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Abstract Sheath folds recognized on kilometer scale are rare and only described in salt tectonics in
seismic data. Here, we present mega‐sheath folds spectacularly imaged in a 3‐D seismic survey in the
seismic basement flooring the hyperextended Liwan subbasin in the northern margin of the South China
Sea. The sheath folds show eye structures delimited by anastomosing discontinuities. The axial planes of the
sheath folds are subparallel to a rift‐related, extensional detachment surface separating hyperextended
seismic basement from the syn‐rift sedimentary sequence. The sheath folds as well as the anastomosing
discontinuities formed during hyperextension by ductile shearing of the forearc inherited and prestructured
metasediments. The ductile shearing eventually resulted in the metasediments derived from midcrust
unroofed at the footwall of an extension detachment fault. The discovery of mega‐sheath folds and ductile
deformation within the basement conflicts with the general assumption that hyperextended domains are in
the brittle field. The new seismic observations show the importance of forearc inherited, prestructured
anisotropic basement controlling the crustal rheology during hyperextension.

Plain Language Summary A wealth of research has established the classic crustal model with a
strong brittle upper crust and a weak ductile lower crust. The styles of deformation depend on rheological
and mechanical properties of the materials and generally exhibit brittle faulting in the upper crust and
ductile flow in the lower crust, respectively. However, remarkable changes in the crustal rheology and
mechanics can occur in strongly inherited, complex geological settings, which up to date have not been well
established. In this study, we present and discuss the occurrence of mappable sheath folds generated under
high ductile shear strain in metasediments in the basement, and we decipher the questions of when,
how, and in what conditions these structures formed. Our results demonstrate that these mega‐sheath folds
formed within a forearc inherited anisotropic basement, and the rocks are derived from midcrustal levels.
During hyperextension, they were unroofed in the footwall of a major extensional detachment. Ductile
deformation and shearing became responsible for the extreme thinning of the crust.

1. Introduction

Sheath folds are characterized by highly curvilinear hinges that progressively rotate from high angles into
parallelism with the transport direction (Carreras et al., 1977). Most sheath folds are recognized on the cen-
timeter to meter scale, while examples on the kilometer, seismic scale are rare (Fiduk & Rowan, 2012;
Lacassin & Mattauer, 1985). Kinematics and mechanisms of sheath fold formation are well documented
(e.g., Alsop & Holdsworth, 2006). The supposed deformation regimes in which sheath folds form are shear-
ing and/or constriction and flattening related to the flow of weak/ductile materials (Ez, 2000; Searle &
Alsop, 2007). Sheath folds can, however, also result from poly‐phase deformation in which case they over-
print inherited structures.

Here, we discuss the implications of megascopic folds observed in high‐resolution, 3‐D seismic sections in
metasediments belonging to the seismic basement that floors the hyperextended Liwan subbasin (i.e.,
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thinned to less than 10 km by definition of Peron‐Pinvidic et al., 2013), which is located in the distal Pearl
River Mouth basin in the northern South China Sea (SCS). The discovery of mega‐sheath folds in a distal
margin is important since it allows us to reexamine the crustal rheology and mechanisms of crustal thinning
in hyperextended domains commonly assumed to be brittle and controlled by detachment faults as demon-
strated from the archetype, hyperextended Iberia rifted margin (e.g., Nirrengarten et al., 2016).

Regional studies (e.g., Yao et al., 1994; Zhou et al., 1995, 2006) indicated that the northern SCS developed
over a fossil subduction setting associated with the Mesozoic paleo‐Pacific active margin (Li et al., 2014;
Zahirovic et al., 2014). Extension caused by slab rollback (Schlüter et al., 1996; Zhou et al., 1995) and slab
pull (Hall, 1996; Sun et al., 2006) is believed to have started during the Late Cretaceous, before the multiple
episodes of rifting resulted in lithospheric breakup and the onset of seafloor spreading in early Oligocene (Ru
& Pigott, 1986). The preexisting Mesozoic granitoids, metasediments, and compressional structures have
been interpreted to develop in a suprasubduction setting bearing a strong subduction inheritance, well docu-
mented throughout the Pearl River Mouth basin in industry wells and seismic data (Shao et al., 2007; Shi &
Li, 2012; Wu et al., 2007; Yan et al., 2014; Ye et al., 2018). According to paleogeographic reconstructions (e.g.,
Holloway, 1982; Shao et al., 2017; Zhou et al., 2006; Figure 1a), the Liwan subbasin developed above the

