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ARTICLE

Microstructures documenting Cenozoic extension processes in the northern
continental margin of the South China Sea
Liheng Suna,b, Zhen Suna, Xiaolong Huangc, Yingde Jiangc and Joann Miriam Stockd

aCAS Key Laboratory of Ocean and Marginal Sea Geology, South China Sea Institute of Oceanology, Chinese Academy of Sciences,
Guangzhou, China; bCollege of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing, China; cState Key
Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, China; dDivision of
Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA, USA

ABSTRACT
In order to investigate the thinning process of the northern continental margin of the South China
Sea, petrographic and microstructural analysis were carried out on 20 greenschistfacies mylonite
samples, which were obtained from Site U1504 of IODP Expedition 367/368 in the Outer Margin High
of the region. The mineral assemblage of the greenschist-facies mylonite is chlorite + epidotite +
albite (Ab = 94.7–99.9) + quartz, which contains 10-30% gravel components. Microstructural analysis
indicates that the greenschist-facies mylonite experienced two episodes of deformation: early ductile
deformation followed by a later stage of brittle deformatio. Both episodes of deformation suggest an
extensional environment. The extensive development of bulging recrystallization (BLG) of quartz,
microscopic fractures and fine granulation of albite suggest that the temperature of ductile deforma-
tion is about 300-400°C, compatiable with a ductile shearing at shallow crust levels (~5-10 km).
Petrographic features suggest that the greenschist-facies mylonite might originate from volcanic
sedimentary rocks or sedimentary rocks affected by the intrusion of mafic magma. Combined with
seismic interpretation, we propose that the greenschist-facies mylonite might be formed by crustal
exhumation after thick Mesozoic sediments were denuded by a major extension.
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1. Introduction

The South China Sea (SCS) is one of the largest marginal
seas in the western Pacific. Onland and offshore out-
crops suggested that the SCS region has suffered over-
lapping effects from Pacific subduction and Tethys
tectonic regime during Paleozoic to Mesozoic (Zhou
and Li 2000; Li et al. 2012b). The Cenozoic rifting and
spreading occurred at an oblique angle to the Mesozoic
subduction system (Li et al. 2018). Thus, although clas-
sified as a passive continental margin in nature (Taylor
and Hayes 1983), the northern continental margin of
the SCS is different from the Iberian and Newfoundland
margins (Sutra and Manatschal 2012; Sutra et al. 2013)
in many aspects, such as the inherited basement pet-
rological composition, more rapid transition from con-
tinental rifting to seafloor spreading (Larsen et al.,
2018), and the newly developed mainly landward-
dipping fault systems.

In order to reveal the thinning process of the SCS,
IODP Expeditions 367, 368 and 368X drilled seven sites
from the Continent-Ocean Transition (COT) zone to the
early ocean of the SCS in 2017 and 2018 (Sun et al.

2018; Childress et al., 2019). Altered basalt was recov-
ered at U1502, within the region that was conjectured
to be the COT (Sun et al. 2016). Larsen et al. (2018)
concluded that the SCS is different from the Iberia and
Newfoundland margins, because the rifting to early
break-up stage of the SCS should have involved more
magma. For the first time, scientists encountered mafic
greenschist facies mylonite in the basement of the
Outer Margin High (OMH). Above the mylonite, early
syn-rift and pre-rift strata (comprising sandstone with
gravels at site U1501) are missing; instead, late Eocene
and younger sediments are directly in contact with the
basement metamorphic rocks (Sun et al. 2018).

The northern continental margin of the South China
Sea has completely retained the products of the passive
continental margin in the process of extension, thin-
ning and rupture, making it an ideal place to study the
formation and evolution of passive continental margins
(Zhou 2018). Due to technical limitations, the previous
studies on the tectonic characteristics of the northern
continental margin of the South China Sea were mainly
conducted by geophysical methods (Sun et al. 2016,
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2018). However, the acquisition of greenschist facies
mylonite in the COT provides a new data set to con-
strain the tectonic movement of the northern continen-
tal margin of the South China Sea. Located in the COT
of the northern continental margin, the greenschist
facies mylonite may preserve important information
about Cenozoic rifting and thinning processes, or even
Mesozoic subduction history. In this paper, petrogra-
phy, mineral chemistry and microstructure analysis on
greenschist facies mylonite were carried out to extract
this informatioCombined with seismic profile interpre-
tation, we also discuss the tectonic processes in
the SCS.

