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Our understanding of reworked turbidites is still in its infancy, and their flow processes and genesis still
remain understudied. Core data from the middle Miocene Zhujiang Formation in the Pearl River Mouth
Basin allow us to differentiate reworked turbidites, yielding two main contributions. Firstly, reworked
turbidites are distinguished from turbidites by the association of traction structures and tidal signatures,
which occur in discrete units rather than forming a classic “Bouma Sequence” for turbidites.
Sedimentological characteristics of reworked turbidites proposed here will help to obtain a robust set
of diagnostic criteria for the recognition of deep-water non-turbidite deepwater units as reservoirs.
Secondly, our results suggest that, in the down-slope direction, classic detritus carried in turbidity flows
would synchronously be bidirectionally reworked by internal tides and waves, resulting in tidal signa-
tures seen in the interpreted reworked turbidites. In the along-slope direction, upper parts of dilute tur-
bidity currents would mix vertically with seawater, and muddy fines would be winnowed away by
contour currents, whereas lower parts of dilute turbidity currents would probably drop their coarse par-
ticles, resulting in traction structures recognized in the documented reworked turbidites. Our work high-
lights the influence of bottom currents on the development and modification of turbidites and suggests
that reworked turbidites were created by the combined action of down-slope transport and reworking
and along-slope winnowing and sorting, helping to better understand flow processes and genesis of
non-turbidite reservoirs with a great economic interest.
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1. Introduction

It is now widely accepted that deepwater is not only the realm
of turbidity currents and that bottom currents (i.e., any ‘persistent’
ocean currents near the seafloor) are equally significant in trans-
porting and depositing sediments in deep-marine environments
(e.g., Herndndez-Molina et al., 2006, 2011, 2014; Shanmugam,
2008a, 2012; Mutti and Carminatti, 2012; Stow et al., 2013). In
addition to sandy mass-transport deposits and turbidites, sandy
contourites and reworked turbidites constitute important petro-
leum reservoirs and are an important part of the spectrum of

* Corresponding author.
E-mail address: chenglingong@hotmail.com (C. Gong).

http://dx.doi.org/10.1016/j.jseaes.2016.06.025
1367-9120/Published by Elsevier Ltd.

deep-water deposits (Shanmugam, 2008a, 2012, 2013; Stow
et al,, 2011, 2013; Gong et al., 2013). Sandy contourites, reworked
turbidites or bottom current-reworked sands have been recognized
in the Gulf of Cadiz (e.g., Nelson et al., 1993, 1999; Hernandez-
Molina et al., 2006, 2011, 2014; Stow et al., 2011, 2013;
Brackenridge et al., 2013), the Brazilian marginal basins (Viana,
2008; Mutti and Carminatti, 2012), the Gulf of Mexico
(Shanmugam et al., 1993), the Mozambique Basin (Palermo et al.,
2014), and on the northern South China Sea margin (e.g., Zhu
et al, 2010; Li et al,, 2012; He et al.,, 2013; Gong et al., 2013,
2015). More than 80% of 2 million barrels of oil (boe) daily produc-
tion in the Brazilian marginal basins come from the Cretaceous and
Tertiary deep-water sandstones, a large proportion of which has
been interpreted as reworked turbidite or sandy contourites by

Please cite this article in press as: Gong, C., et al. Middle Miocene reworked turbidites in the Baiyun Sag of the Pearl River Mouth Basin, northern South
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Mutti and Carminatti (2012). Sandy contourites and reworked tur-
bidites, therefore, represent an extremely significant group of
deep-water reservoirs. Understanding of sandy contourites or
reworked turbidites, however, is still very much in its infancy
and has only recently been pushed forward, due hydrocarbon
exploration activities progressively move into greater water depths
(e.g., Shanmugam, 2008a; Mutti et al., 2009; Stow et al., 2011,
2013). As pointed out by Stow et al. (2011, 2013), greater knowl-
edge is required to differentiate sandy contourites or reworked tur-
bidites from turbidites and to better understand their flow
processes and genesis.

