slab is one of the most shallow among the back-arc sub-
duction systems in the world (Fig. 10b). Heat flow measurements, which
exist only in the central part of the back-arc basin, show highly variable
values that range from 33 to 95 mW/m? with mean value of 62 + 18
mW/m?.

Several deep seismic sounding profiles were acquired in the Aegean
Sea in 1970’s. The most interesting for the present study are two
“METEOR 1974” profiles which crossed the entire back-arc basin
roughly W-E and its central part N-S (Makris, 1978). These low-
resolution profiles imaged a ca. 30 km thick crust with ca. 3 km of
sediments; lower crustal velocities are between 6.2 and 6.8 km/s
(Fig. 11). Seismic receiver function results for one station (Santorin) at
the edge of the Aegean Sea back-arc basin report crustal thickness of ca.
33 km (Zhu et al., 2006). Thus there is no evidence neither for seafloor
spreading, nor for the presence of an oceanic-type crust in the Aegean
Sea back-arc basin.

#25. Black Sea

The Black Sea between the Eurasian Plate in the north, the Anatolian
and Balkanian microplates in the south and west, and the Caucasus
orogen in the east includes two deep basins of the West and East Black
Sea, separated by the NW-SE oriented Mid Black-Sea basement high (the
Andrusov Ridge); the latter is possibly composed of a thinned conti-
nental crust (Starostenko et al., 2004). The hypothesis of a back-arc
origin of the Black Sea deep basins (Zonenshain and Le Pichon, 1986)
replaced the earlier ideas of their origin either as trapped oceanic
fragments (Sorokhtin, 1979) or as basins subsided due to crustal
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eclogitization (Yanshin et al., 1980). Although no magnetic lineations
were identified (possibly due to a very thick, >10 km, sedimentary cover
(Nikishin et al., 2015)), the Black Sea is commonly considered to have
two back-arc basins (analyzed separately as #25w and #25e) either
related to the southwards-dipping subduction of a Paleo-Tethys Ocean
(Liu et al., 2018) or to the northwards-dipping subduction of a Neo-
Tethys oceanic plate (Fig. 8) with a 1500-2000 km long E-W-trending
trench (Okay and Tuysuz, 1999; Stephenson and Schellart, 2010;
Nikishin et al., 2003; Stephenson and Stovba, 2021). The main rift with
the NW-SE orientation is recognized in the Eastern Black Sea basin.
However, the direction of extension in the Western Black Sea basin is not
constrained.

The time of formation of the Black Sea deep basins is unknown since
the basins lack magnetic lineations. A targeted study, based on the
assumption that heat flow is related to the age of cooling oceanic lith-
osphere (and therefore based on the assumption that the Black Sea ba-
sins have "normal" oceanic lithosphere) estimated the age of the Western
Black Sea deep basin as 130 to 95 Ma, and of the Eastern Black Sea deep
basin as ca. 110 Ma (Golmshtok et al., 1992). Recent interpretations
based on ages of the sedimentary fill as inferred from seismic reflection
surveys suggest that the Eastern Black Sea basin may possibly be much
younger, of Paleogene age (about 60-50 Ma) (cf. Nikishin et al., 2003).
It is commonly assumed that the Western Black Sea basin was formed in
Cretaceous (Stephenson and Schellart, 2010; Stephenson and Stovba,
2021). The lack of seismogenic zones does not allow to constrain the
subduction dip angle.

Bathymetry and gravity anomalies of the Black Sea basins plot with
the extinct back-arc basins of, possibly, the CO-type (Fig. 12). Both deep
basins of the Black Sea are 1.9 to 2.2 km deep, without any significant
difference between the western and eastern basins (Table 1). In the
western basin, slightly negative free-air anomalies reach the minimum
value of ca. -50 mGal in its deepest part around the proposed (roughly
W-E-trending) spreading axis. In the eastern basin, free-air anomalies
decrease from +20 mGal along the proposed NW-SE-trending spreading
axis to ca. -40 mGal close to the basin margins, while Bouguer anomalies
decrease from ca. +150 mGal along the proposed spreading zone to ca.
+100 mGal towards the margins. There is no significant difference in
heat flow between the western and eastern Black Sea basins (Fig. 8).
Abundant heat flow measurements constrain a very uniform thermal
state across both deep basins of the Black Sea with values ranging from
31 to 56 mW,/m? and mean heat flow of 40 + 7 mW,/m?, which is one of
the lowest in the back-arc basins globally.

The nature of the crust in the Black Sea is debated (Nikishin et al.,
2003; Starostenko et al., 2004; Minshull et al., 2005; Yegorova and
Gobarenko, 2010; Nikishin et al., 2015; Stephenson and Stovba, 2021;
Petrescu et al., 2022) and the contrasting models infer that its deep
basins may have formed on an extended cratonic lithosphere or that they
may preserve trapped fragments of the Tethyan oceanic lithosphere.
Geodynamic interpretations of recent high-resolution seismic reflection
surveys in the entire Black Sea basin, which constrained the structure of
the sedimentary cover and the Moho interface, propose that both the
Western and Eastern Black Sea deep basins have oceanic crust in their
central parts, surrounded by thinned rifted continental crust towards the
coasts (Nikishin et al., 2015). Thickness of sediments is ca. 10 km in
marginal parts of both back-arc basins and in the central Eastern Black
Sea basin and it reaches ca. 15 km in the deep depression of the Western
Black Sea basin (Golmshtok et al., 1992; Nikishin et al., 2015).

Seismic refraction surveys in the Black Sea deep basins are chiefly
from marine experiments conducted and interpreted in 1960-1970’s
and summarized in later reviews (Neprochnov et al., 1970; Volvovsky
and Volvovsky, 1975; Tugolessov et al., 1985; Beloussov et al., 1988).
These old interpretations suggest that the deep basin of the Western
Black Sea has a ca. 20 km thick crust, which includes ca. 12 km of
sediments and three crustal layers typical for continental crust with
thicknesses of 2.5-3.0 km each. A fast velocity (>7.0 km/s) lower crustal
layer is absent in this model (see Fig. 11), which is consistent with later
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gravity-based models calibrated by a large number of controlled-source
seismic surveys (Starostenko et al., 2004; Yegorova and Gobarenko,
2010). These models imply that the crystalline crust in the Western
Black Sea basin is <8 km thick, and possibly 5 km or thinner if the
sedimentary sequence is ca 15 km thick (Nikishin et al., 2015).

Old interpretations infer that, in contrast, the deep basin of the
Eastern Black Sea has a ca. 27 km thick crust which includes ca. 10 km of
sediments and a ca. 17-18 km thick lower crustal layer (Vp ~6.8-7.2
km/s), while the “granitic” layer is absent (Tugolessov et al., 1985). This
unusual crustal structure was interpreted as an oceanic-type crust
formed by seafloor spreading (Golmshtok et al., 1992). Recent wide-
angle seismic profiles in the Eastern Black Sea (Minshull et al., 2005)
questioned the old interpretations. They imaged a ca. 8-9 km thick
sequence of sediments, with the deepest layers interpreted to be Upper
Jurassic to Lower Cretaceous platform carbonates based on outcrops at
the basin margins (Robinson et al., 1996). Thickness of the crystalline
basement is significantly smaller than in old seismic models, ca. 7-8 km
only, and the fast lower crustal layer is absent (Fig. 11). Therefore,
recent seismic interpretations suggest the presence of an oceanic-type
crust in the Eastern Black Sea basin, but with crustal velocities lower
than in normal oceanic crust (ca. 6.0-6.2 km/s) (Minshull et al., 2005).
These values also imply extreme values of crustal thinning (corre-
sponding to B-factor of ca. 4, Table 1), which cannot be explained by a
one-phase stretching of an extended continental crust and require a
complex paleo-extensional history (Stephenson and Stovba, 2021).

A recent ambient noise tomography of the Black Sea suggests that the
Moho depth is ca. 25 km both in the western and eastern basins with a
ca. 40 km thick crust below the Mid Black-Sea Ridge (Petrescu et al.,
2022). This study imaged a contrasting lithospheric structure below the
two basins with seismic velocities slower below the Western Black Sea.
These authors suggest that the two basins may have formed on different
lithospheric plates, although both of continental affinity, and the eastern
basin may have formed on a Precambrian lithosphere. Indeed, the Mid
Black-Sea Ridge may possibly be related to the Trans-European Suture
Zone (Ye. Sheremet, personal communication, 2022), that marks the
western edge of the East European Craton. In such a case, the Western
Black Sea basin may have formed on a Phanerozoic Tethyan crust, while
the Eastern Black Sea basin may have formed on a hyper-extended
cratonic crust of the East European Craton or the Scythian Plate.

2.7. BAB:s of the West Antarctica

#26. West Antarctica system of back-arc basins

The West Antarctica system of back-arc basins, that stretches from
the Antarctic Peninsula to the Marie Byrd Land and the Ross Sea Ice
Shelf (Fig. 9), was formed behind the system of the Antarctic Peninsular -
Marie Byrd - Ross Sea arcs by differential slab roll-back during the
Mesozoic subduction of the Phoenix (paleo-Pacific) Plate under the West
Antarctica continental margin (Artemieva and Thybo, 2020). Earlier
studies, which interpreted West Antarctica as a rift system similar to the
Basin and Range Province of the western USA (Behrendt et al., 1991),
cannot explain the size of the region which is one of the world’s largest
extensional areas (Cande et al., 2000), neither its topography which is
much deeper than any depression on continental crust, including the
shelves, nor the patterns of gravity anomalies and seismicity which are
typical for subduction systems but not for rifts (Artemieva and Thybo,
2020). Geological data and high-resolution geophysical mapping sug-
gest that West Antarctica represents a broad zone of episodic crustal
extension which has possibly started at 68 Ma and continued until recent
(Lawver and Gahagan, 1994; Salvini et al., 1997; Studinger et al., 2002).
At the Ross Sea segment, the first phase of ~150 km extension between
68 Ma and 46 Ma (Cande and Stock, 2004) and the second phase of
~180 km extension between 43 Ma and 26 Ma (Cande et al., 2000) yield
the total opening rates between 6.8 and 10.5 cm/y. Extension slowed
down since then, and GPS measurements do not resolve any present-day
extension in West Antarctica (Wilson et al., 2015).
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The water depth has large variations from near-zero values to 1.9 km
with mean values around 0.9-1.0 km, and equivalent bathymetry
(compensated for ice load) is ca. — 0.6 km on average (Artemieva and
Thybo, 2020). Free-air anomalies between —40 and + 20 mGal are
similar to most of back-arc basins globally, while Bouguer anomalies
(typically between —30 and + 50 mGal, Fig. 9) are the smallest among
off-shore back-arc basins (Table 1). Conventional borehole heat flow
measurements, available only along the margins of the Ross Sea
segment, constrain a highly variable heat flow between 60 and 142 mW/
m? (cf. Morin et al., 2010), while studies based on temperature-logs and
radar measurements in ice-drill holes report a huge range between 69
mW,/m? (Engelhardt, 2004) and 285 mW/m? (Fisher et al., 2015).
Geophysical models based on different approaches predict regionally
averaged heat flow in West Antarctica in the range from 52 to 58 mW/
m? (Artemieva, 2006; An et al., 2015a; Shen et al., 2020) to 70-75 mW/
m?> (Shapiro and Ritzwoller, 2004; Fox Maule et al., 2005), with recently
determined regional variations between 80 and 120 mW,/m? in the West
Antarctica back-arc basin system (Artemieva, 2022).

Crustal thickness in West Antarctica is typically between 20 and 30
km with an average value of ca. 20 km in the Ross Sea and ca. 25 km in
the Marie Byrd Land (cf. Artemieva and Thybo, 2020). Seismic reflec-
tion/refraction studies are largely restricted to the Ross Sea margin,
where a 19 km thick crust has ca. 6.5 km of sediments, ca. 5 km thick
upper crust and ca. 7.5 km thick lower crust with Vp > 6.8 km/s (Trey
et al., 1999) (Fig. 11). Locally, thickness of sediments in the Ross Sea
segment may reach 14 km, implying that the crystalline crust may be
thinned to ca. 8 km (Behrendt et al., 1991). In the Marie Byrd Land,
seismic receiver function studies reported a thin extended continental
crust with the total thickness of 20-25 km (Winberry and Anandak-
rishnan, 2004; Chaput et al., 2014), consistent with a regional surface
wave tomography model which constrains crustal thickness of ca. 25 km
in the Marie Byrd Land and ca. 10-15 km in the Ross Sea segment (An
et al., 2015b).

3. Analysis
3.1. Summary by BAB tectonic types

The analysis aims to recognize similarities and differences between
the back-arc basins of different tectonic origin and to identify global
trends in their formation and evolution. The section is, in general, ar-
ranged from the top (the crust) to the bottom (mantle wedge), although
in many cases crust-mantle processes are strongly intermixed. The
following discussion builds on the adopted grouping of the back-arc
basins as specified and summarized below.

