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Abstract Microcontinents and continental fragments are small pieces of continental crust that are
surrounded by oceanic lithosphere. Although classically associated with passive margin formation, here
we present several preserved microcontinents and continental fragments associated with subduction
systems. They are located in the Coral Sea, South China Sea, central Mediterranean and Scotia Sea regions,
and a “proto‐microcontinent,” in the Gulf of California. Reviewing the tectonic history of each region and
interpreting a variety of geophysical data allows us to identify parameters controlling the formation of
microcontinents and continental fragments in subduction settings. All these tectonic blocks experienced
long, complex tectonic histories with an important role for developing inherited structures. They tend to
form in back‐arc locations and separate from their parent continent by oblique or rotational kinematics. The
separated continental pieces and associated marginal basins are generally small and their formation is quick
(<50 Myr). Microcontinents and continental fragments formed close to large continental masses tend to
form faster than those created in systems bordered by large oceanic plates. A common triggering mechanism
for their formation is difficult to identify, but seems to be linked with rapid changes of complex subduction
dynamics. The young ages of all contemporary pieces found in situ suggest that microcontinents and
continental fragments in these settings are short lived. Although presently the amount of in‐situ
subduction‐related microcontinents is meager (an area of 0.56% and 0.28% of global, non‐cratonic,
continental crustal area and crustal volume, respectively), through time microcontinents contributed to
terrane amalgamation and larger continent formation.

1. Introduction
In the geological record, continental breakup and subsequent seafloor spreading sometimes resulted in smal-
ler blocks being sliced and carried away from the margins of the parent continent. Changes in plate bound-
aries and other tectonic events moved these continental blocks back to larger continental masses and their
continuously changing margins. The evolution of microcontinents is therefore an important mechanism
for redistributing continental lithosphere and more information about it could shed light on various pro-
cesses that affected continental margins through time. In addition, together with other scattered bathymetric
features in the oceans,microcontinents played ameaningful role in paleogeography, paleo‐ocean circulation,
and biogeography.

Microcontinents and continental fragment formation has classically been associated with passive margin
formation and accompanying divergent tectonic settings (e.g., Molnar et al., 2018; Müller et al., 2001;
Nemčok et al., 2016; Péron‐Pinvidic & Manatschal, 2010). However, several contemporary microcontinents
and continental fragments formed in (association with) active continental margins. We aim to document
these microcontinents and continental fragments and place their formation and evolution in a larger plate
tectonic context. In doing so, we highlight the diversity and complexity of active continental margins and
shed additional light on their evolution.

A microcontinent is defined as a piece of continental crust which has been horizontally displaced with
respect to a continent, usually situated close by; it is surrounded by oceanic crust, and is smaller than the
nearby/parent continent or than the smallest continent (Scrutton, 1976). Classic examples include the
Jan‐Mayen microcontinent in the north‐east Atlantic Ocean (Gaina et al., 2009; Peron‐Pinvidic et al., 2012a,
2012b) and the Seychelles in the Indian Ocean (Gaina et al., 2013; Ganerød et al., 2011; Torsvik et al., 2013).
Continental fragments are defined similarly to microcontinents, with the exception that the complete
separation from the parent continent did not occur (Lister et al., 1986). Examples include the Rockall and
Porcupine Banks and the Galicia Bank, both in the North Atlantic (Péron‐Pinvidic & Manatschal, 2010).
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Various mechanisms have been proposed to explain the formation of the microcontinents and continental
fragments mentioned above. One group of studies proposes microcontinent formation due to plate boundary
relocations (ridge jumps) assisted by mantle heterogeneities (Abera et al., 2016; Müller et al., 2001). Other
authors emphasize the role of inherited tectonic structures and the need for a strike‐slip, or a rotational com-
ponent in the breakup processes resulting in the isolation of a small fragment of continental crust (Molnar
et al., 2018; Nemčok et al., 2016; Péron‐Pinvidic & Manatschal, 2010; van den Broek et al., 2020).

An overview of continental active margins reveals the existence of small continental blocks situated in their
proximity. The various continental pieces bordering the Coral Sea, NE of Australia (Gaina et al., 1999; Taylor
& Falvey, 1977), the Reed and Macclesfield Banks in the South China Sea (Cullen et al., 2010; Pichot
et al., 2014), the Corsica‐Sardinia block in the Central Mediterranean (Advokaat et al., 2014; Faccenna et al.,
2001), and various fragments in the Scotia Sea (Carter et al., 2014; Trouw et al., 1997) (Figure 1) all formed
close to active continental margins and related subduction systems. In addition, rifting and spreading in the
Gulf of California is separating the Baja California microplate from the North‐American continent
(Sutherland et al., 2012; Umhoefer, 2011), a process connected to the subduction of the Farallon plate under
the North American plate.

The formation of microcontinents and continental fragments formed in convergent and/or subduction sys-
tems is an overlooked aspect of active margin evolution. To address this deficiency, we present a global cat-
alogue of microcontinents and continental fragments associated to convergent margins. First, we review the
overall tectonic setting and history of these microcontinents. Second, we reevaluate their present‐day struc-
ture based on available geological and geophysical data. By studying patterns in their rifted margin morphol-
ogy, we search for clues revealing potential mechanisms and/or parameters that controlled their formation.
We then attempt to place microcontinent formation in subduction systems into a larger geodynamic context
and asses its influence on global, non‐cratonic, continental crust evolution.

For simplicity we group microcontinents and continental fragments associated with subduction and refer to
them as microcontinents for the remainder of this paper. We define “proto‐microcontinents” as pieces of
continental lithosphere that are likely to (partially) separate from their parent continents in the future.

2. A Review of the Tectonic History of Microcontinents and Continental
Fragments Associated With Subduction

We investigate microcontinents in regions affected by subduction in the following locations: (1) the Coral
Sea; (2) the South China Sea; (3) the central Mediterranean Sea; (4) the Scotia Sea; and (5) the Gulf of

Figure 1. Global map with locations of the various regions studied in this work. CS = Coral Sea; SCS = South China Sea;
CM = Central Mediterranean Sea; SS = Scotia Sea; GC = Gulf of California.
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California (Figure 1). In the following we will review the tectonic evolution of each region with a focus on
the relevant oceanic basins and the microcontinent(s).

In order to highlight the morphology of continental margins, we create a “no‐sediment” bathymetry by sub-
tracting the total sediment thickness estimation from the global bathymetric grid. Note that we do not pre-
form backstripping, but simply remove the sediment thickness without compensating for depth
adjustments. For bathymetry we use the ETOPO1 global relief model (Amante & Eakins, 2009). Sediment
thickness in the Mediterranean region is from the EPcrust model (Molinari & Morelli, 2011), while for all
other regions we utilize the GlobSed model from Straume et al. (2019). First‐order onshore geological pro-
vinces from the third edition of the World Geological Map (Bouysse, 2014) are shown together with the off-
shore “no‐sediment bathymetry” maps and on tectonic reconstruction maps in order to provide basic
information about on‐shore geology.

Kinematic reconstructions and oceanic age grids provide insight into the tectonic evolution of a region.
Interpreted ages of oceanic crust are provided by the global oceanic age grid from Müller et al. (2008), while
the location of spreading ridges are either reinterpreted for this study or taken from Müller et al. (2016).
Tectonic reconstructions are produced with the open source software GPlates (http://www.gplates.org).
The pre‐breakup configurations and present‐day microcontinent locations, together with the age of sur-
rounding oceanic lithosphere (age grids), are presented in Figures 2–6. Additional kinematic reconstruc-
tions, mainly documenting plate boundary relocations that led to complete isolation of the
microcontinents, are in the supporting information. Reconstructions for the Mediterranean region are from
Advokaat et al. (2014) and van Hinsbergen et al. (2014). The pre‐breakup reconstruction of the Coral Sea was
created using the model of Seton et al. (2016), which is based on Gaina et al. (1999). Reconstruction para-
meters for the Scotia Sea are from Eagles and Jokat (2014). Both the South China Sea and the Gulf of
California where reconstructed according to Matthews et al. (2016).

Figure 2. Geological models and bathymetric observations for the Coral Sea. (a) Bathymetry with sediments subtracted
(no backstripping) and onshore geology. (b) Oceanic age grid of the various basins in the Coral Sea region. (c) Tentative
tectonic reconstruction to the pre‐Coral Sea breakup configuration. MC = microcontinent; LP = Louisiade Plateau;
MR = Mellish Rise; KP = Kenn Plateau; WTP = West Torres Plateau; SCB = Santa Cruz Basin; RI = Rennel Island;
WB = Woodlark Basin; PP = Papuan Plateau; EP = Eastern Plateau; PNG = Papua New Guinea; AUS = Australia;
QP = Queensland Plateau; CSB = Coral Sea Basin; PCP = Pacific Plate; OSOB = Owen Stanley Oceanic Basin.
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2.1. The Coral Sea

The SW Pacific and the neighboring northeast margin of Australia are complex regions which have been
shaped in the Cenozoic by various subduction episodes that resulted from changes in relative plate motions
of the Australian and Pacific plates (Figure 2). The eastern margin of Australia/Gondwanaland was a
long‐lived convergent margin since at least the Cambrian (Glen, 2005) up until mid‐Cretaceous times
(Laird & Bradshaw, 2004). During this long‐lived convergent margin setting, the NE Australian region
experienced two rifting phases as recorded in the present‐day sedimentary record (Bulois et al., 2018). The
first rifting stage occurred in the Triassic and may have exploited crustal scale heterogeneities already pre-
sent on the edge of the Australian craton (Bulois et al., 2018; Van Wyck & Williams, 2002). A subsequent
rifting episode from the Jurassic to Lower Cretaceous exploited and reactivated these structures (Bulois
et al., 2018). During this extension episode, new rift basins were created and this extended margin was con-
sidered to be the southern margin of the postulated “Owen Stanley Oceanic Basin” (Figure 2c) (Bulois
et al., 2018). The existence of an older oceanic basin NE of Australia is inferred from the presence of supra-
subduction zone ophiolites and ultramafic strata accreted in the Papuan fold and thrust belts (Bulois
et al., 2018; Lus et al., 2004; Webb et al., 2014). This basin was supposedly formed as a back‐arc basin due
to a retreating Pacific slab.