Well-sorted and clean sands, which were recognized in the Tai-
wan Canyon (Fig. 1) and are seen in core photographs of Fig. 2,
were previously interpreted as modern reworked turbidites by
Gong et al. (2015), based on evidence: (1) the widespread

occurrence of diagnostic benthic foraminifera species for the
recognition of the contour currents resulting from North Pacific
Deep Water (NPIW-CCs), (2) the clean, well-sorted, and fine-
grained properties, (3) the presence of sandy lags with sharp upper
contacts overlain by finer-grained facies, (4) a lack of gradational
upper contacts and of age inversion, (5) two- to three-
subdivision grain size distribution patterns on cumulative fre-
quency plots, and (6) abundant bio-skeletons, shell fragments,
and foraminifer. Certainly, the same bottom current-reworked
deposits (i.e., reworked turbidites as documented by Gong et al.
(2012, 2015) should have been equally active in the geological past
on the northern South China Sea margin. Nevertheless, flow pro-
cesses and genesis of reworked turbidites still remain ambiguous.
The current work focuses on the use of conventional cores from
the middle Miocene Zhujiang Formation of the Pearl River Mouth

106°E 108°E

o,
SACTLTA

o,

118°E 120°E 122°E

i ., Taiwan Strait

.
.
.
s
.
=,

£ f 3
Station distribution of
» ] P -

/ﬂ '- ¥ il =
v(= 1 ?
hiChinatSeaZ

116°E

Fig. 1. (A) Bathymetry map showing the study area and main pathways of North Pacific Intermediate Water (NPIW) and North Pacific Deep Water (NPDW) (after Gong et al.,
2013). Also shown are plan-view locations of Synthetic Aperture Radar image (image courtesy of C. Guo at the Ocean University of China) presented in (B). (B) The Synthetic
Aperture Radar image showing the rapid propagation of internal solitary waves on the continental slope and adjacent abyssal plain of the northeastern South China Sea

margin.
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Basin to: (1) investigate sedimentological characteristics of
reworked turbidites and (2) address the flow processes, genesis,
and implications of reworked turbidites, with an special attention
of contour currents, internal waves and tides. Our work contributes
to a better understanding of the flow processes and genesis of nov-
el, non-turbidite reservoirs the potential economic interest.

2. Geological and oceanographic settings

The study area is located in the Pearl River Mouth Basin along
the northern South China Sea margin (Fig. 1). The Pearl River
Mouth Basin is a Cenozoic sedimentary basin, and underwent three
main tectonic stages, namely Paleocene to early Oligocene rifting
stage, late Oligocene transition stage, and early Miocene to Quater-
nary postrifting stage (Zhu et al., 2010; Franke et al., 2011; Franke,
2013; Zhao et al., 2016). Accordingly, the basin infill of the Pearl
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River Mouth Basin can be divided into three main supersequences,
namely a syn-rift supersequence from Paleocene to early Oligo-
cene, a transition supersequence of late Oligocene, and a post-rift
supersequence from early Miocene to Quaternary (e.g., Gong
et al., 2013; Zhao et al.,, 2016). Neritic, deltaic, and nearshore
deposits were well developed within syn-rift and transition super-
sequences, whereas deep-water sedimentary systems became
widely developed within post-rift supersequences in response to
a prominent shelf-slope-basin physiography (Zhu et al., 2010;
Franke et al., 2011; Franke, 2013; Zhao et al., 2016). Sandy tur-
bidites in the post-rift supersequences are the focus of the present
case study.

The modern ocean circulation in the South China Sea shows a
sandwich-like pattern consisting of the seasonal surface-water cir-
culation, the intermediate water circulation resulting from the
North Pacific Intermediate Water (NPIW), and the deep-water

Fig. 2. Photographs of piston core (from Gong et al., 2015) taken from the Taiwan Canyon (Fig. 1) showing a close-up view of high net to gross ratio, clean, well-sorted sands
that are interpreted as modern reworked turbidites in the Taiwan Canyon (see Gong et al., 2015 for further details).
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circulation resulting from the North Pacific Deep Water (NPDW)
(Fig. 1) (Qu et al., 2006; Yang et al., 2010; Zhu et al., 2010; Gong
et al., 2013; He et al.,, 2013). The intermediate water circulation
is clockwise with the effective depth of 350-1350 m, whereas
the deep-water circulation is counter-clockwise with the effective
depth of >1350 m (Fig. 1) (e.g., Zhu et al., 2010; Gong et al., 2013;
He et al,, 2013).