3.1.1. Ocean-ocean (0O0) subduction

The OO-group includes 9 presently-active back-arc basins (numbers
in brackets refer to Figs. 1, 3-9, Tables 1-2 and are used as labels in the
figures to follow) with a good data coverage so that statistical values for
this group are well representative:

o the Aleutian basin behind the Aleutians arc (#1) which possibly
represents a trapped oceanic crust rather than a back-arc basin
proper; since the pattern of magnetic anomalies is irrelevant to the
subduction system, the age and dynamics of the subducting Pacific
Plate may be poorly related to the basin characteristics and the basin
lacks data on the total opening rate;

the Komandorsky basin behind the Aleutians arc (#2) which may
also represent a fragment of trapped oceanic crust and its crustal
structure is based on old seismic interpretations;

the Mariana Trough behind the Marianas arc (#6) with unusually
high free-air anomalies indicative of a strong lithosphere deforma-
tion in the back-arc basin associated with a near-vertical subduction
system;
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the Manus BAB behind the New Britain arc (#14) with unusually

high free-air anomalies caused by lithospheric flexure and low

Bouguer anomalies suggestive of a low-density mantle; this BAB

lacks data on crustal structure and has only two contrasting heat flow

values;

the North Fiji BAB behind the New Hebrides arc (#16) which may

possibly be unrelated to the subduction dynamics so that its litho-

sphere extension may be associated with processes that do not
require subduction; an extremely thin crust is constrained by low-
resolution vintage refraction profiles;

e the Lau Basin behind the Tonga arc (#17) with a complicated pattern
of magnetic anomalies, extremely low heat flow and different crustal
structure at the spreading axis and the margins;

e the Havre BAB behind the Kermadec arc (#18) with no regular

pattern of magnetic anomalies and the absence of a clear spreading

axis; unusually high free-air anomalies may possibly indicate a

strong lithosphere deformation during the rifting stage, which re-

mains uncertain since the basin lacks seismic data on the crustal
structure;

the East Scotia BAB behind the short South Sandwich arc (#19) in the

southern Atlantics which also lacks seismic data on the crustal

structure;

the Southern Tyrrhenian Sea behind the Calabrian arc of the Medi-

terranean Sea (#23) with a debated age of the subducted slab which

forms a rare semi-circular patter with one of the largest trench cur-
vatures; the basin has seafloor spreading with a localized presence of
oceanic crust imaged by high-resolution seismic profiles.

The OO-basins (Fig. 1) usually have a representative coverage by
seismic refraction profiles (except for the Manus Basin) and heat flow
measurements (except for the Havre Basin). Major characteristics of all
OO-type basins are the presence of seafloor spreading, oceanic crust
which often represents a mixture of extended, reworked and newly
formed crust, and a clearly identified seismogenic zone which allows to
determine the slab dip angle. The presence of magnetic lineations allows
to constrain the age of basin opening, the opening rate and the age of the
basement for most of the OO-type basins (the Aleutian and Komandor-
sky basins are notable exceptions, which possibly are not associated with
the present subduction systems). Mean geophysical characteristics of the
OO-type back-arc basins are shown in Fig. 13 in comparison with the
other BAB types and the corresponding parameters are discussed in the
sections to follow.

The often unknown age of the downgoing slab is often discussed in
relation to dynamics of the OO-type and other marine back-arc basins
(Molnar and Atwater, 1978; Grellet and Dubois, 1982; Carlson et al.,
1983; England et al., 2004; Heuret and Lallemand, 2005; Gaina and
Mueller, 2007; Dunn and Martinez, 2011; Long and Wirth, 2013). The
slab’s age essentially defines the pre-extensional thermal history of the
OO-type basins, as reflected in their bathymetry, gravity anomalies, and
heat flow. The pre-extensional history is further complicated by the
degree and lateral extent of crustal reworking in back-arc settings,
where the oceanic nature of the crust at both the pre-extensional and
extensional stages hampers an assessment of the degree of crustal
reworking. As result, the OO-type BABs are expected to be highly het-
erogeneous in various geophysical parameters related to oceanic
lithosphere.

3.1.2. Island arc-ocean (AO) subduction

The AO-group with only 3 active back-arc (sub)basins is very small,
statistically non-representative and is included in the analysis for a
general comparison only. Besides, information related to the arc-ocean
BABs opening rate, crustal structure and heat flow is often incomplete.
The group includes:

o the Bransfield Basin (#20) behind the Southern Shetlands arc in the
southern Atlantics along the Antarctic Peninsula; one of the most
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Fig. 13. Whisker plots with statistics for back-arc basins by tectonic settings. The EXT group is split into two subgroups (see Fig. 12). The AO group is statistically
non-representative and is shown only for a general overview. Colored bars show the range of values for 25% to 75% of data, black bars - the total span of data, and
horizontal lines inside colored bars give the mean value. Horizontal lines are shown to simplify comparison. For references and explanations see the text and Table 3.
For details on plot (i) see section 3.3.3.

shallow dipping slabs associated with the back-arc extension
apparently has not yet produced seafloor spreading, while a very
shallow bathymetry, high free air anomalies with the smallest Bou-
guer anomalies among all BABs worldwide and high heat flow all
require the presence of a hot mantle material at shallow depth;

the Grenada Basin of the northern (#21n) and southern (#21s) parts
of the Lesser Antilles behind the Lesser Antilles arc; the southern and
northern parts are different in many geophysical and geodynamic
characteristics and therefore are analyzed independently; the
southern basin may have a seafloor spreading and has the largest
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negative free-air anomaly among the back-arc basins worldwide; the
northern basin has one of the thickest back-arc basin crust; both parts
lack information on the total opening rate and the spreading
duration.

On the present Earth, the AO-type basins are rare and are clearly
unique, while marine arc-related back-arc basins associated with arc-arc
or arc-continent collisions are exotic. Two of such extinct, small-size arc-
related basins in the equatorial western Pacific (the Celebes Sea, #11,
and the Banda Sea, #12) are discussed below. Both active and extinct
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arc-related back-arc basins are very small in size. They apparently all
tend to evolve to seafloor spreading and, depending on the stretching
stage, may have an arc, hybrid, or newly formed oceanic crust (Table 3).
Clearly identified seismogenic zones allow to determine a large scatter
in slab dip angles (Fig. 10), while recent seismic refraction profiles
indicate a highly variable crustal structure (Fig. 11). Yet the age of
extension and the opening rate remain debated.

3.1.3. Continent-ocean (CO) subduction
The CO-group is small but statistically representative and includes 7
back-arc (sub)basins in 4 locations (Table 2):

e the Kurile BAB behind the Kurile arc (#3) with no magnetic anom-
alies and therefore with the unknown extension rate and the base-
ment age; a highly heterogeneous seismic crustal structure allows for
controversial models which may suggest the presence of oceanic or
hyper-extended continental crust;

the Japan Basin (#4n) and the Jamato Basin (#4s) of the Sea of
Japan where lithosphere extension may be caused by processes that
do not require subduction; the Japan basin with the extinct seafloor
spreading has oceanic crust imaged by sparse seismic profiles; the
Yamato basin with incoherent magnetic anomalies has a debated
extensional history and a disputed crustal origin; while both basins
appear extinct, they are analyzed within the CO-group as being
closely associated with the active CO-type subduction systems north
and south;

the northern (#5n) and the southern (#5s) parts of the Okinawa
Trough located behind the Ryukyu arc; the two parts are different in
many characteristics as in the Lesser Antilles and therefore are
analyzed independently; crustal stretching progressed from south to
north and resulted in an unusually shallow bathymetry with small
positive Bouguer anomalies in the north where the crust is possibly
still continental, while seafloor spreading is possible in the southern
part which has moderate bathymetry and gravity values and, at least
in parts, a thin oceanic crust;

e the Andaman Sea behind the Andaman arc (#13) with continuing
seafloor spreading caused by an oblique subduction; an oceanic crust
may be wide-spread although its details are poorly constrained by
old and sparse seismic profiles; thick sediments may be associated
with the adjacent Bengal Fan, while nearly zero free-air anomalies
suggest insignificant plate deformation;

the Aegean Sea behind the Hellenic arc (#24) which lacks any signs
of seafloor spreading and linear magnetic anomalies; therefore the
extension age and the age of the subducting (presumably) oceanic
plate are unknown; the dip angle is one of the most shallow and the
crust is the thickest among the back-arc basins globally; extremely
shallow bathymetry and extremely high free air anomalies require a
strong lithosphere deformation, which may be partially caused by
the westward escape of Anatolia.

The presently active CO-type back-arc basins (Figs. 1, 13) are some of
the most heterogeneous and variable in bathymetry, gravity anomalies,
extension rates, subduction dip angle, and crustal structure, which
varies from an extended continental type to oceanic crust produced by
seafloor spreading. In contrast to the OO-type, the CO-basins are typi-
cally elongated with pronounced differences in the extension age and
rate along the basins, further reflected in systematic differences in the
pattern of magnetic anomalies, bathymetry, gravity anomalies, mag-
matism, and the crustal structure between the contrasting parts of the
basins. Some basins have partially evolved to seafloor spreading, while
the other part still undergoes continental rifting. Due to this principal
difference, the CO-type back-arc basins may be further split into two
sub-types with and without seafloor spreading (Section 4). The along-
the-strike differences are non-related to the varying dip angles and the
age of subducting oceanic crust along the trenches, where known.
However, the commonly absent clear patterns of linear magnetic
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anomalies preclude conclusions on basement ages and extension rates
and the related interpretations. Overall, it appears that nearly all CO-
type basins have formed by a complex interplay of several geo-
dynamic factors, where subduction roll-back may have played a subor-
dinate role, if any (Fig. 2c,g,h,i).

3.1.4. Extinct back-arc basins (EXT) of two subtypes

The statistically representative EXT type includes 12 back-arc (sub)
basins with a good data coverage (Fig. 1). These basins overall lack
seismogenic zones associated with subducting slabs, and slab dip angles
are unclear. While geodynamic origin of these basins remains specula-
tive, they clearly fall into two major subtypes with different geophysical
characteristics (Fig. 13). One subtype (EXT-1) includes only the extinct
basins of the western Pacific Ocean (Table 2):

the Shikoku Basin behind the Bonin arc (#7) and the adjacent Parece
Vela Basin to the south (#8) which both have a thin crust, deep
bathymetry, strong positive Bouguer anomalies and share a similar
geodynamic evolution with similar trends of magnetic lineations and
the paleo-extensional axes;

e the Western Philippine Basin (#9) which is the deepest marginal
basin worldwide with the extremely high Bouguer anomalies typical
of old oceans; it may possibly represent a trapped oceanic crust;
the South China Sea (Nan Hai) behind the Manila trench (#10)
which has a strong N-S asymmetry in free-air anomalies despite a N-S
orientation of the extensional axis; the sea has a poor coverage by
conventional seismic profiles and heat flow measurements;

the Celebes Sea behind the Sangihe arc (#11) which was either
formed by arc-arc or arc-continent collision or may include a trapped
oceanic fragment; the basin has the largest positive Bouguer anom-
alies and the lowest heat flow among the extinct BABs consistent
with a cold upper mantle typical of entrapped old oceanic fragments;
the largest positive free-air anomalies indicate a strong plate defor-
mation in a complex geodynamic setting;

the small Banda Basin behind the Banda arc (#12) which, at present,
is possibly the only BAB that was formed by arc-continent collision;
heat flow data are of poor quality and the crustal structure may not
be well constrained;

the Woodlark Basin (#15) which, at present, is possibly the only
back-arc basin where the CO-type collision involved a LIP on the
oceanic plate (the Ontong-Java Plateau); the basin lacks seismic data
on the crustal structure, while its bathymetry and gravity anomaly
are similar to the OO-type active back-arc basins (Fig. 12).

The other subtype of the extinct BABs (EXT-2) includes the basins
located in the Caribbean Sea, the Black Sea, and the West Antarctica
region:

e the Aves Ridge of the Great Arc of the Caribbean (#21AR) which
represents a remnant back-arc basin associated with the remnant arc;
the basin has one of the thickest crust among all back-arc basins and
by other geophysical parameters typically plots with active AO-type
and OO-type basins;

the Gulf of Mexico (#22) which has bathymetry and gravity anom-
alies closest to the OO-type; however, the spreading duration is not
well constrained and the basement age is debated due to the lack of
magnetic lineations, while seismic profiles remain restricted;

the Western (#25w) and the Eastern (#25e) Black Sea Basins which
are analyzed independently due to their large sizes and significant
differences in many characteristics; similar to the Gulf of Mexico,
magnetic lineations are unknown and the spreading duration (which
may have pre-dated the Cretaceous) is unconstrained; geodynamic
origin of both deep basins of the Black Sea is still uncertain and
mechanisms other than back-arc extension cannot be ruled out; the
basement high between the two basins may be related to the western
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edge of the craton so that the two basins may have formed on the
crust of different tectonic origin;

the subglacial West Antarctica BABs behind the paleo-Pacific
Phoenix arc (#26) which are limited by linear belts of magmatism
and remnant seismicity along the edge of submerged extended crust;
these basins with restricted geophysical and geological data are
included only for comparison where possible.

