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  INTRODUCTION	
  



Sediments	
  deposited	
  or	
  substanUally	
  reworked	
  by	
  the	
  persistent	
  	
  
acUon	
  of	
  	
  	
  boWom	
  currents	
  	
  (Stow	
  &	
  Faugères.,	
  2008)	
  

(Adapted	
  from	
  Rahmstorf,	
  2006	
  &	
  Kuhlbrodt	
  et	
  al.	
  2007)	
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“Semi-­‐permanent	
  water-­‐mass	
  flows	
  capable	
  of	
  eroding,	
  
transporUng,	
  and	
  deposiUng	
  sediments	
  on	
  the	
  sea-­‐floor”	
  

	
  



CONTOURITE	
  DEPOSITIONAL	
  SYSTEM	
  

(Pudsey,	
  	
  2002.	
  	
  Geol.	
  Soc.	
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  Publ.)	
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(Rebesco	
  et	
  al.,	
  2014.	
  	
  Mar.	
  Geol.)	
  

Length	
  =	
  hundreds	
  of	
  km	
  
Wide	
  =	
  tens	
  of	
  km	
  
Thickness	
  =	
  0.2-­‐3	
  Km	
  

DEPOSITIONAL	
  FEATURES	
  

Very	
  frequent	
  in	
  present	
  marine	
  basins	
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(Harries	
  	
  et	
  al.,	
  2014)	
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TERRACES	
  



Total=	
  184	
  plateaus	
  	
  
Area=	
  18,486,600	
  km2,	
  or	
  
5.11%	
  of	
  the	
  oceans	
  
(Harries	
  	
  et	
  al.,	
  2014)	
  

•  Abut	
  the	
  margin	
  
•  Marginal	
  plateaus	
  (separate	
  from	
  the	
  slope	
  and	
  form	
  isolated,	
  raised	
  pla5orms)	
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PLATEAUS	
   “Flat	
  or	
  nearly	
  flat	
  elevaUons	
  of	
  considerable	
  areal	
  extent,	
  dropping	
  
off	
  abruptly	
  on	
  one	
  or	
  more	
  sides”	
  (IHO,	
  2008)	
  

(Courtesy	
  from	
  Christophe	
  Basile,	
  ISTerre,	
  Université	
  Grenoble-­‐Alpes_2017)	
  

“Marginal	
  plateaus	
  can	
  be	
  defined	
  in	
  the	
  submarine	
  morphology	
  as	
  flat	
  
(sub-­‐horizontal)	
  	
  but	
  deep	
  (deeper	
  than	
  the	
  shelf	
  break)	
  domains	
  within	
  

the	
  conUnental	
  slope”	
  (Mercier	
  de	
  Lépinay	
  et	
  al.,	
  2016)	
  

BUT…	
  	
  
•  At	
  least	
  one	
  of	
  its	
  boundary	
  represents	
  a	
  transform	
  COB	
  
•  At	
  least	
  they	
  had	
  one	
  period	
  of	
  ri=ing	
  prior	
  transform	
  forma?on	
  
•  It	
  represents	
  and	
  rela?ve	
  basement	
  (CC	
  and	
  /	
  or	
  CO?)	
  high	
  

“Marginal	
  plateaus	
  are	
  defined	
  as	
  a	
  flat	
  (sub-­‐horizontal)	
  surface	
  within	
  
conUnental	
  slopes	
  bounded	
  by	
  large	
  tectonic	
  structures	
  and	
  controlled,	
  in	
  

a	
  long-­‐term,	
  by	
  tectonic	
  and	
  sedimentary	
  processes”.	
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“An	
  isolated	
  (or	
  group	
  of)	
  relaIvely	
  flat	
  horizontal	
  or	
  gently	
  inclined	
  
surface(s),	
  someImes	
  long	
  and	
  narrow,	
  which	
  is	
  (are)	
  bounded	
  by	
  a	
  

steeper	
  ascending	
  slope	
  on	
  one	
  side	
  and	
  by	
  a	
  steeper	
  descending	
  slope	
  
on	
  the	
  opposite	
  side”	
  (IHO,	
  2008)	
  

Total=	
  1230	
  terraces	
  
Area=	
  2,303,490	
  km2,	
  	
  
0.64	
  %	
  of	
  the	
  oceans	
  
11.6	
  %	
  of	
  the	
  conInental	
  slope	
  (Harries	
  	
  et	
  al.,	
  2014)	
  

