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Abstract

Deep-water channel systems are important petroleum reservoirs, and many have been discovered worldwide.
Understanding deep-water channel sedimentary elements and evolution is helpful for deep-sea petroleum
exploration and development. Based on high-resolution 3D seismic data, the Miocene channel system in the
deep-water Taranaki Basin, New Zealand, was analyzed by using seismic interpretation techniques such as
interlayer attribute extraction and strata slicing. The channel system was divided into five composite channels
(CC-1to CC-V) according to four secondary level channel boundaries, and sedimentary elements such as
channels, slump deposits, inner levees, mass transport deposits, and hemipelagic drape deposits were identified
in the channel system. The morphological characteristics of several composite channels exhibited stark variances,
and the overall morphology of the composite channels changed from relatively straight to highly sinuous to
relatively straight. The evolution of the composite channels involved a gradual and repeated process of erosion
and filling, and the composite channels could be divided into three evolutionary stages: initial erosion-filling, later
erosion-filling (multistage), and channel abandonment. The middle Miocene channel system may have formed as
a consequence of combined regional tectonic activity and global climatic change, and its intricate morphological
alterations may have been influenced by the channel’s ability to self-regulate and gravity flow properties. When
studying the sedimentary evolution of a large-scale deep-water channel system in the Taranaki Basin during the
Oligocene-Miocene, which transitioned from a passive margin to plate convergence, it can be understood how
tectonic activity affected the channel and can also provide a theoretical reference for the evolution of the deep-
water channels in areas with similar tectonic conversion environments around the world.
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1 Introduction

With the continuous discovery of deep-water hydrocarbon re-
sources, deep-water sedimentation has attracted increasing at-
tention from the petroleum industry and sedimentology experts
(Gee and Gawthorpe, 2006; Deptuck et al., 2007; Mayall et al.,
2010; Wu et al., 2014; Steel et al., 2020; Rebesco et al., 2021). As an
important deep-water hydrocarbon reservoir, the physical char-
acteristics and distribution rules of channel sands can play an
important role in guiding deep-water hydrocarbon exploration
(Wu et al., 2018). Geologically, “deep water” refers mostly to re-
gions outside the shelf break zone, such as the slope and the
basin areas with water depths of more than 200 m. In marine en-
gineering, “deep water” refers to the environment’s present wa-
ter depth, particularly to waters deeper than 500 m (Shanmugam,
2000). However, due to the data quality and complexity of the
deep-water environment, the sedimentary elements and evolu-

tion process of the channels have been difficult to understand in
the field of deep-water sedimentation (Babonneau et al., 2010; Li
etal., 2019, 2020), so most sedimentary resolutions of deep-wa-
ter channels were based on geophysical data. Some achieve-
ments have been made in the study of deep-water channel sedi-
mentary evolution, Deptuck et al. (2007) divided channel evolu-
tion into two stages of erosion and filling by using high-resolu-
tion 3D seismic data and subdivided each stage into several peri-
ods. Babonneau et al. (2004) suggested that the evolution of a
channel system was a gradual process.

The complexity of the deep-water channel evolution process
leads to the diversity of channel architectures, and the internal
architecture of a deep-water channel is so complex and highly
heterogeneous that the porosity and permeability of the channel
sand reservoir can change greatly within a short distance (Zhao
etal., 2018a). Sedimentary elements such as slumps, lobes, chan-
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nels, and levees have different effects on the quality of hydrocar-
bon reservoirs. Prather (2003) suggested that slumps with heav-
ily deformed internal architecture severely affect the mobility and
storage capacity of a channel reservoir and generally do not act as
hydrocarbon reservoirs. Li et al. (2019) proposed that the termin-
al lobe has the characteristics of good continuity and well-de-
veloped pores and can be used as an important hydrocarbon
reservoir. In the process of global hydrocarbon exploration and
development, the sand content of filling sediment in deep-water
channels is very high, and it has become an important target of
deep-water hydrocarbon exploration due to its large scale, super-
ior reservoirs, and high production (Mayall et al., 2006; Wynn et
al., 2007; Qin et al., 2016). A levee sand body is an important type
of hydrocarbon reservoir with high internal connectivity, but it
also presents a major problem in the process of hydrocarbon de-
velopment due to the thin thickness of the sand body (Li et al.,
2013). Therefore, the identification of deep-water channel sedi-
mentary elements and the study of petroleum reservoir potential
are of great significance for the exploration and development of
deep-sea petroleum resources (Li et al., 2021), which can provide
areference for subsequent well location design and drilling and
reduce drilling risk (Zhao et al., 2018a).