The subduction configuration of the Pacific plate north and northeast of Australia probably changed around
mid‐Cretaceous time (Laird & Bradshaw, 2004), but the exact architecture of this region is difficult to recon-
struct as subsequent tectonic episodes have overprinted its Cretaceous fabric (i.e., Seton et al., 2016).
However, available geological evidence combined with plate circuit modeling suggests that west‐dipping
subduction continued from late Cretaceous to early Cenozoic, albeit at a slower pace. Associated back‐arc
basin opening occurred from the mid‐upper Cretaceous to the early Eocene (Matthews et al., 2015). This last
rifting episode of NE Australian margin in the upper Cretaceous ended with continental breakup and sea-
floor spreading along an axis that cross‐cut the trends of the previous two rift systems. Note that the

Figure 3. Geological models and bathymetric observations for the South China Sea. (a) Bathymetry with sediments sub-
tracted (no backstripping) and onshore geology. (b) Oceanic age grid of the various basins in the South China Sea region.
(c) Tentative tectonic reconstruction of the pre‐breakup configuration of the South China Sea. XT = Xisha Through;
MB = Macclesfield Bank; RB = Reed Bank; RRF = Red River Fault; SW‐SCS = South West subbasin; E‐SCS = Eastern
subbasin; Luz = Luzon; PSP = Philippine Sea Plate; Min = Mindoro; Pal = Palawan; SuS = Sulawesi Sea; Tai = Taiwan.
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opening of the Coral Sea may have been associated to either NE subduction of the Australian plate under the
Pacific plate (i.e., Whattam et al., 2008), or a SW subduction of the Pacific plate under the Australian plate.
Geological evidences favor the first scenario, whereas slab remnants in the mantle can be invoked by both
hypotheses (see section 3 and supporting information). Oceanic accretion in the Coral Sea started in the
middle Paleocene and lasted until early Eocene (Figure 2b) (Gaina et al., 1999; Weissel & Watts, 1979).

Opening of the Coral Sea detached the Kenn, Louisiade and Papuan plateaus, and the Melish Rise from the
NE Australian margin (Figure 2). The Eastern Plateau is still attached to the NE Australian margin via
extended crust (Figure 2b). Cessation of Coral Sea seafloor spreading around 52 Ma has been attributed to
changes in absolute plate motion direction (Eagles et al., 2004; Matthews et al., 2015; Schellart et al., 2006),
or to the influence of subduction north and east of the basin along the Papuan‐Rennel‐New Caledonian
trench system (Gaina et al., 1999). Subsequent subduction and back‐arc basin formation resumed northeast
of Coral Sea (Figure 2) (Matthews et al., 2015; Seton et al., 2016), and closure and accretion of oceanic
(back‐arc) basins onto Papua New Guinea occurred to the northwest (Lus et al., 2004).

2.2. The South China Sea

Southeast Asia is a complex amalgamation of terranes, continental fragments, island arcs, and associated
marginal and back‐arc basins (Figure 3) resulted from the interaction of the Pacific, Eurasian, and
Australian plates (Ding et al., 2016; Wu et al., 2016; Zahirovic et al., 2014). Several authors proposed a
north‐west dipping, Andean type, subduction of the Paleo‐Pacific plate below mainland SE Asia from the
Middle Jurassic to Middle/late Cretaceous or early Eocene (Figure 3c) (Hall & Breitfeld, 2017; Taylor &
Hayes, 1983; Zahirovic et al., 2014). This convergence potentially accreted various pieces of continental
and island arc material to the margin (Breitfeld et al., 2017; Hennig et al., 2017; Pubellier et al., 2003).
Around Paleocene times, roll back of the Paleo‐Pacific plate resulted in the separation of the south
Palawan block from the south Chinese paleo margin and the formation of the so called Proto South
China Sea (Zahirovic et al., 2014). The subsequent Cenozoic evolution of the region is controversial.

Figure 4. Geological models and bathymetric observations for the Central Mediterranean region. (a) Bathymetry with
sediments subtracted (no backstripping) and onshore geology. (b) Oceanic age grid of the various basins in the
Central Mediterranean. Note that this age grid is incorrect. (c) Tectonic reconstruction of the pre‐breakup situation of the
Central Mediterranean. Ib = Iberian Peninsula; GoL = Gulf of Lyon; Fr = France; Adr = Adria; CS = Calabrian
Subduction Zone; Cal = Calabria; Cor = Corsica; Sar = Sardinnia; NBTZ = North Balearic Transfer Zone; RP = Rotation
pole of the Liguro‐Provençal basin; Bal = Balearic Islands; AKPC = AlKaPeCa terrane.
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Some authors suggest that northwest to north directed subduction continued, but extension relocated and
resulted in back‐arc opening to the south China Sea (Sibuet et al., 2016; Wu et al., 2016). Other authors pro-
posed that the Proto South China Sea subducted southward beneath NE Borneo and Palawan and the South
China Sea basin opened NW of it (Figure 3c) (Bai et al., 2015; Zahirovic et al., 2014). No conclusive evidence
for either model exists, but observations and dating on Borneo point to a southward directed Paleogene sub-
duction (Hall & Breitfeld, 2017). However, more data are needed to better understand these scenarios.

The South China Sea experienced three phases of rifting since the late Cretaceous, two of which occurred
during the Cenozoic (Cullen et al., 2010). Rifting from Paleocene to Eocene was widespread, as documented
by the structure of the South China Sea margins (Cullen et al., 2010; Franke et al., 2014). Subsequent rifting
from the late Eocene to earlyMiocene wasmore localized, and resulted in continental breakup and initiation
of seafloor spreading in the South China Sea basin (Cullen et al., 2010; Franke et al., 2014; Li et al., 2014;
Sibuet et al., 2016).

The present‐day South China Sea has two main subbasins: the east and southwest subbasins (Figure 3) (Li
et al., 2014). Recent IODP drilling, detailed analysis of deep towmagnetic data, and interpretation of seismic
reflection data indicate that breakup in the (northern) east subbasin occurred in early Oligocene times
(Franke et al., 2014; Li et al., 2014). Extension propagated westward, as evidenced by continental rifting in
the Xisha trough (Figure 3a) (Sibuet et al., 2016). In late Oligocene–early Miocene times, a southward ridge
jump occurred in the east subbasin which terminated the extension in the Xisha trough and spreading along
the northern margin (Figure 3b) (Li et al., 2014; Sibuet et al., 2016) and initiated seafloor spreading in the
southwestern subbasin (Li et al., 2014; Sibuet et al., 2016). This mid‐ocean ridge further propagated in a
south‐westerly direction, creating the distinctive V‐shape of the South China Sea southwest subbasin

Figure 5. Geological models and bathymetric observations for the Scotia Sea. (a) Bathymetry with sediments subtracted
(no backstripping) and onshore geology. (b) Oceanic age grid of the various basins in the Scotia Sea. (c) Tentative
tectonic reconstruction of the pre‐breakup configuration of the Scotia Sea. Microcontinents: 1 = Davis Bank; 2 = Barker
Bank; 3 = Shag Rocks; 4 = South Georgia Microcontinent; 5 = Herdman Bank; 6 = Discovery Bank; 7 = Jane Bank;
8 = Bruce Bank; 9 = South Orkney Microcontinent; 10 = Pirie Bank; 11 = Terror Rise; Other abbreviations:
ANT = Antarctica; WS = Weddel Sea; ESR = East Scoti a Ridge; NSR = North Scotia Ridge; SSR = South Scotia Ridge;
TF = Tierra del Fiego; Fa = Falkand Islands; STZ = Shackelton Fractue Zone; WAP = West Antarctic Plate;
PSZ = Pacific Subduction Zone; BTZ = Burdwood Transform Fault; WSR =West Scotia Ridge; CCS = Central Scotia Sea;
ECZ = Endurance Subduction Zone; SST = South Sandwich Trench.
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(Franke et al., 2014; Sibuet et al., 2016). Opening of the South China Sea detached the Reed Bank, Dangerous
grounds, and a continental block comprised of NE Palawan and SW Mindoro from the South Chinese
Margin (Figure 3). During its lifetime, extension and spreading directions in the South China Sea rotated
from N175°, via N165° to N145° (Sibuet et al., 2016). Spreading in the South China Sea ceased in the middle
Miocene (Figure 3b) and this event is often correlated with the choking of the Proto South China Sea sub-
duction zone by a block with thick crust (e.g., NE Palawan and SW Mindoro) (Hall & Breitfeld, 2017;
Sibuet et al., 2016; Yumul et al., 2003).

