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ABSTRACT

Integration of 2D and 3D seismic data from the @olongnan Basin along the
northwestern South China Sea margin has enablesktbmic stratigraphy, seismic
geomorphology and emplacement mechanisms of eiglairate, previously
undocumented, mass-transport complexes (MTCs) thaemacterized. The MTCs
can be grouped into two types:

(1) Localized detached MTCs, which are confinedutonsarine canyons and
cover hundreds of kmconsist of a few tens of Kmemobilized sediments and show
long striations at their base. They resulted fromaléscale mass-wasting processes
induced by regional tectonic events and and graeital instabilities on canyon

margins.
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(2) Regional attached MTCs occur within semi-coediror unconfined settings
and are distributed roughly perpendicular to thi&estof the regional slope. Attached
MTCs occupy hundreds to thousands ofland are composed of tens to hundreds
of km® of remobilized sediments. They contain headwalhgsments, translated
blocks, remnant blocks, pressure ridges, and Isasalions and cat-claw grooves.
They were created by large-scale mass-wasting gsesdriggered by high
sedimentation rates, slope oversteepening by shlgié-deltas, and seismicity.

Our results show that MTCs may act as both laterdltop seals for underlying
hydrocarbon reservoirs and could create MTC-relatedigraphic traps that
represent potential drilling targets on continemtargins, helping to identify

MTC-related hydrocarbon traps.

Keywords. Mass-transport complexes, the northern South Ch@@amargin, seismic

stratigraphy, seismic geomorphology, MTC-relatedrbgarbon traps



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

1. Introduction

As petroleum exploration and production moves greater water depths,
and the availability of high-quality seismic datarh continental margins becomes
more widespread, mass-wasting processes and #posiis, MTCs, have been the
focus of research (e.g. Canals et al., 2004; WeandrShipp, 2004; Evans et al.,
2005; Moscardelli et al., 2006, 2012; Jackson, 2@012; Shipp et al., 2011;
Olafiranye et al., 2013). This is because theyc(ljstitute a major component of
the stratigraphy in many deep-water siliciclasyistems (Moscardelli et al., 2006;
Posamentier and Walker 2008; Gong et al., 2011e€adpia and Hammes, 2012;
Olafiranye et al., 2013); (2) transport large voasof sediments from continental
shelves and/or upper slope into deep-water setf@gsals et al., 2004; Haflidason
et al., 2005; Hjelstuen et al., 2007; Talling ef 2007); (3) represent significant
geohazards for coastal communities, nearshore ai@g and seabed infrastructure
(Shipp et al., 2004; Weimer and Shipp, 2004; Moghed., 2010; Shipp and Lu,
2011; Zhu et al., 2011; Jackson, 2012); (4) nedzktoonsidered in the assessment
of deep-water drilling programs (Moscardelli et 2D06; Algar et al., 2011;
Richardson et al., 2011; Shipp and Lu, 2011); &)ad#n act as seals and poor
reservoirs (Moscardelli et al., 2006; Weimer anattSP007; Riedel et al., 2012).

Generally, MTCs are considered to be poor reses\thie to low porosities and
permeabilities (e.g. Shipp et al., 2004; Moscardelal., 2006; Weimer and Slatt,
2007; Zhu et al., 2011), although sand-prone MT&stbeen recognized (e.g., the

eastern Mexico; Loucks et al., 2011). They can s&eals for underlying petroleum
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reservoirs, giving rise to alternative explorattargets in many parts of the world
(Moscardelli et al., 2006; Weimer and Slatt, 200fu et al., 2011). However, the
exploration significance of MTCs remains understddi

Three-dimensional seismic data have proven to bebtiee most powerful
tools for the geological investigation of both antiand recent MTCs (Moscardelli
et al., 2006, 2012; Moscardelli and Wood, 2008kdaw, 2011, 2012; Riedel et al.,
2012; Olafiranye et al., 2013). A number of compuretements of MTCs, such as
basal grooves, remnant blocks, megaclasts, presdges, have been recognized by
many geologists from the analysis of 2D and/or 883mic data from deep-water
basins worldwide (Moscardelli et al., 2006, 201Zddardelli and Wood, 2008; Bull
et al., 2009; Jackson, 2011, 2012). However, tiseseope for more quantitative
approaches to the analysis of MTCs and their compoelements using seismic
data. Several aspects of MTCs, particularly theorgorphological characteristics,
triggering mechanisms, and exploration significame still not fully understood
(Canals et al., 2004; Weimer and Shipp, 2004; Eeaias., 2005; Shipp et al., 2011).

Despite continuing investigation of MTCs worldwidgydies of MTCs in the
northern South China Sea margin are still limit&au et al. (2011), however,
documented the external morphology and interndliecture of several MTCs in
Yinggehai Basin along the northwestern South Chemar8argin (see Fig. 1 for their
study area). MTCs constitute more than 60% of fleéne-Quaternary succession
in the Qiongdongnan Basin (Gong et al., 2011).dntiast to the MTCs documented

by Zhu et al. (2011) and many other studies, MT@siing in the study area of the
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Qiongdongnan Basin are unusual because they drdvdied both subparallel and
roughly perpendicular to the strike of the regioslape. In addition, increased
exploration activities in the study area and thehesn South China Sea margin
require characterization of these MTCs and undedstg their roles in controlling
hydrocarbon accumulations. The widespread occuerehthe best-developed
MTCs and rich amount of data in the QiongdongnasirBpermit (1) investigation
of cross-sectional seismic expression and geomavgloall characteristics of
MTCs ; (2) discussion of possible triggering meckars of the studied MTCs; and
(3) addressing MTC-related hydrocarbon trappinghaasms. Our results will
contribute to a better understanding of the oragid emplacement processes of
MTCs and the prediction and identification of MTé&lated hydrocarbon traps on

continental margins.

2. Regional setting and the study area

The South China Sea is the largest (> 3.5%kb#) and deepest (> 5000 m)
marginal sea along the western Pacific Ocean (Figseveral Cenozoic rift basins
developed along the northern South China Sea magdhfrom west to east they
are the Beibuwan Basin, Yinggehai Basin, QiongdangBasin, Pearl River Mouth
Basin, and Taixinan Basin (Xie et al., 2006, 2088ng et al., 2013) (Fig. 1). The
study area is located in the Qiongdongnan Basiigiwis bounded to the west by
the Red River Fault Zone and to the east by PaaerR1outh Basin (Zhu et al.,
2011; Gong et al., 2013) (Fig. 1).