There are many control factors in the complex evolutionary
processes of channels. The submarine topography is the primary
factor controlling the morphology and migration of the channels
(Mayall et al., 2010; Gamboa and Alves, 2015), and the underly-
ing rock properties and bottom current can also directly affect the
sedimentation characteristics of the channels (Abreu et al., 2003;
Gee and Gawthorpe, 2006; Gong et al., 2013; Zucker et al., 2017;
Wau et al., 2018; Li et al., 2020; Fonnesu et al., 2020). For instance,
the accretion and consolidation of levees can limit the change in
the channel morphology to a certain extent (Gee and Gawthorpe,
2006; Deptuck et al., 2007), making the channel difficult to bend.
Global sea-level fluctuations, tectonic activities, and other factors
can also influence channel development (Kolla et al., 2007).

The offshore area of the Taranaki Basin in New Zealand is a
world-class mass transport deposits (MTDs) and channel re-
search example area (Li et al., 2017; Nwoko et al., 2020), and a
large-scale Miocene deep-water channel sedimentary system has
developed (Wang et al., 2022). Bull et al. (2019) analyzed Mio-
cene sediments in the southern Taranaki Basin, New Zealand,
using a multidisciplinary approach and proposed that the forma-
tion of the New Zealand plate boundary was closely related to the
increase in sediment input in the Miocene Taranaki Basin. In ad-
dition, the sedimentary mechanism and evolution of the Mio-
cene sediment in the petroleum reservoirs in the southern
Taranaki Basin were related to the formation of the New Zealand
plate boundary, the uplift of the hinterland of the South Island
and the increase in clastic sediment input (King and Thrasher,
1996; Baur, 2012; Higgs and King, 2018; Bull et al., 2019).

Previous studies have found different types of deep-water
channels in different continental margin basins around the world
and discussed their evolutions and controlling factors (Deptuck
etal., 2007; Li et al., 2019). However, these channels vary greatly
in their evolution under different geological backgrounds and
tectonic conditions, which has attracted the attention of relevant
researchers around the world. The Taranaki Basin changed from
a passive continental margin to plate convergence during the Oli-
gocene-Miocene, and tectonic activities, and sea-level fluctu-
ations played different leading roles in different stages of the
channel system. In this context, this study systematically ana-
lyzes the sedimentary evolution of the channel system formed by
multiphase gravity flow activity and its corresponding control
factors. Particular questions that are addressed as follows. (1)

How can the sedimentary elements within the channel system be
identified? (2) Compared with the evolution of the channels in
other areas, how does the channel system in this study area
evolve and what are the differences? (3) What are the major con-
trolling factors of the sedimentary evolution process of the chan-
nel system? The results of this study could provide a reference for
channel evolution research in similar deep-water sedimentary
environments in the region and even the world, and could en-
rich the theory of deep-water deposition and provide different re-
search ideas for other researchers around the world.