2.3. The Central Mediterranean Sea

The Mediterranean Sea region has experienced a long and complex tectonic evolution since the Paleozoic.
The opening and closing of various oceanic basins resulted in an amalgamation of terranes with different
ages and compositions (Figure 4) (Dewey & Sengör, 1979; Vissers et al., 2013; von Raumer et al., 2003).

The Africa‐Eurasia/Iberia convergence played the main role in the Cenozoic evolution of this region.
Convergence of Iberia with Eurasia resulted in the formation of the Pyrenean orogeny which, at the time,
extended eastward into southern France as evidenced by basement thrusting (Lacombe & Jolivet, 2005).
Further east, convergence between the Adriatic microplate and Eurasia created the Alps (Schmid et al., 2017;
Turco et al., 2012).

Around Oligocene times, the northward subducting African slab segmented into the Calabrian and Balearic
slabs which started to rollback independently (Figure 4c) (Faccenna et al., 2001; Seton et al., 2012;

Figure 6. Geological models and bathymetric observations for Gulf of California region. (a) Bathymetry with sediments
subtracted (no backstripping) and onshore geology. (b) Oceanic age grid of the various basins in the Gulf of California
region. (c) Tentative tectonic reconstruction of the pre‐breakup configuration of the Gulf of California. NAM = North
American plate; BC = Baja California; GCR = Gulf of California Ridge; EPR = East Pacific Rise; FFS = Farallon
Subduction zone; PAC = Pacific plate.
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van Hinsbergen et al., 2014). During this period of slab rollback the continental Corsica‐Sardinia block was
detached from Eurasia and the Liguro‐Proven_x004AB;al back‐arc basin was formed (Advokaat et al., 2014;
Gattacceca et al., 2007; Seranne et al., 1999). Just before continental breakup between Eurasia and the
Corsica‐Sardinia block, the Adriatic microplate was colliding with the southern Eurasian margin, resulting
in simultaneous subduction of oceanic and continental material (Figure 4) (Turco et al., 2012; van
Hinsbergen et al., 2014). This may have triggered or contributed to continental breakup of the southern
Eurasian margin and subsequent seafloor spreading in the Liguro‐Proven_x004AB;al basin in early
Miocene time (Figure 4b) (Faccenna et al., 1997). As a consequence, the Corsica‐Sardinia block rotated
counterclockwise ca. 45–50° around an Euler pole located just north of Corsica (Figure 4) (Advokaat
et al., 2014; Gattacceca et al., 2007). Seafloor spreading in the Liguro‐Provençal basin was active from early
(21 Ma) to middle Miocene (Faccenna et al., 1997). After a 6 Myr quiet period, at 10 Ma the extension
relocated east of the Corsica‐Sardinia microcontinent, initiating the formation of the Tyrrhenian basin
(Faccenna et al., 2001). This relocation of extension terminated the relative motion of the Corsica‐Sardinia
microcontinent with respect to Eurasia, leaving it isolated in the Central Mediterranean in its present‐day
position.

2.4. The Scotia Sea

The Scotia Sea region is situated between the Antarctic Peninsula and the southern tip of South America. Its
Cenozoic evolution has been controlled by the interaction between the Antarctic and South American
plates. Although the tectonic evolution of the region is still debated, several scenarios have been proposed
(Dalziel et al., 2013; Eagles & Jokat, 2014).

The pre‐breakup setting of the region is controversial (Brown et al., 2006; Eagles & Jokat, 2014; Müller
et al., 2008). Dalziel et al. (2013) suggest that the South Georgia microcontinent was located south of
Tierra del Fuego from Jurassic to Cenozoic times. In contrast, Eagles (2010a) proposed that it was located
in a more internal part of Gondwana and that the formation of the Central Scotia Sea oceanic crust was asso-
ciated with Gondwana breakup. According to Eagles (2010), the South Georgia microcontinent was located
adjacent to the Falkland Islands in early Eocene times (Figure 5). At that time interval, the continental frag-
ments that are presently distributed along the South Scotia Ridge (Figure 5) were clustered north of the
South Orkney microcontinent, and are considered to have been part of the East Antarctic Plate (Eagles &
Jokat, 2014). East of this assemblage, the Endurance subduction zone was active since the early Paleocene
(Barker et al., 1991; Eagles, 2010b), subducting oceanic lithosphere from the northwest Weddell sea beneath
the South Orkney microcontinent (Figure 5c).

During middle Eocene times, a rotation of the South American‐Antarctica plate system drove
southeast‐directed trench retreat of the Endurance trench and/or changes along the Burwood transform
zone. This resulted in the initiation of rifting in the Powel Basin (King & Barker, 1988), between the
Antarctic Peninsula and the South Orkney microcontinent, and spreading between the Pirie and Bruce
Banks (Figure 5) (Barker et al., 2013; Eagles et al., 2006).

At the start of Oligocene times, the extension relocated westward between the Pirie Bank and the Terror Rise
(Figure 5) (Eagles & Jokat, 2014). In the middle Oligocene extension once again relocated westward to the
West Scotia Ridge, between Tierra del Fuego and the Terror Rise (Figure 5) (Eagles et al., 2006). Also in
themiddle Oligocene, breakup occurred in the Powell basin and the Endurance subduction zone lengthened
northward toward South Georgia (Figure 5c) (Barker, 1995; Eagles & Jokat, 2014). This led to the abandon-
ment of the Burwood transfer zone in favor of the North Scotia Ridge and the formation of microcontinents
by the transfer of the various northern continental fragments from the South American plate to the Scotia
plate (Eagles & Jokat, 2014).

Collision of ridge segments from the South American‐Antarctic ridge system with the Endurance subduc-
tion zone resulted in the cessation of spreading along the Powell ridge around early Miocene (Figure 5b)
(Barker, 1995; Eagles & Livermore, 2002). This resulted in the formation of the South Scotia Ridge, which
acted as a plate boundary between the Scotia Sea and Antarctic plates. After this reorganization, the
South Orkney microcontinent and the Bruce bank started to diverge from the Jane and Discovery banks
as the Proto‐East Scotia Ridge and associated Sandwich plate were established in a back‐arc setting
(Figure 5b) (Vanneste & Larter, 2002). Collision of the South American‐Antarctic Ridge with the South
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Sandwich trench ended the extension along the southern part of the Proto‐East Scotia Ridge (Eagles &
Jokat, 2014). The newly formed Sandwich plate quickly accommodated the eastward directed trench roll-
back of the South Sandwich trench. Spreading along the East Scotia Ridge resulted in a cessation of exten-
sion along the West Scotia Ridge in the late Miocene (Figure 5b) (Eagles et al., 2005). Back‐arc spreading
along the East Scotia Ridge is still active today, accommodating the eastward trench retreat of the South
Sandwich Trench (Smalley et al., 2007).

2.5. The Gulf of California

The western margin of the North American plate was a long‐lived convergent margin since the Jurassic and
experienced an amalgamation of numerous terranes (e.g., Wright et al., 2016). When the active mid‐ocean
ridge between the Pacific and Farallon plates reached this convergent margin, a transtensional motion fol-
lowed by ridge propagation into the continental margin led to the gradual detachment of Baja California
from North American plate (Atwater, 1970; Atwater & Severinghaus, 1989).

The exact evolution of Gulf of California system (Figure 6) from a convergent to an extensional system has
been the subject of numerous studies. The classical view is that continental rifting in the Gulf of California
initiated in themiddleMiocene and quickly transitioned to seafloor spreading during the lateMiocene–early
Pliocene (Lizarralde et al., 2007; Umhoefer, 2011). It is thought that this quick transition from continental
rifting to breakup was due to the combination of an already existing hot and weak crust between the two
strong crustal blocks of the Baja California and the Mexican mainland, and relatively rapid and very oblique
plate motions between the North American and Pacific plates (Umhoefer, 2011).

Recently, Ferrari et al. (2018) suggested an alternative scenario postulating that extension in the region
initiated in the middle Eocene via a wide continental rift adjacent to the southern Basin and Range province.
The initiation of rifting was tentatively connected to the decrease in the North‐American‐Farallon conver-
gence rates and the presence of slab windows in the mantle (Ferrari et al., 2018). This plate velocity decrease
led to changes in plate boundary forces and the availability of fertile mantle beneath the Gulf of California.
From the early to middle Miocene, extension localized in a narrow rift at the approximate location of the
present‐day Gulf of California (Ferrari et al., 2018). In middle Miocene time, cessation of subduction west
of Baja California led to a change in the stress state that resulted in transtension/extension of the Gulf of
California.

The available tectonic models agree that continental breakup occurred in the southern Gulf of California
during the Pliocene (Lizarralde et al., 2007; Umhoefer, 2011). The transtensional rifting was diachronous
and varied along strike from narrow to wide rifts (Lizarralde et al., 2007). Although the Baja Californian
microcontinent has yet to detach from the North‐American mainland, the continued activity in the Gulf
of California suggests that separation might occur in the future. As such, Baja California can be considered
a “proto‐microcontinent.”

3. Present‐Day Microcontinent Structure From Geophysical Data and
Geological Models

Each region described in the previous section hosts one or more microcontinents that formed in association
with a subduction system. In order to understand the formation of these microcontinents we need a compre-
hensive overview of their present‐day structure, especially their riftedmargins and the parent‐continent con-
jugate margins. In the following, we will present a characterization of the rifted margins of selected
microcontinents based on publicly available geophysical and geological data and models.