2. Geological setting

The northern SCS margin is bounded by the Manila
subduction zone to the east, the central and the north-
west sub sea basin to the south, and the Indosinian
block to the west (Figure 2).

In the Mesozoic, the northern margin of the SCS lay
above the subducting Izanagi plate; the region then
transitioned into a passive continental margin from
late Cretaceous to early Eocene time (Li et al. 2012a;
Yao 1996; Zhang 2012; Seton et al. 2015). In Cenozoic
time, the northern margin of the SCS experienced
intense crustal thinning, which then developed into
an ocean after late Oligocene time. Through multiple
stages of extension, a large number of highly extended

rifted basins controlled by detachment faults developed
(Ren et al. 2015, Sun et al. 2016, 2018).

Site U1504 is located in the southeast of the Pearl
River Mouth basin, where there are several basement
highs trending NE (Figure 1(c)) collectively named the
Outer Margin High (OMH) (Sun et al. 2016). U1504 sits
at the shoulder of one basement high on the OMH (Sun
et al. 2018). The evolution of the Pearl River Mouth
basin, where the greenschist mylonite is located, can
be summarized into four main stages: (1) The active
marginal stage in the late Mesozoic (middle Jurassic –
late Cretaceous time) characterized by low-angle sub-
duction of the Izanagi/Pacific plate; (2) the rifting stage,
from late Cretaceous to Eocene time, featured by
a series of NE-oriented rift basins; (3) the seafloor
spreading stage from Oligocene to middle Miocene
time; (4) a post-spreading subduction stage after the
middle Miocene, in which the SCS basin began to nar-
row due to subduction of the SCS crust at the Manila
trench (Luan and Zhang 2009; Wang 2012).

3. Samples and methods

3.1. Samples

In U1504, there are two holes, U1504A and U1504B
(Figure 2). The distance between the two holes is
around 200 m. From top to bottom, both holes
U1504A and U1504B can be divided into three parts,
with the top and middle parts composed of abyssal and

Figure 1. Bathymetric map of the South China Sea (a) and site location (c). The insert figure in the lower right corner (b) is the
geotectonic background map. The yellow pentagram is site location for U1504. Abbreviations of tectonic units in the study area:
COT – Continent-Ocean transition zone; SCS – South China Sea; OMH-Outer Margin High.
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hemipelagic sediments. The lowest part is basic meta-
morphic rocks, including greenschist facies mylonite
and calc-silicate schist. Late Eocene and younger sedi-
ments directly overlie the metamorphic rock. The sam-
ples of this study were collected from the lower part of
Site U1504. Metamorphic rocks are found in U1504A at
136.4–163.7 m, and in U1504B at 117.4–196.3 m.
Metamorphic rocks of U1504A are mainly greenschist
facies mylonite (Figure 3): the upper part of the meta-
morphic rocks of U1504B are dominated by chloritic
breccia and greenschist facies mylonite with clasts,

and the lower part is dominated by greenschist facies
mylonite (Figure 4).

3.2 Methods

3.2.1. Petrography and microstructure analysis
The preliminary preparation for the samples was com-
pleted in the Key Laboratory of Ocean and Marginal Sea
Geology, South China Sea Institute of Oceanology, includ-
ing numbering, cleaning, drying and identificatioThe
oriented thin sections were prepared by Guangzhou

Figure 2. Lithostratigraphic summary of the metamorphic rocks in Hole A (a) and Hole B (b, c) of Site U1504. Metamorphic rocks of
U1504A is mainly greenschist facies mylonite. The upper part of the metamorphic rocks of U1504B is dominated by chloritic breccia
and greenschist facies mylonite with clast, and the lower part is dominated by greenschist facies mylonite. The red arrows mean
locations of samples analysed.
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Tuoyan Testing technology co. LTD. The identification of
thin sections, in the Polarizing Microscope Laboratory,
Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences, included microstructure and mineral compo-
sition analysis. Thin sections were cut along vertical folia-
tion and parallel to lineation, on which top direction was
marked.