Another oceanographic characteristic of the South China Sea is
that it hosts the world’s largest observed internal solitary waves
created by the strong tide-topography interactions above the east-
ern ridge in the Luzon Strait (Reeder et al., 2011; Guo and Chen,
2014; Alford et al., 2015). These solitary waves can be readily seen
in the Synthetic Aperture Radar mage presented in Fig. 1B. They
propagate westwards across the northeastern South China Sea
margin with amplitudes exceeding 100 m, and dissipate large
amounts of energy and sediments by turbulent interaction with
the sea floor, resulting in sand dunes on the upper slope of the
northeastern South China Sea (Reeder et al., 2011; Alford et al.,
2015). Contour currents resulting from the NPIW (NPIW-CCs),
together with these internal solitary waves and internal tides,
strongly influenced deep-water sedimentation in the South China
Sea (Zhu et al,, 2010; Reeder et al., 2011; Gong et al., 2012, 2013;
Li et al., 2013).

3. Database and terminology

The present case study is based on core data acquired and pro-
vided by the China National Offshore Oil Corporation (CNOOC).
Conventional cores shown in Figs. 3-10 were taken mainly from
channels in the middle Miocene Zhujiang Formation in the Baiyun
Sag of the Pearl River Mouth Basin (Fig. 1). They were carefully
examined for sedimentary structures, grain-size variations, and
vertical facies changes. Samples (n = 68) were selected from them
for grain-size analysis (cf. Sime and Ferguson, 2003), and were con-
ducted by CNOOC.

A proliferation of nomenclature is employed to describe
sandy deposits created or substantially reworked by bottom
(contour) currents, such as sandy contourites, bottom current-
reworked sands, and reworked turbidites, contourite sands,
etc. (e.g., Shanmugam, 2006, 2012; Rebesco et al., 2014; Mutti
and Carminatti, 2012; Brackenridge et al., 2013; Stow et al.,
2013). Sandy contourites or contourite sands are those sands
transported and deposited by along-slope (thermohaline-
driven) contour currents (e.g., Brackenridge et al., 2013; Stow
et al, 2013). Bottom current-reworked sands as defined by
Shanmugam (2003, 2008a, 2012) in contrast, refer to sandy
deposits developed in a much broader array of depositional
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Fig. 3. (A) Core examples of ungraded sand facies composed of bioclastic-rich, fine- to medium-grained, clean, and well-sorted sands. (B) Core examples of sandy lags with
sharp upper contacts overlain by finer-grained facies (white arrow). (C) Core photographs of clean well-sorted sands with double mud layers. Stratigraphic positions of core
photographs presented in Figs. 3-9 are not shown because of the confidentially nature of them.
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Fig. 4. (Panel A) Core photographs of ungraded sand facies showing well-developed parallel lamination and double mud layers. (Panel B) Core photographs illustrating

discrete sand units with mud-offshoots.

environments (i.e., geostrophic bottom currents, wind driven
bottom currents, and internal tides). Sandy deposits as docu-
mented in this case refer to remnants of turbidite beds showing
evidence of strong action of bottom currents of a variety of ori-
gins, and tend to have a considerable down-slope sediment sup-
ply. As a result, the range of sedimentary structures seen in
reworked turbidites are much more varied and not particularly
described under the umbrella-term of sandy contourites. We
therefore adopt the term ‘reworked turbidites’ (sensu Mutti
and Carminatti, 2012) with a much broader meaning to define
the interpreted sandy deposits.

4. Reworked turbidites recognized in conventional cores
4.1. Lithofacies description

Ungraded sand lithofacies were recognized in conventional
cores taken from the middle Miocene Zhujiang Formation in the
Baiyun Sag of the Pearl River Mouth basin (Figs. 3-10). Key sedi-
mentological features of this lithofacies are listed as follows:

(1) They are composed of well-sorted, well rounded, and
fine-grained sands or silts that are relatively free of mud
(Figs. 3-9).

(2) They are rich in bio-skeletons that are aligned parallel or
subparallel to the basal bedding and contain sandy lags with
sharp upper contacts overlain by finer-grained facies
(Fig. 3A and B).