The evolution of the Qiongdongnan Basin is closielked to the strike-slip

5
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movements along the Red River Fault, which underwiemstral slip during the
period of 35~20 Ma and dextral movement since 5.5 Ma (Xie ¢t28l06, 2008;
Gong et al., 2011; Zhu et al., 2011). Driven byghrée-slip movement of the Red
River Fault, Qiongdongnan Basin underwent two tectstages, namely a rifting
stage from Paleocene to Early Oligocene, and argist stage from Early

Miocene to Quaternary (Xie et al., 2006, 2008; Genagl., 2011; Zhu et al., 2011).
The fill of the Qiongdongnan Basin can be dividetb isyn-rift and post-rift
supersequences, separated by a regionally impantaonformity, the T60 surface,
dated at 23.3 Ma (Zhu, et al., 2009; Gong et al1,12. Neritic, deltaic and nearshore
environments and the associated depositional sgséeenwidely developed within
the syn-rift supersequence (Xie et al., 2006, 2008pical’ deep-water deposits
(e.g., the Central submarine canyon, deep-marinenehs, and MTCs, etc.) became
widely developed within the post-rift supersequermteesponse to the development
of a prominent shelf-slope-basin physiography flgMa onwards (Xie et al.,
2006, 2008; Gong et al., 2011). The Central submearanyon occurring in the study
area is the largest deep-marine canyons in th@erriSouth China Sea margin, has
a total length of approximately 425 km, width afo312 km and an average area of
50,000 kni and show ‘S’ shape in plan view (Gong et al., 30Pteviously
undocumented MTCs developed within the post-rifiesspquence in the

Qiongdongnan Basin are the focus of this studys(Figo 3).

3. Database and methodology

3.1 Database
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The primary source of data used in this case i9 k87 of 3D seismic data,
tied to 2D regional seismic transects from the Qiwmgnan Basin (Fig. 1), which
were acquired and provided by China National Offslil Corporation (CNOOC).
The dominant frequency of the time-migrated voluwrages with depth, but is
approximately 40 Hz for the interval of interestthwan estimated vertical resolution
of ~15-20 m. The bin spacing of the time-migrated vawmsed in this study is 25
m x 12.5 m and has a 4 ms vertical sampling rate.régional 2D seismic lines
have a dominant frequency of 30 Hz in the interval of interest, with an estinthte
vertical resolution of~20-30 m. Both 2D and 3D seismic-reflection dataever
processed to zero phase and are displayed usirtg r&kerse polarity’, where an

increase in acoustic impedance is representedniegative (trough) reflection event.

3.2 Methodology

Eight intervals of chaotic seismic facies (MTCIM3 C8 from chronologically
oldest to youngest), together with eight basal bdougsurfaces (numbered from
BS1 to BS8 from chronologically oldest to youngea@re identified in the
Pliocene-Quaternary sedimentary interval in the @ilmmgnan Basin (Figs. 2 and 3).
Three-dimensional perspective view maps of the digbal bounding surfaces were
generated (Figs. 4A to 11A), in order to understiaaithymetric controls on the
development of their overlying MTCs. Depth measuweeta were estimated, using
2000 m/s for the shallow siliciclastics in the studterval of interest and 1500 m/s
for seawater.

This study is principally based on ‘classical’ 2&ssnic facies analysis (Vail et

7
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al., 1977) and 3D seismic geomorphology approaokdmentier et al., 2007),
through which the stratigraphic architecture aridrsie geomorphology of the
documented MTCs and their component elements aetidatively analyzed.
Two-way traveltime (TWT) structural maps of the dldsounding surfaces of the
studied MTCs were made in order to understanddpegraphic controls on the
development of their overlying MTCs. Coherence issagrovide enhanced
visualization of small-scale depositional featuaiad allow accurate mapping the
external morphology and internal architecture ofdbeumented MTCs.
Root-mean-square (RMS) amplitude is a seismidoatiei that calculates the square
root of the sum of time-domain energy (square gblgade), affording high
amplitudes the maximum opportunity to stand out flmaokground contamination.
RMS amplitude, therefore, can be used to deschidénternal architecture of the
documented seismic facies. 3D coherence probeditadgcubes and RMS
attribute probes were created and are used to daditiee plan-view morphology of
the documented MTCs and their component elemesitsg lLandmark Seisworks,

PostStack/PAL, and GeoProbe software.

4. 3D seismic stratigraphy and geomor phology of the documented MTCs and
their component elements

Ten seismic facies were recognized in the docurdeveCs in the
Qiongdongnan Basin study area based on seisméctigih configuration (reflection
continuity and amplitude), cross-sectional geomatry stratal terminations.

Interpretations of seismic facies are based ongrdtion criteria established from

8
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published seismic-reflection datasets (e.g. Posaeneaid Kolla, 2003; Shipp et al.,
2004; Moscardelli et al., 2006, 2012; Bull et 2D09; Gamboa et al. 2010; Jackson,
2011, 2012; Olafiranye et al., 2013). See Tablerlafcomplete description and

interpretation of all seismic facies.

4.1 Seismic facies description
4.1.1 Seismic facies 1: Irregular-shaped chaotic seismic facies

Seismic facies 1 is made up of chaotic, low-ampétteflections with variable
seismic reflection continuity and displays irregedhaped cross-sectional geometry
(cool color-shaded areas in Fig. 4C; Table 1). &itbns associated with this
seismic facies are inclined towards canyon margimsdownlap toward the thalweg
of submarine canyons (Fig. 4C; Table 1). In plamfathis seismic facies exhibits
an irregular morphology and can cover an area ngnigom tens to hundreds of
square kilometers (Fig. 4B; Table 1). In seismiorgerphic images, it is represented
by light-colored zones and occurs on both flankthefCentral submarine canyon
(Fig. 4B and 5B; Table 1).
4.1.2 Seismic facies 2: Long linear seismic facies

Seismic facies 2 is represented by laterally disnanus, alternating high- and
low-amplitude reflections (Fig. 5C; Table 1). Temismic facies is expressed in map
view as light-colored, narrow, west-east-trendingar bands that continue for more
than 30 km across the 3D seismic survey (Figs588and 6B; Table 1). These
linear bands are parallel to subparallel to the laxis of the Central submarine

canyon with no evidence of divergent patterns (Fgs 5B, 6B and 11B; Table 1).