We use free‐air gravity anomalies from Sandwell et al. (2014) and Bouguer gravity anomalies from theWorld
Gravity Map (Balmino et al., 2012; Bonvalot et al., 2012) to investigate the margin architectures. Both data
sets have a 1° spatial resolution. For inspecting magnetic anomalies, we use the gridded magnetic data from
the NGDCmarine trackline database (http://geomag.org/models/wdmam.html). These data are line‐leveled
and projected to sea‐level according to the procedure described by Paterson and Reeves (1985). Where pos-
sible, published models of crustal thickness are also considered. In the Mediterranean we utilize EPcrust
model (Molinari & Morelli, 2011), and in the Gulf of California CRUST1.0 is used (Laske et al., 2012). For
all other regions, (global) crustal thickness models have an inadequate resolution. Instead, we use various
local seismic studies to constrain crustal thickness where possible.
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We also inspect few tomographic models for visually identifying the subducted slabs that may have been
connected to subduction processes that led to microcontinent formation. Slab sinking velocities in the upper
mantle are generally considered to be slightly less or equal to the Stokes sinking velocity of a sinking slab,
which are around 2–7 cm/year (Capitanio et al., 2007). A simple calculation suggests that a slab sinking at
5 cm/year will arrive at the 660 km discontinuity about 13 Myr after the slab starts sinking. Due to the
increased viscosity in the lower mantle, sinking velocities of slabs in the lower mantle are significantly
slower at roughly 1.2 cm/year (Goes et al., 2008). Note that slabs may also deform and stall at the transition
zone between upper and lower mantle, and a slab thickening by a factor of 2–3 in the viscous lower mantle is
also expected (Gaherty & Hager, 1994).

Since all microcontinents discussed in this study formed in the Cenozoic time, and most of them in the last
30 Ma (see section 2), we expect to see the slabs in the upper mantle and upper lower mantle. For a qualita-
tive inspection of the subducted slabs, and without the intention to assign exact ages to identified slabs, we
have chosen the UU‐P07 seismic tomographic model by Amaru (2007). The UU‐P07 model has a good reso-
lution in the upper mantle (0.4° laterally). The model was obtained by the use of 3‐D reference models which
are based on travel time residuals and independent models based on surface waves, normal models, and long
period body waves. Other tomographic (DETOX‐P3, Hosseini et al., 2019; MITP08, Li et al., 2008; and
TX2019slab, Lu et al., 2019) are shown for comparison in the supporting information (Figures S2–S6).

We inspect the microcontinent margins and their conjugates and attempt to characterize the transition from
continental to oceanic domain (continent‐ocean boundary or transitional domain, COB or COT) expressed
in geophysical data along selected profiles perpendicular on these margins. We consider the inboard COT
location, where transitional crust starts to replace extensional continental crust, as the outer boundary of
the relevant microcontinent. Where available, we show previously published COB/COTs, and adopt their
outboard (where oceanic crust starts) COTs or COB interpretation if no inboard COT is available.
Although identification of COBs based on potential field data may be less precise (Eagles et al., 2015), it does
allow us to make a rough first order estimation of the microcontinent size and constrain a first order margin
architecture. By tentatively identifying the first magnetic anomaly associated with sea‐floor spreading, we
obtain a first order estimate of the outboard limit of interpreted transitional crust. The conjugated profiles
and identified COB/COTs are subsequently reconstructed to pre‐breakup positions, allowing us to identify
the symmetry (or lack of) of the margin morphology. Finally, we gather information and make a rough esti-
mation of the continental crust volumes detached from active margins due to subduction processes.

3.1. Microcontinents in the Coral Sea

Located off the northeastern margin of Australia (Figures 1 and 2), the Louisiade Plateau is one of several
pieces of continental lithosphere originally attached to this margin (see section 2.1). It is roughly
270 × 470 km in size and is separated from the Australian margin by the Coral Sea oceanic crust
(Figure 2). While the Louisiade Plateau is submerged, the crustal nature of this microcontinent is inferred
from geophysical data. Seismic reflection data show a similar structure as the conjugate continental
Queensland plateau situated on NE Australian margin (Ewing et al., 1970; Feary et al., 1993; Taylor &
Falvey, 1977). Dredged rocks from various plateaus in the NE Coral Sea basin support this continental nat-
ure (Hoffmann & Exon, 2008) and tectonic reconstructions indicate their origin from NE Australia
(Figure 2c) (Gaina et al., 1999).

Continent‐Ocean boundaries for the Coral Sea have been published and are included on the maps in
Figures 2 and 6. The COBs of the Coral Sea and neighboring Rennell and Louisiade troughs are mainly inter-
preted based on gravity and magnetic anomaly data, and we have adopted the microcontinents outline from
Seton et al. (2016) which is partially based on Gaina et al. (1999). This interpretation seems to hold against
global geophysical data shown in our maps (Figure 7).

The Louisiade Plateau margin shows a smooth geometry (Figure 7e, profile ii). Both the Queensland plateau
(Figure 7e, profile i) and the Louisiade plateau (Figure 7e, profile ii) margins have a subtle shelf break
around the COB. The Queensland Plateau has a slightly steeper gradient in the “no‐sediment bathymetry”
and gravity data when compared to the conjugate Louisiade Plateau. This could indicate a slight asymmetry
in the conjugate margins for these two selected locations. There appears to be a roughly 50 km wide gap
between the interpreted COB of the Louisiade plateau and the first interpreted seafloor magnetic anomaly
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in this region (C26), and a distance of about 30 km between the COB and identified seafloor magnetic
anomalies on the conjugate Queensland plateau (Figure 7e). Taking into account the uncertainties in
identified COBs, we consider that the seafloor spreading at this specific location may have started slightly
before C26. Following continental breakup, the formation of conjugate oceanic flanks was relatively
symmetric.

Vintage seismic refraction data as well as gravity data and modeling suggest that the crustal thickness of the
Louisiade plateau is around 20 km (Ewing et al., 1970). The conjugate Queensland plateau has a crustal
thickness of around 25–28 km and the oceanic crust flooring the Coral Sea is around 7 km thick (Taylor
& Falvey, 1977). Crustal thickness data for the Mellish Rise and the Kenn Plateau are poorly constrained.
The regional crustal model from Segev et al. (2012) and Crust1.0 (Laske et al., 2012) indicate these plateaus
have crustal thickness of around 7–11 km. The values for the Bouguer gravity anomalies on the various sub-
merged plateaus are only slightly lower than the anomalies in the oceanic Coral Sea Basin (Figure 7a). This
could indicate that the continental crust there is relatively thin.

Figure 7. Geophysical data and models for the Coral Sea region. Legend as in Figure 2. Note the COB of the Coral Sea basin and the various microcontinents. The
white line in panels (a) and (b) represents the profile along which the tomographic section is extracted. (a) Bouguer Gravity Anomalies. (b) Free‐air Gravity
Anomalies. (c) Magnetic anomalies, first spreading anomalies based on Gaina et al. (1999). (d) Seismic tomography section from UU‐P07 crossing the Coral Sea
region. (e) Profiles of geophysical data extracted along profiles i and ii. See Figures 2 and 7a–7c for location (black thin lines).
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Utilizing the published COBs and microcontinent outlines, we find that the total area of the
microcontinent‐like submerged plateaus offshore NE of Australia (Louisiade, Kenn and West Torrest
Plateaus, and the Mellish Rise) is ~3.27 × 105 km2. Using a thickness of 20 km for the Louisiade Plateau
and 11 km for the other microcontinents, we find a total crustal volume of microcontinents in the Coral
Sea region of ~4.75 × 106 km3. A detailed overview of the areas, thicknesses, and volumes of each microcon-
tinent can be found in Table 1.

A vertical profile extracted from the selected seismic tomography model shows a fast anomaly below
Australia and the Coral Sea situated between 410 and 660 km (Figures 7d and S2). The slab appears to be

Table 1
(a) Table Detailing the Data Used in Calculations of Total Continental Crustal Area and Volume; (b) Global Continental Crustal Area and Volume and Total
Continental Crustal Area and Volume for Each Region Described in This Paper; (c) The Amounts of Continental Crust in Classic and Subduction Associated
Microcontinents, Normalized to Global non‐Cratonic Continental Crust Area and Volume

(a) Crustal area and volume for each MC‐CF

Region MC‐CF Area (km2) Thickness (km) Source Volume (km3)

California Baja California Microplate 1.70E + 05 18 6 3.10E + 06
Coral Sea Louisiade Plateau 1.29E + 05 20 1 2.57E + 06

Mellish Rise 8.10E + 04 10 2 8.10E + 05
West Torres Plateau 4.40E + 04 11 2 4.84E + 05
Kenn Plateau 7.33E + 04 11 2 8.07E + 05

South China Macclessfield bank 9.39E + 03 16 1 1.50E + 05
Reed Bank 2.00E + 04 24 1 4.79E + 05

Scotia Barker Bank 1.90E + 04 18 4 3.42E + 05
Bruce Bank 2.45E + 04 18 4 4.40E + 05
Davis Bank 2.12E + 04 17 4 3.60E + 05
Discovery Bank 2.07E + 03 25 5 5.17E + 04
Herdman Bank 3.37E + 03 18 4 6.06E + 04
Jane Bank 2.07E + 03 18 4 3.72E + 04
Pirie Bank 3.75E + 04 18 1 6.75E + 05
South Georgia Microcontinent 6.63E + 04 19 4 1.26E + 06
South Orkney Microcontinet 7.31E + 04 24 1 1.75E + 06
Shag Rocks 2.78E + 04 18 4 5.00E + 05
Terror Rise 5.14E + 03 17 4 8.74E + 04