(3) Well-developed double mud layers (also known as mud cou-
plets) were recognized in core photographs of
Figs. 3C, 4A, 5A and 8B. Thin (1-2 mm thick) mud layers
(dark color in core photographs of Figs. 4B and 5A) occasion-
ally drape sand ripples, forming so-called ‘mud-draped rip-
ples’ (sensu Shanmugam, 2008b).

(4) Ripple laminations and low-angle cross laminations are
found in the middle of core photographs of Fig. 5A. Thin
(1-2 mm thick) sand layers, which are subparallel to each
other (i.e., parallel lamination), were recognized in this core
photographs of Figs. 5B and 7A.

(5) Well-developed flaser bedding (Figs. 6A, B and 8B), parallel
lamination (Figs.4A, B, 5B and 7B), bi-directional cross-
laminations (Fig. 7B), wavy bedding (Fig. 8A), and lenticular
bedding (Fig. 9B) have been recognised within the inter-
preted sandy facies.

(6) Ungraded lithofacies are intensely bioturbated and are rich
in Globigerina (pelagic foraminifers) and in benthonic and
planktonic foraminifers (Figs. 3A, 6A and 10), in which no
gradational upper contacts were found (Figs. 3-10).
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Fig. 5. (Panel A) Core examples of fine-grained sandstones displaying ripple lamination, mud-offshoots, double mud layers, and low-angle cross-lamination. (Panel B) Core
examples of parallel laminations seen in ungraded sand facies.
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Fig. 6. Core examples of bioturbation and flaser bedding recognized in ungraded sand facies.
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Fig. 8. Core examples of wavy bedding, flasher bedding, and double mud layers seen in ungraded sand facies that are interpreted as reworked channel turbidites.
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Fig. 9. Core photographs showing a blown-up view of reworked channel turbidites with lenticular bedding. Conventional cores shown in Figs. 3-9 were mainly taken from

the middle Miocene Zhujiang Formation in the Baiyun Sag of the Pearl River Mouth Basin.

(7) They show a tripartite subdivision on cumulative frequency
plots, consisting of a coarser-grained bedload fraction
moved by traction, an intermediate fraction associated with
saltation load, and a finer-grained fraction transported
wholly in suspension (Fig. 11).

4.2. Lithofacies interpretation

The following seven lines of observations suggest that both tur-
bidity flows and bottom currents were involved in the construction
of ungraded sand lithofacies, forming reworked turbidites.

(1) High net to gross ratio and well sorted and fine-grained
properties of the ungraded sand lithofacies suggest that win-
nowing and sorting processes, probably produced by bottom
currents, were very effective during the deposition of them
(Figs. 3-10) (see also Bouma and Hollister, 1973;
Shanmugam, 2008a).

(2) Sandy lags with sharp upper contacts overlain by
finer-grained deposits (Fig. 3B) and no gradational upper
contacts were found in ungraded sand lithofacies (Figs. 3-
10), indicating that both persistent action of bottom
currents and episodic events of waning turbidity currents
were collectively active. This interpretation is based on
the assumption that sedimentary contacts would be ero-
sional or gradational if only waning turbidity currents
were active (cf., Shanmugam, 2008a; Gong et al.,, 2012,
2015). Clean, well sorted, and fine-grained sandy deposits

have also been documented by Stow and Faugeéres (2008)
and Shanmugam (2012) and were thought to be one of
the possible modified sequence of sandy deposits affected
by bottom currents.

(3) The mud-draped ripples indicating oscillating energy condi-

tions were recognized in ungraded sand lithofacies
(Figs. 4B and 5A), suggesting that bottom currents of tidal
origin (i.e., internal tides) were probably involved in the con-
struction of ungraded sand lithofacies. This interpretation is
based on the belief that tidal bottom currents generally exhi-
bit oscillating energy conditions, whereas turbidity flows
generally show waning energy (e.g., Shanmugam, 2003,
2008a, 2012).