9
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4.1.3 Seismic facies 3: Sheet-like chaotic seismic facies

In cross-sectional view, seismic facies 3 is coredas chaotic, low-amplitude,
and semitransparent seismic reflections and exshsbieet-like cross-sectional
geometry (Fig. 6C; Table 1). It is bounded at @sdby a laterally continuous,
bed-parallel undeformed seismic reflector (Fig. &@ble 1). In plan view, it is
represented by light- and dark-colored sheets (Arghlow coherence values,
respectively) and occupies an area ranging frondireas to thousands of square
kilometers (Figs. 6B to 11B; Table 1).
4.1.4 Seismic facies 4. Landward dipping arcuate seismic facies

In plan form, seismic facies 4 is seen as extensilges of alternating light and
dark colors and are seismically imaged as a coredgaregular surface (Figs. 7B,
8B and 9B; Table 1). These closely spaced ridges@mmonly parallel or
subparallel to each other and show arcuate plam-wierphology with an
orientation overall parallel or subparallel to 8teke of the regional slope (Figs. 7B,
8B and 9B; Table 1). In cross-section, seismicefadi is made up of packages of
parallel, steeply landward dipping reflections thed separated by offsets with up to
80 m relief (Figs. 7C and 9D; Table 1).
4.1.5 Seismic facies 5 and 6: Low- and high-coherence chaotic seismic facies

Low-coherence chaotic seismic facies (seismic §a6)eare represented by
chaotic, low-amplitude, discontinuous seismic mftens, whereas high-coherence
chaotic seismic facies (seismic facies 6) are mgdef chaotic, low-amplitude

moderate continuous seismic reflections (Fig. 8ahl& 1). In plan view, seismic
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facies 5 is seen as low-coherence sheets (ligbremlareas in Figs. 6B to 11B,;
Table 1), whereas seismic facies 6 is expressbdjhscoherence sheets
(dark-colored areas in Figs. 6B to 11B; Table 1).
4.1.6 Seismic facies 7: Tapering-upward, block seismic facies

Seismic facies 7 consists of tapering-upward, metéeto high-amplitude
reflections with variable seismic reflection coniity (Fig. 9C; Table 1). In plan
form, seismic facies 7 is up to 1.5 km wide and @RRigh and is seismically
imaged as a corrugated irregular surface (Figs9€Band 10B).
4.1.7 Seismic facies 8: Arcuate seismic facies

Seismic facies 8 are represented by a laterallyirmoous, undeformed
reflection marking the upslope margin of MTCs, whthre basal surface steps up to
cut and intersect stratigraphically higher, chraraagyraphically younger slope
stratigraphy (hot colored-shaded area in Fig. I0je 1). In plan view, they
appear as arcuate scarps oriented subparallel strtke of the regional slope (Fig.
10B).
4.1.8 Seismic facies 9: Diverging lineation seismic facies

Seismic facies 9 appears as alternating high- aneeimplitude reflections with
flat-bottomed cross-sectional geometry, which rddera string of beads as seen in
section view with basal truncation of around 10atref (Fig. 11C; Table 1). Each of
these ‘beads’ is seen as a dark-colored singlepwanorthwest-southeast-trending
tortuous incised scour (Fig. 11C). In plan vieveylare expressed as radiating

small-scour features that are continuous over 20rk&D coherence volumes (Fig.

11



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

11C; Table 1).
4.1.9 Seismic facies 10: Remnant seismic facies

Seismic facies 10 appear as discrete blocks of&mgplitude continuous
reflections and exhibit irregular-shaped crossiseat geometry with an irregular
top and a bed-parallel base (Fig. 11D; Table 1¥réiss-section, seismic facies 10 is
represented as an undeformed ‘island’ surroundethbhgtic seismic facies (seismic
facies 5 and 6). The ‘islands’ are seen as irreggllaped, light-colored, single,
north-south-trending blocks, are up to 45 m thigthva maximum long axis of 15
km (Fig. 11), and cover an area ranging from sésgyaare kilometers to a few tens

of square meters (Figs. 11C and 11D; Table 1).

4. 2 Sedimentological interpretation
4.2.1 Seismic facies 1. Detached MTCs

Chaotic seismic facies 1 displays many of the rattmg criteria typically used
to recognize MTCs on seismic-reflection data (Modehi et al., 2006, 2012; Bull et
al., 2009; Jackson, 2011, 2012; Olafiranye et 8l132. Seismic facies 1 is further
interpreted as detached MTCs, as discussed later4FTable 1).
4.2.2 Seismic facies 2: Striations

The overall seismic expression of seismic facish&es many similarities with
seismic reflection patterns of striations documemtemany previous studies (Gee et
al., 2005, 2006; Moscardelli et al. 2006; Bull et2909; Jackson, 2011). Long linear
seismic facies are therefore interpreted as sinat{Figs. 4B, 5B, 5C and 6B; Table

1) that are differentiated from grooves due toahsence of downslope divergence

12
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(Posamentier and Kolla, 2003; Moscardelli et 200&).
4.2.3 Seismic facies 3: Attached MTCs

The overall seismic reflection patterns of seisfa@ges 3 are wholly
compatible with the recognition criteria of MTCs sgismic reflection data
(Moscardelli et al., 2006, 2012; Bull et al., 2008gkson, 2011, 2012; Olafiranye et
al., 2013). Where similar seismic facies have lmumented, as in the Columbus
Basin along offshore Trinidad and the Santos Baking the offshore Brazil, they
have been interpreted as the accumulation of nmaldsediments (Shipp et al., 2004;
Moscardelli et al., 2006; Jackson, 2012). Seisaoes 3 is further interpreted as
attached MTCs (Fig. 6C and 6B to 11B; Table 1),issussed below.
4.2.4 Seismic facies 4: Pressureridges

Seismic facies 4 displays very similar seismic egpion of pressure ridges that
have been described at terminal ends of MTCs im@bus, offshore Trinidad
(Moscardelli et al., 2006), in the Norwegian coatital slope (Bull et al., 2009) and
in the Gulf of Mexico (Posamentier and Kolla, 2003ackages of parallel, steeply
landward dipping reflections as seen from thisragidacies are generally
interpreted as thrusts coeval to the emplacemeiieoMTC (Bull et al., 2009) (Figs.
7B, 8B and 9B; Table 1). Examples of pressure sd@g be seen from MTCA4,
MTC5, and MTC6 (Figs. 7B, 8B and 9B; Table 1).
4.2.5 Seismic facies 5 and 6: Less and highly deformed MTCs