TERRACES	
  

(Llave	
  et	
  al.,	
  submiWed)	
  

•  Are	
  most	
  common	
  on	
  the	
  slopes	
  of	
  the	
  ArcIc	
  and	
  Indian	
  Oceans	
  (>	
  21%	
  of	
  

the	
  conUnental	
  slope)	
  	
  

•  Occupy	
  <	
  6%	
  of	
   the	
  slope	
   in	
   the	
  Mediterranean	
  and	
  Black	
  Seas,	
   the	
  North	
  

Pacific	
  and	
  the	
  South	
  Pacific	
  Oceans.	
  	
  

•  The	
  largest	
  terrace	
  is	
  on	
  the	
  NW	
  Shelf	
  of	
  Australia	
  (104,470	
  km2)	
  



(Harries	
  	
  et	
  al.,	
  2014)	
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“An	
  isolated	
  (or	
  group	
  of)	
  relaIvely	
  flat	
  horizontal	
  or	
  gently	
  inclined	
  
surface(s),	
  someImes	
  long	
  and	
  narrow,	
  which	
  is	
  (are)	
  bounded	
  by	
  a	
  

steeper	
  ascending	
  slope	
  on	
  one	
  side	
  and	
  by	
  a	
  steeper	
  descending	
  slope	
  
on	
  the	
  opposite	
  side”	
  (IHO,	
  2008)	
  

TERRACES	
  

They	
  are	
  sub-­‐horizontal	
  morphologic	
  elements	
  idenIfied	
  both	
  at	
  
the	
  present	
  sea-­‐floor	
  and	
  in	
  the	
  sedimentary	
  record,	
  which	
  have	
  

developed	
  over	
  Ime	
  in	
  construcIonal	
  and	
  erosive	
  phases.	
  	
  

CONTOURITE	
  TERRACES	
   PLASTERED	
  DRIFTS	
  
(Faugères	
  et	
  al.,	
  	
  1999)	
  



(Rebesco	
  et	
  al.,	
  2014.	
  	
  Mar.	
  Geol.)	
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Deep	
  water	
  circulaUon	
  is	
  influence	
  by	
  a	
  number	
  of	
  processes	
  
1.	
  BoWom	
  currents	
  &	
  thermohaline	
  circulaUon	
  

2.	
  Overflows	
  

3.	
  Processes	
  at	
  the	
  interface	
  between	
  water	
  masses	
  

4.	
  Deep-­‐water	
  Udal	
  &	
  internal	
  Udes	
  currents	
  

5.	
  Deep-­‐sea	
  storms	
  

6.	
  Eddies	
  

7.	
  Secondary	
  circulaUon	
  

8.	
  Dense	
  shelf	
  water	
  cascades	
  

9.	
  Internal	
  waves	
  &	
  solitons	
  

11.	
  Rogue-­‐	
  &	
  cyclone-­‐related	
  tracUon	
  currents	
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DEPO
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INTERNALITES?	
  

10.	
  Tsunami-­‐related	
  tracUon	
  current	
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(Adapted	
  from	
  Shanmugan,	
  2012,	
  2013)	
  

Sub-­‐surface	
   waves	
   associated	
   to	
   interphases	
   between	
   water	
   masses	
  
with	
  different	
  density	
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Location number and name  