3.2.2. Seismic profile

Seismic profiles across U1504 were collected by CNOOC
in 2015 using a 6 km streamer (480 channels) and
moderately-sized, tuned, airgun arrays (4100 cu. in.).
Sample intervals are 1 ms, and broad recording band-
width (open low-cut and up to 400 Hz high-cut filters) is
utilized. The primary processing flow emphasized multi-
ple attenuation and pre-stack time migratioThe CDP
interval is 6.25 m. Sequences were marked according
to the microfossil identification of Expeditions 367/368
(Sun et al. 2018) and correlation with neighbouring
lines.

3.2.3. Mineral chemistry analysing

Mineral compositions analyses were carried out using
a JEOL JXA-8100 electron microprobe (EPMA) at the
State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences, with the operating conditions of 15 kV accel-
erated voltage, 20 nA beam current, 1 μｍ beam size, and
a ZAF correction procedure for data reduction. The analy-
tical errors are less than 0.45%.

4. Petrography

4.1. U1504A

Greenschist facies mylonite in U1504A (Figure 3) is mainly
composed of chlorite (SiO2 = 26.99‒28.16 wt%;
MgO = 14.17‒15.35 wt%; FeO = 25.97‒28.38 wt%), epidote
(SiO2 = 36.57‒41.73 wt%; CaO = 19.42‒23.28 wt%;
FeO = 5.12‒15.43 wt%), albite (Ab = 94.7–99.9), quartz
and other minerals, including a small amount of pyroxene
(Supplementary Table 5). Albite and quartz are mostly in
veins or gravels. The veins mainly exist in clasts in the
gravels and occasionally extend into thematrix. The sample
contains 10‒15%angular to rounded clasts as large as 6 cm.
Small clasts are usually rotated into alignment with the
foliation, while large clasts show no preferred
orientatioThe clasts have generally isotropic textures with
only a weakly developed foliatioThe clasts are mainly felsic
or mafic igneous rocks, which preserve a lot of minerals of
the protolith, which will aid in the discrimination of their

protolith compositioThe mafic igneous gravels have
a mineral assemblage of albite + pyroxene. The felsic grav-
els have a mineral assemblage of albite + quartz. Most
quartz crystals exhibit the features of dynamic recrystalliza-
tion, while some albite crystals show sodium zoisitization
and fine granulation to form an aggregate of epidote
(Figure 5(a)). The metamorphic mineral assemblage of
greenschist facies mylonite with clasts is chlorite + epidote
+ albite + quartz. Because of the lack of high temperature
metamorphic minerals, the gravels are classified as
a greenschist facies mylonite.

4.1. U1504B

According to observed mineral compositions, U1504B is
composed of two units, chloritic breccia and greens-
chist mylonite. Chloritic breccia is mostly identified in
the upper part of the basement core, while greenschist
facies mylonite is mostly found in the lower part. With
increasing depth, the chloritic breccia gradually trans-
forms into greenschist facies mylonite. Since greens-
chist mylonite in U1504B is very similar to that of
U1504A in both mineral composition and microstruc-
ture, this section mainly describes the mineral composi-
tion and microstructure characteristics of the chloritic
breccia.

The chloritic breccia is mainly composed of chlorite
(SiO2 = 27.24 wt%; MgO = 15.58 wt%; FeO = 26.08 wt%),
epidote (SiO2 = 32.87‒38.09 wt%; CaO = 14.40‒23.14 wt%;
FeO = 5.07‒14.03 wt%), albite (Ab = 95.1‒99.2%), quartz,
and a small amount of pyroxene (Wo42.3–45.4 En27.4–44.0
Fs23.5–11.5), sericite, and calcite (Figure 5(b))
(Supplementary Table 5). Albite and quartz occur mostly
in the veins and clasts as fine-grained crystals. The Albite