(4) Grain-size analyses indicate that ungraded sand lithofacies

show characteristics of traction-current deposits, suggesting
that they were reworked by deep-water traction currents
(i.e., bottom currents) (Fig. 11) (e.g., Martin-Chivelet et al.,
2008). Furthermore, tripartite subdivision grain size distri-
bution patterns are also not a character of turbidites
(Fig. 11), because turbidity currents generally transport
fine-grained sand and mud wholly by suspension and the
resultant turbidites generally show single segment grain size
distribution patterns (e.g., Shanmugam, 2000). One of the
most distinctive sedimentary features and structures seen
in these lithofacies is that they occur in discrete units rather
than forming a vertical sequence of structures (Figs. 3-10),
indicating that they do not fix with the interpretation of
classic turbidites.
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Fig. 10. (A) Scanning electron microscope images of core samples collected from ungraded sand facies that are rich in Globigerina (pelagic foraminifers). (B) Scanning electron
microscope images of ungraded sand facies rich in benthonic and planktonic foraminifers.

(5) As shown in cores photographs of Fig. 12, coarse-grained be used in interpreting and describing these deep-water

debris-flow deposits are seen as the preservation of delicate
mud fragments with planar fabric in coarse-grained sandy
matrix. Compared with these coarse-grained debris-flow
deposits, ungraded sand lithofacies are finer (Figs. 3-10),

deposits. In addition they are presenting traction structures,
suspension features, and tidal signatures (Figs. 3-10). There-
fore, these sandy lithofacies could be considered as
reworked turbidites (sensu Mutti and Carminatti, 2012).

suggesting that ungraded sand lithofacies cannot be consid-

ered as sandy debris-flow deposits. 5. Flow processes of reworked turbidites as documented in this

(6) The primary features seen in conventional cores (i.e., con- work
sisting of well-sorted, well rounded, and fine-grained sands
or silts, rich in foraminifers and bio-skeletons, bioturbation, 5.1. Along-slope contour currents

widespread occurrence of sandy lags with sharp upper con-

tacts overlain by finer-grained facies, etc.) are broadly simi- Unidirectionally migrating deep-water channels are reported to
lar to observations seen in modern reworked turbidites develop on the slope of the northern South China Sea margin (e.g.,
occurring within the right-hand sides of the Taiwan Canyon Zhu et al., 2010; Gong et al., 2013). This, coupled with the fact that
(looking downstream) (Gong et al., 2015) (Fig. 2). But, the contour currents are through to persist for a relatively long time
classic Bouma Sequence for turbidites (Bouma, 1962) cannot (i.e., million-year scale), suggests that along-slope contour currents
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Fig. 11. Cumulative frequency plots of ungraded sand lithofacies seen in conventional cores. Curves presented in this figure were plotted based on 68 samples collected from

conventional cores.

(i.e., NPIW-CCs) were probably involved in the construction of
reworked turbidites recovered from deep-water sites. In addition,
parallel-laminated silts as presented in Figs. 4A, B, 5B and 7A are
broadly similar to contourite sandstones documented by Mutti
and Carminatti (2012), Shanmugam (2008a) and Stow et al.
(2008). This also suggests that along-slope contour currents of
NPIW-CCs were probably involved in the formation of these docu-
mented reworked turbidites (Fig. 13).

5.2. Down-slope depositional processes

5.2.1. Turbidity currents

Reworked turbidites consist of fine- to medium-grained sands
(mean size of 2-7 ®) (Figs. 3-10), suggesting that long-axis-
flowing turbidity currents were the dominant processes during
the deposition of reworked turbidites (Fig. 13). This interpretation
is based on the assumption that only turbidity currents could pro-
vide sufficient shear stress to erode underlying strata and trans-
ported coarse grains down-slope (e.g., Stigter et al., 2011; Mulder
et al,, 2012).

5.2.2. Internal waves and tides

Bidirectional cross-laminated, fine-grained internal-tide
deposits were first recognized in the Middle Ordovician
submarine channels in the southern Appalachians, USA by Gao
and Eriksson (1991). He et al. (2011) interpreted ancient strata
with bi-directional cross-lamination, wavy bedding and lenticular
bedding as products of internal waves and internal tides. Pomar
et al. (2012), Mazumder and Arima (2013) and Shanmugam
(2013) have collectively suggested that the presence of tidal signa-
tures (i.e., bi-directional cross-lamination, double mud layers,
flaser bedding, wavy bedding, and lenticular bedding) in deep-
water settings provides sedimentologic information for reading
internal tides. Based on studies of the Deep Sea Drilling Project
(Leg 30, sites 288 and 289), Klein (1975) interpreted clean well-
sorted sands with mud-draped ripples and parallel lamination as

the products of alternate traction and suspension deposition
resulting from deep-water tidal bottom currents. Based on these
observations, the interpreted reworked turbidites, which display
double mud layers (Figs.3C, 4A, 5A and 8B), flaser bedding
(Figs.6A, B and 8B), lenticular bedding (Fig.9B), and bi-
directional cross-lamination (Fig. 7B), can be best considered as
products of internal waves and tides. Internal waves and tides,
therefore, also have a profound influence on the development of
the documented reworked turbidites (Fig. 13).