Mediterranean Corsic‐Sardinia 1.11E + 05 22 3 2.42E + 06
b) Cont. Crust area and volume—Global

Area (km2) Volume (km3)
Total continental crust 1.93E + 08 6.96E + 09
Cratonic crust 2.80E + 07 1.10E + 09
Non‐cratonic continental crust 1.65E + 08 5.86E + 09
Classic microcontinents 3.22E + 06 5.08E + 07

Crustal area and volume for each region
Region Area (km2) Volume (km3)
California 1.70E + 05 3.10E + 06
Coral Sea 3.27E + 05 4.67E + 06
South China Sea 2.93E + 04 6.29E + 05
Scotia Sea 2.82E + 05 5.57E + 06
Mediterranean 1.11E + 05 2.42E + 06

Crustal area and volume per MC type
Type Area (km2) Volume (km3)
Microcontinent 6.09E + 05 1.02E + 07
Cont. fragment 1.40E + 05 3.05E + 06
Proto MC‐CF 1.70E + 05 3.10E + 06
Total 9.19E + 05 1.64E + 07

c) Percentage of non‐cratonic continental crust
Feature Area (%) Volume (%)
Classic microcontinents 1.95 0.87
Subduction microcontinents 0.56 0.28
All microcontinents 2.51 1.15

Note. (a) See the text for details regarding the calculation. Sources for crustal thickness assumptions are provided. Data sources: 1 = Seismic refraction data; 2 =
Crust1.0 (Laske et al., 2012); 3 = EPcrust (Molinari & Morelli, 2011); 4 = S wave velocity model; 5 = Surface wave tomography; 6 = Seismic receiver functions.
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detached from the surface and partially draped on the 660 km discontinuity toward the Australian continent.
It underlies the Coral Sea basin, indicating a southwestward subduction that may have caused the formation
of this basin. Below NE Australia the slab appears to penetrate into the lower mantle which may point to an
older age of the slab, early Cenozoic or late Cretaceous. However, if the Coral Sea formed due to a NE
oriented subduction (i.e., Whattam et al., 2008), another steeper, detached slab is visible in the upper lower
mantle under the Pacific plate. Another slab dipping southward under the Australian continent could be
identified in the lower mantle below 1,000 km, indicating episodic subduction under this continent at least
since the Cretaceous time (Figure 7d).

Figure 8. Geophysical data and models for the South China Sea region. Legend as in Figure 3. Note the COB of the South China Sea basin and the various
microcontinents. The white line in panels (a) and (b) represents the profile along which the tomographic section is extracted. (a) Bouguer Gravity Anomalies.
(b) Free‐air Gravity Anomalies. (c) Magnetic anomalies, first spreading anomalies based on Barckhausen and Roeser (2004). (d) Seismic tomography section from
UU‐P07 crossing the South China Sea region. (e) Profiles of geophysical data extracted along profiles i and ii. See Figures 3 and 8a–8c for location (black
thin lines).
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3.2. Microcontinents in the South China Sea

During the opening of the South China Sea basin, the submerged Reed bank in the NE Palawan and SW
Mindoro continental blocks detached from the Chinese mainland (Figure 3) (Bai et al., 2015; Sibuet
et al., 2016; Taylor & Hayes, 1980). The submerged Macclesfield bank is still attached to the Chinese conti-
nental margin via extended continental crust (Figures 3 and 8). The Reed and Macclesfield banks have an
approximate size of 160 × 80 and 200 × 130 km, respectively. Evidence for their continental nature is pro-
vided by various seismic refraction experiments (Hutchison, 2004; Pichot et al., 2014) as well as ODP drilling
(Shipboard Scientific Party, 2000) and dredging (Kudrass et al., 1986).

Due to its high hydrocarbon potential, the South China Sea has been extensively surveyed. Consequently,
several COB interpretations exist and the margin architecture is relatively well known. We utilize the
South China Sea COB identification from Pichot et al. (2014), which is shown on the maps in Figure 3.
This interpretation is primarily based on seismic reflection and refraction data (Franke et al., 2014; Pichot
et al., 2014). Our COB interpretation based on available geophysical data agrees with published COBs based
on seismic data (Figure 8). While a full set of COT boundaries for the entire South China Sea has not been
published yet, there is a general consensus in the literature that a COT is relatively narrow (~30 km) in com-
parison with the width of the rifted margins themselves (400–800 km).

Due to the fact that South China Sea sits on a lower plate that subducts southeastward, the exact extent of its
southern margin is unclear. However, the northern continental rifted margin is preserved and shows lateral
variation in width (Figures 3a and 8). The eastern part of the northern rifted margin has a width of around
400 km, while south of Hainan the rifted margin is almost 800 km wide (Pichot et al., 2014) (Figures 3a and
8). Free‐air gravity anomalies show a relatively smooth trend for the northern margin of the eastern subba-
sin, while the South China Sea's southern margin and the northern margin of the SW subbasin show a
shorter wavelength variation, which may be correlated to brittle surface faults (Franke et al., 2014)
(Figure 8b).

Geophysical data extracted along the profiles crossing the Chinese continental margin and the Reed bank
show clear shelf breaks toward the oceanic South China Sea basin (Figure 8e). Toward the southern end
of the Reed bank, the gradients in the geophysical data are less steep and the sharp northern boundary is
not seen in the south. This suggests that the sharp transition from continental to oceanic crust is related
to the process that localized extension during continental breakup.

Although the COT is interpreted to be abrupt, the magnetic data extracted along the profiles shows a ca.
100 kmwide zone between the interpreted COB and first magnetic anomaly (C6b) (Figure 8e). Other authors
observed a similar wide COT in NWPalawan, where it was interpreted to be related to magma starved exten-
sion resulting in mantle exhumation (Franke et al., 2011). The northern South China Sea margin also has a
transitional region of 75 km wide (Figure 8e). The formation of these transitional zones may be related to a
slow‐down in extension after breakup or a period of mantle exhumation that may have preceded the forma-
tion of normal oceanic crust in the South China Sea.

Crustal thickness of continental blocks in South China Sea is constrained by wide‐angle seismic refraction
data and suggests values of around 24 km for the Reed Bank (Ruan et al., 2011) and 16 km for the
Macclesfield bank (Huang et al., 2019). The conjugate northern margin has a crustal thickness of around
20–24 km, inferred from seismic refraction data (Pichot et al., 2014; Wang et al., 2006; Wu et al., 2012).
Using the published COB from Pichot et al. (2014), we find that the total crustal area of the Reed and
Macclesfield Banks is ~2.93 × 104 km2. A crustal thickness of 24 and 16 km for the Reed and Macclesfield
banks, respectively, yields a total crustal volume ~6.29 × 105 km3 for the microcontinents found in the
South China Sea region. A detailed overview of the areas, thicknesses, and volumes of South China Sea
microcontinents can be found in Table 1.

Seismic tomography along a vertical profile crossing the South China Sea shows a fast anomaly between
410 and 660 km, and another wider anomaly to the south in the upper lower mantle below the Celebes
Sea basin (Figures 8d and S3). Both anomalies could be linked to the two stages opening of the South
China Sea (see section 2). The fast anomaly in the shallow lower mantle could be the detached
proto‐South China Sea slab, but the complex history of this region cannot rule out a different interpre-
tation (Figure 8d).
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3.3. Microcontinents in the Central Mediterranean Sea

An excellent bathymetric fit of the margins (Bache et al., 2010), paleomagnetic constraints (Advokaat
et al., 2014; Gattacceca et al., 2007), and onshore Hercynian and Alpine geology (di Rosa et al., 2017;
Faccenna et al., 2004; Gueydan et al., 2017; Rossi et al., 2009) prove the continental origin of the
Corsica‐Sardinia block which detached from the southern margin of France after opening of the Liguro‐
Provençal basin (see also section 2.3). This continental block is roughly 230 × 470 km in size, is flanked

Figure 9. Geophysical data and models for the Central Mediterranean region. Note the COB of the Liguro‐Provençal
basin and the Corsica‐Sardinia block. Legend as in Figure 4. The white line in panels (a) and (b) represents the profile
along which the tomographic section is extracted. (a) Bouguer Gravity Anomalies. (b) Crustal thickness from EPCrust.
(c) Magnetic anomalies. (d) Seismic tomography section from UU‐P07 crossing the Central Mediterranean region.
(e) Profiles of geophysical data extracted along profiles i, ii, iii, and iv. See Figures 4 and 9a–9c for location (black thin lines).
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by the Liguro‐Provençal basin to the west and the Tyrrhenian basin to the east, and toward the north is
attached to the Adriatic microplate via extended, submerged, continental crust (Figure 9).

Based on seismic reflection data, in combination with gravity and magnetic observations, Rollet et al. (2002)
published a map delineating the complete continent‐ocean transition zone (COT) with both inboard and
outboard COT boundaries for the Ligurian basin (Figures 4 and 9). These where subsequently expanded
upon by Jolivet et al. (2015) who used a new seismic reflection profile. As these COT interpretations are well
constrained and in agreement with our selected geophysical data, we utilize them in Figures 4 and 9. As the
available COT interpretation does not cover the entire Corsica‐Sardinia block, we have extended this inter-
pretation of inboard COT by using the geophysical data described previously in the manuscript (Figures 4a
and 9). The high amplitude magnetic anomalies are likely related to volcanic intrusions, as also suggested by
Rollet et al. (2002) (Figure 9c).