Seismic facies 5 and 6 are both expressed as chiettamplitude seismic

reflections and exhibit many of the criteria useddentify MTCs (Moscardelli et al.,

13
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2006, 2012; Bull et al., 2009; Jackson, 2011, 200&) follow the interpretation of
Gamboa et al. (2010) who suggested that chaosomsefacies displaying light
colored coherent patterns (seismic facies 5 indtudy) can be best considered as
less deformed MTCs, whereas chaotic seismic faoibibiting dark colored
coherent patterns (seismic facies 6 in the custrtty) can be interpreted as highly
deformed MTCs (for full details see Figs. 4C andd8Gamboa et al. 2010) (Figs.
6B to 11B; Table 1).
4.2.6 Seismic facies 7: Translated blocks

Based on similar features described from similatuiee occurring within
MTCs, seismic facies 7 is interpreted as translbtedks (Posamentier and Kolla,
2003; Gee et al., 2008; Bull et al., 2009; Jack€P2Table 1). MTC6 includes
well-imaged examples of translated blocks ( Figs.®Band 10B; Table 1).
4.2.7 Seismic facies 8: Headwall escarpments

Seismic facies 8 exhibits a similar seismic expogsto the headwall domain of
a MTC in Columbus along offshore Trinidad (Moscdlid al., 2006) and in
Storegga Slide in Norwegian continental slope (Bukl., 2009) (Figs. 10B and 10C;
Table 1). Their arcuate plan-form geometries am seplan view differentiate them
from tectonic normal faults, and previous work segjgd that headwall escarpments
formed in the same way as extensional faults (8udil., 2009).
4.2.8 Seismic facies 9: Cat-claw grooves

Similar feature described from other MTCs haverpreted radiating

small-scour features (seismic facies 9 in thisgtad basal grooves (Fig. 11C;

14
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Table 1), also termed ‘cat-claw scours’ by Moschirdeal. (2006), as evidence of
abrupt changes in debris-flow conditions (Moscdraelal., 2006; Bull et al., 2009)
(Fig. 11B; Table 1). Similar radiating small-scdeiatures were documented in
offshore Brunei and are termed ‘monkey fingersMgGilvery and Cook (2003).
4.2.8 Seismic facies 10: Remnant blocks

Where similar seismic facies have been documeateih Norwegian
continental margin (Figs. 10C and 10D in Bull et 2009), offshore Espirito Santo,
Brazil (Figs. 1B, 2A, 3A and 6A in Alves, 2010), afishore Angola (Figs. 5 and 10
in Olafiranye et al., 2013), seismic facies of wgaleformed blocks of
high-amplitude continuous reflections with irreguthaped cross-sectional
geometry were interpreted as remnant blocks or olagja (Jackson 2012) (Figs.

11C and 11D; Table 1).

5. General description of MTCs as documented in this case of the
Qiongdongnan Basin along northwestern South China Sea margin

Eight separate MTCs, MTCL1 to MTCS8, were identifiedhe Qiongdongnan
Basin. General descriptions of these eight MTCgeageented in Table 2 and are
provided in this section.
5.1 General description of MTC1 and MTC2

The basal bounding surfaces of MTC1 and MTC2 shaixshaped
bathymetric confinement with a relief decreasingmeastward, resulting in a
confined setting (Fig. 4A and 5A, respectively; [BaB). Both MTC1 and MTC2 are

confined within the Central submarine canyon amdogientated subparallel to the
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strike of the regional slope (Figs. 1, 2, 4A and.9orphologically, MTC1 and
MTC2 cover an area of approximately 210%and 250 krf respectively (Table 2).
The estimated volumes of remobilized sediments €W and MTC2 are about 9
km?® and 15 km, respectively (Table 2). Both MTC1 and MTC2 shawvd striations
at their base (Figs. 4B and 5B).
5.2 General description of MTC3, MTC4, MTC5 and MTC6

Three-dimensional perspective views of the basahtimg surfaces dA”TC3,
MTC4, MTC5 and MTC6 show a semi-confined settingt tomprises an
unconfined setting in the northern part of the gtaka and a confined setting in the
southern part, above which these four MTCs occigr. GA to 9A; Table 3). MTC3
has an average thickness of approximately 110 enyalume of remobilized
sediments calculated for MTC3 is around 70 Kiiiable 2). In plan view, it covers a
region of about 700 kfrand is composed of mainly of seismic facies 5 ard<%
and highly deformed MTCs (Figs. 4 to 11; Table 2yn®id-oblique-progradational
seismic facies located near palaeoshelf break @imowve basal bounding surface of
MTC3 (Fig. 2). They are composed of deformed, maideto high amplitude and
moderate to low continuous reflections with wedgaped geometries and exhibit
clear, sigmoid-oblique progradational configuratigimst-colored areas in Fig. 2).
They share affinities with shelf-edge deltas docote@ by Porebski and Steel (2003)
and, when coupled with their locations on the shkgpe profile and the deformed
and disputed seismic reflection configurations, gsgjthat this seismic facies can be

best interpreted as deformed shelf-edge deltas 2Iig
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MTC4 and MTCS5 approximately cover similar areagut100 krfi (Table 2).
Thicknesses of MTC4 and MTC5 are variable, reachimgverage thickness of
approximately 100 m (Table 2). Total volumes of MT&d MTC5 are calculated to
be ~100 knfand ~140 knt, respectively (Table 2). Internally, MTC4 is
characterized by widespread occurrence of well-sdagycuate pressure ridges and
consists predominantly of less deformed MTCs (H@sto 7B), whereas highly
deformed MTCs and pressure ridges (Fig. 8B) widelyeloped in MTC5. MTC6
occupies an approximate area©f1200 knf, and the thickness of MTCS6 is variable,
reaching an average thicknesssf80 m (Table 2). MTC6 consists of 90 km
remobilized sediments and contains pressure ridgesslated blocks and show
striations at their base (Figs. 9B and 9D; Table 2)

5.3 General description of MTC7 and MTC8

MTC7 and MTC8 developed in an unconfined settinth\ai southeastward
decrease in relief (Figs. 10A and 11A; Tables 23ndITC7 and MTCS8 cover an
area of approximately 800 Krand 1100 krf respectively (Figs. 10A and 11A;
Table 3). The thickness of MTCY7 is also variabdéaching an average thickness of
about 70 m, and the total volume of remobilized edits of MTC7 is calculated to
be about 55 kih(Table 2). An estimated volume of 50 knremobilized sediments
was transported from the continental shelf andpgren slope to the region where
MTCS8 developed (Table 2). Internally, MTC7 consistigh and less deformed
facies contains translated blocks (Fig. 10B), wasfdTC8 comprises basal

cat-claw grooves, translated blocks, ,and remnamkiland is composed of highly
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and less deformed MTCs (Figs. 11B, 11C and 11D).