Figure 3. Photos of U1504A metamorphic rocks.
A: Greenschist-facies mylonite, oriented metamorphic minerals and gravels
mainly define mylonite foliation, the latter developed a steep angle of
about 40-50°; B: Greenschist facies mylonite with clasts. In the clast, a large
number of veins developed and did not extend outside to the matrix.
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Figure 5. Mineral assemblage in metamorphic rocks under the microscope.
(a): Albite occurs with sodium zoisitization and fine granulation, which formed an aggregate of epidotite; (b): Metamorphic mineral assemblage of chloritic
breccia; (c): Some of the albite have complete and clearly defined crystals, but with internal dissolution, showing residual dissolution structure; (d): Albite
occurs with sodium zoisitization; fine granulation with oriented metamorphic minerals and clasts defining the mylonite foliation. Ab- albite; Ep- epidote; Chl-
chlorite; Px- pyroxenes. These abbreviations have the same meaning in the subsequent figures.

Figure 4. Photos of U1504B metamorphic rocks.
(a, c): Greenschist-facies mylonite with clast, which is very similar to that of U1504A in both mineral composition and microstructure; (b): Chloritic breccia,
the chloritic breccia has weak foliation, with oriented metamorphic minerals and clasts defining the foliatioCompared to U1504A, chloritic breccia contains
more clasts with irregular shapes and complex compositions.
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has a complete crystal shape with a clear outline, but
internal dissolution was observed, indicating a residual
dissolution structure (Figure 5(c)). Calcite occurs as indivi-
dual crystals and veins. Some calcite veins cut through
both clasts and mylonites, suggesting a relatively late
formatioCompared with U1504A, chloritic breccia con-
tains more clasts with irregular shapes and complex com-
positions. The clasts have a low degree of metamorphism
and slight internal deformation, which preserves the
mineral assemblage of the protolith quite well.

5. Microstructure

5.1. Microstructure deformation and period

According to the petrographic characteristics, the mylonite
foliation in the studied samples is the most direct evidence
of ductile deformation (Figure 6(a)) . Greenschist-facies
mylonite with clasts usually shows strong foliatio. The pre-
served foliation is quite steep, with dipping angles varing
from 50-60° to vertical, mostly reaching 70°, and decreasing
from shollow to deep. Metamorphic minerals are oriented
along the mylonitic planes, and show the growth around
clasts. Accordingly, these oriented minerals and clasts
jointly define the mylonitic plane (Figure 5(a,b,d)).
S-C fabric, asymmetric rotational augen and intrafolial
folds are observed in places, which indicate that the folia-
tion is affected by a normal shearingmotion (Figure 7). The
chloritic breccia also has a weak foliation, defined by
orientedmetamorphicminerals and clasts. The asymmetric
rotational augens and intrafolial folds in such rock also
indicate that the formation of the foliation is related to a
normal shearing motion, similar to that described in Hole
U1504A (Figure 7).

In the upper part of greenschist-facies mylonitic in
Holes U1504A and U1504B, weak crenulation cleavage,
fractures, and calcite veins were observed cutting
through the foliation, suggesting a more recent phase
of brittle deformation (Figure 6(b)). In over 30 samples,
fold cleavages, fissures and calcite veins show a high
dip angle relative to the core axis of about 40° to 60°,
ranging occasionally up to nearly vertical. Under the
microscope, the felsic clasts are transformed and frac-
tured along the direction nearly perpendicular to the
foliation, which was consistent with the results of obser-
vations of hand specimens.

Accordingly, two episodes of deformation can be
identified for the greenschist samples; the early episode
is characterized by a strong ductile deformation in the
brittle-ductile transition zone of the crust, forming well-
developed mylonitic foliation (Figure 6(a)). The later
episode developed at a shallow crustal level, which
led to the formation of fragmentation structure and
brittle cleavages (Figure 6(b)). Microstructures in both
stages show an extensional environment with the early
ductile deformation stage being the main deformation
stage.

5.2. Microstructure of feldspar and quartz

Eighteen pieces of thin sections were selected to study
the microstructures of feldspathic granules and veins
that are parallel to mylonitic foliation.