Pacific 
Ocean 

Atlantic 
Ocean 

Indian 
Ocean 

1 

7 
15 

22 

27 

29 
30 31 32 

33 
35 38 40 

36 

25 

43 

46 

47 
48 

50 

1. Gulf of Alaska. 2. Oregon shelf. 3. Monterey Bay, California. 4. Monterey Canyon, California. 5. Mission Bay, California. 6. Gulf of 
California. 7. Hawaiian Ridge. 8. Horizon Guyot. 9. Eastern Equatorial Pacific. 10. Galapagos Is. 11. Southeast Pacific. 12. East Greenland 
Shelf. 13. Nova Scotian Shelf Edge. 14. New England Shelf. 15. Mid-Atlantic (New York) Bight. 16. Gulf of Mexico. 17. Florida-Atlantic Coast. 
18. Caribbean Sea. 19. Northern Brazil Basin. 20. Southern Brazil Basin. 21. Great Meteor Seamount.  22. Mid-Atlantic Ridge, Eastern Brazil 
Basin. 23. Moroccan Shelf. 24. Nigerian Shelf. 25. Southwest Africa. 26. Spitsbergen Is. 27. Faeroe-Shetland Channel. 28. Celtic Sea. 29. 
Bay of Biscay. 30. Iberian Peninsula.31. Strait of Gibraltar. 32. Strait of Messina. 33. Red Sea. 34. Gulf of Oman. 35. Somalia. 36. 
Mozambique Channel. 37. Mascarene Ridge. 38. Arabian Sea. 39. Krishna-Godavari Basin. 40. Andaman Sea. 41. Sea of Okhotsk. 42. 
Kamchatka Shelf. 43. Sea of Japan-Korea Strait. 44. Yellow Sea. 45. South China Sea. 46. Sulu Sea. 47. Makassar Strait. 48. Lombok Strait, 
49. Australian Northwest Shelf.  50. Poor Knights Is. 51. Weddell Sea. 

51 

A 
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Pacific 
Ocean 
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49 

6 

14 

24 
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11 

20 

39 

41 

16 

12 
42 

23 

Antarctic Ocean 

Arctic Ocean 

1 

450 
44 

8 
5 

17 

13 

	
  LocaUons	
  (red	
  dots)	
  of	
  observed	
  oceanographic	
  internal	
  waves	
  and	
  Udes	
  in	
  coastal	
  seas	
  and	
  in	
  the	
  open	
  ocean	
  (from	
  Apel,	
  2002;	
  Jackson,	
  2004a).	
  

(Shanmugam,	
  2013)	
  

•  Very	
  common	
  in	
  all	
  oceans!	
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(Bruce	
  Sutherland,	
  2013)	
  

(Hans	
  van	
  Haren,	
  2013)	
  

λ	
  =	
  1m	
  to	
  >	
  10	
  Km	
  
H	
  =	
  several	
  cm	
  unUl	
  >	
  100	
  m	
  
T	
  =	
  1´	
  -­‐	
  several	
  hours	
  
Maximum	
  horizontal	
  vel.	
  =	
  200	
  cm/s	
  
Maximum	
  ver?cal	
  vel.	
  =	
  20	
  cm/s	
  

(Preu	
  et	
  al.,	
  2013)	
  

IW	
  turbulence	
  esUmates	
  using	
  NIOZ-­‐thermistors:	
  upslope	
  phase	
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Breaking	
  of	
  internal	
  waves	
  on	
  
sloping	
  surfaces	
  creates	
  episodic	
  

high-­‐turbulence	
  events	
  and	
  
consequently	
  erosion	
  and	
  transport	
  

of	
  sediments	
  



based	
  on	
  laboratory	
  experiments	
  (Southard	
  &	
  Cacchione,	
  1973)	
  

	
  
	
  	
  Downslope,	
  as	
  bedload	
  

deposiUon	
  
re-­‐entrainment	
  

	
  
	
  RepeUUve	
  high	
  energy	
  events 	
   	
   	
   	
   	
   	
   	
   	
  	
  

	
  	
  (Southard	
  &	
  Cacchione,	
  1973)	
  	
  

Impact	
  in	
  sediments:	
  breaking	
  internal	
  waves	
  

SWASH	
  	
  RUN-­‐UP	
  

BACKWASH	
  

erosion	
  
deposiUon	
  

Upslope,	
  partly	
  in	
  suspension	
  

(Bádenas	
  et	
  al.,	
  2011)	
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southeast Asia to the west. Water depths in the deep basin in the
northern portion of the South China Sea exceed 4000 m, while
portions to the west and south are characterized by expansive
shallow-water regions with water depths less than 100 m. An
additional distinguishing characteristic of the South China Sea is
that it hosts the world's largest observed internal solitary waves
(ISW) which generate from tidal forcing on the Luzon Ridge on the
east side of the South China Sea, propagate west across the deep
basin with amplitudes regularly exceeding 100 m (Ramp et al.,
2004), and dissipate extremely large amounts of energy via
turbulent interaction with the continental slope (Chang et al.,
2006; Lien et al., 2005), suspending and redistributing the bottom
sediment. The oceanographic study area is indicated by the solid
line in Fig. 1.