Figure 1. Regional setting and projection of sheath folds in the study area. (a) Bathymetric map showing the location of the study area and forearc inherited
setting on a regional scale. (b) Interpreted seismic reflection profile showing the top of the basement flooring the syn‐rift faults in the Liwan subbasin (Zhang
et al., 2019), as well as the large‐scale structural configuration of the distal margin. IODP site U1504 in the distal margin cored the basement and recovered the
mylonites (Larsen et al., 2018b). Note the segments of the top basement in the Liwan subbasin and in the drilling area of site U1504 were interpreted as
detachment faults (Sun, Sun, et al., 2019; Zhang et al., 2019). The green dashed lines mark the axial planes of D2 folds, which are related to magmatic
additions (Sun, Lin, et al., 2019). (c) Insert map showing the different vergence by projecting the enveloping lines of axial hinge zones of D1 folds in the 3‐D
seismic survey. The base map shows the depth of the top of seismic basement. Bathymetry reproduced from the GEBCO world map, http://www.geobco.net data.
Data sources: 1—Yang et al. (2018); 2— Zhou et al. (2006); 3—Holloway (1982)); 4—Li et al. (2018); 5—Sun et al. (2014); 6—Hu et al. (2015).
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Mesozoic paleo‐Pacific suture zone including Mesozoic forearc material, corresponding to a mechanically
weak basement (Li et al., 2014; Prucha, 1992). Extension resulted in hyperextended crust flooring the
Liwan subbasin (Zhang et al., 2019; Yang et al., 2018; Figures 1a and 1b); however, the mechanism of crustal
thinning is still controversial. Previous studies interpreted low‐angle detachment faults offsetting the base-
ment to accommodate the extreme crustal thinning below the Liwan subbasin (Larsen et al., 2018c; Lei
et al., 2019). Based on the new data set, this study shows evidences about the detachment fault and the archi-
tecture of the basement, which enable to address that the crustal hyperextension was probably achieved by
the combination of simple shear along this top‐basement detachment and pure shear of weak, prestructured
metasedimentary layers inherited from a forearc setting. The most prominent level, well imaged in seismic
sections, resulted from the detachment between syn‐rift sediments and seismic basement (Figure 1c; Zhang
et al., 2019).

This study aims to describe the occurrence of exceptionally well preserved and seismically imaged
mega‐sheath folds in the seismic basement flooring the Liwan subbasin, to decipher the heterogeneity of
forearc‐inherited seismic basement in which these folds developed, to explore the nature and rheology of
the basement, and to discuss the mechanism of mega‐sheath fold formation and mechanical implications
for the evolution of hyperextended rifted margins.

2. Data and Methods

This study is based on a high‐resolution depth‐migrated 3‐D seismic data set (BLK4311), which is released
for the first time, making the Liwan subbasin an ideal place to correlate structures and interfaces on a basin
scale. The seismic data set was acquired by the China National Offshore Oil Corporation (CNOOC) from
2002 to 2012. The 3‐D seismic data covers the major Liwan subbasin, with a total surface area of
1,600 km2 (Figure 1c). The volume was processed to a main frequency bandwidth of 30–45 Hz. The record
to 10 km depth provides high‐quality imaging of the structures in the basement, which cannot be observed
in the time‐migrated 2‐D seismic data. The trace interval is 12.5 m. The high‐density time‐migrated 2‐D seis-
mic profile crosses the Liwan subbasin and extends onto the first oceanic crust, which is used to constrain
the interpretation of theMoho (Figure 1b). The seismic basement is referred to herein as the seismic package
flooring the syn‐rift sequence.