The extinct back-arc basins include an unclear mixture of basins
formed at different times in diverse geodynamic environments, so that
their generalization is speculative. However, the extinct basins of the
western Pacific Ocean (subtype EXP-1) are deep (mean bathymetry of
—4381 m) and all have a relatively young (<60 Ma) relict seafloor
spreading which ranges in age from Paleocene to Pliocene. These basins
often show geophysical characteristics typical of old normal oceans (e.g.
Fig. 12). Combined with their relict seafloor spreading, it suggests that
they presently have oceanic crust (most likely reworked OO-type) which
has sufficiently cooled towards the normal oceanic trend.

The differences in the characteristics within the subtype EXT-1 may
be essentially attributed to the age of basin cooling. While direct com-
parisons with oceans are hampered by the debated cooling history of the
basins, some constrains can be made. By the style of bathymetry versus
Bouguer anomalies, the extinct BABs split into two distinct sets
(Fig. 12b). The extinct BABs of the subgroup EXP-1 with developed
seafloor spreading and small crustal thickness typical of normal oceanic
plates clearly tend towards old oceans (Fig. 12c), and their clustering
around ca. 20 My, ca. 100 My, and ca. 150 My old oceans may be caused
by the corresponding differences in lithosphere cooling duration after
termination of extension: 20-30 My in the South China and Banda Seas,
and the Woodlark Basin; ca. 100 My in the Aleutian Basin (i.e. older than
earlier proposed (Vaes et al., 2019)), the Shikoku and the Parece Vela
Basins (therefore supporting an idea of their linked origin); ca. 150 My
in the W Philippine Basin.

In contrast to this subtype, all other extinct basins (subtype EXP-2
with mean bathymetry of —2115 m) either have a relatively old
(Jurassic to Cretaceous) relict seafloor spreading, or the age of seafloor
spreading (possibly as old as Cretaceous) is speculative (Table 2).
Despite a long time since the cessation of extension and basin cooling,
these old basins do not plot next to an old (>60-100 My) oceanic crust
due to their too shallow bathymetry and very low values of positive
Bouguer anomalies (Fig. 12); they also have crustal thickness ca. 10 km
larger than normal oceans (Table 3). This striking discrepancy between
the subtype EXP-2 basins and old oceans, together with a common
absence of magnetic lineations in the EXP-2 basins, suggests that these
basins largely formed by subduction processes that involved a conti-
nental or an arc plate, and that these basins still preserve, in full or in
large proportion, hyper-extended continental or arc crust. The non-
Pacific extinct BABs also appear similar to the relatively young hot-
spot provinces (the Kerguelen Plateau and the Iceland region) (Fig. 12a),
which both have a > 20 km thick crust which may represent continental
fragments (Shulgin and Artemieva, 2019; Foulger et al., 2020; Ponthus
et al., 2020).

3.2. Mantle wedge and isostasy

3.2.1. Free-air anomalies and isostasy in BABs

Commonly, near-zero free-air anomalies are associated with regional
isostatic equilibrium. Isostasy principal that requires equal hydrostatic
pressures at equal (compensation) depths is valid only on geologic
timescales, but ignores the slow rate of relaxation in a highly viscous
cold lithosphere which can preserve a nonhydrostatic hypsometry for a
relatively long time (Hager and Richards, 1989). Non-zero free-air
gravity anomalies associated with topography anomalies can be effec-
tively compensated by mantle flow, flexure of the elastic portion of
lithospheric plate, lithosphere stresses, and their combinations (cf.
McKenzie, 1994; Molnar et al., 2015), therefore providing a nearly
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equilibrium state. Vice versa, zero free-air anomalies may not mean the
isostatic equilibrium, but instead may reflect a delayed effect of gravity
equilibrium distorted on relatively short timescales, e.g. by dynamic
topography associated with mantle flow (Burov and Gerya, 2014). While
conventional isostasy neglects mantle dynamics, seismic anisotropy
observed in many back-arc settings is traditionally attributed to mantle
wedge convection and deformation in the mantle wedge (Billen and
Gurnis, 2001; Kneller and van Keken, 2008; Morishige and Honda, 2011;
Long and Wirth, 2013; Lee and Wada, 2017). For example, mantle
wedge convection proposed for the Lau Basin may explain high free-air
anomalies (Martinez and Taylor, 2002).

Near-zero free-air anomalies are typical of only a quarter of the back-
arc basins with average values showing a significant span from ca. -30
mGal to +70 mGal and with the extreme value of +130 mGal in the
Aegean Sea (Fig. 12 and Table 1) where elastic stresses may be impor-
tant in supporting topographic loads associated with complex regional
dynamics (Cochran and Talwani, 1977; Brun and Sokoutis, 2010). There
seems to be little consensus on the extent of isostatic equilibrium in
various marine back-arc basins. A large amplitude of free-air gravity
anomalies implies a disturbed isostatic equilibrium in most of the back-
arc basins with many geophysical studies advocating an importance of
dynamic topography (Martinez et al., 1999; Abers et al., 2002; Conder
and Wiens, 2007; Kneller and van Keken, 2008; Long and Wirth, 2013;
Magni, 2019; Balazs et al., 2022). Other studies (smaller in number)
favour the isostatic equilibrium (Horvath et al., 1981; Tontini et al.,
2007; Molnar et al., 2015), and gravity modeling based on the isostatic
principle is still often used to infer the BABs crustal thickness (Tirel et al.,
2004; Liu et al., 2016).

A simple way to address the problem of isostatic equilibrium is to test
observations by a theoretical “rule of thumb” which suggests that in
submerged regions normal tractions of mantle flow applied to the lith-
osphere base produce a dynamic topographic effect with the ratio of
[free-air gravity anomalies] / [mean hypsometric deviation] > 30 mGal/km
(McKenzie, 1994). A comparison of average free-air anomalies
(reflecting long-wavelength features) in various back-arc basins with
bathymetry deviations from the BAB-type averages shows that the OO-
type BABs typically require a non-isostatic vertical convective traction
to explain an extra +20 + 50 mGal of free-air anomalies with respect to
the “rule of thumb”. The same observation stands for several extinct
back-arc basins of western Pacific. In particular, the Woodlark (#15)
and the Banda Basins (#12), deviating from a 30 mGal/km theoretical
limit towards the OO-trend, may have an incomplete post-extensional
relaxation and secondary mantle convection (Martinez et al., 1999;
Abers et al., 2002; Spakman and Hall, 2010). In contrast, free-air
anomalies in the non-Pacific extinct and presently active AO- and CC-
type BABs are, overall, below or close to the dynamic topography min-
imum bound of ca. 30 mGal per 1 km of extra hypsometry and these
back-arc basins may be close to the isostatic equilibrium. However, the
conclusions remain highly speculative and essentially assumption-
driven, while an incomplete information on crustal structure in back-
arc basins precludes meaningful estimates of residual gravity anoma-
lies (Simpson et al., 1986).

3.2.2. Crust-mantle density contrast and mantle temperature

The effect of mantle melting on anomalous bathymetry in back-arc
basin settings has been extensively analyzed in geochemical studies
(Woodhead et al., 1993; Taylor, 1995; Taylor and Martinez, 2003;
Kelley et al., 2006; Mibe et al., 2011; Li et al., 2022), geophysical studies
(Cross and Pilger, 1982; Sdrolias and Mueller, 2006; Kneller and van
Keken, 2008; Long and Wirth, 2013; Balazs et al., 2022), and numerical
simulations (Billen and Gurnis, 2001; Gerya and Yuen, 2003; Syracuse
et al., 2010; Lee and Wada, 2017; Magni, 2019). Nonetheless, the den-
sity structure of the BABs mantle remains speculative. Trends in Fig. 12
allow for some simplistic speculations since, under classical isostatic
assumptions, their slopes depend on in-situ crust-mantle density con-
trasts (Fig. 14a). A change in crustal thickness AM produces a



LM. Artemieva

Earth-Science Reviews 236 (2023) 104242

Fig. 14. Correlations between crustal thickness and bathymetry deviation from the mean water depth Bo (labelled at horizontal lines in plots (b-d)) in BABs of
various types. (a) Theoretical ratios based on crustal isostasy, mean crustal thickness for various BAB types is shown by black text. The mantle-crust density contrast
Peontrast defines the slope of theoretical lines. (b-d) Data and trends for individual back-arc basins. Plots show observations (colored symbols with BAB numbers) and
the best-fits lines (colored lines with text). The overlapped dotted red lines show the best-fitting theoretical isostatic lines (labelled in red with the values of reference
crustal thickness and peontrast)- The CO-type in (c) shows a large scatter, which may be fitted by the average, the top and the bottom bounds. The best-fit AO-type line
is not shown. The best-fit line in (d) combines both types of extinct BABs, and the best-fit in (b) is one of many options due to data cloud despite it excludes BABs #1

and 2 which are possibly trapped oceanic fragments.

bathymetry change AB = AM(pm-pc)/(Pm-pw) With mean in-situ densities
of crust p,, mantle pp, and seawater p,, = 1050 kg/ms. Here AB is the
deviation from the mean bathymetry determined for each BAB type
(Table 3), and for each back-arc basin AM is the difference between a
real and a typical (reference) crustal thickness (Figs. 11, 13). The best-fit
lines for the individual back-arc basins can be fitted by theoretical lines
with variable crust-mantle density contracts for various reference crus-
tal thicknesses (Fig. 14b-d). This allows for speculating on, first order,
Moho density contrasts in the BABs of different tectonic origin (Fig. 15).

The OO-type BABs have no clear trend, and crust-mantle density
contrast of 200 kg/m? fits the data, among other options. In the CO-type
BABs, an overall trend with a reference crustal thickness of ca. 16 km
(hyperextended or hybrid crust typical of this BAB type, Table 3) pro-
vides density contrast of 200 kg/m?, while the upper and lower limits
suggest a crustal thickness of 10 or 24 km with the corresponding Moho
density contrast of 250 and 300 kg/m?, respectively (Fig. 14). The AO-
type BABs are non-representative due to their small number, but the
data from the Lesser Antilles may suggest a Moho density contrast of
150 kg/m® which implies a very high-temperature upper mantle.
Cessation of extension and crust densification by cooling restore a high
original density contrast of ca. 400 kg/m? in the extinct BABs (Fig. 16),
and a high density contrast at the extinct Aves Ridge agrees with nu-
merical experiments which predict that mantle wedge temperatures
should decrease by >200 °C in 300 My after cessation of arc volcanism
(Hall, 2012).

A common perception of high temperatures in mantle wedge below
back-arc basins (Kincaid and Sacks, 1997; Eberle et al., 2002; Kelemen
et al., 2003; Currie et al., 2004; Syracuse et al., 2010) is usually derived
from high seismic attenuation observed below various back-arc basins
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(Sato, 1992; Stern, 2002; Polatidis et al., 2003; Artemieva et al., 2004;
Abers et al., 2014; Wada et al., 2015; Wei and Wiens, 2020). Clearly, the
estimated Moho density contrast is insufficient to constrain mantle
wedge temperature which depends on a large spectrum of parameters
(Fig. 17a). However, the estimated values allow for comparison with
independent constraints on mantle temperature in back-arc basins
(Fig. 17b). The reported values vary from ca. 1000 °C at a 40 km depth in
the mantle wedge of NE Japan (Nakajima and Hasegawa, 2003), 1200 °C
in the Kurile Basin and the Alaska wedge (Stachnik et al., 2004), to ca.
1300 °C in the Aegean Sea and to ca. 1450 °C in the Manus Basin, the
East Scotia Arc and the Mariana Trough (Syracuse et al., 2010). These
values provide a statistically significant correlation with the estimated
Moho density contrasts in these back-arc basins (Figs. 15-17b). A broad
range of the estimated values implies that patterns of mantle convection
and melt extraction, driven by mantle temperature variations, should be
essentially different in back-arc basins of various types.