The recrystallization of quartz forced the former crystal
boundaries to expand towards areas with high disloca-
tion density, so that bulging recrystallization (BLG) was
observed. The recrystallized grains are nearly equal in
size, surrounding the original grains or inside the original
grain cracks. The large quartz grains usually contain
deformation zones, deformation twins and wavy
extinctioRecrystallized quartz grains from the BLG zone
are slightly elongated (ratio < 1:3) with a preferred orien-
tation parallel to foliation, and have an irregular shape
with serrated boundaries (0.1–0.5mm) (Figure 8(a)). Some
other recrystallized quartz grains developed along the
periphery or within fissures of albite, forming an altera-
tion zone around the albite grain (Figure 8(d)). The domi-
nant microstructural features of the studied samples
include BLG for quartz; however, SGR (subgrain rotation
recrystallization) is locally present (Figure 8(a,d)). The
typical microstructure of SGR is represented by highly
elongated quartz grains (ratio > 1:5). These deformation
styles are typical of medium to low temperature meta-
morphism, in which the mobility of quartz grain bound-
aries is limited (Frederico et al. 2010).

The residual feldspar crystals are often elongated and
strongly fractured, and the fracture is filled with fine

Figure 6. Schematic diagram of deformation periods.
A: The early stage of ductile shear movement formed a widely developed
mylonitic foliation,which surrounds the clast. B: The compaction foliation is
transformed by fold cleavage, which indicates that the rock underwent
another brittle deformation in the late stage. S0: Protolith; S1: Mylonitic
foliation; S2: fold cleavage.
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grained albite or metamorphic minerals (Figure 8(b,c)).
Under the action of stress, some albite particles are
obviously finely granulated into subgrains of albite that
are slightly elongated in an orientation parallel to the
foliation, with good development of deformation twins
and undulatory extinction.

6. Discussion

6.1. Protolith reconstruction

Protolith reconstruction is an important part of the study
of metamorphic rocks, and plays an important role in the

discussion of tectonic evolution stages and the restoration
of regional geological development history. The methods
of protolith reconstruction include petrography, mineral-
ogy and geochemistry, but each method has some limita-
tions and must be combined with geological background
for a unified interpretatioDuring low grade metamorph-
ism, the main chemical composition of the protolith basi-
cally does not change, so that the composition can be
used to trace the chemical characteristics of the protolith.
In the sampleswe studied, greenschist faciesmylonite and
chloritic breccia retain abundant clasts of the protolith,
which can be reliably used to reconstruct the protolith.

Figure 7. The microstructure of metamorphic rocks in Site U1504.
(a, d): Intrafolial folds; (b, c): Asymmetric rotational augen; (e): Mineral boudinage; (f): Pressure shadow. These microstructures indicate that the foliation is
affected by normal shearing motion.
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Therefore, geochemistry and petrography are combined
to reconstruct the protolith in this paper.

IODP U1504 samples were analysed for major ele-
ments by XRF (Sun et al. 2018), from which some high
quality data (Supplementary Table 4) were selected for
geochemical analysis and protolith reconstruction in
this study. The samples at Site U1504A and U1504B
contain high MgO (4.55–10.46 wt%), Fe2O3

(7.93–15.04 wt%), Al2O3 (13.69–20.84 wt%), TiO2

(1.05–2.94 wt%), and low SiO2 (45.72–54.25 wt%)
(Supplementary Table 4), which indicates that the pro-
tolith is related to mafic rocks. In addition, the samples
of this study are similar to global MORBs, SCS MORBs
(Zhang et al. 2018), IAB (SCICM) (Huang et al. 2013; Yan
et al. 2014) and OIB (Yan et al. 2008; Zhang et al. 2017)in
major element compositions (Figure 9), which further
suggests that the protolith may be related to mafic
magmatism in the SCS although its formation age is
still unknown at present.

Greenschist facies mylonite and chloritization breccia
retained many large clasts, which are close in composi-
tion to the protolith, including mafic igneous clasts and
felsic terrigenous clasts. Mafic clasts are more abundant

than felsic ones. The mafic clasts are dominated by
basalts, in which the albite and pyroxene are fine-
grained and porphyritic texture is observed. The felsic
clasts are small and show saussuritizatioThe crystals of
feldspar and quartz are irregular in shape and under-
went local dynamic recrystallizatioTheir protolith is pre-
sumed to be sedimentary rocks rather than felsic
igneous rocks. These gravels are jumbled and distribu-
ted without apparent regularity, suggesting that the
protoliths may be related to mafic magma and sedi-
mentary rocks.