6 Theorigin and classification of MTCs as documented in the case of the
Qiongdongnan Basin

6.1 Source areas of MTCs as documented in the case of the Qiongdongnan Basin
6.1.1 Source areas of MTC1 and MTC2

MTC1 and MTC2 are totally confined within the Cehtsubmarine canyon
(the U-shaped confinement with the northeastwacodedese in relief as presented in
Figs 4A and 5A). Gong et al. (2011) suggested lagde and high-energy sediment
gravity flows were the dominant processes withinGeatral submarine canyon
around the time of MTC1 and MTC2 emplacement. Sedimgravity currents
flowing along the long axis of the Central submaxaayon are interpreted to have
induced small collapses and local instabilitiescanyon margins, resulting in
small-scale mass-wasting processes and resulta@sMdmposed of collapsed
sediments derived from canyon margins, suggestiagM TC1 and MTC2 are likely
fed by localized source areas (Table 3).

In addition, MTC1 and MTC2 show long striationdfair base (Figs. 5B and
6B), which trend along the long axis of the Censtadmarine canyon. According to
Bull et al. (2009), striations directly record tinanslation of MTC body across the
basal bounding surfaces and are indicative of pranslirection of debris flow
processes. The trend of striations occurring in I'B@d MTC2 as shown in Figs.
5B and 6B suggests a transport direction alongahg &xis of the Central

submarine canyon for MTC1 and MTC2. This suggdss MTC1 and MTC2 most
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likely originated from collapses of the studied €dpat were triggered by regional

tectonic events as discussed later (Table 3).

6.1.2 Source areas of MTC3 to MTC8

MTC3 and MTC6 are linked with deformed shelf-edgéias and occur
immediately basinward of these deformed shelf-atids (Fig. 2). The repaid
progradation of shelf-edge deltas can lead to éveldpment of gravitational
instabilities and large-scale sediment failureghimdistal part of shelf-edge deltas as
the delta slope merges with the basin margin slbpis. is expressed by disrupted
and deformed seismic reflection configurationsesendrom the terminal end of
shelf-edge deltas (Fig. 2). These observations dvsupport the interpretation that
deformed shelf-edge deltas are source area of MIAAMTCG6 (Fig. 2, Table 3).

Below basal bounding surfaces of MTC4, MTC5 and NMT{BS4, BS5 and
BS8) there are clear truncation terminations ogegron the continental shelf
(yellow dots in Fig. 2), implying that the suba¢eaposure and erosion of
continental shelves and/or shelf margins were comaunimg the deposition of
MTC4, MTC5 and MTC8. These processes in turn sedmiediments for
deep-water settings where MTC4, MTC5 and MTC8 oanal, when coupled with
the fact that MTC4, MTC5 and MTCS8 occur immediatefsinward of shelf edges,
support the interpretation that MTC4, MTC5 and MTW&e probably fed by
sediments derived from continental shelf and/offshargins (Table 3).

MTC7 occurs immediately seaward of extensive heliddgaarpments

recognized in the northern part of the study aFégs( 2, 10B and 10C). Bull et al.
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411  (2009) suggested that the orientation of the heliéhsearpment is consistent with
412  the initial direction of mass-wasting processesadkding to this hypothesis, the
413 initial transport direction of MTC7 was downslopethe south and is parallel to the
414  orientation of the headwall escarpment as presente). 10B, suggesting that

415 source area for MTCY7 lies in the upper slope (T&hle

416 6.2 Classification of MTCs as documented in the case of the Qiongdongnan Basin

417 From a sedimentological perspective, Moscardelli\Aood (2008) proposed
418 that MTCs can be classified as detached and atlagpes, considering their

419 triggering mechanisms and relationships to sourea. d his classification is

420 employed to classify MTCs documented in this sttliyC1 and MTC2 are

421 classified as ‘detached MTCs’, considering the fhat they are areally confined
422  within the Central submarine canyon and were fetheeby continental shelves or
423 upper slopes, but rather by canyon margins (Taple 3

424 The other five MTCs (MTC3 to MTC6, and MTC8), inntrast, all extend

425 from their shelf margins or shelf-edge delta sositcethe deep-water basin (Table 3),
426  all of which can be classified as ‘shelf-attachetd®4’ (Table 3). The upper slope of
427  the studied margin is the source area of MTC7, ssijng that MTC7 can be

428 classified as ‘slope-attached MTC’ (Table 3).

429 7 Triggering mechanismsof MTCsdocumented in the Qiongdongnan Basin
430 Many previous studies suggested that MTCs canidgpgetred by a number of

431 mechanisms and triggers, including high sedimematites, the gas-hydrate
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dissolution, sea-level fluctuations, tectonics fleea oversteepening, overpressures,
earthquakes, etc. (Solheim et al., 2005; Moscareledll., 2006; Strozyk et al., 2009;
Gamberi et al., 2011; Jackson, 2011, 2012; MosheiGambell, 2011; Riedel et al.,
2012, among others). The current study suggests tb@mbination of factors, as
discussed below, contributed to the initiation desglelopment of MTCs documented
in the current case study (Table 3).
7.1 Triggering mechanisms of detached MTCs
7.1.1 Paleo-seafloor morphology

Gong et al. (2011) suggested that slope-subpakatblymetric confinement
(the Central submarine canyon) predated the devedopaof detached MTCs (Figs.
4 and 5). No.2 Fault and other basement faults@eated subparallel to the strike
of the regional slope (Figs. 1 and 2). Both th@slsubparallel bathymetric
confinement and slope-subparallel faults most yikedted as a strong physiographic
‘container’ (the Central submarine canyon) to cistmass-wasting processes
responsible for the formation of detached MTCsylltexy in MTC1 and MTC2 that
are oriented subparallel to the strike of the regliecfope and are areally confined
within the bathymetric confinement (Figs. 1 to 5).
7.1.2 Regional tectonic events