3.3. Seismic crustal structure

3.3.1. Crustal types in BABs

There is no typical crustal thickness in the back-arc basins, since the
value is essentially controlled by the BAB tectonic setting, structures of
the overriding and downgoing plates and melting regime in subduction
system. The latter may depend, among other factors, on age of sub-
ducting oceanic plate, its temperature and fluid regime, slab dip,
convergence rate, and volume of subducted sediments (Kincaid and
Sacks, 1997; Eiler, 2003; Gerya and Yuen, 2003; Karato, 2003; Langmuir
et al., 2006; Martinez et al., 2006). The unknown pre-extension crustal
structure complicates interpretations in all tectonic settings. A highly
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Fig. 15. In situ average crust-mantle density contrast (values in kg/m>) in back-arc basins. The values are based on Fig. 14.

Fig. 16. Links between various BAB types based on correlations between the
crust-mantle mean contrast and reference crustal thickness. Small circles
correspond to the pre-extensional situation in three types of active BABs with a
typical crust-mantle density contrast of 400-450 kg/m® and initial crustal
thickness typical of normal oceans, arcs, and extended continental crust.
Depending on the nature of the overring crust, the oceanic and continental
groups of back-arc basins have different evolution, unless extension in the CO-
type basins with stretched continental crust (COcc) progresses to seafloor
spreading with formation of a significant portion of juvenile oceanic crust
(COoc). Termination of BAB extension, associated with mantle cooling, restores
a high original density contrast as observed in the extinct BABs.

variable volume of magmatic additions to the crust during extension
(Woodhead et al., 1993; Taylor et al., 1995; Charvis et al., 1995; Mar-
tinez and Taylor, 2002; Thybo and Artemieva, 2013; Magee et al., 2016;
Liu et al., 2018; Buntin et al., 2021; Li et al., 2022) with possible abrupt
short-wavelength changes (Dunn and Martinez, 2011) leads to further
complications. Several crustal types may exist in back-arc basins,
depending on tectonic setting and extension history, since not all back-
arc basins evolve from rifting to seafloor spreading (Tables 1, 2), and
many formed on oceanic lithosphere of the overriding oceanic plate.
Crustal types in BABs include (Figs. 11, 18):

(i) young oceanic crust in any BAB-type setting if seafloor spreading
stage was reached,
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(i) stretched pre-existing oceanic crust of the overriding plate at the
OO-type of plate margin, regardless if seafloor opening in a BAB
was initiated or not,

(iii) stretched arc crust of the overriding arc plate at the AO-type of
plate margin if seafloor opening stage was not reached,

(iv) hyperextended (rifted) continental crust of the overriding plate at
the CO-type of plate margin if seafloor opening stage was not
reached; crustal structure in this tectonic setting may vary
significantly depending on duration of stretching, the total
opening rate, pre-extensional crustal structure in the overriding
continental plate, and magmatism;

(v) hybrid crust in back-arc basins formed on continental plate and
subject to various stages of extension, from rifting to hyperex-
tension to formation of a new oceanic crust.

An oceanic-type crust in cases (i) and (ii) is not expected to be similar
to “normal” oceanic crust formed at mid-oceanic ridges because of
different spreading conditions (White et al., 1992; White and Klein,
2014; Artemieva and Shulgin, 2019), which in back-arc basins are
closely associated with subduction (Wilson, 2007; Dunn and Martinez,
2011). Despite a similar total crustal thickness (Fig. 18), oceanic crust of
back-arc basins has a thick fast-velocity lower crustal layer, which sta-
tistically makes almost 1/3 of the crust and is typically absent in
“normal” oceans. There are, however, exceptions. Juvenile crust of the
Mariana Trough formed above one of the steepest, possibly magma-
starving subductions is similar to normal oceanic crust produced at
mid-ocean ridges, while the pre-extensional crust is strongly anomalous
in thickness and includes a ~ 3 km thick lower layer (Vp ~ 6.9-7.4 km/
s) (Takahashi et al., 2007; Grevemeyer et al., 2021). A similar pattern is
reported for the Lau Basin, where juvenile crust at the spearing axis is
thicker than at the margins and in both cases a fast-velocity lower crustal
layer is present (Martinez et al., 2006) (Fig. 11).

In the OO-settings, back-arc extension preserves an oceanic crustal
structure of the overriding plate, with a typical BAB seismic crustal
thickness of 7-8 km and as small as 4-6 km in several back-arc basins of
the Pacific ocean (Table 1), including the Mariana Trough, Lau Basin
and some extinct (possibly also the OO-type) BABs (Fig. 11). In some
basins it is hardly possible to distinguish between pre-extensional and
extensional oceanic crust, and it is speculative if a thin crust (Fig. 11)
may have formed by an ultra-slow back-arc spreading as at ultra-slow
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Fig. 17. (a) Sketch illustrating general trends in changes of average crust-mantle density contrast in mantle wedge caused by various thermo-compositional pa-
rameters. Relative contributions of various processes may vary in broad regions and their order may change accordingly. (b) The estimated Moho density contrast
(Fig. 15) correlates with published estimates on mantle wedge temperatures (Stachnik et al., 2004; Syracuse et al., 2010; Nakajima and Hasegawa, 2003).

Fig. 18. (a) Average crustal structure in the off-shore back-arc basins by tectonic settings (based on Fig. 11). Right column shows the corresponding pie-sections in
percentage of total crustal thickness. Extinct BABs are split into the Pacific (Ext-1) and non-Pacific (Ext-2) types. For references see the text. (b) Typical crustal
structure in normal oceans (White et al., 1992), the Izu-Ogasawara island arc system (Takahashi et al., 2009), continental hyperextended crust of the Rockall Trough
(Klingelhofer et al., 2005) and continental extended crust as in the Basin and Range Province of W. USA (Christensen and Mooney, 1995). A characteristic feature of
the back-arc basins, especially in the OO-settings, is the presence of a thick (~38% of basement thickness) high-Vp lowermost crustal layer which is absent in
“normal” oceans. In the CO- and AO-settings, the crust of the back-arc basins is similar to hyperextended continental and arc crust, respectively (compare the
pie-sections).

MORs (Small, 1994; Bown and White, 1994; Weigelt and Jokat, 2001), possible formation in ocean-ocean plate collisions, while a hybrid or

or resulted from thinning of pre-extensional crust in the overriding hyper-extensional continental and arc crust in the non-Pacific BABs is
oceanic plate, or reflects a combination of both. A thin and ultra-thin similar to the crust of active BABs formed in the CO- and AO-settings
oceanic-type crust in the extinct Pacific back-arc basins indicates their (Fig. 18a).
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The crust of the AO- and CO-type back-arc basins is, on average, very
similar (Fig. 18). Statistically, their crust differs by the thickness of
underplated high-Vp (mafic) crustal layer, which is 3.5-4 km thick in arc
crust and ca. 2.5 km in extended continental-type BABs (Fig. 18a). This
difference may reflect an importance of relamination in generation of
lower continental crust in arcs (Kelemen and Behn, 2016). Besides, in
the AO-type back-arc basins (case iii listed above) the crust apparently
preserves the structure of the pre-extensional island arc crust as exem-
plified by the Izu-Ogasawara arc system (Takahashi et al., 2009). A
hyper-stretched continental crust in the CO-settings (case iv), while
preserving the upper felsic layer characteristic of continental crust, may
differ significantly from extensional crust, e.g. of continental rift zones.
It may, instead, have a crustal structure similar to hyperextended con-
tinental crust of the Atlantic passive margins (Skogseid et al., 2000;
Klingelhofer et al., 2005; Shulgin et al., 2020), the Iceland-Faroe Ridge
(Shulgin and Artemieva, 2019; Foulger et al., 2020), and possibly the
Kerguelen Plateau (Charvis et al., 1995; Ponthus et al., 2020) (Fig. 18a).
Therefore, crustal structure of back-arc basins associated with
continental-ocean collisions has little in common with a popular
perception of extended continental crust (Fig. 18b).

3.3.2. High-Vp lower crust

The presence of a thick high-Vp (>7.0 km/s) lower crustal layer
which, statistically, makes 15-30% of the total crustal thickness is a
fundamental characteristic of the back-arc basins (Fig. 18a). For the
hyperextended BABs, this feature is similar to magma-rich passive
margins and, for the OO-type basins, to oceanic hotspots settings where
significant crustal thickening is mostly produced by thickening of Layer
3 where it can make up to ca. 50% of the crust as observed in the Alpha
Ridge, the Iceland-Faroe Ridge, the Kerguelen-Heard Plateau and the
Ontong-Java Plateau (Forsyth et al., 1986; Fyfe, 1992; Charvis et al.,
1995; Holbrook et al., 2001; Miura et al., 2004; White et al., 2008;
Thybo and Artemieva, 2013). Since pre-extensional crust in the AO and
CO back-arc settings may had a high velocity lower crustal layer
(Fig. 18b), the volume of magmatically added material associated with
back-arc extension is hard to estimate.

The wide-spread presence of a high-velocity crustal layer in the back-
arc basins of different types indicates an importance of magmatic
underplating in mantle wedge settings and crustal growth by magmatic
additions. The added magmatic material may essentially compensate
crustal thinning caused by back-arc extension. A correlation between
crustal thickness and lower crustal velocity would support an impor-
tance of underplating mechanism in crustal growth (Grevemeyer et al.,
2021). Indeed, in the back-arc basins considered here, large regional
variations in the total thickness of crystalline crust are caused chiefly by
variations in thickness of a fast (>7.0 km/s) lowermost crust (Fig. 19b).
The correlation apparently exists only for oceanic-type crust <10-12 km
in thickness (blue shading in Fig. 19a) and weakens when slower crustal
layers (>6.2 km/s) are included (Vp-values are color-coded).

3.3.3. Crustal thinning by extension

Estimates of extensional p-factor (the ratio of pre-extensional and
present thicknesses of the crystalline basement) are hardly possible for
back-arc basins because the present-day crustal thickness reflects a
counter-play of crustal extension and magmatic crustal growth above
mantle wedge, and pre-extensional crustal structure is unknown. The
present-day crustal column without lower crust cannot be adopted as
representative of crustal thinning without magma compensation (Thybo
and Nielsen, 2009), since pre-extensional lower crust of an unknown
thickness may have existed in many back-arc basins. In contrast, a thin
oceanic-type crust may be caused not only by crustal stretching, but may
reflect magma-starving conditions in making juvenile oceanic crust.

First order estimate of crustal thinning in back-arc basins adopts here
typical crustal thickness values for various tectonic settings as pre-
extensional thickness of crystalline basement: 25 km in active and
paleo-island arcs (#12, 21AR) (Takahashi et al., 2009; Kopp et al.,
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2011), 30 km in active and paleo-rifted continental crust (#4, 25, 26)
(Christensen and Mooney, 1995; Thybo and Nielsen, 2009), and 8 km as
in oceanic plate (Bown and White, 1994) in the extinct Pacific BABs
(#7-11) and the Gulf of Mexico (#22). The OO-settings are excluded to
avoid problems in distinction between juvenile and pre-extensional
oceanic crust. While the estimates depend on the assumed thickness of
pre-extensional crystalline basement, its variations in normal oceans
and island arcs are usually small (White et al., 1992; Calvert, 2011), but
the adopted thickness of 30 km for the CO-type BABs is a strong
generalization since extended continental crust may be highly variable
in basement thickness.

A wide range of estimated crustal thinning factors (Table 1, Fig. 13i)
reflects a strong heterogeneity in crustal extension in different back-arc
tectonic settings, with mean values ranging from ~1.7 in the AO-type
BABs to ~2.8 in the continent-ocean collisional settings and with
some extreme values of >4.0 (the southern Okinawa Trough, the Japan
Basin, the Andaman Sea, and the Black Sea basins). A reduction in
crustal thickness would be equivalent to f-factor if no magmatic mate-
rial were added to the crust during stretching, which is hardly the case
for most of basins (Thybo and Artemieva, 2013). However, extremely
high estimated values may also indicate a very minor volume of
magmatically-added material.

Yet very high thinning factors (3.75-4.25) in the Black Sea basins
(Table 1) cannot be explained by the lack of magmatic additions, which
are known from seismic reflection studies (Nikishin et al., 2015). At the
same time, the present estimates agree with an analysis of seismically
constrained sedimentary sequences, which reported conventional
pB-factor of 3—4 in the deep NW part of the Western Black Sea Basin and of
ca. 5in the deep SE part of the Eastern Black Sea Basin (Shillington et al.,
2008). B-factor values of 4-5 are usually associated with a rupture of
continental lithosphere (Keen and Beaumont, 1990), so that the esti-
mated crustal thinning factor should have been high enough to initiate
seafloor spreading in the Black Sea basins as interpreted in some studies
(Nikishin et al., 2015) but not accepted unanimously. Much smaller
values proposed for the Cretaceous (major phase) extension imply that
the Black Sea crust may have been significantly stretched by pre-
Cretaceous extensional events (Stephenson and Stovba, 2021). This
model is not in conflict with the present estimates which are free from
constraints on the timing of crustal thinning.