Combining geochemistry and petrography, we infer
that the protolith corresponds to volcanic sedimentary
rocks or basalts that interacted with sedimentary rocks.

6.2. Ductile deformation characteristics

6.2.1. The temperature of ductile deformation
It is quite often to constrain metamorphic temperatures
and their geological significance based on empirically
calibrated thermometers. But, it is difficult to estimate
the temperature conditions of low-grade metamorphic
rocks, such as our samples, due to the lack of suitable

Figure 8. Microstructures observed in quartz and feldspar.
(a): Bulging recrystallization (BLG) of quartz. Recrystallized quartz grains from BLG zone are slightly elongated (ratio < 1:3) with a preferred orientation
parallel to foliation, and have an irregular shape with serrated boundaries (0.1–0.5mm); (b): Residual dissolution structure of albeit; (c): The residual feldspar
crystals are often elongated and strongly fractured, and the fracture is filled with fine grained albite grains or metamorphic minerals; (d): Some recrystallized
quartz grains developed along the periphery or within fissures of albite, forming an alteration zone around the albite grain.Qz: Quartz; BLG: Bulging
recrystallization.
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thermometers. In some cases, the chlorite – quartz
thermometers have been applied (Vidal et al. 2001;
Lanari et al. 2014). However, such calculation always
resulted in large errors (±50°C), moreover, in the case
of the presence of fluids, the estimated temperature
could be significantly lower than expected (Vidal et al.
2001). As such, this thermometer is not suitable for the
studied samples because they were extensively affected
by geofluids (Figures 3(b), 4(a), 6).

Alternatively, the metamorphic temperature could be
inferred from microstructural characteristics and mineral
assemblages. The temperature and pressure are twomain
controlling factors for the deformation of rocks andminer-
als, resulting in different microstructures and crystal forms
(An 1986; Dai et al. 2012; Li et al. 2009). The deformation
behaviours of quartz and feldspar, in particular, occupy
the dominant position of earth’s crust due to their stability
in low to high pressure metamorphic conditions. The
different microstructures and crystal forming conditions
play an important role in the study of the dynamic pro-
cesses of the crust. They are also the indicators of defor-
mation temperature and pressure (Carter 1976; Wenk
1985, 1994). The microstructures of feldspar and quartz
can be used to estimate the temperature of ductile defor-
mation with an uncertainty of about 50 °C (Cees et al.
2005). The temperature of BLG of quartz, brittle fracture
and fine granulation of albite is about 300–400°C
(Frederico et al. 2010; Liang et al. 2015). On the other
hand, because the mineral assemblage of the studied
sample is chlorite + epidote + albite + quartz with no
metamorphic biotite, the metamorphism related to the
studied mylonite should be lower than the reaction of
‘chlorite + feldspar = muscovite + biotite + quartz + H2O’,
which suggests an upper temperature limit of

approximately 400 °C (Bucher and Frey 1994).
Collectively, the intensively developed BLG of quartz,
microscopic fractures and fine granulation of albite of
the studied samples imply that the deformation tempera-
ture is between 300°C and 400°C (Figure 8). Therefore, the
ductile deformation of the mylonites occurred under the
metamorphic conditions of low- high greenschist facies,
which is consistent with the petrographic characteristics
(Figures 3 and 4).

Mesozoic-Cenozoic crust thinning of the continental
margin of the SCS, associated with an elevated geother-
mal gradient (37°C/km) (Tang et al. 2016) elevated the
brittle-ductile transition zone up to relatively shallower
crustal levels. In this regards, we speculate that the
formation depth of the greenschist-facies mylonite is
about 5-10km (lower to middle crust).