2 Geological setting

2.1 Regional setting

The study area (Romney 3D survey) covers an area of ca.
1925 km? of the deep-water Taranaki Basin, which has a total
area of ca. 330 000 km? (Panpichityota et al., 2018). Taranaki
Basin in New Zealand is located in the offshore area of western
New Zealand. It is one of several large sedimentary basins formed
by the rupture of the ancient Pacific rim of Gondwana in the Late
Cretaceous (Muir et al., 2000). The Taranaki Basin is bounded by
the Taranaki Fault (TF) on the eastern side, which marks a con-
vergent boundary between the Australian and Pacific Plates
(King and Thrasher, 1992). Deep-water Taranaki Basin is located
in deep water area on the northwest side of the Taranaki Basin
and is surrounded by tectonic units such as Northland Basin
(NB), West Norfolk Ridge (WNR), New Caledonia Trough (NCT),
Lord Howe Rise (LHR) and Challenger Plateau (CP) (Fig. 1a)
(King and Thrasher, 1996). The three-dimensional seismic data
in the study area cover an area of about 1 700 km? with a water
depth of more than 1 000 m. The overall exploration degree of the
basin was low (Higgs et al., 2010), and a large channel system was
identified in the Miocene strata (Figs 1b and c).

2.2 Tectonic evolution characteristics

The deep-water Taranaki basin in New Zealand can identify
continental sedimentary strata different from those in shallow
water and land, indicating that the deep-water area of the
Taranaki Basin had undergone a tectonic evolution process dif-
ferent from those inland and shallow water (Collot et al., 2009;
Uruski, 2010) (Fig. 1d).

At the end of the Oligocene, due to the rise of sea level, the
northwest sea area of New Zealand reached the maximum flood-
ing period (King and Thrasher, 1996; Strogen et al., 2014). Since
the Miocene, the formation of the modern plate boundary in New
Zealand had provided a large amount of provenance from the
southeast for the Taranaki Basin (King, 2000; Uruski and Warbur-
ton, 2015; Bull et al., 2019; La Marca and Bedle, 2022). At the
same time, affected by the evolution of the Australian-Pacific
plate transition boundary (Alpine fault), the supply of terrigen-
ous clastic sediment in the Middle-Miocene basin also gradually
increased (Bull et al., 2019), and the continental shelf margin ex-
panded westward (King and Thrasher, 1992), ending the previ-
ous rising sea-level change trend and the regression sequence
began. The Miocene regressive sequence was characterized by
fine-grained clastic deposits and developed slope fan and basin
floor fan (Baur, 2012; La Marca and Bedle, 2022). In the middle-
late Miocene, volcanic eruptions occurred in the northern part of
the basin, forming volcanoclastic deposits. The late Miocene
Pliocene basin floor fan overlapped the volcanic complex. In ad-
dition, during the Late Miocene-Quaternary period, multiple
large-scale mass transport deposits (MTDs) were also developed
in the Taranaki Basin (Nwoko et al., 2020).
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Fig. 1. Geographical location map of the study area (Romney 3D survey) (a); map of the variance attribute of the channel system (b);
map of the root-mean-square (RMS) amplitude attribute of the channel system (c); tectonic evolution history of the New Zealand
Basin in the Miocene (modified after Uruski, 2010) (d). The black box in a represents the location of the study area, the red box in a
represents the location of the target channel, the red arrow in a represents the direction of the source, and the black line segment in a

represents the fault. The abbreviation in a are showed in Table 1.

3 Methodology and data

3.1 Seismic data for characterizing sedimentary records

The 3D seismic exploration data of this study were obtained
by the Anadarko Company of New Zealand from October 23 to
December 6, 2011, and processed by the ION Geophysical Com-
pany in February 2013 (NZP and M oil reports can be obtained
from www.nzpam.govt.nz). The vertical sampling interval of the
3D seismic data volume is 4 ms (TWT: two-way travel time), and
the bin space is 25 m x 25 m. The main frequency is nearly 35 Hz,
and the interval velocity is approximately 1 850 m/s, so the vertic-
al resolution is approximately 13 m, which can meet the needs of

this study (Li et al., 2017). In addition, due to the abbreviations
used in this paper, all the abbreviations are summarized in the
table to better facilitate reading (Table 1).