3.4. Back-arc extension and seafloor spreading

3.4.1. Subduction parameters controlling BAB formation

3.4.1.1. Age of downgoing plate. This section builds on examining
possible correlations and trends related to back-arc extension and
spreading in order to define the parameter space where back-arc basins
may form in relation to the associated subductions and where back-arc
extension may progress from rifting to seafloor spreading (Figs. 20, 21).
Not all subduction systems form back-arc basins. The reasons why they
do or do not form BABs are not yet understood despite numerous studies
which addressed magmatic, thermal, mechanical, and kinematic pro-
cesses associated with various mechanisms proposed for back-arc
extension (Karig, 1971; Sleep and Toksoz, 1971; Molnar and Atwater,
1978; Uyeda and Kanamori, 1979; Shemenda, 1993; Faccenna et al.,
1996, 2012; Scholz and Campos, 1995; Stern, 2002; Heuret and Lalle-
mand, 2005; Schellart, 2005; Schellart et al., 2007; Doglioni et al.,
2009).

With an intuitive notion that old and cold oceanic plates are less
buoyant and therefore should subduct easier than young and buoyant
plates, a number of studies attempted to find correlations between
subduction dynamics and age of subducting plates (Uyeda and Kana-
mori, 1979; Furlong et al., 1982; Grellet and Dubois, 1982; Carlson
et al., 1983; Jarrard, 1986; Sdrolias and Mueller, 2006). The proposed
cut-off ages for subducting oceanic plates to form a back-arc basin in any
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Fig. 19. Thickness of crystalline crust versus thicknesses of lower crust (a) and fast Vp (>7.0 km/s) lowermost crust (b). Color code - average Vp in the lower and
lowermost crustal layers, respectively (note different color codes). Interpretations for the top of the lower crust and the top of the fast lowermost crust are adopted
from the original seismic studies (see references in the text). For example, the lower part of the crust with Vp ~ 6.3 km/s in the Eastern Black Sea Basin (#25e) was
interpreted as Layer 3 (Minshull et al., 2005). Numbers - back-arc basins (see Fig. 1 for locations). The correlation in (b) indicates that growth of oceanic crust in the
back-arc basins occurs primarily through magmatic underplating by melts generated in the mantle wedge. The trend includes mostly BABs of the OO-type.

Fig. 20. Sketch summarizing minimum values of subduction process parameters required to initiate formation of back-arc basins and BAB seafloor spreading on the
present Earth. The values are based on data for the individual BABs. Arrows — minimal values (color code as in other figures); stars — “guaranteed” successful

spreading for any tectonic setting.

tectonic setting range from 55 My (Sdrolias and Mueller, 2006) to 80 My
(Furlong et al., 1982).

This study suggests that correlations are obscured when subduction
systems of different types are considered together because of signifi-
cantly different plate cut-off ages in the OO, AO and CO subduction
settings where back-arc basins have formed (Fig. 20a). The present
analysis shows the following for the present Earth.

e Back-arc basins do not form if downgoing plate is younger than ca.
20 My.

e BABs may evolve to spreading if subducting oceanic plate is at least
45 My old (see below).
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e In the OO settings, back-arc basins form only when subducting
oceanic plate is old and cold, with mean age of ~87 My and the
minimum known age of ~60 My in the East Scotia Basin.

e In the CO settings, back-arc basins form already when subducting
oceanic plate is ~45 My old (the southern Okinawa Trough). The AO
subduction systems may be less sensitive to the plate age, but the
examples are highly limited.

e When oceanic plate subducts below an island arc, it may be as young
as ~20 My to form a back-arc basin (e.g. the Bransfield Basin).

3.4.1.2. Subduction dip angle. It has long been noted that all steeply
dipping offshore subduction zones are associated with active back-arc
extension in marginal seas (Molnar and Atwater, 1978; Cross and
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Fig. 21. Global statistics for the presence or the absence of seafloor spreading in the back-arc basins on the present Earth in relation to tectonic settings (a-d, upper
row), total opening rate (e), crustal basement thinning during BAB extension (f, the OO-type is excluded, see footnote), subduction parameters (g-i), and average heat
flow (j). Red arrows highlight the parameter space with no active seafloor spreading, green arrows highlight the parameter space where seafloor spreading is favored

at present.

Pilger, 1982). Therefore, a steep subduction, possibly facilitated by
directional preferences (e.g. Doglioni, 1991; Panza et al., 2007), has
often been considered as a pre-requisite to form a back-arc basin. Yet
recent studies reduce the cut-off intermediate-depth dip angle of sub-
ducting slabs to form a back-arc basin from >60° to ~30° (Sdrolias and
Mueller, 2006). Note that due to a striking difference in the slab dip
angle beneath the OO- and CO-type BAB subduction systems (Fig. 10), a
shallow cut-off subduction angle may be expected only for the CO- and
AO-type back-arc basins (Fig. 20b). This observation suggests a minor
role of a slab dip angle in defining if a back-arc basin develops or not,
and it may only be considered here in association with other deciding
parameters.

In the present Earth, the minimum observed dip is ~50-55° in the
0O-type and 30-35° in the CO-type (Fig. 20b) with mean values of 65°
+ 11° and 38° £ 12° correspondingly. Slab dip-angle controls the
trench-slab distance (Fig. 22b) and the lateral location of melting zones,
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commonly situated at a 100 + 30 km depth near the upper part of
subducting slabs (England et al., 2004). As result, melting largely occurs
175 £ 57 km away from the trench in the OO-type BABs and 290 + 80
km away in the CO- and AO-type BABs with a larger distance in the arc-
type basins (Table 3, Fig. 22cd). However, neither a trench-slab dis-
tance, nor a slab dip angle are correlated with trench-normal slab ve-
locity (Mantovani et al., 2001; Schellart et al., 2011; Table 2), the effect
of which is effectively compensated by other extensional factors in
subduction systems.

Arc-ocean subductions can form an extensional back-arc basin at a
significantly more shallow (25-45°) slab dip than in other BAB types, as
exemplified by the Bransfield and the Lesser Antilles Basins (Fig. 20b).
However, back-arc basins formed behind a shallow subduction often do
not progress to seafloor spreading (Fig. 21g), and compressional rather
than extensional back-arc tectonics is associated with a shallow (<30°)
or flat subduction of young buoyant oceanic lithosphere in the eastern
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Pacific Ocean (Molnar and Atwater, 1978).

3.4.1.3. Opening rate and duration of extension. Neither total extension
rate nor its duration play independent roles in evolution of back-arc
basins. Yet opening rate in back-arc basins should be important, if
spreading rate affects morphology and crustal structure similar to mid-
ocean ridges where juvenile crust formed at the ultra-slow spreading
ridges is anomalously thin (Small, 1994; Bown and White, 1994). This
expectation is not supported by observations. Crustal thickness in the
back-arc basins shows no trend for any of the individual BAB types, and
may even become large when slab dip angle is small, if all BABs,
regardless of their type, are plotted together. This apparently opposite
trend between crustal thickness and opening rate reflects a principal
difference between the OO- and CO-type back-arc basins (Figs. 10, 18):
the CO-type BABs with a thick crust all have small opening rates, com-
parable to ultra-slow and slow spreading rates at mid-ocean ridges. In
contrast, the OO-type back-arc basins may have opening rate similar to
spreading rates at fast-spreading mid-ocean ridges (Fig. 21e).

The duration of extensional phase is, apparently, independent of
subduction settings (Fig. 20c) and, therefore, of mechanisms of back-arc
extension (Fig. 2). Short spreading duration is typical of the back-arc
basins of all types and suggests that BAB formation is essentially
controlled by external factors (e.g. subduction dynamics and stress field)
rather than by rheology of the overlying plate. Back-arc basins may
initiate at very early stages of extension (1-2 My), and extension may
typically continue for 5-15 My. An apparently longer duration of
extension in the extinct BABs (Fig. 13f) may possibly reflect a large
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Fig. 22. Relations between subduction parameters in
the back-arc basins of various types (numbers - back-
arc basins, see Fig. 1 for locations). Dashed line and
colored ovals highlight major trends. (a) Dip-angle of a
slab is determined from seismicity at ca. 50-200 km
depth (Fig. 10). (b-d) The slab’s top surface at 100 km
depth, where melting largely occurs, is displaced from
the trench by 175 + 57 km in the OO-type BABs and
by 290 + 80 km in the CO- and AO-type BABs.
Because of steep subduction in the OO-type basins and
shallow subduction in the CO- and AO-type basins (a),
melting in the OO-type should occur at distances ca.
100-120 km closer to the trench than in other BAB
types (b-d). Trench-normal slab velocity (data of
Schellart et al., 2011) does not correlate with trench-
slab distance, nor with slab dip angle.

uncertainty in age constraints for paleo-extensional settings.

3.4.2. Parameters controlling BAB seafloor spreading

Lithosphere stretching in back-arc basins may, or may not, progress
from rifting to seafloor spreading. A thermo-mechanical subduction
modeling suggests that back-arc rifting transfers to back-arc spreading
when a nearly vertical slab crosses the mantle transition zone and rea-
ches the 660 km discontinuity with stress transmission up the slab to a
low-viscosity mantle wedge where it causes back-arc extension (Ishii
and Wallis, 2022). This process, possibly leading to repeated cycles of
spreading, has been proposed for the evolution of seafloor spreading in
the South Fiji, the Lau Basin, the Parece Vela Basin and the Mariana
Trough. Yet it is doubtful that the model requirements for the slab to cut
the transition zone are supported by seismic evidence, especially for the
extinct Parece Vela Basin and for the Fiji-Lau region with moderate
subduction dips (Table 2), while the present seismicity in the Mariana
slab apparently terminates within the transition zone (Artemieva et al.,
2016).

The present analysis includes 31 back-arc subbasins, most of which
have seafloor spreading with magnetic lineations (Tables 2). Despite the
analyzed pool is dominated by the active OO-type and the relict Pacific
basins (most likely also of the OO-type collisions), seafloor spreading is
seemingly a common culmination of a BAB stretching. However, one
should make a clear distinction between a “guaranteed” successful
extension-to-spreading transition (Fig. 21) and the minimal values of
subduction parameters when seafloor spreading may take place
(Fig. 20). The following overall patterns may be recognized in the

Fig. 23. Sketches illustrating favorable parameter space values for seafloor spearing in the present back-arc basins of various tectonic types. See text for explanations,

the values are based on Table 2.
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present plate configuration, despite limited data (Figs. 21-23).

e Back-arc extension always evolves to seafloor spreading when the
overriding plate is oceanic. A high success rate in the progression of
lithosphere stretching to spreading in the extinct back-arc basins
indicates that many of them were formed in the OO settings
(Fig. 21a,d).

e A “guaranteed” successful transition from crustal extension to sea-
floor spreading requires the total opening rate > 8 cm/y in back-arc
basins, i.e. similar to intermediate and fast spreading rates in normal
oceans (Fig. 21e). Under favorable conditions independent of tec-
tonic settings, seafloor spreading may also initiate at much smaller
extension rates acting at short times (Fig. 20c,d).

Strong reduction in crustal thickness (p > 2.5), possibly compensated

by crustal growth through magmatic additions, apparently is

required for successful initiation of seafloor spreading in the over-
riding oceanic plate (Fig. 21f) while the amount of extension
required to initiate back-arc basin formation may be low. In case of the
overriding continental lithosphere, the extension factor should reach

B ~ 4-5 to progress to seafloor spreading, in agreement with earlier

results (Keen and Beaumont, 1990).

o A successful transition from crustal extension to back-arc seafloor
spreading does not take place, when subducting oceanic plate is
young (<40-45 My) (Fig. 23), but the age limit increases to >60 My
in the OO-type BABs which all dip at steep angles (>50° at
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intermediate-depth) (Fig. 10a). As a consequence, seafloor spreading
in the OO-type BABs always initiates with a slab dip >50°.

e A guaranteed success of spreading in any tectonic settings requires
even a larger dip angle (Figs. 20b, 21g), although spreading may
initiate at much smaller dip angles. However, small dip angles typical
of the CO-type settings may lead to a compressional back-arc regime
as in the Andes (Molnar and Atwater, 1978); the process implies
shortening of the overriding plate with a compression of the back-arc
region if the plate moves towards the trench. This observation im-
plies a critical role of the mantle wedge geometry in corner-flow
dynamics and initiation of back-arc seafloor spreading.