6.2.2. Finite deformation analysis

Finite strain analysis is an important way to quantitatively
study the degree and typeof deformation, whichhas been
called the second nature of structural geology (White
1979; Hou 2018). To record the strain state of rocks,
many methods are available; Wellman method, Rf/φ
method, Heart to Heart method, Long and Short Axis
method, Frymethod andothermethodshavebeenwidely
used (Ramsay and Huber 1983; Fossen 2016; Hou 2018).
The measurement of finite strain mainly uses spherical or
nearly spherical markers such as ooids, beans, foramini-
fers, spherulites and holes in volcanic rocks, reduction
spots in slates, and nearly isoaxial nodules and gravels.
The gravel-bearing greenschist facies mylonites have ran-
domly distributed gravels, which are nearly round and in

Figure 9. Plots of SiO2 versus MgO, TFe2O3 versus MgO. Sources of data for comparison: the global mid-ocean ridge basalts (MORBs)
(including East Pacific Rise, Indian ridge, Mid-Atlantic Ridge, Juan de Fuca Ridge, Chile ridge, Gakkel ridge), compiled and reported
in Gale et al. (2013); SCS MORBs, compiled and reported in Zhang et al. (2018); Eocene island arc basalt (IAB) of the South China-
Indochina continental margin (SCICM), compiled and reported in Huang et al. (2013).
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different sizes. They are ideal indicators of finite strain
measurement. The Long and Short Axis method was cho-
sen to study the finite deformation of gravel-bearing
greenschist facies mylonites.

Firstly, we selected four samples with clear foliations
and lineations to make oriented thin sections along the
X-Y and Y-Z planes, and took microphotographs in
positions rich in gravels. Then, over 30 felsic porphyr-
oclasts were marked in the micrographs to measure the
lengths of the long axis and the short axis. These were
then used to calculate X/Y and Y/Z values respectively
(Supplementary Table 2).

We plot the measured data on a Flinn diagram, which
shows the uniform strain type, with Y/Z, X/Y of the strain
ellipsoid as horizontal and vertical coordinates (logarith-
mic coordinates). Flinn’s parameter K = ln(X/Y)/ln(Y/Z).
‘0 < K < 1’ represents compressive strain and extrusion
deformation; ‘1 < K < ∞’ represents elongation deforma-
tion and stretching strain; ‘K = 1’ represents plane
straiMeasurement shows that the calculated k values are
all slightly larger than 1.11 (Supplementary Table 3). The
Flinn diagram (Figure 10) indicates that deformation
behaviour of the greenschist facies mylonites are consis-
tent. They all correspond to stretching strain, and the
strain ellipsoid is a triaxial elongated ellipsoid. The sim-
plest explanation for these observations is that the ductile
foliation was developed in an extensional tectonic
environment.

6.3. The formation mechanism of the greenschist
facies mylonites

The greenschist facies mylonite samples were taken
from the shoulder of the uplift in the OMH of the SCS.
According to bathymetry, the uplift is a NE-trending
ridge, with a large number of low-angle normal faults
developed on its two flanks (Figure 11). These faults
have opposite dip directions and small normal vertical
displacement, with dip angles of about 45–60°. The
basement surface is wavy with the graben and half-
graben structures widely developed, suggesting
a brittle extensional situatioThere are also a large num-
ber of Cenozoic extensional structures developed in
Baiyun Sag, Liwan Sag and Heshan Sag near the study
area. Baiyun Sag is controlled by a series of continent-
dipping detachment faults (Zhu et al. 2012; Ren et al.
2015), while Liwan Sag and Heshan Sag are controlled
by a series of ocean-dipping detachment faults; Liwan
Sag lies almost flat on a basement detachment belt
(Ren et al. 2015), indicating that extensional structures
are well developed in the transition zone of the SCS.

The foliations arewell developed in the greenshist facies
mylonites. The associated S-C fabric, asymmetric rotational

augen as well as the intrafolial folds (Figure 7), collectively
suggest that the greenschist faciesmylonites are associated
with normal-sense ductile shearing, which is compatible
with the regional structural patterns. In addition, the
greenschist mylonite underwent two stages of deforma-
tion: the early ductile deformation that occurred in the
ductile-brittle transition zone of the crust (at depth of
~5–10 km), forming widely developed mylonite layers;
and the late brittle deformation developed in the shallow
crustal layer, which led to the formation of rock fragmenta-
tion and cleavage. In summary, the greenschist mylonites
underwent ductile to brittle deformation in the middle
crust, then gradually were uplifted to a shallow crustal
level in the process of regional extension, and finally were
exposed to the surface (Figure 12). These features suggest
that themylonites may have been formed by ductile shear-
ing during the development of regional extension.