Industrial wells and International Ocean Discovery Program (IODP) Sites, which penetrated seismic base-
ment, are presented in this study, together with the seismic sections passing through these wells. Site
U1501 from IODP Expedition 368 is located over the Outer Marginal High (OMH) (Figure 1a), which forms
the seaward boundary of the Liwan subbasin. The top of the basement corresponds to the most prominent
unconformity in the Pearl River Mouth basin, which is due to the juxtaposition of lithologies with contrast-
ing physical properties (Larsen et al., 2018a), also referred to as “top of seismic basement.” IODP Site U1504
cored the basement of another OMH in the more distal margin and recovered greenschist mylonites overlain
by the late Eocene syn‐rift sediments (Larsen et al., 2018b). Macrostructure andmineral analysis suggest that
the mylonites experienced mainly normal ductile shearing and is supposed to be exhumed from midcrust
during Cenozoic extension (Sun, Lin, et al., 2019). Thus, the top of seismic basement corresponds to a strati-
graphic unconformity and/or a detachment surface.

Based on the description and interpretation of new high quality, depth‐migrated seismic data, we identify
and describe fabrics and structures in the seismic basement that floors the Liwan subbasin. We have corre-
lated them in the 3‐D seismic survey in order to explore their geometrical variation. A comparison in terms
of reflectivity, velocity and structures between the basement flooring the hyperextended Liwan subbasin and
the adjacent drilled areas aims to constrain the nature of the basement in the study area. The syn‐rift
sequence boundaries used in this study have been described in previous studies (Zhang et al., 2019).

3. Results

In dip lines of the 3‐D seismic survey (Figure 2), high‐amplitude, continuous reflectors are observed in the
hyperextended basement. Only few faults observed in the syn‐rift sequence penetrate into the seismic base-
ment, which is capped by high‐amplitude reflectors interpreted to represent an extensional detachment fault
(Zhang et al., 2019). In the footwall of this fault, two sets of folds are recognized in the seismic data referred
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to as D1 and D2, respectively. D1 consists of three, kilometer‐scale mappable sheath folds, referred to as SF1,
SF2, and SF3. The axial planes of D1 folds are overprinted by a second fold generation referred to as D2 folds.

SF1 and SF2 show ocean‐ and continent‐ward vergence, respectively (Figure 2). SF1, up to 6 km thick, occurs
in the northernmost section, while SF2 can be observed over 25 km in the dip section with thickness of about

Figure 2. Depth‐migrated seismic reflection images and related interpretation showing folds and discontinuities in the
seismic basement that is separated from the overlying syn‐rift sequence by a major, rift‐related detachment fault.
(a) SF1 (D1 fold) showing seaward vergence and axial planes merging with the top‐basement detachment fault. (b) SF2
with continentward vergence superimposed by D2 and discontinuities showing anastomosing in the seismic
basement. DF—detachment fault; DC—discontinuities; SF—sheath fold; P1—Package 1. See Figure 1c for locations.
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Figure 3. Depth‐migrated strike lines and depth slices extracted from the 3‐D seismic data showing the interpretation of folds and discontinuities. (a) D1 folds
with axial planes subparallel to the detachment fault superimposed by D2. (b) Eye‐shape rings of D1 and anastomosing discontinuities in the seismic
basement. Depth slices at 6,400 m (c) and at 7,600 m (d) showing the view of the anticlines, different packages and anastomosing discontinuities. D1 folds are
highlighted in light green. ESR—eye‐shape ring; P2—Package 2. More abbreviations follow those given in Figure 2.
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2.5 km. The axial plane of SF1 merges into the top‐basement, syn‐extensional detachment fault (Figure 2a),
while the axial plane of SF2 is subparallel to slightly oblique to the detachment fault (Figure 2b). The outer
layers enveloping D1 folds are characterized by high‐amplitude reflections, which are geometrically
concordant with the layers with low‐amplitude reflection below SF1, or oblique to the layers below SF2.
Such high‐amplitude reflectors wrapping packages with characteristic geometry and reflectivity are
defined as discontinuities. In E–W strike lines, well imaged eye‐shaped rings define the noses or caps of
large D1 sheath folds (Figures 3 and 4). The axial planes of the sheath folds are subparallel to the
extensional detachment fault. The eye‐shaped rings of SF1, however, are contorted and progressively thin
toward the east and west. The hint of SF3 is visible in Figures 3b and 4 as ring structures.