3.4.3. Eastward global mantle flow and BAB extension

Eastward mantle flow associated with the westward drift of litho-
spheric plates with respect to the mantle (Uyeda and Kanamori, 1979;
O’Connell and Hager, 1991; Ricard et al., 1991) and supported by
seismic shear-wave tomography for the western Mediterranean (Panza
et al., 2007) has been proposed to explain the observed asymmetry in
the global distribution of subduction systems (Doglioni, 1991), which
are usually steep (~65°) in W-ward dipping subductions and shallow
(~27°) in E-directed subductions (Ficini et al., 2017; Jacobsen, 2018).
The asymmetry in dominant mantle flow direction should assist slab
roll-back, eastwards retreat of the slab hinge and lithosphere extension
with formation of back-arc basins in W-dipping subductions (Doglioni,
1991) (Fig. 2¢). In contrast, shallowing of E-dipping slabs, assisted by

Fig. 24. Statistical distribution of the extensional (spreading) axis direction. Plots are similar to bar histograms. Circular axis — angle in deg. (bin = 10°); radial axis
shows number of data points (the same scale is used in (b-f)). For the curved trenches (e.g. #15, 16, 22), an intermediate value (typical of central segments) is used. If
eastward mantle “wind” controls subduction direction (Ficini et al., 2017), extensional axes should roughly be N—W oriented as observed in the OO-type (b). The
plot illustrates directional preferences for BABs of different types, since orientation of the extensional (spreading) axis does not discriminate between E-ward and W-
ward dipping slabs. The CO- and EXT-1 basins tend to have the extensional axes rotated by 50-60° compared to the mantle “wind” predictions, which in case of the
Pacific extinct BABs (e) may reflect a paleo-rotation. Both active AO- and EXT-2 basins have randomly oriented extensional axes (d, f).
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Fig. 25. Testing the role of E-ward mantle flow (Doglioni, 1991; Ficini et al., 2017) in BAB evolution (based on the values in Table 2). Plots are explained in Fig. 24.
Relict basins with unknown subduction directions are excluded (#1, 2, 9, 11, 15). Sectors are colored by slab dip angle, where available (b-d). E-ward mantle flow
should promote BABs formation in westward dipping subductions (a, blue shading). Green shading highlights dominating slab directions. Most OO-type BABs with
steep subductions follow the predicted pattern (b), while BABs of other tectonic types deviate from it.

mantle flowing in the same direction, should hamper formation of back-
arc basins in such subduction settings (Doglioni et al., 2009; Ficini et al.,
2017).

The present analysis tests this concept by plotting a statistical dis-
tribution of directions of the extensional (or spreading, where available)
axes based on the values in Table 2 (Fig. 24). Eastward mantle flow
should promote a N-S orientation of the extensional axes; however this
pattern is observed only in the OO-type back-arc basins, and the roughly
N—W oriented spreading axes in the Aleutian and Komandorsky Basins
are not related to the present subduction of the Aleutian Arc (Table 2).
The CO-type group includes two back-arc basins of the Sea of Japan,
with extensional mechanisms that also do not require subduction (Fig. 2
hi). These basins with a 70-75° direction of the spreading axes (Table 2)
essentially affect the geographically limited statistics (Fig. 24c). The
extinct Pacific BABs tend to have the extensional axes rotated by 50-60°
compared to the mantle “wind” predictions, which may possibly reflect
a paleo-rotation of these basins. Note that some of them may have also
been formed by extensional mechanisms that do not require subductions
(Table 2).

The role of eastward mantle flow in BAB evolution and its possible
effect on the E-ward and W-ward dipping slabs is further tested in
Fig. 25, since the orientation of the extensional axis does not distinguish
the opposite directions of subduction polarity. This plot is complemen-
tary to Fig. 24, since spreading directions are established for many
extinct back-arc basins, while their links to paleo-subductions and paleo-
subduction orientation remain controversial. Similar to the previous
result, subduction orientation in many OO-type BABs aligns with the
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pattern predicted by eastward mantle flow (Fig. 25b), while other tec-
tonic types have random orientations of slab directions. Overall, the
analysis suggests that the directional preference for back-arc extension
and slab direction apparently exists only for the OO-type basins, where
eastward mantle flow may play an important role in their evolution
((Doglioni, 1991; Doglioni et al., 2009)).

3.5. Thermal structure of BABs

3.5.1. Heat flow and subduction settings

Old concepts, dominated by the western Pacific data from marginal
seas, considered high heat flow as one of the characteristic features of
back-arc basins (Sclater et al., 1972). This conclusion remains contro-
versial (cf. Currie and Hyndman, 2006) and is only partially supported
by the present analysis (Table 3). Heat flow in back-arc basins (ignoring
transient effects and measurement limitations) is a joint effect of mantle
heat flow (including contributions from shear heating, insulating effects
of subducting slabs, vigor of mantle wedge secondary convection, and
adiabatic upwelling of a hot mantle material in extensional area below
any BAB type) and radioactive heat production in the overriding con-
tinental plate in the CO (and some extinct) settings. Therefore, litho-
spheric thermal structure should be extremely complex, heterogeneous
at all scales, and essentially affected by mantle convective and advective
processes associated with back-arc extension. Indeed, a short-
wavelength heterogeneity in the reported heat flow values is a charac-
teristic feature of many back-arc basins (Figs. 3-9).

It is, therefore, somewhat surprising that a uniformity of heat flow



LM. Artemieva

Earth-Science Reviews 236 (2023) 104242

Fig. 26. Correlations between heat flow and subduction parameters in the BABs by tectonic settings. Numbers - back-arc basins (see Fig. 1 for locations). (a) Heat
flow does not correlate with mid-depth slab dip-angle, nor with basin opening rate. (b) Heat flow is usually higher above younger slabs, and the overall trend holds
for different types of BABs. (c) BABs with a highly stretched crust tend to have higher heat flow, although with a poor correlation between the parameters and with

clear outliers.

with high mean values, typically around 70-80 mW/m?, has earlier been
reported for continental and oceanic back-arc basins (Currie and
Hyndman, 2006). The present study shows that, statistically, high heat
flow (ca. 70-85 mW,/m?) is characteristic only of the active BABs
(Fig. 13d, Tables 1, 3). The absence of a clear distinction in heat flow
between the active OO- and CO-BABs formed on oceanic and continental
overring plates (Table 3) is probably caused by transient effects, e.g.
variations in sedimentation composition, age, compaction and water
circulation in highly permeable young sediments (Watanabe et al.,
1977; Langseth et al., 1980; Sclater et al., 1980; Hutchison, 1985) that
mask convectional, advective and radioactive thermal heterogeneities.
By analogy with young oceans, where young sediments produce strong
heat flow artefacts, heat flow in the active BABs, many of which have
juvenile oceanic crust, should be affected by similar processes.

The non-Pacific extinct BABs (possibly formed in the CO- or AO-
settings) are unique in having mean heat flow as low as 45-50 mW/
m? (Table 3), typical of >100 My old oceans and stable continents (cf.
Stein and Stein, 1992; Artemieva, 2011). Indeed, heat flow in continent-
ocean back-arc basins may be essentially controlled by pre-extensional
cold continental geotherms (Kerswell et al., 2021). While low heat
flow in the extinct non-Pacific (EXT-2) BABs is probably caused by the
absence of subduction-related wedge convection, it is unclear why the
extinct Pacific BABs (EXT-1) have mean heat flow similar to the active
OO-type BABs (Table 3), unless it is also governed by their pre-
extensional thermal structure, complicated by active geodynamic set-
tings in the western Pacific.

Subduction dip angle has a weak (if any) control on heat flow in the
BABs (Fig. 26a), despite an efficiency of mantle wedge flow should
depend, among other parameters, on the wedge geometry (Billen and
Gurnis, 2001; Morishige and Honda, 2011; Wirth and Korenaga, 2012).
Heat flow is usually higher above young and hot slabs (Fig. 26b);
however, the correlation is insignificant and heat flow does not correlate
with the total opening rate. BABs with a strong crustal thinning in the
AO- and CO-settings tend to have a higher heat flow, but many basins of
the Black Sea form a clear exception of the general trend (Fig. 26¢).

3.5.2. Age-dependence of heat flow

The presence of active seafloor spreading in a number of back-arc
basins formed basis for an old hypothesis that their geodynamic evolu-
tion, including mantle thermal structure, should be similar to oceanic
plates (Sclater et al., 1976). In such case, heat flow and bathymetry
should follow the oceanic square-root-of-age trends of ocean plate
models (Parsons and Sclater, 1977; Stein and Stein, 1992). This hy-
pothesis, popular in the 1980-1990’s, was used to infer the age of
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seafloor spreading from heat flow data in back-arc basins with limited
data on the basement age, such as in the Celebes Sea, the Kuril, Japan,
and the Black Sea Basins (e.g. Tamaki, 1986; Rangin et al., 1990;
Golmshtok et al., 1992). However, several lines of evidence question a
potential similarity between “normal” oceans and back-arc basins and,
therefore, the applicability of the oceanic square-root-of-age trend to
back-arc basins.

The present analysis demonstrates that in most BABs neither heat
flow, nor bathymetry follow the age-dependences expected in normal
oceans (Parsons and Sclater, 1977; Stein and Stein, 1992) (Fig. 27 ab).
While heat flow, in general, shows no correlation with the duration of
spreading (i.e. the age of juvenile lithosphere), bathymetry has some
correlatations with age, although in different ways depending on geo-
dynamic settings (see below). Indeed, due to transient effects as at mid-
ocean ridges with young oceanic crust, e.g. due to water circulation in
the vicinity of spreading axes (Watanabe et al., 1977; Hutchison, 1985),
heat flow in the OO-type back-arc basins with a short (<6 My) duration
of spreading is 30-70 mW,/m? lower than the oceanic square-root-of-age
trends predict (Fig. 27b).

Only the extinct BABs of the Pacific Ocean plot within the heat flow
range predicted by the ocean plate cooling models. Two extinct back-arc
basins of the Sea of Japan, analyzed here with the adjacent basins #3
and 5, have the same hear flow as other Pacific BABs. A close agreement
between the ocean trend and heat flow in all of these basins either
suggests that their thermal structure has equilibrated to “normal” oceans
since termination of active spreading, or that these extinct BABs repre-
sent trapped oceanic fragments with thermal structure irrelevant to
back-arc basin extension, such as in the Aleutian and Komandorsky
Basins (Table 2). The latter BAB plots on the oceanic trend (#2), while
for the former no information on spreading duration is available. Its heat
flow of ~70 mW/m? may suggest that spreading lasted >30 My
(Fig. 27b). The absence of correlation between heat flow and the dura-
tion of spreading in all other back-arc basins questions if BAB extension
ages can be estimated from heat flow values for oceanic square-root-of-
age trends (Tamaki, 1986; Rangin et al., 1990; Golmshtok et al., 1992).
Besides, there is no physical reason for the CO-type back-arc basins with
a heterogeneous radioactive contribution in a stretched continental
lithosphere to follow the oceanic plate cooling trend.

3.5.3. Age-dependence of bathymetry

Bathymetry splits into several square-root-of-age trends shifted to
shallower values than the oceanic plate model (PS) predictions
(Fig. 27a). In the OO-type BABs, bathymetry is ca. 0.7 km shallower than
the PS model, but the trend is poorly defined because most BABs of this
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Fig. 27. Relationships between bathymetry and
heat flow by tectonic settings in comparison with
predictions by the oceanic plate models (red lines
labelled PS and SS) (Parsons and Sclater, 1977;
Stein and Stein, 1992). Spreading duration in BABs
is similar to seafloor age in oceans; duration of
extension is used for BABs with no spreading
(Table 1). Numbers - back-arc basins (see Fig. 1 for
locations).

(a) The OO-type BABs (blue shading) are ca. 0.7 km
shallower than the oceanic plate model predicts,
and most of them have a very short (<5 My)
spreading duration. The CO-type (yellow shading)
splits into two trends: the CO BABs with no or little
oceanic crust have a very shallow (reduced by ca.
2.5 km) bathymetry trend which closely follows the
trend of anomalous bathymetry in the North At-
lantics (the Iceland-Faroe Ridge, the upper green
line). The CO BABs with seafloor spreading define
the deeper trend, which is still ca. 1.5 km shallower
than the oceanic plate model predictions and is

similar to the trend of anomalous ocean bathymetry south of Iceland (the Reykjanes Ridge, the lower green line) (Shulgin and Artemieva, 2019). Extinct BABs with

oceanic crust (EXT-1) may be deeper than normal oceans.

(b) Heat flow in the BABs does not follow the oceanic plate model predictions, except for many extinct BABs that plot close to the oceanic plate models (red lines).
Compared to “normal” oceans, the OO-type BABs with <5 Ma spreading are shifted towards both a shallow bathymetry (a) and a lower heat flow than the ocean
models predict (b). This shift may be caused by hydrothermal circulation in the absence of sealing sediments as observed in young oceans (Sclater et al., 1980).

type have a very short (<5 My) duration of spreading. A 30 mGal/km
rule of thumb for the ratio of [free-air anomalies] to [isostatically unsup-
ported bathymetric anomalies] (McKenzie, 1994; Molnar et al., 2015)
predicts a 20 mGal gravity anomaly for a 0.7 km of anomalous ba-
thymetry, while the mean value of free-air anomalies in the OO settings
is ca. 35 mGal (Fig. 13b). Therefore about half of a shallow bathymetry
value in the OO-type BABs may be attributed to mantle dynamic effects
and flexural deformation.