3. Materials and methods

Acoustic echosounder systems have long been utilized for the
visualization of ISWs (Proni and Apel, 1975; Stride and Tucker, 1960;
Warren et al., 2003). During this field experiment, a Simrad EK-500
echosounder system was employed at 38 kHz and 120 kHz. A sub-
bottom chirp profiler (Ocean Data Equipment Corporation Bathy
2000), operating at 3.5 kHz, was used to better visualize and estimate
the physical dimensions of the dunes. Sediment gravity core and grab
equipment was also employed to sample the surficial sediment of the
seabed.

4. Results

The bathymetry, along the southeasterly track indicated in Fig. 2,
is characterized by a plateau at 115–120 m water depth from 0 to
5 km, a sharp 80 m cliff from 120 m to 200 m at 5–5.5 km, a 2.0°
slope from 200 m to 350 m at 5.5–10 km, a 0.3° slope from 350 m to

450 m at 10–30 km, and a 0.65° slope from 450 m to beyond 600 m
from 30–45 km.

The water column structure of the ISW (plotted in Fig. 3 using EK-
500 echosounder data) whose surface expression appears at 117.5°E
in Fig. 1 (at 0515-0520 GMT on April 21) was encountered by

Fig. 1.MODIS image of the northern South China Sea on April 21, 2007 at 0515-0520 GMT. China is to the northwest, Taiwan is to the northeast, Luzon is to the southeast and Dong-
Sha Atoll is located at 20.7°N, 117°E. Very large ISWs generated by tidal forcing in the Luzon Strait propagate across the deep basin with an approximate group speed of 3 m/s. The
long curved dark bands near 117.5°E, 119°E and 120°E are the surface expressions of the ISWs. The study area is indicated by the solid line.
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Fig. 2. Bathymetry of the study area, with the acoustic profiling transect (line) and the
locations of the sediment grab samples (green circles). (Depth in meters.)
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the ship at 21.65°N, 117.85°E at 0100 GMT, when the ISW was
approximately 40 km from the edge of the plateau. Fig. 3 is a
composite of 38 kHz and 120 kHz echoes for depth zones below and
above 200 m, respectively. The 38 kHz echoes experience less
transmission loss than the 120 kHz echoes, but are of lower
resolution. The echogram is a time series collected over a period of
approximately 5 h as the ship transited to the southeast to intercept
the incoming trans-basin ISW.

The echosounder image shows the ISW propagating along the
thermocline in the form of a single, large depression wave of 125 m
amplitude. As the ISW shoals on the continental slope, it depresses
the thermocline, subducts warmer surface waters from in front of
and behind the depression, causing both slick and roughened surface
conditions and mixing throughout the pelagic and benthic zones.
While the amplitude of the wave itself is approximately 125 m, wave
energy is observed throughout the water column, from the surface
to the bottom at 600 m. The wave energy of these South China Sea
trans-basin ISWs is often of sufficient magnitude to create direc-
tionless breaking waves on the ocean surface, producing roughened
surface waters in bands oriented south–southeast to north–
northeast, which are the surface expressions seen in Fig. 1. The
benthic layer appears to be disturbed by the passage of the ISW,
presumably resuspending the bottom sediment and increasing the
thickness of the nephloid layer to nearly 200 m. Even more striking
is the ocean bottom structure, which was initially suspected to be
echosounder system artifacts. However, the size and structure of
these dunes were confirmed using the 3.5 kHz sub-bottom chip
profiler along the entire transect.

Sand dune size and structure are shown in Fig. 4, which presents
the 3.5 kHz chirp sonar data collected along the same transect
shown in Figs. 2 and 3. The first panel shows evidence of several
sand dunes adjacent to the plateau from 5.0 to 5.6 km and smaller
overlapping sand dunes from 7.7 to 9.7 km on the lower section of
2.0° slope. Sand dunes of 10–13 m amplitude and crest-to-crest
wavelength of 280–320 m appear between 9.7 and 13.5 km. The
second panel shows a relatively flat bottom with occasional non-

uniformly spaced dunes of 3–5 m amplitude. The third panel shows
continuously occurring large dunes of 8–16 m amplitude, inter-
rupted by the smoother section between 28.6 and 29.8 km. The
largest sand dune is located at 30.8 km, with an amplitude and
wavelength exceeding 16 m and 350 m, respectively. The fourth
panel shows large sand dunes continuing all the way to the end of
the sampled transect to a depth of 600 m. The 3.5 kHz data exhibit
echo characteristics summarized in Damuth (1980b); specifically,
overlapping hyperbolic echoes indicative of closely spaced dunes
whose spacing is smaller than the acoustic footprint of the
echosounder system, and very little sub-bottom structure, indica-
tive of a highly reflective sandy sediment.