Identification and mapping of ancient and modern submar-
ine channel systems were successfully obtained by using a 3D
seismic geomorphological approach (Posamentier, 2003; Kolla
et al., 2007; Zhao et al., 2018b). This study was based on high-res-
olution 3D seismic data, and the geological information con-
tained in the seismic data can provide data support for deep-wa-
ter channel research. Seismic facies represent different sediment-
ary elements of sedimentary records, and they are recognized
and defined mainly by their external geometry internal reflection
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Table 1. Summary of the abbreviations of the main nouns in the paper

Abbreviation Full name Abbreviation Full name
CcC complex channel LMC lateral migration channel
SC single channel \S RSC-vertical sand-rich stack channel
TF Taranaki fault VM RAC-vertical mud-rich aggradation channel
WNR West Norfolk Ridge SEC single erosion channel
NCT New Caledonian Trough SAC single aggradation channel
NB Northland Basin SDs slump deposits
LHR Lord Howe Rise IL inner levee
Cp Challenger Plateau MTDs mass transport deposits
TB Taranaki Basin HDDs hemipelagic drapes deposits
SI South Island RC remnant channel
NI North Island RMS root mean square
DTB deep-water Taranaki Basin TWT two-way travel time
KCB King Country Basin FLCB first level channel boundary
WB Wanganui Basin SLCB secondary level channel boundary
EMB Eastern Mobile Belt TLCB third level channel boundary

structure, amplitude, continuity, and strata terminations (Qi
etal., 2022).

In addition, the difference in the channel filling deposition
properties can produce a high wave impedance difference, thus
forming an obvious seismic reflection interface (i.e., channel
erosion interface) in the seismic profiles. According to the differ-
ent levels of the channel erosion interface, the development peri-
od of the channel system can be identified, and the sedimentary
evolution process of the channel system can be understood.

3.2 Seismic attributes for characterizing channel morphology and

sediment properties

Seismic interpretation software was used to track and inter-
pret the top and bottom interfaces of the target interval; 9 strata
slicings were generated by uniform interpolation in equal pro-
portion between the top and bottom interfaces, and seismic at-
tributes [root mean square (RMS) amplitude and variance] were
extracted along the slice. The amplitude attribute can reflect the
properties of the channel-filling sediments. Generally, strong
amplitude reflections represent sand-prone sediments, and weak
amplitude reflections represent mud-prone sediments (Xie and
Deng, 2013; Chima et al., 2019; La Marca Molina et al., 2020). The
variance attribute can delineate the boundary of the sedimentary
body by calculating the similarity between adjacent seismic
tracks, which plays an important role in analyzing the plane dis-
tribution of the channels (La Marca Molina et al., 2020) (Fig. 1b).
The combination of seismic profile analysis, interlayer attribute
extraction, and strata slicing is helpful to the study of sedi-
mentary characteristics and evolution process of the deep-water
channel.

4 Results

In the deep-water area of the Taranaki Basin, New Zealand, a
large channel system was identified in the Miocene strata (Figs 1b
and c). According to the plane morphological characteristics of
the channel system and the distance from the source area, com-
bined with the RMS amplitude attribute strata slicing, the chan-
nel system was divided into five zones, namely, the near-source
zone (Zone 1), the complex change zone of the channel path
(Zone 2), the straight morphology zone (Zone 3), the high sinu-
ous morphology zone (Zone 4) and the far source zone (Zone 5).
Typical seismic profiles of the different zones were chosen, and
channel erosion interfaces with clear characteristics on the seis-
mic profiles could be detected, based on which the development

stage of each composite channel in the channel system could be
distinguished.

4.1 Identification of the channel boundary and its development
stage

4.1.1 Level division of the channel boundary

Deep-water channels can be subdivided into single channels,
composite channels, composite channel sets, and channel sys-
tems (Alpak et al., 2013). According to the seismic reflection ter-
mination relationship and magnitude, three levels of the channel
boundary were identified in the seismic profiles (Fig. 2b). Based
on this, it was determined that the deep-water channel in the
study area was a channel system formed by the mutual erosion
and superposition of multiple composite channels (Fig. 2c).