As noted above, there is no reason why back-arc basins with
continental-type crust enriched in radioactive elements should follow
the oceanic cooling trend. However, the CO-type basins apparently
closely follow the trends of anomalous bathymetry versus ocean floor
age in the North Atlantic region around the Iceland hotspot and split into
two subtrends (Fig. 27a). In back-arc basins with extended continental
or hybrid crust (#4s, 5n, 20, 24, Table 2), bathymetry is ca. 2.5 km more
shallow than predicted by the oceanic plate model and the subtrend is
remarkably similar to the Iceland-Faroe Ridge (Shulgin and Artemieva,
2019) where hyper-extended continental crust rather than over-
thickened oceanic crust may be present (Foulger et al., 2020). Free-air
anomalies of about +20 + 30 mGal both in these CO-type BABs and in
the Iceland region are too small to explain a 2.5 km bathymetry devia-
tion from the PS model by uncompensated mantle dynamic topography.
A similarity with the Iceland-Faroe Ridge suggests that mantle temper-
ature anomaly of a deep origin (i.e. with a long wave-length) and a very
small amplitude at the limit of detection by seismic tomography (Shul-
gin and Artemieva, 2019) may contribute to the anomalous effect with
an additional isostatic contribution to shallow bathymetry by a thick
continental-type crust.

The other subtrend of the CO-type is ca. 1.5 km more shallow than
predictions of the ocean plate mode and it is better defined (Fig. 27a).
This group (#3, 4n, 5s, 13) with juvenile oceanic crust shows a
remarkable similarity with the bathymetry-age profile across the Rey-
kjanes Ridge south of Iceland. The latter was explained by a strong
thermo-chemical mantle heterogeneity with the likely presence of some
recycled continental material within otherwise oceanic-type crust
(Shulgin and Artemieva, 2019). The same mechanism may explain the
subtrend in the CO back-arc basins with a hybrid (mixture of conti-
nental, transitional and oceanic) crust, such as in the southern Okinawa
Trough, the Kurils, the Japan Basin, and the Andaman Sea (Fig. 11).
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3.5.4. Terminal thermal fate of BABs

Termination of lithosphere extension and/or seafloor spreading
leads to thermal relaxation of the lithosphere (cooling, thermal densi-
fication, and gravitational subsidence), which with time achieves its
equilibrium state, if no hotspot interaction occurs. The existence of two
distinct types of the extinct back-arc basins (Table 3), either with
oceanic crust or with continental, hybrid or transitional crust, implies
they have a different thermal evolution. In the extinct OO-type back-arc
basins (EXT-1, Pacific), thermal relaxation reduces heat flow to the
values predicted by the ocean cooling plate models (Fig. 27b), while
their average bathymetry and Bouguer anomalies also approach values
typical of old oceans (Fig. 28, left). Being indistinguishable from
“normal” old oceans, such extinct back-arc basins become parts of an old
ocean floor, while preserving the extensional pattern of magnetic line-
ations and still preserving lithospheric chemical heterogeneity acquired
during back-arc extension. This general pattern explains the difficulties
in identifying e.g. the W. Philippine Basin and the Celebes Sea as relict
back-arc basins or trapped oceanic fragments, whereas the situation
becomes straightforward is case of a clear mismatch between the
spreading and subduction directions, as in the Aleutian and Koman-
dorsky Basins (Fig. 29).

Extinct back-arc basins formed on overriding continental or arc
plates (EXT-2) essentially inherit their distinct pre-extensional charac-
teristics, while they may include small fractions of juvenile oceanic crust
embedded within significantly extended and chemically reworked con-
tinental or arc lithosphere fragments. Their further evolution may follow
various paths depending on the amount of lithosphere reworking;
however, the present extinct EXT-2 back-arc basins are unlikely to
evolve to “normal” oceans. Yet some active back-arc basins formed on
overriding continental or arc plates may experience a significant
stretching followed by further seafloor spreading (Fig. 16). Their further
evolution may be similar to the extinct BABs of the western Pacific (EXT-
1) if spreading produces a large portion of juvenile oceanic crust.

4. Summary: Oceanic-type versus continental-type dynamics of
BABs

4.1. Six major sub-types of marine BABs

The existence of two principal types of the lithosphere, oceanic and
continental, is a principal characteristics of the Earth’s evolution.
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Fig. 28. Major characteristics of six subtypes of marine back-arc basins (see Table 3 for details) sorted by gradual changes in several parameters. Old “normal” oceans
and mid-ocean ridges are shown for comparison where available (left column). Vertical bars — standard deviation. PM = oceanic plate model (Parsons and

Sclater, 1977).

Unsurprisingly, the presence of oceanic-type and/or continental-type
crust has an ultimate importance in geodynamic styles of formation,
development and evolution of back-arc basins in the marginal seas. By
their geophysical and subduction-related parameters, discussed above,
the marginal BABs fall into the six major sub-types that reflect the
principal differences between oceanic and continental lithosphere
(Figs. 28-29, Table 3). Note that possibly all analyzed back-arc basins
have formed above downgoing oceanic plates.

4.1.1. BABs formed on the overriding oceanic plate

4.1.1.1. OO-type. This subtype includes active BABs with pre-existing
and juvenile oceanic crust formed on the overriding oceanic plate in
the ocean-ocean subductions (#6, 14, 16-19, 23). It also includes “quasi-
BABs” with oceanic fragments trapped behind active subductions (#1, 2,
Fig. 29). These BABs always evolve to seafloor spreading and typically
have a large size along the trench. Active wedge convection leads to
positive free-air anomalies, a warm lithosphere with bathymetry ca. 0.7
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km more shallow that predicted by the oceanic plate cooling models, but
relatively high Bouguer anomalies compared to other BABs (Fig. 28).
High mantle wedge temperatures with a potentially intensive melting
essentially reduce density contrast across the Moho. The crust with a
typical, but variable oceanic (4-7 km) thickness is slightly thicker (8-12
km) in the “quasi-BABs”. A distinctive characteristic of the OO sub-type
is a steep subduction with a high total opening rate, a high trench-
normal velocity and a small distance between the trench and an ex-
pected slab melting zone at ca. 100 km depth. It is the only type of back-
arc basins which shows a clear alignment with the rotation-related
eastward mantle flow (Fig. 25).

4.1.1.2. EXT-1 type. This subtype includes large in size, extinct BABs of
the western Pacific Ocean, which all have a relatively recent (<60 Ma)
extension (#7-12, 15, Fig. 29). The tectonic settings for their formation
are not fully known, but they are likely to have been formed on the
overriding oceanic plate in relict OO-type settings, and some BABs
(#11-12) may have possibly formed in paleo AC-settings. The EXT-1
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Fig. 29. Six subtypes of marine back-arc basins (BABs) sorted by the nature of the overriding plate. The downgoing plate is always oceanic (maybe except for few
possible exceptions in the relict basins). Hatching in #9, 11, 25 marks a possible presence of trapped oceanic fragments (microplates); the extinct #4 was analyzed
together with the #3, 5. Extinct-1 basins possibly formed by OO-type collisions, while Extinct-2 basins possibly included CO-, AO-, or AC-collisions.

BABs have a relict spreading, a typical thickness of oceanic crust (6-8
km), often with a high-Vp lower crustal layer, and plot along the oceanic
plate cooling model. A large density contrast across the Moho with a
very deep bathymetry and large Bouguer anomalies indicates a cold
lithosphere which evolves towards old “normal” oceans. The basins of
this group are the longest and the largest in size.

4.1.2. BABs formed on the overriding continental or arc-plate

4.1.2.1. CO-oc type. This subtype includes active BABs formed on the
overriding continental plate in the CO-type settings (#3, 4n, 5s, 13,
Fig. 29). These BABs always have seafloor spreading and include a
mixture of juvenile oceanic crust and pre-extensional continental crust
which is hyper-extended, at least in parts of basins. A 10-15 km thick
crust, atypical of continents, is close in structure to a hybrid or transi-
tional oceanic crust. A small density contrast between the crust and the
mantle suggests high temperatures in mantle wedge. Thermal structure
of these BABs is similar to the Reykjanes Ridge and hyper-extended
passive margins of the North Atlantics with bathymetry ca. 1.5 km
shallower that predicted by the oceanic plate cooling models (Fig. 27b,
Table 3). Similar to the OO-type, these basins have a high trench-normal
velocity but with a relatively moderate total opening rate. Shallow
subduction leads to very large melting zone displacements from the
trenches (Figs. 22-23).

4.1.2.2. CO-cc type. Similarly, this subtype includes active BABs
formed on the overriding continental plate in the CO-type settings (#4s,
5n, 24, and possibly #20 with similar characteristics but formed in the
AO-settings, Fig. 29). In sharp contrast to the CO-oc type BABs, these
basins have no seafloor spreading, are small in size along the trench, and
have an exceptionally thick (15-30 km) crust, similar to hyper-extended
or highly stretched continental crust with a thick high-Vp lower crustal
layer (Fig. 18). Characteristically, these basins have very high free air
anomalies (Fig. 28), suggesting an importance of plate deformation in
basin development. A reduced density contrast across the Moho, similar
to the CO-oc type basins, suggests high mantle wedge temperatures
below a warm lithosphere. High lithosphere buoyancy associated with a
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continental-type lithosphere structure, with potential contributions of
mantle dynamic support and lithosphere deformation, is responsible for
an anomalous, exceptionally shallow bathymetry, similar to the Iceland-
Faroe Ridge of the North Atlantics Ocean (Fig. 27). The associated
subduction systems with a shallow seismicity have a small trench-
normal component of the incoming plate velocity (Fig. 28). Small slab
dips produce large displacements between the trench and the mantle
melting zone (Fig. 23b).

4.1.2.3. AO-type. This subtype includes active BABs formed on the
overriding arc plate in the AO-settings (#20, 21n, 21s, Fig. 29). These
rare BABs are unlikely to have juvenile oceanic crust (Table 2) and their
dynamics is controlled by the presence of a relatively thick (15-25 km)
hyper-extended arc-type crust (Fig. 18). A ca. 4 km thick high-Vp lower
crustal layer indicates an important role of magmatic crustal growth at
the AO-type BABs. These basins have a short duration of lithosphere
extension, some of the smallest opening rates, and the smallest size
along the trench (Fig. 28). Very high mantle wedge temperatures with a
very small density contrast across the Moho contribute to an excep-
tionally shallow bathymetry (Fig. 28). It is the only type of active BABs
with near-zero free air anomalies, despite the expected plate deforma-
tion. A very shallow slab dip angle leads to a very large trench-melting
zone distance.