The study area is bounded to the west by the Reer Rault and to the east by
No. 2 Fault (Figs. 1 and 2), both of which shiffemm sinistral to dextral movement
at about 5.5 Ma (Xie et al., 2008; Zhu et al., 200®11) (Fig. 1). As suggested by

Gong et al. (2011), the structural inversion of Rex River Fault and No. 2 Fault
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454  and associated tectonic activity most likely trigggesmall-small slope instability
455 and localized collapses of the continental slophefstudied margin. The collapsed
456  sediments were transported downcanyon through soalk mass-wasting

457  processes that were confined with the Central submaanyon, resulting in

458 localized MTCs (MTC1 and MTC2) (Figs. 2 to 5). ladition, these small-scale

459 mass-wasting processes probably ‘ploughed’ thel basading surfaces of MTC1
460 and MTC2, yielding long striations (long linearsw®ic facies seen in plan-view
461 geomorphic images presented in Figs. 4B and 5Bnhted parallel to the long axis
462 of the Central submarine canyon.

463  7.1.3 Canyon margin oversteepening

464 These energetic sediment gravity flows induceddgyanal tectonic events

465 flowing along the long axis of the slope-subpatdilthymetric confinement (the
466  Central submarine canyon) could provide sufficergar stress to flush the canyon
467 and erode canyon margins significantly. Canyon imargight become

468 oversteepened and collapse due to the significastan of canyon margins (e.g.
469 Hodgson et al. 2011). This in turn further conttdalito the development of detached
470 MTCs (MTC1 and MTC2) consisting of sediments dettit®m canyon walls.

471  Similar canyon-margin-failure trigger mechanismsehbeen invoked by

472  Moscardelli and Wood (2008) from their 3D seismase study from the Columbus

473  Basin, offshore Trinidad.

474 7.2 Triggering mechanisms of attached MTCs

475  7.2.1 High sedimentation rates, rapid slope progradation and slope over steepening
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Zhu et al. (2011) suggested that sedimentatiors faden Pliocene (5.5 Ma) to
Quaternary in the Qiongdongnan Basin study aregechfrom 400-800 m/My. This
high sedimentation rate in turn most likely resdilie rapid progradation of the basin
margin. This can be evidenced by the fact thatf g@ugjes of the study area migrated
seaward for more than 50 km from Pliocene to pregong et al., 2011). In
response to the rapid progradation of the basimgimathe slope would become
oversteepened, as suggested by the fact that énage/slope gradient of the study
area reach up to 4° to 6° (Fig. 2). All of thesggers probably induced gravitational
instabilities and catastrophic collapses of shelfgins and/or upper slopes, resulting
in large-scale mass-wasting processes and theiciatsd attached MTCs (Table 3).
7.2.2 Rapid progradation of shelf-edge deltas

High sedimentation rates resulted in rapid progiadaf shelf-edge deltas and,
when coupled with other slope-failure triggers (eggound motion, gas hydrate
dissociation, sea level fluctuation, etc.) probahfjuced gravitational instabilities
and large-scale sediment failures in the distal plashelf-edge deltas (Figs. 2 and 4).
This can be evidenced by the disrupted and defogemmic reflection
configurations as seen from the terminal end ahsig-oblique-progradational
seismic facies (hot color-shaded areas in Figt &.likely that rapid progradation of
shelf-edge deltas onto the upper slope would ham&ributed to the development of
shelf-attached MTCs (Fig. 2; Table 3). Similar metsas triggering the
development of shelf-attached MTCs fed by paledstie deltas have also been

documented by Moscardelli and Wood (2008).
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7.2.3 Tectonic activity and resultant seismicity

As discussed previously, the Red River Fault, Nba@lt and other basement
experienced dextral movement from Pliocene to prtesdl of which caused
high-frequency seismicity in the northern Southr@htea margin (Zhu et al., 2009,
2011). Seismicity associated with this dextral mmogat have been documented in
China, northern South China Sea margin, and thersagietnam, etc. (Zhu et al.,
2011). The tectonic activity and associated seigynimoupled with other triggering
mechanisms as stated above, most likely triggexezhsively catastrophic collapses
of continental shelves, shelf margins, shelf-edgjtad, or upper slopes by seismic
shaking, forming large-scale mass-wasting procemsésheir associated attached

MTCs as documented in this case (MTC3 to MTCB3) (@&b.

8. Lateral and vertical relationshipswith interstratified reservoirs

A seismic facies is made up of thalweg high-ampétetements (the hot
color-shaded area in Fig. 12), consisting of higipktude reflections (‘(HARS’,
sensu Flood et al., 1991). HARs are contained withinhaysed basal erosional
surface, across which there are clear truncationitations below and onlap
terminations above (Fig. 12). In plan view, theg arpressed as high-amplitude and
high-RMS-attribute zones with irregular-shaped motpgy (hot color-shaded areas
in Fig. 13). High-amplitude reflections confinedtn submarine canyons are
commonly interpreted as channel fills (Manley et B997; Mayall et al., 2006;
Cross et al., 2009). Where similar seismic facegelbeen calibrated with borehole

data, as in the Amazon fans, they have provednesond to coarse channel-lag
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material (Manley et al., 1997).

MTCs are commonly considered as poor reservoirsyaangdserve as excellent
seals (Moscardelli et al., 2006; Weimer and SgfiQ7; Zhu et al., 2011). In
cross-section, channel fills are blanketed andlaweby low-permeability and
low-porosity MTCs (MTC1, MTC2 and MTC3) (Fig. 12 plan view, channel fills
are surrounded by MTCs (hot color-shaded areagym E3). MTC-related
stratigraphic traps could form, provided that thelsannel fills are charged by
deeper source rocks through hydrocarbon migratahvays and that the MTCs
(MTC1, MTC2 and MTC3) act as lateral and top seats@revent hydrocarbons
from leaking out. MTC-related stratigraphic tragsr@acognized the current case
study occupy an area of ca. 37%hot color-shaded areas in Figs. 12 and 13). This
type of stratigraphic trap may be common and repriggotential drilling targets on

many other MTC-bearing continental margins.
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9. Conclusions
This study integrates plan-view geomorphic imaggsreviously

undocumented MTCs with detailed seismic faciesaittarization of these MTCs to

document their stratigraphic architecture, seisgeiemorphology, triggering

mechanisms, and exploration significance.