6. Genesis of reworked turbidites as studied in this work
6.1. Down-slope transport and reworking

Internal tides are able to attain velocities of 25-50 cm/s, and
deep-water internal tides with maximum velocities up to
100 cm/s were measured from Gaoping deep-water channels on
the southwestern Taiwan margin, by which even gravel grade
grains can be transported and deposited (e.g., Shanmugam, 2003;
Lee et al., 2009). Internal waves are commonly characterized by
maximum vertical velocities of ca 20 cm/s, maximum horizontal
velocities of ca 200 m/s, and by maximum speeds of >50 cm/s
(e.g., Shanmugam, 2013). Internal waves in the northeastern South
China Sea margin have maximum velocities of ca 30-40 cm/s and
are able to cause movement of a wide range of sediment sizes,
resulting in sand dunes on the upper slope of this margin (Fig. 2B)
(Reeder et al.,, 2011; Guo and Chen, 2014; Alford et al., 2015).
Clastic detritus fed to deep-water channels would be transported
down-slope by turbidity flows, but could also be effectively
resuspended, reworked and redeposited by up- and
down-channel flowing internal tides and waves (Fig. 13). Such
down-channel transport and reworking most likely yielded
well-developed tidal signatures (i.e., double mud layers, flaser
bedding, lenticular bedding, and biodirectional cross-bedding)
(Figs. 3C, 4, 5A, 6, 7B, 8 and 9).
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Fig. 12. Core photographs taking from the northern South China Sea margin illustrating architectural details of the coarse-grained debris-flow deposits. Note that structures

seen in core photographs presented in this figure vertically organized into a fining-upward laminated Bouma Sequence rather than occurring in discrete units as seen in core
photos of Figs. 3-9.

6.2. Along-slope winnowing and sorting cruise of Yang et al., 2010). Previous studies suggest that contour
currents flowing across narrow conduits (e.g., deep-water chan-

Yang et al. (2010) have suggested that along-slope contour cur- nels) will be accelerated, resulting in the accelerated contour cur-
rents of NPIW-CCs have a maximum velocity of 10 cm/s at the rents that have flow velocities of 1-20 cm/s, with exceptionally
water depth of 700 m (see Fig. 1A for station distribution of the strong contour currents with velocities up to of ca 50cm/s
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Fig. 13. Cartoon-style illustration of the flow processes and genesis of reworked turbidites. Note that reworked turbidites were created by the combined action of down-slope

transport and reworking and along-slope winnowing and sorting.

(e.g., Stow et al., 2009; Shanmugam, 2008a, 2012). Therefore, con-
tour currents of the accelerated NPIW-CCs may have maximum
velocities of up to 10 cm/s, which are able to winnow away muddy
fines. Regions of bottom water acceleration through narrow con-
duits contributed to extensive contourite sand accumulation (Gulf
of Cadiz Sand Sheet) have been documented in the eastern Gulf of
Cadiz by Hernandez-Molina et al. (2006), Stow et al. (2011, 2013)
and Brackenridge et al. (2013).

Energetic turbidity flows would have transformed into dilute,
sluggish turbidity currents (cf. Jobe et al., 2011). Upper parts of
these dilute turbidity currents would mix vertically with the sea-
water, supplying fine material to contour currents. These muddy
fines carried within upper parts of dilute, sluggish turbidity cur-
rents would be effectively winnowed away by contour currents,
whereas lower parts of these dilute turbidity currents will drop
their coarse particles, forming remnants of turbidite beds exhibit-
ing traction structures (i.e., tripartite subdivision grain size distri-
bution patterns, CM values of sediment moved by traction, and
unimodal grain-size distribution patterns) (Fig. 13).