It is notable that in the whole seismic basement, the discontinuities are ubiquitous, not only delimiting the
folds from the surrounding layers, but divide the basement into different packages showing a variety of
amplitude and continuity of reflections. Each package presents diagnostic fabrics, in which the layers are
either parallel or perpendicular or oblique to the associated discontinuities (Figures 2 and 3a and 3b).
Packages (e.g., P1 and P2) strikingly thinning toward the converging discontinuities present shapes similar
to sheath folds, but no eye‐shaped rings can be observed (Figure 4). There is no evidence for truncations
between intrabasement anastomosing discontinuities separating sheath folds and the major extensional
detachment capping the seismic basement.

Depth slices at 6,400 m and 7,600 m illustrate the relationship of sheath fold and discontinuities (Figures 3c
and 3d). The shallower depth slices cut through themain body of the three sheath folds. The patterns of three

Figure 4. View of five W–E directed strike lines showing the 3‐D geometry of the sheath folds (SF1, SF2, and SF3) and
the top‐basement detachment faults. (a) The locations of the seismic lines extracted from a 3‐D seismic survey.
(b) Three‐dimensional geometries of the three sheath folds and the anastomosing discontinuities delimiting the packages
in the seismic basement. The dashed purple lines mark the detachment faults separating the upper syn‐rift sequence
from the lower seismic basement. The dashed gray lines show the layering in each package, either perpendicular or
parallel or oblique to or converging toward the associated discontinuities.
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anticlines can be observed bordered by discontinuities. Hints for other anticlines can be seen in the slices;
however, they are not really traceable in the seismic profiles. This is either due to poor‐continuity, to
low‐amplitude reflection or limited scale of the structures. In the deeper slice, only the anticlines of SF1
and SF2 are present. All fabrics together with related discontinuities are highly contorted and display the
strong heterogeneity of the seismic basement. A 3‐D view shows the lateral changes in geometries of the
sheath folds and discontinuities (Figure 4), SF1 closes oceanwards, becoming smaller from section L1
toward L5. SF2 and SF3 close in the opposite direction.

These D2 folds represent coaxial upright folds (Figures 1b and 2). In the section, the axial planes of D1 and
D2 folds are subperpendicular, which also explain the classical dome and basin type interference pattern
seen in Figures 3c and 3d (Ramsay & Huber, 1987). The antiforms of D2 folds present limited and isolated
distribution. In addition, D2 folds are cored by symmetric pull‐up geometries rooting at depth. The deformed
extensional detachment caps the seismic basement as well as the overlying syn‐rift sediments (Figures 1b
and 2a). D2 folds have been interpreted to be related to the emplacement of laccolith intrusions during
hyperextension (Zhang et al., 2019).

4. Discussion
4.1. Nature of Mega‐Sheath Folds and Role of Inherited Weak Metasediments

The reflectors comprising these sheath folds and underlying packages appear as well‐layered and continuous
reflections in the seismic basement and correspond to velocities of 5.0–5.5 km/s according to correlations
with the OBS data reported by Yan et al. (2001). This indicates that they do not likely represent crystalline
quartzo‐feldspatic crust, which rarely show layered and continuous reflectivity and velocities <6.0 km/s.