The margins of the Corsica‐Sardinia and their Eurasian conjugates have been extensively studied using seis-
mic reflection and wide‐angle refraction data (Gailler et al., 2009; Jolivet et al., 2015; Rollet et al., 2002). Both
the Eurasian and Corsica‐Sardinia margins show a progression of crustal types from a thinned continental
margin to transitional crust which changes into a typical oceanic material in the center of the basin
(Gailler et al., 2009). Geometrically, however, the Liguro‐Provençal basin as well as its margins are asym-
metric (Figures 4a and 9).

General asymmetry of the Liguro‐Provençal basin is visible in the eastward lateral offset of the high Bouguer
gravity anomalies (Figure 9a). The margin in the Gulf of Lyon is around 150 km wide, while the Sardinian
margin is around 100 kmwide (Bache et al., 2010; Gailler et al., 2009). The Corsicanmargin is roughly 70 km
wide and the Ligurian margin has a width of circa 40 km. The Ligurian COT is around 40 km while the
Corsican COT is around 50 km (Contrucci et al., 2001; Rollet et al., 2002). Note that the available age grid
for the Central Mediterranean is not accurate (Figure 4). We suggest that our new interpretation of COT
and tentative location of an extinct mid‐ocean ridge can be used in the future to amend the existent age grid.

Crustal thickness from EP crust is around 5 km or less in both the Liguro‐Provençal and Tyrrhenian basins.
The Corsica‐Sardinia block crustal thickness is as high as 30–35 km (Figure 9b). This is confirmed by various
seismic refraction and receiver function studies and gravity inversion modeling (Bethoux et al., 1999;
Chamot‐Rooke et al., 1999). Based upon the same types of data, crustal thickness below Sardinia is around
25 km (Gailler et al., 2009). Coverage of magnetic data in the Liguro‐Provençal basin is incomplete and a
clear extinct ridge is difficult to identify (Figure 9c). We tentatively interpreted one (Figures 4b and 9), pri-
marily based on the Bouguer gravity data.

The continental crust of the Corsica‐Sardinia block covers an area of ~1.11 × 105 km2 (Table 1). Using the
crustal thickness below the Corsica‐Sardinia block from 0.5° resolution EPcrust model from Molinari and
Morelli (2011), we calculate a total crustal volume of ~2.42 × 106 km3 for the Corsica‐Sardinia block
(Table 1).

A vertical profile through the selected seismic tomographic model shows a distinct high velocity anomaly in
the uppermantle below the centralMediterranean which is interpreted as the Calabrian slab (Figures 9d and
S4). The slab is still connected to the surface and has a subvertical dip down toward the 660 km discontinuity
on which it has draped during SE directed trench‐retreat.

3.4. Microcontinents in the Scotia Sea

The Scotia Sea region, located between the Antarctic Peninsula and the southernmost tip of South America
(Figures 1 and 5), contains many small basins. It is bounded by an active trench to the east, the Shackleton
Fracture Zone to the west, and the North and South Scotia Ridges to the north and south. These ridges con-
tain multiple microcontinents (see section 2.4), however we will mainly focus on the South Orkney
Microcontinent and the Terror Rise and their conjugates on the Antarctic and South American margins
(Figure 5). The South Orkney Microcontinent is the largest microcontinent along the South Scotia Ridge
(250 × 350 km) and the Terror Rise (180 × 70 km) represents the site of the most recent breakup between
Tierra del Fuego and the microcontinents along the South Scotia Ridge.

The continental nature of the various microcontinents that line the South and North Scotia Ridges is estab-
lished via their seismic signature in both refraction and reflection experiments, (Bry et al., 2004; Eagles
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et al., 2006; Pandey et al., 2010), their magnetic signature (Eagles et al., 2006), and their conjugate position to
the Tierra del Fuego margin (Eagles et al., 2006; Eagles & Jokat, 2014). Outcropping continental rock on the
South Georgia and South Orkney Islands (Carter et al., 2014; Dalziel et al., 1981; Trouw et al., 1997) also pro-
vide undisputable evidence for their continental nature.

As there is no published COB available, nor any indication of the COB in seismic data, we tentatively inter-
pret the extent of the various microcontinents from potential field data (Figures 5 and 10). The lateral trans-
forms of the North and South Scotia Ridges have strong signatures in the geophysical data, hindering the

Figure 10. Geophysical data and models for the Scotia Sea region. Note the COB of the various microcontinents. Legend
as in Figure 5. The white line in panels (a) and (b) represents the profile along which the tomographic section is
extracted. (a) Bouguer Gravity Anomalies. (b) Free‐air Gravity Anomalies. (c) Magnetic anomalies, first spreading
anomalies based on Eagles and Livermore (2002) and Eagles et al. (2005). (d) Seismic tomography section from UU‐P07
crossing the Scotia Sea region. (e) Profiles of geophysical data extracted along profiles i, ii, iii, and iv. See Figures 5 and
10a–10c for location (black thin lines).
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delineation of various microcontinents (Figure 10). However, by using bathymetric data as a starting point
and combining it with free air and Bouguer gravity anomalies we tentatively interpret the extent of the var-
ious microcontinents in the region.

Along the Southern Scotia Ridge, the outline of the South Orkney Microcontinent is clearly visible in all
gravity and bathymetric data (Figures 5a and 10). Some of the smaller southern banks (Terror Rise, Pirie,
and Jane Banks) have a less pronounced signature (Figures 5a and 10), likely due to their extended continen-
tal nature. The various sedimentary basins in between the Terror Rise, Pirie Bank, and Bruce Bank have also
a distinct signature in the Bouguer gravity field (Figure 10a), aiding in the interpretation of these
microcontinents.

The Terror Rise COB interpreted on the selected profile lies at ca. 100 km landward frommagnetic anomaly
C8 (Figure 10e). On the South American side, this distance is around 20 km. The magnetic anomalies along
the South Orkney Microcontinent‐Antarctica profiles have very low amplitude variations, which may show
either high sediment thickness or possibly the presence of lower magnetic crust, like serpentinized exhumed
mantle. Nonetheless, we interpret a distance of roughly 90 km between the Antarctic COB and the C8 anom-
aly and 30 km between the C10 anomaly and the South Orkney Microcontinent COB (Figure 10e).

Profiles crossing themargins of both the South American‐Terror Rise and the South OrkneyMicrocontinent‐
Antarctica conjugates show a distinct difference between the two margin sets (Figure 10d). The South
Americanmargin has a clear and distinct shelf break and transition into the oceanic domain, primarily obser-
vable in the Bouguer gravity anomalies. Amplitudes of the geophysical data aremuch less pronounced on the
Terror Rise, but as the profile crosses the entire Terror Rise, its extent is clear (Figure 10e).

Based on seismic reflection data, Coren et al. (1997) interpreted transitional crust on the two conjugate mar-
gins of the Powel basin which is about 60 km wide on the Antarctic side and approximately 20 km wide on
the side of the South Orkney Microcontinent. The profiles crossing the margins of Antarctica and the South
Orkney Microcontinent have much a smoother signature and the aforementioned COTs cannot be recog-
nized (Figure 10e). The margin of the South Orkney Microcontinent appears to be slightly steeper, matching
the potential asymmetry postulated above.

Seismic refraction data indicate that crustal thickness of the South Orkney Microcontinent is around
22–25 km (King & Barker, 1988). While we did not find any refraction experiments that cross the Terror
Rise in the literature, we did find refraction data on its southeastern conjugate, the Pirie Bank, which has
a crustal thickness of ~18 km (King & Barker, 1988). The crustal thickness beneath the Discovery bank is
in the range of 23–28 km (Vuan et al., 2005) as inferred from surface wave tomography. Swave velocity mod-
els indicate aMoho depth of between 17 and 20 km below the South Scotia Ridge (Vuan et al., 1999). As these
data are all roughly within the same range and the Terror Rise appears to be formed by extended continental
crust, we assign a continental crustal thickness for this block of 17 km. Crustal thickness below thus the
North Scotia Ridge is, between 16 and 19 km according to S wave velocity models (Vuan et al., 1999).

Using our tentative interpretations for the extent of themicrocontinents in the Scotia Sea region, we find that
they constitute a total area of ~2.82 × 105 km2. Using published crustal thickness data, we ascertain a total
crustal volume of microcontinents in the Scotia Sea region of ~5.57 × 106 km3. An overview of the areas,
thicknesses, and volumes of Scotia Sea microcontinents is presented in Table 1.

Seismic tomography profile across the Scotia Sea shows a thin fast anomaly extending from the surface to
410 km where it becomes wider and almost subvertical up to the 660 km discontinuity (Figure 10d). The fast
anomaly seems to continue with a horizontal, wider anomaly along and below the 660 km discontinuity.
Other tomographic models show either a very weak vertical fast anomaly or one that lies flat on the
660 km discontinuity (Figure S5). We interpret this fast anomaly as the subducting South American oceanic
lithosphere. Faster anomalies are observed in the lower mantle, but if they are slabs, they may be connected
with older episodes of subduction (Figure 10d).