Combining this evidence, we propose that the greens-
chist mylonitemight have been formed by crustal exhuma-
tion after thick Mesozoic sediments were removed by
significant extensioLocated in the COT and covered with

Figure 10. Flinn diagram of the greenschist facies mylonite.
Flinn diagram is a diagram showing the uniform strain type, with Y/Z, X/Y of
the strain ellipsoid as horizontal and vertical coordinates (logarithmic coordi-
nates). X, Y, Z are the principal strain axis of the strain ellipsoid; X parallel to the
maximum elongation direction and called the maximum principal strain axis;
Z parallel to the maximum compression direction and called the minimum
principal strain axis; Y is somewhere between X and Z . Flinn’s parameter
K = ln(X/Y)/ln(Y/Z); 0 < K < 1 represent compressive strain and extrusion
deformation;1 < K<∞ represents elongation deformation and extensive
straiMeasurement shows that the calculated K values are all slightly larger
than 1.11, and indicates that deformation behaviours of the greenschist facies
mylonites are deformed in extensive strain.
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Figure 11. Seismic profiles of the study area. U1504A and B locate on the seaward slope of a basement high. Around the drilling
site, ductile deformation with normal faults is observed.
The white dash lines are normal faults; the white dotted lines indicate the basement of Cenozoic sediments. All the numbers for the depth of the drill site are
metre below seafloor.

Figure 12. The model for greenschist facies mylonite formation in the northern continental margin of the SCS. In the Cenozoic,
major extension and corresponding mantle upwelling in the northern continental margin caused ductile deformation of the crust in
the COT and OMH, where middle crust or the lower part of the upper crust was exposed to the surface along the detachment fault.
During crustal exhumation, greenschist mylonite might be formed in the ductile shear zone of the detachment fault. And, at this
location in the COT and covered with thick Mesozoic sediments, the crust below U1504 might have been heated during extension
and experienced ductile deformation.
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thick Mesozoic sediments, the crust below U1504 might
have been heated during extension and experienced
a ductile deformatioConfirmation of this model awaits
geochronology results on the timing of formation of the
mylonites.

7. Conclusions

Based on the analysis of the petrography and micro-
structure of the rocks in Site U1504 in the northern
continental margin of the SCS, combined with the seis-
mic data, the following conclusions can be drawn:

(1) The basement metamorphic rocks in Site U1504 can
be divided into greenschist facies mylonites and
chloritic breccia according to the lithologies. The
greenschist facies mylonite is characterized by high-
angle mylonitic foliations. It contains 10%–20%
clasts, and the mineral assemblage is chlorite + epi-
dotite+ albite (Ab=94.7–99.9) +quartz, correspond-
ing to greenschist facies. Themineral composition of
the chloritic breccia is similar to that of the greens-
chist facies mylonite (albite: Ab = 95.1–99.2; pyrox-
ene: Wo42.3–45.4 En27.4–44.0 Fs23.5–11.5), showing weak
mylonitic foliations. The chloritic breccia contains
about 15–30% clasts, which are either mafic or felsic
in composition.

(2) The major element compositions of samples in Sites
U1504 are similar to those of SCS MORBs, and petro-
graphic features show that samples contain both
mafic igneous and felsic sedimentary clasts. The
protolith would be volcanic sedimentary rocks or
basalts that interacted with sedimentary rocks.

(3) The development of greenschist-facies mylonites is
affected by the ductile shearing with a normal sense
of shear at a ductile deformation temperature of
about 300–400°C. Kinematic characteristics of
greenschist-facies mylonites are consistent with
the Cenozoic regional extensional structural fea-
tures. The greenschist mylonite might have been
formed during crustal exhumation as the Mesozoic
sediments were removed due to high extension.
Furthermore, the greenschist-facies mylonites
underwent an early ductile deformation (at depth
of 5–10 km) and a late brittle deformation (in the
shallow crust), which is consistent with the gradual
exhumation of these greenschist-facies mylonites
from the deep crust to shallow crust.
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