(1) Eight MTCs, MTC1 to MTCS, were identified ancalassified as detached and
attached MTCs. Detached MTCs developed within ba#tgic confinement
occupy areas of hundreds of kemd consist of tens of Khof remobilized
sediments. Attached MTCs occurring within semi-aoed or unconfined
settings are areally extensive (hundreds to thowssahkinf) and consist of few
tens to few hundreds of Kmemobilized sediments.

(2) Internally, detached MTCs display irregularsggectional geometry and contain
long linear striations, whereas attached MTCs akhleet-like cross-sectional
geometry, consist mainly of weakly and highly defed MTC materials and
contain headwall escarpments, translated blocksnaet blocks, pressure ridges,
striations and cat-claw grooves.

(3) Detached MTCs resulted from small-scale masstingprocesses induced by
regional tectonic events and gravitational instaéd on canyon margins.
Attached MTCs, in contrast, were created by laiggdesmass-wasting processes
triggered by high sedimentation rates, slope ogepning, rapid progradation
of shelf-edge deltas, tectonic activity and seisyic

(4) From a sedimentological perspective, this stolyuments stratigraphic
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architecture, seismic geomorphology and triggenmaghanisms of two different
types of MTCs, contributing to a better understagaf the range and
distribution of MTCs.

(5) From a hydrocarbon exploration perspective,veark suggests that detached
MTCs could create MTCs-related stratigraphic tridyas may be common and
probably represent potential drilling targets irplevater basins, helping to

identify MTC-related hydrocarbon traps on contirkmiargins.
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Table 1 Seismic facies description and interpretation

Plan-view appearance Cross-sectional seismic expression ) ]
L ) — - — Sedimentological
Seismic facies Seismic ) . Cross-sectional Seismic . .
Appearance Amplitude  Continuity Interpretations
examples geometry examples
Seismic facies 1: Irregular-shaped ) ) )
) o ) Irregular shape Fig. 4C Low Variable Irregular shaped  Fig. 4C Detached MTCs
chaotic seismic facies
Seismic facies 2: Long linear seismic ] ) ) ] ) ) o
faci Long linear bands Figs. 5C and 6C  Variable Discontinuous  V shaped Fig. 5C Striations
acies
Seismic facies 3: Sheet-like chaotic ) ) ) ) )
o ) Sheet-like beds Figs. 6Cand 11C Low Variable Sheet like Fig. 6C Attached MTCs
seismic facies
o ] o ] ] Figs. 7C, 8C and ) o Figs. 7C and ]
Seismic facies 4: Arcuate seismic facies  Arcuatges 9D Low Variable Landward dipping 9D Pressure ridges
Seismic facies 5: Low-coherence chaotic ) ) ] ] )
o ) Low-coherence sheets Fig. 8C Low Discontinuous  Sheet like Fig. 8C Less deformed MTCs
seismic facies
Seismic facies 6: High-coherence High-coherence ) ] ) Highly deformed
) o ) Fig. 8C Low Moderate Sheet like Fig. 8C
chaotic seismic facies sheets MTCs
Seismic facies 7: Tapering-upward, Corrugated irregular ) Moderate to ] ) )
o ) Fig. 9C ) Variable Tapering upward  Fig. 9C Translated blocks
block seismic facies surface high
Seismic facies 8: Headwall seismic Irregular, continuous ] ) Seen as ascarpor
) Fig. 10C High Continuous Fig. 10C Headwall escarpments
facies scarps boundary
Seismic facies 9: Cat-claw seismic Radiating small-scour ) ] ) Seen as a string of
) Fig. 11C Variable Discontinuous Fig. 11C Cat-claw grooves
facies: features beads

Seismic facies 10: Remnant seismic  Irregular-shaped ) ] ) )
) Fig. 11C High Continuous Irregular shaped Fig. 11D Remnant blocks
facies: blocks




Table 2 Morphological characteristics of eight separate MTKITC1 to MTC8, as documented in
the case of the Qiongdongnan Basin along the nestesn South China Sea margin. The ‘MTC
areas’, ‘MTC thicknesses’ and ‘MTC volumes’ werdcadated within the limits of the 3-D

seismic survey.

MTC Area (knf) Mean thickness (m)  Volume (Kin Distribution
MTC1 ~210 ~120 ~9 Confined within canyon
100s 10s Subparallel to slope
MTC2 ~250 ~115 ~15 Confined within canyon
MTC3 ~700 ~110 ~70 ~40% of the study area
MTC4 ~1000 ~100 ~100 T ~65% of the study area
g Upper slope to deep basin
MTC5 ~1000 ~110 ~140 N ~65% of the study area
1000s &
MTC6 ~1200 ~80 ~90 3 ~70% of the study area
=
o
MTC7 ~800 ~70 ~55 Iy ~50% of the study area Mid slope to deep basin
MTC8 ~1100 ~50 ~50 ~65% of the study area Upper slope to deep basin




Table 3 The classification, depositional topography, sewacea, and causal mechanisms of eight

separate MTCs as documented in the case of QioggdarBasin along the northwestern South

China Sea margin.

MTCs

Depositional topography

Source area

Classifioa Triggering mechanisms

MTC1
MTC2
MTC3
MTC4
MTC5
MTC6
MTC7

MTC8

Topographic confinement

Canyon margins

Topographic confinement Canyon margins

Semi-confined settings
Semi-confined settings
Semi-confined settings
Semi-confined settings

Unconfined settings

Unconfined settings

Shelf-edge deltas

Continental shelves

Continental shelves

Shelf-edge deltas
Upper slopes

Continental shelves

SO1N payoeny

Local instabilities on canyon

Detached MTCs

margins and regional tectonic events

High sedimentation rates

Rapid shelf-edge deltas progradation
Shelf-attached MTCs

Rapid slope progradation

Slope over steepening
Slope-attached MTCs Tectonics activities and associated

Shelf-attached MTCs seismicity
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Figure 1. Bathymetric map showing morphological charactersstif the study area and plan-view
locations of dip-oriented regional seismic transgresented in Figs. 2 and 3. Major structure
features are modified from Xie et al. (2008) and 2hal. (2011). Two-way traveltime (TWTT)
structural maps (Figs. 4A to 11A), plan-view geopfoc images derived from 3D coherence
volumes (Figs. 4B to 11B), 3D seismic amplitudey(Ri3A) and RMS attribute volumes (Fig

13B) cover the full 3D seismic survey marked byrietangle with dotted outline
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Figure 2. Dip-oriented seismic traverses (for line locatiee §ig.1) across the entire studied
margin showing stratigraphic architecture and cgsesgional seismic expression of eight
successive MTCs (MTC1 to MTC8) and deformed shédfeedeltas seen as
sigmoid-oblique-progradational seismic facies ¢wor-shaded areas). BS = Basal bounding

surfaces.