Figure 5. Well‐preserved prestructured anisotropic basement and drill hole evidence for the occurrence of ductile deformation in the seismic basement outside
the Liwan subbasin. (a) Well MZ‐1‐1 and wide open anticline in the proximal margin (Li et al., 2008); (b) well‐preserved compressional folds in the seismic
basement of the Chaoshan Depression (Yan et al., 2014), together with a, showing the prestructured forearc‐inherited anisotropic basement. (c) Mylonites
comprising the seismic basement from IODP site U1504 drilled south to the Liwan subbasin in the distal margin and strong mylonitic foliation observed in the
calc‐silicate schist and around the granofel clasts (Larsen et al., 2018b); (d) the mylonites deriving from middle‐lower crust were exhumed at the footwall
of the top‐basement detachment fault (Sun, Lin, et al., 2019); however, the extent and geometry of the detachment fault is still unclear. TWTT—two‐way travel
time. K—Cretaceous; J—Jurassic; please see Figures 1a and 1b for the locations of wells and seismic sections.
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Previous studies of seismic data and numerous wells suggest that Mesozoic strata are widely distributed in
the northern SCS (e.g., Li et al., 2008; Figure 1a). Outside the Liwan subbasin, well MZ‐1‐1 in the
Chaoshan Depression penetrated into seismic basement and recovered Early Cretaceous terrestrial and
Jurassic marine clastic sequences (Shao et al., 2007; Wu et al., 2007; Li et al., 2008; Figure 5a; for location,
see Figure 1a). The velocities of Mesozoic strata calculated from multichannel seismic and determined from
well MZ‐1‐1 in the neighboring Chaoshan Depression are in the range of 3.5–5.5 (Fan et al., 2019), or
4.4–5.4 km/s (Ruan et al., 2009), that is, slightly lower than those found in the seismic basement flooring
the Liwan subbasin. At IODP Site U1504, greenschist mylonites interlayered with granofels recovered in
the seismic basement has a velocity of 5.0–6.1 km/s (Larsen et al., 2018b) and its highly oriented
gneiss‐like lineation observed in the samples is consistent with the weak to intermediate continuous
intrabasement lineation reflection in the profiles (Figures 2 and 3). These rocks may be analogs to the rocks
forming the folded basement that floors the Liwan subbasin. We therefore conjecture that the sheath folds
might be developed in metasediments.

In the section across wellMZ‐1‐1, wide and open anticlines were observed (Li et al., 2008; Figure 5a), whichwere
inferred to develop in the hanging wall of the NW‐verging subduction of the Late Mesozoic Pacific Plate by Yan
et al. (2014) during latest Jurassic to Early Cretaceous. Subduction‐related compressional folds with wavelength
of up to 20 km are also observed in metasediments in the seismic basement overlying a more than 15‐km‐thick
crystalline crust (Yan et al., 2014; Figure 5b). In the Zhu I Depression, thrust faults are preserved in the seismic
basement unconformably covered by syn‐rift sediments (Ye et al., 2018). These observations suggest that the seis-
mic basementwas already deformed prior to extension. The preextensional structures in themetasedimentsmay
have resulted in strongly anisotropic, weak layers within the basement. The presence of anastomosing disconti-
nuities in this study, reminiscent of shear zones, provides evidence for strong rheological contrastswithin thehet-
erogeneous seismic basement,which suggest that sheath fold formationmay occur simultaneouslywith shearing
and extension. The discontinuities may correspond to compositional variations and/or preexisting weak zones
and/or shear zone in connection with the extension. However, the ductile deformation is unlikely to occur at
the seafloor or just below the syn‐rift sediments as we observed now. Thus, the ductile deformation within the
hyperextended basement suggests a different mechanism from the well‐preserved compressional folds related
to the subduction. The most likely interpretation of the sheath folds is that they may have formed at midcrustal
level aswell, similar to themylonites under greenschist facies conditions at SiteU1504 (Figures 5c and 5d; Larsen
et al., 2018b). Themylonitic foliation in the schist or around the granofel clasts indicates the occurrence of ductile
deformation before being exhumed (Figure 5c).