Sand dune surficial composition was determined by four surficial
sediment samples retrieved by a bottom grab sampler, the locations of
which are designated as g1, g2, g3 and g4 from the plateau toward the
basin (Figs. 2–4). The samples at g1 and g2were taken on the plateau,
the sample at g3 was taken on the 2.0° slope at a depth of
approximately 180 m, and the sample at g4 was taken from one of
the large dunes at a depth of approximately 350 m. Fine to medium
sands, as defined by Wentworth (1922), are the dominant constitu-
ents of the bottom surficial sediment at all four sites, as depicted
by the particle size distributions plotted in Fig. 5. The volume
percentages of various particle sizes are centered on 200, 280 and
400 μm for the g1, g2, and g3 sites respectively, demonstrating an
increase in particle diameter from west to east along the transect to
deeper water; however, at the g4 site, the distribution is slightly bi-
modal with the larger peak centered on 200 μm and the smaller peak
centered on 400 μm.

5. Discussion

The South China Sea is a unique, semi-enclosed ocean environ-
ment. Given South China Sea ISW amplitudes regularly in excess of
100 m, full water column energy transport as indicated by isopycnal
displacement to depths exceeding 600 m, and highly energetic
resuspension events as indicated by the 200 m thick nephloid zone,

Fig. 3. The water column structure of the ISW whose surface expression appears at 117.5°E in Fig. 1. The plot is a time series composite of 38 kHz and 120 kHz EK-500 echosounder
data for depth zones below and above 200 m, respectively. The data were collected over a period of approximately 5 h as the ship transited to the southeast along the transect in Fig. 2
to intercept the incoming trans-basin ISW. The ISW is propagating along the thermocline in the form of a single, large depression wave of 125 m amplitude.

14 D.B. Reeder et al. / Marine Geology 279 (2011) 12–18

Fig. 3 offers the compelling hypothesis that these trans-basin ISWs
are the formation mechanism of these very large subaqueous sand
dunes.

5.1. Internal solitary waves

Internal solitary waves, or solitons (Apel et al., 2006), are
generated by tidally forced currents flowing over topographical
features in a stratified ocean and are ubiquitous features in the
world's oceans (Apel et al., 2007; Huthnance, 1989; Hyder et al., 2005;
Ostrovsky and Stepanyants, 1989). The passage of ISWs is observed to
be associated with an increase in near-bottom turbulent kinetic
energy and particle concentrations in the wave footprint (Bogucki
et al., 2005); these localized effects could be a manifestation of in-

trinsic global instability (Hammond and Redekopp, 1998). The global
instability, occurring when an adverse pressure gradient near the
bottom boundary is induced by a wave's amplitude exceeding a
critical value, becomes a potent mechanism for benthic turbulence,
mixing and sediment resuspension in shallow water (Diamessis and
Redekopp, 2006).

5.2. Sediment transport by ISWs

Currents and mixing generated on the continental slope by
breaking internal waves and ISWs have been addressed theoretically
by a number of investigators, including Zikanov and Slinn (2001),
Eriksen (1985), Thorpe (2000) and Wunsch (1971). Sediment
resuspension and transport by breaking and non-breaking internal

Fig. 4. Sub-bottom profile acquired by the shipborne 3.5 kHz chirp sonar system along the transect shown in Figs. 1–3 showing the non-uniformly spaced structure of the sand dunes.
The largest dune is located at 30.8 km, with an amplitude of 16 m and wavelength of 350 m. These data exhibit echo characteristics summarized in Damuth (1980a); specifically,
overlapping hyperbolic echoes indicative of closely spaced dunes whose separations are smaller than the acoustic footprint of the echosounder system, and very little sub-bottom
structure, indicative of a highly reflective sandy sediment.
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