Figure 3. Two-dimensional seismic section from three-dimeralieeismic volume (see Fig. 1 for
line location) showing cross-sectional seismic egpion of eight successive MTCs, MTCL1 to
MTCS8, developed within the Pliocene-Quaternary seditary interval in the Qiongdongnan
Basin. These eight MTCs are characterized by tamesp, chaotic reflection packages with
variable seismic amplitude and reflection continuitiease refer to Fig. 1 for the plan-view

location of the seismic traverse presented in thigé. BS = Basal bounding surfaces.
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Figure 4. (Panel A) Three-dimensional perspective views ofeal bounding surface of MTC1
(BS1). Hot and cool colors on time-structure (msTT &/ millisecond two-way traveltime) maps
presented in Figs. 4A to 11A represent topograplgs and lows, respectively. (Panel B)
Coherence map of a slice 160 ms above the basatbmusurface of MTC1 (BS1) showing
plan-view details of MTC1. Low and high coherentglan-view geomorphic images derived
from 3D coherence volumes presented in Figs. 4B Bare in dark and light colors, respectively.
(Panel C) Cross-section looking downstream (fag lacation see Fig. 4B) illustrating seismic

examples of detached MTCs seen as irregular-shdp@edic seismic facies.
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Figure5. (Panel A) Time-structure map of basal boundingamafof MTC2 (BS2) showing a
well-developed, slope-parallel topographic lowtfoe development of MTC2. (Panel B) Flattened
horizontal coherence slice at 155 ms above thd basading surface of MTC2 (BS2) illustrating
plan-view details of MTC2 and its associated lingiaoves. (Panel C) Cross-section looking
downstream (see Fig. 5B for line location) showdegsmic appearance of grooves seen as long

linear seismic facies.
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Figure 6. (Panel A) Three-dimensional perspective views otthsal bounding surface of MTC3
(BS3) showing a semi-confined, topographic low veittopographic relief increasing
northeastward, within which MTC3 developed. (Pa@)eCoherence image of a slice 100 ms
above the basal surface of MTC3 (BS3) showing gephwogical expression of MTC3 and its
associated grooves, less deformed MTCs and higdibriohed MTCs. (Panel C) Strike-oriented
seismic lines (location shown in Fig. 6B) showiegsmic examples of attached MTCs seen as

sheet-like chaotic seismic faceis.
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Figure 7. Shelf-attached MTCs (MTC4) recognized in the staa of Qiongdongnan Basin, as
it appears on three-dimensional perspective view ofidthe basal bounding surface of MTC4
(BS4) and on the coherence slice taken 120 ms aheveasal bounding surface of MTC4 (BS4)
(upper and middle panels, respectively). (Panalgtjical seismic sections (line location shown
in Fig. 7B) through the toe domain of MTCA4 illusing best-developed examples of landward

inclined arcuate seismic facies interpreted asspresridges.
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Figure 8. (Panel A) Time-structure map of the basal boundingace of MTC5 (BS5) showing a
semi-confined setting for the development of MT®btice the southwestward decreasing in
bathymetric relief and confinement. (Panel B) Ella¢td horizontal coherence slice seen at 120 ms
above the basal bounding surface of MTC5 (BS5)titlig seismic appearance of MTC5 and its
associated highly deformed MTCs and pressure ridgesel C) Strike-view cross section (see
Figs. 8B and 11B for line location) to illustratetdils of less and highly deformed MTCs seen as

high- and low-coherence chaotic seismic faciepeaetively.
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Figure 9. (Panel A) Three-dimensional perspective views otthgal bounding surface of MTC6
(BS6) illustrating a semi-confined setting for tievelopment of MTCG6. (Panel B) Flattered
horizontal coherence image of a slice 120 ms aldwvéasal bounding surface of MTC6 (BS6)
showing plan-view geomorphological expression of 6T Seismic traverses (location shown in

Fig. 9B) showing seismic appearance of translakeckb and pressure ridges (panels C and D,
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Figure 10. (Panel A) Time-structure map of the basal boungingace of MTC7 (BS7) showing
an unconfined setting for the development of MT®anel B) Flattened horizontal coherence
slice at 150 ms above the basal bounding surfabT@7 (BS7) illustrating the

geomorphological expression of MTC7 and its assedigrooves and headwall scarps. (Panel C)
Zoomed in area of seismic section (location preskirt Fig. 10B) through the headwall domain
of MTCY7 illustrating excellent seismic exampleshakinward inclined arcuate seismic facies

interpreted as MTC headwalls.
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Figure 11. Shelf-attached MTCs (MTCB8) appeared on three-diilneasperspective view of the
basal bounding surface of MTC8 and on coherencesstaken 130 ms above the basal bounding
surface of MTCS8 (BS8) (upper and lower panels, rethpady). Seismic sections (line location

shown in Fig. 11B) showing seismic examples ofatatv grooves and remnant blocks (panels C
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and D, respectively).
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Figure 12. Dip-oriented seismic section (see Figs. 13 andt4rfe location) showing
cross-sectional expression of potential MTC-relateatigraphic trap configuration (see hot
color-shaded areas in the section) and chanrel(lfiit color-shaded area, HARs seismic facies).
BS = Basal bounding surfaces. Please refer to &igjifor the plan-view seismic expression of

MTC-related stratigraphic traps and channel filid & text for a detailed discussion.
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Figure 13. Channel fills seen as high-amplitude (panel A) higth-RMS-attribute zones (panel B)
are blanketed and surrounded by detached MTCsjrigrpotential MTC-related stratigraphic
traps (hot color-shaded areas) that are seen arvilev geomorphic images derived from 3D
amplitude and RMS attribute volumes (upper and tameages, respectively). Refer to Figure 12

for their cross-sectional details and to text folesailed discussion.
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Eight MTCs were recognized and are classified @€la¢d and detached MTCs.
Detached MTCs were triggered by local instabilities
Attached MTCs resulted from large-scale collapses.

MTC-related stratigraphic traps were identified.