4.1.2.4. EXT-2 type. This subtype includes the non-Pacific extinct BABs
(#21AR, 22, 25e, 25w, 26, Fig. 29). Similar to the EXT-1 group, the
tectonic settings for their formation are not well known, and they are
likely to have been formed on overriding continental or arc plates in
relict CO-, AO, or maybe AC- or AA-settings. An important characteristic
of the EXT-2 type is old (60-160 Ma) extension. Paleo-spreading is
possible, but it has been unanimously accepted only for the Gulf of
Mexico. A thick (13-25 km) crust, dominated by a mixture of extended
pre-existing arc or continental crust, with juvenile oceanic portions or
entrapped oceanic fragments and with a thick high-Vp lower crustal
layer, contributes to a shallow bathymetry (ca. 2.2 km shallower than in
the EXP-1 basins). High Moho density contrast and exceptionally low
heat flow values imply low mantle temperatures. These basins do not
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Table 3
Average characteristics of back-arc basins of various types and groups.
BAB type 0O-type AO-type CO-type EXT-type
BAB sub-type 00-all AO-all CO-all CO-oc CO-cc Extinct-all Ext-1 Ext-2
(number, section4.1.) ) 5) ) 3) 4) ) (2) (6)
BAB examples 1, 2,6, 14, 20, 21n, 21s 3, 4n, 4s, 5n, 5s, 3, 4n, 5s, 13 4s, 5n, 24 7-12, 15, 21AR, 22, 22, 7-12, 15 21AR, 22, 25e, 25w, 26
16-19, 23 12, 24 25e, 25w
Seafloor spreading (number, % of type) 9 (100%) 1 (33%) 5 (71%) 4 (100%) 0 (0%) 9 (75%) 7 (100%) 2 (40%)
BAB length, along trench (km) 874 + 371 297 + 126 620 + 201 764 + 43 428 + 150 1029 + 574 1205 + 720 £+ 392
611
Bathymetry (m) —2864 + 639 —1880 + 992 —2073 + 955 —2618 + 742 —1347 £ 742 —3557 + 1335 —4381 + —2115 £+ 595
752
Free air (mGal) 34 + 27 0+ 43 37 + 49 8+13 56 + 64 7+ 22 20 +£12 -17 £11
Bouguer anomaly (mGal) 230 + 30 130 + 34 149 + 47 185 + 44 127 + 38 243 + 102 318 + 47 138 + 28
Crustal type Oceanic only Arc, hybrid, or Any type Oceanic, extended Hyper-extended cont. or Mostly oceanic, rarely Mostly Mostly hybrid arc, oceanic
oceanic cont. or hybrid transitional arc or hybrid oceanic and transitional
Total crustal thickness (km) 7.2+ 2.5 17.5 + 6.5 16.2 + 7.6 11.4 + 3.2 22.3 + 6.8 12.3 + 6.9 7.0 +2.2 18.8 + 4.6
Basement thickness (km) 59+ 1.5 13.4 + 8.2 12.8 + 7.7 7.8 +22 19.3+7.1 8.1+53 54+21 114+ 43
Fast lower crust (Vp > 7.0 km/s) (km) 22+ 1.4 3.8+ 6.5 2.4+ 3.6 1.9+23 3.0+£5.2 2.0 + 2.58 1.2+1.8 29+ 3.2
Equilibrium crustal thickness (km) ( 7.5 25 16 (10 & 24) 16 16 12 12 12
Fig. 14)
Crust-mantle average density contrast 200-250 150-200 200-300 200-300 200-300 400 400 400
(kg/m®) (Fig. 14)
Slab dip-angle, intermediate depth (deg) 65 + 11 32+ 10 40 + 11 38+10 46 + 20 NA NA NA
Trench to slab-top distance (km) at z = 176 + 57 353 + 105 263 + 54 282 + 33 237 £ 72 NA NA NA
100 km
Max EQ depth (km) 453 + 180 180 + 17 257 + 65 283 + 56 205 + 64 NA NA NA
Maximum BAB length along the trench 874 + 50 297 + 50 764 + 50 764 + 50 428 + 50 764 + 50 1205 + 50 720 + 50
(km)
Spreading (extensional) axis direction 20 + 25 30 + 40 35+ 55 51 + 22 7 +77 20 + 58 23 + 57 15 + 64
(deg)
Plate age along trench (My) 87 + 40 66 + 41 76 + 35 82 + 41 91 + 48 NA NA NA
Spreading duration (My) 7+6 4+1 10+ 8 12 £ 10 8+6 16+ 9 15+ 10 21 +£10
Total opening rate (mm/y) 75 + 53 10 + 10 33+15 36 +£ 15 30 + 20 50 + 25 56 + 22 22
Trench-normal slab velocity (mm/y) 72 + 29 NA 64 + 34 87 +£18 40 + 32 NA NA NA
Heat flow (mW/m?) 78 + 28 82 + 19 84 +15 93+6 71 £13 65 + 17 75 £ 10 47 £12
Bathymetry deviation from ocean plate ~ 0.7 km NA ~ 2 km ~ 1.5 km shallower ~ 2.5 km shallower + 1 km, +1 km, Poor fit
cooling model (Fig. 27) shallower shallower scatter scatter
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Fig. 30. Correlations between geophysical and subduction-related parameters in marine back-arc basins (see Table 3 for details). See (b) for legend. Color codes for
back-arc basins are the same in all plots and refer to the extinct Pacific BABs (EXT-1), the ocean-ocean type BABs (OO), the continent-ocean BABs with seafloor
spreading (CO-oc), the extinct non-Pacific BABs (EXT-2), the continent-ocean BABs without seafloor spreading (CO-cc), and the BABs associated with arc-ocean
subduction type (AO). Old “normal” oceans and mid-ocean ridges (MORs) are shown by crosses for comparison where available. Possible continental-oceanic
trends are highlighted by yellow-blue shading. Grey boxes show typical standard deviations (see Table 3 for details).
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evolve to old “normal” oceans.
4.2. Ocean-continent trends

The existence of the continental-type versus oceanic-type groups is
an important highlight in the evolution of back-arc basins, largely
controlled by the affinities of their lithospheres (Fig. 30). It defines their
contrasting types of evolution with a rare switch of the CO-type basins
from the continental group (CO-cc) to the oceanic group (CC-oc)
(Fig. 16). Clearly, the parameters characterizing the evolution of back-
arc basin types are complexly interrelated and the cause-consequence
links may include feedback loops. Besides, parameters related to a
regional stress regime and plate kinematics are excluded from the
analysis.

Bathymetry is a critical factor in understanding back-arc dynamics. A
well-defined change in seafloor deepening from shallow back-arc basins
with a continental-type lithosphere and a thick crust to oceanic-type
back-arc basins and old oceans highlights an important role of inheri-
ted thermo-chemical and structural buoyancies of the overriding plate.
BABs formed on the overriding continental and arc plates are all small
and shallow. A large thickness of the pre-existing crust (and lithosphere)
of the overriding continental/arc plate may prevent the development of
high extensional stresses in such back-arcs, therefore limiting their total
opening rate (Fig. 30e). A small opening rate, possibly resulting in a
small size of the continental-type BABs (Fig. 301), does not promote their
evolution to seafloor spreading. In contrast, a collision of two oceanic
plates leads to large opening rates with a large length of a stretched area
along the trench and favors seafloor spreading with the formation of a
thin juvenile oceanic-type crust (Fig. 30k). A small lithosphere buoyancy
in such long back-arc basins leads to a deep bathymetry, which increases
while they cool, and the largest and the deepest basins are the extinct
Pacific basins.

Geometry of subduction zones is equally important in understanding
back-arc dynamics. Dip angle of subducting oceanic plate is controlled
by a large number of external factors and by structures of the downgoing
and the overriding plates (Cruciani et al., 2005; Lallemand et al., 2005;
Arcay et al., 2008; Billen, 2008; Jacobsen, 2018; Hayes et al., 2018; Holt
and Royden, 2020; Hu and Gurnis, 2020). Back-arc basins formed on
continental and arc plates typically overlie slabs with a shallow dip
angle, while BABs in ocean-ocean collisions form above steep, up to
near-vertical, slabs. Slab dip controls the lateral distance between the
trench and slab melting zone leading to a striking difference between
oceanic and continental settings in magmatic underplating and slab-
related seismicity (Fig. 30 cd). Slab dip also governs opening rate in
back-arc basins (Fig. 30f) which creates a feedback loop since a high
opening rate is, in turn, directly related to a large length of the back-arc
extensional zone along the trench (Fig. 301): BABs with high opening
rates typical of the OO-type settings form behind steeply dipping slabs,
possibly due to an intensive slab roll-back.

Previous geodynamic research of back-arc dynamics (e.g. Martinez
etal., 1999; Billen and Gurnis, 2001; Abers et al., 2002; Gerya and Yuen,
2003; Spakman and Hall, 2010; Syracuse et al., 2010; Morishige and
Honda, 2011; Wirth and Korenaga, 2012; Ficini et al., 2017; Lee and
Wada, 2017; Magni, 2019) has provided an important, largely based on
numerical modeling, perspective on a possible evolution of these
subduction-related systems. The present study highlights the importance
of pre-existing lithospheric structure of colliding plates on the dynamics
of back-arc basins and suggests opportunities for further research.

5. Conclusions

An overview and synthesis of geophysical and subduction parame-
ters of 26 back-arc basins (BABs, split into 31 sub-basins) of the marginal
seas worldwide (Section 2) made the basis for the analysis aimed to
recognize global trends and correlations between their geophysical and
subduction-related characteristics (Section 3). Back-arc basins formed
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on the overriding oceanic and continental/arc plates (the downgoing
plate is always oceanic) show a sharp distinction in nearly all charac-
teristics. They are split into active BABs formed by ocean-ocean (00),
island arc-ocean (AO), and continent-ocean convergence (CO), and
extinct back-arc basins (EXT). The last two types are further split
depending on their known or deduced oceanic versus continental/arc
affinity (Section 4) (Fig. 29) into active BABs with (CO-oc) and without
seafloor spreading (CO-cc), extinct BABs of the western Pacific Ocean
possibly formed on oceanic plates (EXT-1), and other extinct BABs with
reworked continental or arc fragments (EXT-2). The analysis, based on
the present plate configuration, demonstrates that geodynamic and
geophysical characteristics of the back-arc basins and their evolution are
pre-defined and governed by the nature of the overring plate (Table 3)
(Fig. 30).

1) Back-arc basins formed on the overriding oceanic plate are asso-
ciated with a steep slab dip (65 + 11°) due to subduction of old (> ~ 60
My) and cold, ca. 100 km thick oceanic plates. Only this oceanic type of
the back-arc basins is associated with the directional preference (ca.
290°) of subducting slabs. These basins are numerous, have a high
opening rate which possibly reflects an efficiency of slab-roll back with
high lithosphere stretching, and always evolve to seafloor spreading.
Due to a weak rheology, thin oceanic-type crust, and small lithosphere
buoyancy, such extensional systems produce large (long) and deep back-
arc basins.

2) Back-arc basins formed on the overriding arc or continental plate
show the opposite pattern with a relatively shallow subduction of
younger oceanic plates, small opening rates, a thick continental-type or
arc-type crust, and a shallow bathymetry. These continental and arc-
type basins are small in number and have no directional preferences
of subducting plates.

Transition from crustal extension to seafloor spreading requires a
high opening rate (>8 cm/y), so that many CO- and AO-type back-arc
basins do not evolve to seafloor spreading, and such transition does not
happen in back-arc basins formed behind a shallow subduction (<45°)
of a young (<40 My), hot and buoyant oceanic plate, where slab-roll
back and mantle convection are apparently inefficient. Transition
from a CO-cc continental-type back-arc basin with hyperextended con-
tinental or transitional crust, typical of passive margins, to a CO-oc
oceanic-type back-arc basin with a thinner hybrid crust typically re-
quires a long spreading duration with large opening rates and a very
high crustal thinning factor (a proxy to p-factor in the absence of
magmatic additions) of 2.8 on average, with values up to ~4.0-5.0.

3) Extinct back-arc basins develop by mantle cooling either from the
oceanic group (OO and CO-oc) or from the continental group (CO-cc and
AO) of back-arc basins and inherit characteristics of the parent active
BABs. All extinct oceanic type back-arc basins (EXT-1) have been formed
in the western Pacific ocean by a < 60 My extension, they are the longest
and the largest in size, very deep, have a paleo-spreading, thin oceanic-
type crust, and share many characteristics with “normal” old oceans.
Extinct continental and arc-type back-arc basins (EXT-2) are in the
Central Atlantics - Mediterranean region, they are old (60-160 My),
have thick crust, shallow bathymetry, exceptionally low heat flow, and
may not evolve to “normal” oceans.

4) Back-arc basins do not follow the oceanic square-root-of-age plate
cooling trends and their spreading (when exist) is different from normal
oceanic spreading. All active BABs have a more shallow water depth
than the oceanic trend predicts, ca. 0.7 km for the OO-type BABs, ca. 1.5
km for the CO-oc BABs with seafloor spreading and similar to the Rey-
kjanes Ridge, and ca. 2.5 km shallower for the CO-cc BABs with the
bathymetry-age trend similar to the Iceland-Faroe Ridge. Extinct BABs
have a large scatter around the oceanic plate cooling trends and are
often deeper than predictions for “normal” old cooling oceans. These
deviations reflect an interplay of thermo-chemical heterogeneity, lith-
osphere deformation, and mantle flow.

5) Huge variations in crustal structure between the back-arc basins of
different types reflect the nature of the pre-extensional crust of the
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overriding plate, a complex interplay of crustal thinning by stretching
and crustal thickening by magmatic additions. The presence of a high-
Vp (>7.0 km/s) lowermost crustal layer, typically 2-4 km thick, is a
characteristic feature of most BABs, and indicates an importance of
crustal growth by magmatic underplating.

The results substantially simplify the understanding of back-arc
basin evolution by identifying six distinct tectonic sub-types with dis-
similar geophysical and geodynamic characteristics. The results high-
light a critical importance of oceanic, continental, or arc nature of the
overriding plate in evolution of back-arc basins: BABs formed on con-
tinental/arc plates are likely to preserve their continental/arc affinity
even after cessation of extension, while BABs formed on oceanic plates
are likely to evolve towards old “normal” oceans. The analysis also
demonstrates a principal difference between stretching and spreading in
back-arc basins and normal oceans, associated with different processes
responsible for lithosphere extension.
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