7. Sedimentological and exploration significance
7.1. Approach to a better understanding of non-turbidite reservoirs

Our work has demonstrated that reworked turbidites show
good hydrocarbon reservoir properties with high porosities and
permeabilities (Figs. 2-10). Compared with their turbidite counter-
parts, the flow processes and genesis of reworked turbidites
remain little documented (e.g., Mutti and Carminatti, 2012). We
present here a model suggests which that reworked turbidites
were created by combined action of down-slope transport and
reworking and along-slope winnowing and sorting (Fig. 13). In
the down-slope direction, clastic detritus were transported by tur-
bidity flows, and would be bidirectionally reworked by internal
waves and tides at the same time (Fig. 13), resulting in well-
develop tidal signatures seen in reworked turbidites. In the
along-slope direction, upper parts of dilute turbidity currents sup-
plied muddy fines to contour currents, which were then winnowed
away, allowing coarse particles carried within the lower parts of
dilute turbidity currents to be eventually deposit as reworked tur-
bidites lacking ‘typical’ turbidite signatures. This study contributes
to a better understanding of the flow processes and genesis of
deep-marine non-turbidite reservoirs.

7.2. Diagnostic criteria for the recognition of reworked turbidites

As pointed out by several authors (e.g., Viana, 2008; Hernandez-
Molina et al., 2011; Stow et al., 2011, 2013; Brackenridge et al.,
2013), a robust set of diagnostic criteria for the recognition of
non-turbidite sands (e.g., reworked turbidites) has yet to be devel-
oped. In terms of sedimentary facies, well-sorted and clean lithofa-
cies recognized in piston cores (Fig. 2) and ungraded sand
lithofacies seen in conventional cores (Figs. 3-10) are collectively
interpreted as reworked turbidites. They exhibit the following fea-
tures: (1) consisting of high net-to-gross ratio, clean, well-sorted
and fine-grained sands (Figs. 2-10); (2) rich in bio-skeletons, shell
fragments, foraminifers, pyrite, and quartz (Figs. 2, 3 and 8); (3)
extensive bioturbation (Figs. 3, 7A and 10A); (4) displaying traction
structures that occur in discrete units; and (5) exhibiting tidal sig-
natures (i.e., double mud layers and mud-draped ripples, flaser
bedding, wavy bedding, lenticular bedding, and bi-directional
cross-lamination) (Figs. 3-10).

Although many features listed above can be attributed to either
turbiditic origin or bottom-current reworking, the association of
the several of them will enhance the chance of distinguishing
reworked turbidites from other depositional facies. Sedimentolog-
ical characteristics as noted herein, therefore, will help to obtain a
robust set of diagnostic criteria for the recognition of novel, non-
turbidite reservoir targets on continental margins worldwide.
However, one must be aware that no single sedimentological char-
acteristics as noted hereon are unique to reworked turbidites.

8. Conclusions

The present study focuses on the use of core data from the mid-
dle Miocene Zhujiang Formation in the Baiyun Sag of the Pearl
River Mouth Basin to understand flow processes and genesis of
reworked turbidites, and reveals that.

In terms of sedimentary facies, there are a robust set of diagnos-
tic criteria for the recognition of reworked turbidites, but a distinc-
tive attribute of them is their traction structures and tidal
signatures that occur in discrete units rather than forming a classic
Bouma Sequence. Sedimentological characteristics of reworked
turbidites proposed here contribute to develop a robust set of diag-
nostic criteria for the recognition of reworked turbidites, and have
practical implications for the recognition of non-turbidite
reservoirs.
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In the down-slope direction, upper parts of dilute turbidity cur-
rents would mix vertically with sea water, and their associated
muddy fines would be winnowed away by contour currents,
whereas their lower parts would drop coarse particles within chan-
nels. In the along-slope direction, upper parts of dilute turbidity
currents would mix vertically with seawater, and their associated
muddy fines would be winnowed away by contour currents,
whereas their lower parts would drop coarse particles, resulting
in reworked turbidites displaying traction structures. Our work
highlights the flow processes and genesis of reworked turbidites,
helping to obtain a better understanding of the flow processes
and genesis of non-turbidite reservoirs with a great economic
interest.
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