A thermal overprint during hyperextension could not only explain the ductile deformation, but also the
higher velocities, which is the reason why these metasediments are interpreted as part of the seismic base-
ment. The relation between the thermal conditions and the creation of such ductile structures has been pro-
posed based on the mylonite samples recovered at IODP Site U1504 by Sun, Lin, et al. (2019). The
temperature of ductile deformation determined for these mylonites is in the range between 300°C and
400°C, evidenced from the extensive development of bulging recrystallization of quartz, microscopic frac-
tures, and fine granulation of albite. This result can be comparable to the thermal evolution of other hyper-
extended systems. Direct access to pre‐rift sediments from the Mesozoic Pyrenean hyperextended basins
show evidence for high temperatures in excess of 400°C (Tmax) reached during hyperextension based on
Raman Spectroscopy on carbonaceous material (Clerc et al., 2015). Vacherat et al. (2014) and Hart
et al. (2017) proposed paleothermal gradients for these basins ranging between 80°C/km and 100°C/km dur-
ing hyperextension, based on detrital zircon fission track and (U–Th–Sm)/He, and detrital zircon (U–Th)/He
thermochronology. Modeling of the thermal evolution established by Lescoutre et al. (2019) supported such
high heat flow values during hyperextension. Like the Liwan subbasin, the Pyrenean hyperextended basins
showed high sedimentation rates during hyperextension. These studies suggest that the thermal conditions
related to hyperextension can explain ductile deformation, which is compatible with the discovery of the
sheath folds in the seismic basement flooring the Liwan subbasin.

4.2. Origin and Mechanism of Sheath Fold Formation

Sheath folds can result either from monophase or polyphase shearing (Alsop et al., 2007; Rosas et al., 2002)
and can occur either in subduction (Searle & Alsop, 2007) or extensional settings (Zuber et al., 1986).
Timing and setting of sheath fold formation can therefore be related to three potential scenarios:
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(i) monophase during subduction, (ii) monophase during hyperextension, or (iii) polyphase refolding
preexisting, inherited folds.

In Scenario (i), the sheath folds are predating hyperextension and are therefore not expected, as observed, to
be synchronous and kinematically linked to the fault contact, which separate the folded seismic basement
from the overlying syn‐rift sediments. A subduction‐related origin is also unlikely because all observed con-
tractional deformation structures observed in the surrounds of the Liwan subbasin do not show evidence for
sheath folds, as expected for forearc settings (see Figure 5a). In Scenario (ii), the geometry of sheath folds
depends on the relative orientation of preexisting anisotropies with regard to the flow eigenvectors, strain
magnitude, and the vorticity of the flow (Reber et al., 2012). Folds can only form if anisotropic layers (reflec-
tions) that were before folding within the shortening field of the stain ellipsoid; that is, they could not be sub-
horizontal. That is to say, the occurrence of a preextensional, anisotropic basement is required. Thus, the
most plausible scenario is that sheath fold formation is controlled by inherited structures in a weak and
strongly anisotropic basement favoring Scenario (iii).

Figure 6. Conceptual model showing the origin of sheath folds and the role of inheritance on the midcrustal exhumation underneath the Liwan subbasin.
(a) A conceptual section during the pre‐rift stage through the paleo‐Pacific active margin and location of the future Liwan subbasin. A weak, prestructured
anisotropic basement was formed during the subduction. (b) A section showing the extensional deformation as well as the ductility of the prestructured basement
during the early rifting stage. (c) Schematic section across the present Liwan subbasin showing the metasediments and ductile deformation deriving from the
midcrust levels were exhumed along the top‐basement simple shear detachment fault, as the stronger and more brittle portions of the shallow crust
were offset and removed. Combination of a pure shear and simple shear regime may account for the extreme thinning of the crust. Such exhumation of the
midcrust has been attested by the drilling result of IODP site U1504 in the more distal margin. The purple squares of Liwan area have the same surface and the
ellipsoids are in the same relation.
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Furthermore, the anastomosing discontinuities separating the strongly anisotropic packages may represent
inherited structures within the weak metasediments that were sheared. The discontinuities may correspond
to decoupling levels/shear surfaces wrapping the low‐strain area composed of metasediments with different
competency and/or rheology contrast. Their formation was simultaneous with the shearing. The ductile
deformed rocks recovered at Site U1504 were exhumed to the seafloor along a crustal‐scale detachment fault
(Figure 5c; Sun, Lin, et al., 2019). We therefore assume that the sheath folds forming at a similar midcrustal
level were unroofed. Even though the presheath fold architecture is difficult to define, kinematics and style
of sheath folds indicate that these structures formed in a pure‐shear dominated regime, in which the mate-
rial in themidcrust ductile field has the tendency to deform (distributed, flattening, and flow), however, con-
fined at its top by a large, simple‐shear fault during hyperextension (Figure 6c).