3.5. Microcontinents in the Gulf of California

Originally attached to the North‐American plate, the Baja California started to detach following breakup
occurred in the Gulf of California (Stock & Hodges, 1989). As it is not completely separated from the
North American continent (Figure 6), Baja California can be considered a proto‐microcontinent.
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Separated from the Mexican mainland by the Gulf of California, Baja California is around 200 km long and
its length (up to the northernmost part of Gulf of California) is approximately 1,000 km. To the west, it is
bounded by the Guadalupe and Magdalena oceanic microplates, which are thought to be remnants of the
Farallon plate. The continental nature of the Baja California is indicated by seismic refraction experiments
and receiver function analysis (Lizarralde et al., 2007; Persaud et al., 2007).

A full set of continent ocean boundaries or transition zone location is lacking, but Sutherland et al. (2012) did
interpret a COT on a seismic reflection/refraction line across the southern part of the Gulf of Mexico. Based
on their interpretation, conjugate COT widths differ by about 5 km, with a 14 km wide COT on the Baja
California side and a 19 km wide COT for the conjugate North‐American margin (Figure 11e). Using the

Figure 11. Geophysical data and models for the Gulf of California region. Legend as in Figure 6. The white line in panels (a) and (b) represents the profile along
which the tomographic section is extracted. (a) Bouguer Gravity Anomalies. (b) Free‐air Gravity Anomalies. (c) Magnetic anomalies, first spreading
anomalies based on Ness et al. (1991). (d) Seismic tomography section from UU‐P07 crossing the South China Sea region. (e) Section of geophysical data extracted
along profile i. See Figure 6 and 11a–11c for location (black thin lines).
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selected geophysical data in this study, we tentatively identify the extent of the Baja California
proto‐microcontinent (Figures 6a and 11). The western boundary is delineated by the paleo
plate‐boundary of the subduction zone. Although Baja California is still attached to the North‐American
continent, we interpret a northern boundary around 27.5° north which coincides with changes in the
Bouguer gravity anomalies signature (Figure 11a), changes in the crustal thickness (Figure 11b), and with
the northern extent of >250 mGal Bouguer gravity anomaly in the Gulf of California basin (Figure 11a).

Along the extracted profile (Figure 11e, profile i), we identify a region of roughly 50 km between the inter-
preted COB of Baja California and the C2Ar magnetic anomaly that could be related to oceanic spreading.
On the conjugate North American side, this region is around 10 km wide (Figure 11e). Crustal thickness
of the Baja California block is variable, with a 29–34 km thick crust beneath the western side of the penin-
sula, and a thinner 24–27 km thick crust underneath the eastern side (López‐Pineda et al., 2007; Persaud
et al., 2007). Crustal thickness in the conjugate North‐American plate is also variable, with a thickness of
18 km in the south to 32 km in the north (López‐Pineda et al., 2007).

Using the identified extent of the Baja California proto‐microcontinent, we find a total area of
~1.7 × 105 km2. A crustal volume for the Baja California proto‐microcontinent of ~3.1 × 106 km3 is calculated
using crustal thickness from Crust1.0 from Laske et al. (2012).

A rather diffuse fast anomaly can be observed in the upper mantle below the Gulf of California between 410
and 660 km depth (Figures 11d and S6), and probably unlikely to be the Farallon slab. A larger, almost ver-
tical fast anomaly is observed in the lower mantle, below 1,000 km. Previous tomographic studies suggest the
Farallon plate traveled a longer distance to the east and is now located in the lower mantle (van der Meer
et al., 2010).

The interaction of the subducting Farallon‐Pacific active mid‐ocean ridge and the continental North
America led to the fragmentation of the Farallon plate in two smaller plates, the Magdalena and
Guadalupe microplates, and the formation of a slab window. Recent studies based on denser seismological
data were able to image these subducted microplates and the slab window in the upper mantle below the
Gulf of California (Paulssen & de Vos, 2017). A high‐velocity anomaly of 40 to 60 km thickness situated at
depths of 115 to 135 km has been imaged below southern and central Baja California; this anomaly does
not continue to the north implying the presence of a slab window. Paulssen and de Vos (2017) suggest that
the subducted slab remnants cause coupling between Baja California and Pacific which influence the slow
detachment of the proto‐microcontinent.

Figure 12. Overview of the extent various microcontinents and continental fragments associated with subduction
systems discussed in this paper as well as the area and volume. The black area represents cratonic continental crust
and is neglected in the calculations. See the text for details on area and volumetric calculations.
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4. Observed Patterns in Microcontinent Formation in Subduction Systems

In this paper we have identified and described various microcontinents that formed in (association with)
subduction systems worldwide (Figure 12) where extension in the upper or lower plate is linked to the
dynamics of subducted slabs and surrounding mantle. Guided by our chosen examples and previously pro-
posed mechanisms for microcontinent formation in extensional settings, our goal is to identify possible links
between the structure of preserved microcontinents, of surrounding oceanic basins, and identified sub-
ducted slabs. These causal links may give clues of how active continental margins were affected by subduc-
tion in geological time.

4.1. Potential Microcontinent Formation Mechanisms

Mechanisms that explain microcontinent formation can be roughly divided into two categories. The first
category proposes that plate boundary relocations (ridge jumps) assisted by mantle heterogeneities can lead
to microcontinent formation (Abera et al., 2016; Müller et al., 2001). A second category emphasizes the role
of inherited tectonic structures and the need for a strike‐slip motion, or a rotational component in the
breakup processes resulting in the isolation of a small fragment of continental crust (Molnar et al., 2018;
Nemčok et al., 2016; Péron‐Pinvidic & Manatschal, 2010; van den Broek et al., 2020). The microcontinents
described in this paper appear to have mainly formed via mechanisms of the second category.
4.1.1. Rotational Kinematics and Inherited Structures
All basins that separate microcontinents from their parent continents experienced a diachronous breakup
and propagating mid‐ocean ridges. This was caused by either rotational development of the system, such
as in the Mediterranean Sea, or by oblique plate motions, such as those present in the Gulf of California.
Furthermore, most of the microcontinents described here have formed in a back‐arc setting with a retreating
slab. The notable exception to this are the microcontinents in the South China Sea where the South China
Sea basin was in a lower plate position with respect to the trench (Figure 3) (Hall & Breitfeld, 2017). Coral
Sea opening could also have been triggered by a northward subducted slab, but this scenario is still debated
(i.e., Whattam et al., 2008).

Another aspect that all subduction‐associated microcontinents have in common is a long and complex tec-
tonic history. The preextensional tectonic settings of all examples discussed above, except the Scotia Sea, are
characterized by long‐lived accretionary margins. Such margins tend to display crustal growth during their
lifetime, usually resulting from the accretion of allochtonous terranes to the overriding plate (Cawood
et al., 2009; Stern & Scholl, 2010; Tetreault & Buiter, 2012). The accretion or subduction of such terranes
is dependent on the rheological and geometrical structure of the incoming terrane (Tetreault &
Buiter, 2012), however any accreted fragments likely result in the formation of lithospheric scale inherited
structures as they are transferred from the lower to the upper plate.

Recent analogue and numerical work indicates that this combination of rotational kinematics with inherited
structures is a requirement for continental rifting and microcontinent formation (Molnar et al., 2018; van
den Broek et al., 2020). The differential motion applied to different segments of the crust induces differential
stress, which then localizes in an inherited weak zone. Formation of the Corsica‐Sardinia block is likely to be
the result of this kind of mechanism (van den Broek et al., 2020).
4.1.2. Hot, Thick Crust and Oblique Rifting
In addition to inherited tectonic structures, the initial thermal configuration of the crust can also play an
important role in the evolution of rifting. The increasing temperatures result in decreased crust‐mantle cou-
pling, profoundly influencing margin evolution (Brune et al., 2017). However, as different initial configura-
tions can yield similar results, it is difficult to draw any conclusions about the preextension configuration
based on the final rift architecture (Brune et al., 2017).

Both the South China Sea and the Gulf of California where characterized by long‐lived accretionary margins
that likely resulted in a hot and thick crust in the preextensional overriding plate. Both regions also experi-
enced rifting over large areas before strain localization resulted in continental breakup and oceanic basin
formation. Finally, both regions show a distinct slow velocity anomaly in the upper mantle (Figures 8 and
11). A similar situation might have occurred in the Coral Sea, but we lack data to make any further
inferences.
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Formation of (proto‐)microcontinents in the South China Sea and the Gulf of California suggest that hot and
thick convergent margins that have a heterogeneous architecture are prime locations for microcontinent for-
mation in a subduction setting. While the exact mechanism responsible for formation of themicrocontinents
in the South China Sea remains enigmatic at this time, the Gulf of California provides some more clues.

In the Gulf of California, continental breakup occurred after detachment of an oceanic slab, possibly formed
by the fragmentation of the Farallon slab. However, as evidenced by the Mexican Basin and Range province,
the North‐American upper plate was already experiencing (back‐arc) extension prior to the oceanic slab
breakoff (Ferrari et al., 2018). As the subducting slab was very young, it may have subducted with a shallow
dip. This shallow slab dip likely inhibited the formation of a back‐arc basin that requires steeper slabs with a
dip greater than 50° (Lallemand et al., 2005).

Present‐day spreading in the Gulf of California is also highly oblique (Figures 6 and 11), likely related to the
highly diachronous subduction of the oceanic plate. Furthermore, results from numerical modeling indicate
that oblique rifting is energetically favorable to continental breakup (Brune et al., 2012). We thus speculate
that the oceanic slab breakoff may have altered the stress state of the upper plate enhancing the breakup
started by the highly oblique propagation of the mid‐ocean ridge into North American continent.
4.1.3. Continental Crust Fragmentation
We are missing a clear mechanism explaining the formation of microcontinents in the Coral and Scotia Sea
regions. Both regions show some interesting similarities: (1) a high number of smaller scattered continental
blocks (Table S1/Figure 7), and (2) a location at the junction between large tectonic plates.

The Scotia Sea region is sandwiched between the South American and Antarctic plates whereas the Coral
Sea was close to the interaction of the Australian, Pacific, and Eurasian plates (Figures 2 and 5). Such large
plates are strong and long lived. Modeling of global mantle convection suggests that their size is controlled
by large‐scale mantle flow patterns and their lifespan is related to the reorganization of mantle flow (Mallard
et al., 2016). These authors suggest that the fragmentation in smaller plates is driven by subduction geometry
(Mallard et al., 2016). Indeed, the cessation of spreading in the Coral Sea has previously been related to
changes in absolute plate motion vectors (Schellart et al., 2006). We thus speculate that the episodes of crust
fragmentation and the formation of microcontinents in the Scotia and Coral sea regions are likely related to
(larger) changes in the subduction system at the junction of large tectonic plates.

Microcontinents and continental fragment formed in active margin settings may also have played an impor-
tant role in the tectonic evolution of the margins studied here. Observations on geophysical data collected
from the eastern segment of the South Scotia Ridge suggests that, due to its weaker nature, continental crust
localizes deformation (Galindo‐Zaldıv́ar et al., 2002). Dynamic subduction systems induce rapid changes in
the stress field. The deformation of continental material would then accommodate these changes, showing
the importance of microcontinents or continental fragments in subduction systems and shaping the active
margins.

4.2. Rapid Microcontinent Formation

The duration of rifting/seafloor spreading connected to various microcontinents in subduction settings may
also indicate a link to the subduction dynamics. Rifting between Eurasia and the Corsica‐Sardinia block
lasted only 9 Myr and seafloor spreading lasted around 8 Myr (Gattacceca et al., 2007; Jolivet &
Faccenna, 2000). In the Scotia Sea, rifting in between the Discovery and Pirie banks and between the Pirie
Bank and Terror Rise lasted 20 Myr altogether (Eagles & Jokat, 2014) (Table 1).

On the other hand, rifting in the Coral Sea region is thought to have taken 50 Myr (Bulois et al., 2018),
whereas rifting in the South China Sea region took around 30 Myr (Franke et al., 2014). Seafloor spreading
in these regions lasted 8 and 18 Myr, respectively (Table S1). The Gulf of California experienced a 28 Myr
long rifting episode preceding breakup (Ferrari et al., 2018) (Table S1).

From these comparisons it follows that microcontinents formed in the short‐lived rift and drift systems tend
to be surrounded by, or are in proximity of, larger continental masses. They are, in a sense, formed in a more
confined setting. Longer lived microcontinent formation tends to occur in (relatively) unconfined systems
which are bounded on one side by (large) subducting oceanic plates (e.g., the South China Sea and the
Coral Sea).
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The formation of microcontinents in unconfined subduction systems might have longer rifting episodes as
changes in subduction dynamics might be more easily accommodated in the neighboring oceanic domain
without affecting too much the of the continental margins. Conversely, microcontinent formation in a con-
fined system has shorter rift and spreading episodes. The proximity of such (large volumes of) buoyant con-
tinental material could result in limited space, which combined with dynamically changing subduction
forces, induce rapid continental rifting, and microcontinent formation.

All microcontinents presented in this study formed during Cenozoic time and, to our knowledge, no
Mesozoic or older subduction associated microcontinents are preserved in situ. This suggests that microcon-
tinents formed in subduction settings have a relatively short life span. It seems likely that this is due to the
fact that these microcontinents can be easily incorporated into orogenic and accretionary systems during
subsequent basin closure. As such it follows that many subduction associated microcontinents are to be
found in the geological record although subsequent deformation and metamorphismmight complicate their
recognition as such.

This observation of rapid formation and short lifespans is in agreement with recent work described by
Mallard et al. (2016). These authors suggest that small plates can rapidly adjust to changes in subduction sys-
tems and that they form in tens of millions of years. Note that their 3‐D modeling of mantle convection
results in tectonic‐plate like upper lid configuration and plate boundary dynamics, but no continental
domains. However, numerical modeling and our observations may suggest that events of microcontinent
formation in subduction settings can be potentially used as a proxy for identifying episodes of dynamic
changes in subduction systems.

4.3. A Relation Between Microcontinent Formation Time and COT Width?

Regions of transitional or unconstrained crustal nature between the identified COB and the first magnetic
anomaly associated with seafloor spreading vary between 10 (Gulf of Californiamargin) and 150 km (margin
of the Gulf of Lyon), but averaging around 50–75 km (Figures 7–11, S1, Table S1). The existence of transi-
tional crust along these margins as well as the absence of clear syn‐breakup volcanic eruptions and
Seward Dipping Reflectors (SDRs) suggests that all discussed microcontinents probably formed in a
magma‐poor rifted margin setting.

The widest of these interpreted areas of transitional crust are located along the Terror Rise margin in the
Scotia Sea region (100 km wide) and along the margin of the Gulf of Lyon in the central Mediterranean
(150 km wide). Widths of this transitional crust in the more unconfined regions are generally around
50–75 km (Table S1). Microcontinents formed in the confined settings thus have wider zones of transitional
crust when compared with microcontinents formed in unconfined settings. The wider regions of transitional
crust in the confined settings might be the result of a low magma supply as also observed in passive margins
studies (i.e., Buck, 2004), which in the cases analyzed here is pointing to a stalled or very slow subduction
regime.

5. Microcontinents and Global Continental Crust Evolution

Throughout geological history microcontinents and continental ribbons played a crucial role in transferring
continental crust across oceans and contributing to large continental mass formation. For example,
Oaxaquia was a Proterozoic microcontinent that accreted to North America during the late Paleozoic
(Ortega‐Gutierrez et al., 1995). A myriad of “continental ribbons” originated from northern Gondwana
and accreted to Eurasia during closure of the Paleo‐ and Neo‐Tethys, forming the Variscan and Alpine colli-
sional orogens (von Raumer et al., 2003). From present‐day area extent of known continental crust area, ca.
14% represent old cratonic area (according to the World Geological Map published by Bouysse, 2014)
(Table 1, Figure S11). The remaining crust was formed in oceanic domains as island arcs and
microcontinents.

The microcontinents discussed in this paper are situated offshore and are (partially) submerged, therefore
they can be easily neglected when assessing the global volume of continental crust. A first order quantifica-
tion of the area and volume of these tectonic blocks shows that an area of 9.19 × 105 km2 and a total crustal
volume of 1.64 × 107 km3 (see Table 1 for details) have formed due to subduction‐related continental
breakup. This is about 0.56% of the global non‐cratonic continental crustal area and 0.28% of the global
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non‐cratonic continental crustal volume; values that can be higher as many other submerged, continental
pieces in SW Pacific may be considered in the subduction‐related microcontinent category.

If we add to this calculation the area and volume of in‐situ preserved microcontinents associated with pas-
sive margin formation (i.e., Gaina & Whittaker, 2020) (Table 1, Figure S11), we conclude that about 2.5% of
present‐day extent of non‐cratonic continental crust (and 1.15% of its volume) is found away from the main
continental masses. While 2.5% seems low, results from 3‐D mantle convection numerical models suggests
that fragmentation of tectonic plates may have decreased through the geological time due to Earth's cooling
(Mallard et al. 2016). This seems reasonable as the present‐day age and structure of continental crust is het-
erogeneous. We therefore conclude that the formation of microcontinents as inferred from preserved
present‐day examples may have been important in the crustal formation and redistribution process in the
deep time.

6. Conclusions

This study reviewed various in‐situ microcontinents that formed in active continental margin settings. Our
examples show that microcontinents and continental fragments affiliated with subduction settings occur
worldwide. They tend to form in regions with a complex tectonic history, are often associated with
back‐arc regions, and are frequently bordered by small marginal basins. Their total area covers ca
9.19 × 105 km2 although individual microcontinents or continental fragments are generally small
(<17 × 104 km2). The active margins from which they detach often contain inherited structures.
Reactivation of these structures appears to be a major factor in the formation of microcontinents and conti-
nental fragments.

We identify various common characteristics that may point to their potential formation mechanisms. Some
microcontinents form in a rotational kinematic setting, while others form in an obliquely rifting setting, and
both types require the presence inherited structures. Finally, formation mechanisms for the systems with
multiple microcontinents are difficult to identify, but multiple plate boundary relocations within the mar-
gins of larger continental masses may be explained by the weakness of continental crust that is preferentially
exploited when changes in plate motions and therefore stress redistribution occur.

Rifting and subsequent seafloor spreading in confined basins, located in close proximity of large continental
masses (e.g., the Mediterranean Sea), tends to be reduced when compared to back‐arc basins that form next
to larger oceanic basins (e.g., the Coral Sea). We speculate that this discrepancy stems from different
responses to changes in subduction dynamics.

Although differences in formation time exist, their formation is generally quick. Furthermore, all discussed
subduction associatedmicrocontinents and continental fragments have formed in the Cenozoic and no older
microcontinents or continental fragments associated with active margins can be found in situ today. This is
in agreement withmodeling results that suggest that small subduction systems can rapidly adjust to dynamic
changes.We thus suggest that formation of microcontinents in subduction systems can be used as a proxy for
such changes to subduction dynamics.
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