4.3. Rheology

The geometrical relationships between anastomosing decoupling levels, the mega‐sheath folds and the
extensional detachment fault on one hand and faults in the syn‐rift sediments soling out in the detachment
surface on the other hand suggest that these structures formed in the same overall phase of deformation. The
lack of crustal‐scale normal faults offsetting the top basement and the observation that the
basement‐sediment contact are sealed by early syn‐rift sediments (Zhang et al., 2019; Figures 2, 3, and 4)
show that these structures had to form during thinning and kept ongoing during hyperextension. In detail,
the strain distribution was complex. While weak and prestructured metasedimentary layers were inherited
in a forearc setting (Figure 6a), they are deformed predominantly by constriction/flattening as the material
flow occurred during the early rifting stage (Figure 6b), the stronger and more brittle layers may have been
offset during hyperextension along top‐basement simple shear detachment faults (Figure 6c). As a conse-
quence, the ductile midcrust was exhumed to this shallow level. These conditions can not only account
for the formation of mega‐sheath folds but also enable to make assumptions about the bulk rheology of
the extending crust during hyperextension, which can be best explained as semiductile.

The source of heat that made sheath fold formation and the mylonitization below the detachment remains
unconstraint. If slab rollback is considered to represent the onset of extension, the rollback is expected to be
accompanied by a heat pulse related to inflowing hot material. Maybe it could have provided a heat source
since the onset of the extension to account for the ductility during D1, and that may have continued into the
phase of hyperextension, that is, laccolith intrusion of D2 folds. Thus, we interpret the mega‐sheath folds to
represent highly strained, attenuated ductile metasediments that deformed in a semiductile regime during
hyperextension. The model of ductile deformation of metasediments established from the seismic basement
flooring the hyperextended Liwan subbasin can probably extend further outboard, in particular, at the dril-
ling area of IODP Sites U1504. This is supported by the occurrence of well‐layered reflectors in the seismic
basement and the lack of crustal‐scale normal faults affecting highly thinned crust outboard the Liwan sub-
basin (Figure 1b).

In contrast to most rifted margins, where the hyperextension involves faulted blocks and brittle detachment
faults (e.g., Boillot et al., 1980; Froitzheim & Manatschal, 1996; Peron‐Pinvidic et al., 2013), the Liwan sub-
basin in the northern SCS shows a ductile rather than a brittle rheology of the hyperextended crust.
Examples related to the exhumation of the middle‐lower continental crust have been documented by
Vissers et al. (1997), Jammes et al. (2009), and Clerc and Lagabrielle (2014) from the hyperextended domain
in the North Pyrenean Zone in SW France. Manatschal et al. (2014) discussed the importance of composi-
tional inheritance for the rheology of the extending crust. Using the example of the Liwan subbasin, we show
that the occurrence of metasediments within the seismic basement can form locally very weak areas that can
control the extensional processes and local architecture of rifted margins.

5. Conclusions

Sheath folds have been reported mainly from the outcrop to suboutcrop scale, in few examples also from the
kilometer‐seismic scale and referred to noncoaxial shear systems forming in the ductile field. In this study,
crustal scale mega‐sheath folds were mapped on 3‐D seismic lines in the hyperextended Liwan seismic base-
ment. The observation of mega‐sheath folds provides constraints for the bulk rheology of the extending crust
and enables to propose new mechanisms for the formation of hyperextended crust in strongly inherited
metasediment bearing forearc settings. The sheath folds may be caused by shearing and decoupling in
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weak, anisotropic inherited and prestructured metasediments. In this study, we show that metasedimentary
units deriving from midcrustal levels of a former forearc were exhumed at the footwall of an extensional
detachment fault. Shearing of the deeper, ductile crust together with the remove of brittle upper portions
in the crust may account for the majority of crustal‐scale thinning simultaneous to sedimentation. The
occurrence of extremely weak and resultant ductile metasediments in the crust may explain the absence
of normal faults penetrating the crust during hyperextension and the absence of tilted blocks as observed
in the hyperextended crust flooring the Liwan subbasin in the northern margin of the SCS.
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