The first level channel boundary (FLCB) was the interface
between the channel system and the surrounding rock. Two in-
terfaces (FLCB-1-2) were identified in the seismic profiles. FLCB-1
had a concave erosion shape, good continuity, and strong wave
impedance difference. Channel deposits were filled above FLCB-1,
whose seismic reflection characteristics, such as the amplitude
and continuity of channel sediments, were significantly different
at different positions. Under FLCB-1, there was a normal sedi-
mentary stratum, which presented layered and continuous seis-
mic reflection characteristics. FLCB-2, whose seismic reflection
was characterized by strong amplitude and high continuity, was
an overlapping interface located at the top of the channel system,
and its distribution range was beyond the underlying channel
system.

The secondary level channel boundary (SLCB) was the local
erosion interface between composite channels, and four inter-
faces (SLCB-1-4) were identified (Fig. 2b). This type of interface
was generally small in scale and presented a concave erosion
shape, which was often damaged by the later channels, resulting
in incomplete interface morphology. The top of SLCB-1 was trun-
cated, and different channel-filling deposits developed on the left
and right sides. The first type of channel deposition showed seis-
mic reflection characteristics with a strong amplitude and good
continuity at the bottom and weak amplitude and disorderly re-
flection in the upper part. Another channel deposition was char-
acterized by imbrications, strong amplitudes, and intermitten-
cies on the bottom, which was similar to the lateral accretion
package (LAP) characteristics proposed by Abreu et al. (2003).
This could be explained as the bottom lateral migration channel,
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Fig. 2. Classification of deep-water channel and identification of
the channel boundary. Original seismic profile, the location of
the seismic profile is shown in Fig. 1b (a); seismic profile inter-
pretation (b); schematic diagram of classification of the deep-wa-
ter channel (c). The yellow part in the schematic diagram repres-
ents strong amplitude reflection deposits, which can generally be
interpreted as channel sand-rich deposits.

while the upper part of the channel deposition was characterized
by weak amplitude and disorderly reflection. SLCB-2 showed a
“U” or “V” shape on the seismic profiles. The sedimentary char-
acteristics of the channels on both sides were quite different. One
type was the lateral migration channel. On the other hand, in the
relatively straight morphology, another channel deposition was
vertically superimposed, showing parallel or subparallel charac-
teristics, strong amplitude, and high continuity seismic reflec-
tion. In the high sinuous morphology, the channel deposition
was vertically superimposed and offset, showing parallel or sub-
parallel seismic reflection characteristics, strong amplitude, high
continuity, and coexistence with medium-weak amplitude and
poor continuity. SLCB-3 had a large scale and good continuity,
covering almost the whole channel system. Two types of channel
deposition developed above the interface, and one type was
characterized by medium-weak amplitude, poor continuity, and
disordered reflection, which were similar to the characteristics of
mass transport deposits (MTDs) explained by Li et al. (2019). The
other was parallel or subparallel, with medium-strong amplitude,
and good continuity. The scale of SLCB-4 was the largest. Some
positions of this interface had exceeded the scope of early sedi-
mentary accommodation. Multiple erosion single channels were

developed above the interface. However, the internal filling and
reflection characteristics of the single channel could not be iden-
tified.

The third level channel boundary (TLCB) was the erosion sur-
face between single channels. This type of interface was small in
scale but large in number and was not easy to be identify in the
seismic profiles. It was difficult to retain the complete shape due
to the erosion of later channels (Fig. 2b).

4.1.2 Division of the development stages of the channel system

According to the four secondary level channel boundaries,
the channel system was divided into five stages of the composite
channel (CC- I - V) (Fig. 3c). The CC- | was characterized by
remnant channel architecture, and the scale of the remnant
channel architecture was a difference in different regions. The
CC- Il was characterized by lateral migration, and the migration
distance was the largest in Zone 4. The CC-IIl was characterized
by vertical superimposition. The thickness of the channel depos-
ition was large. In Zone 3, the vertical superimposition was a ma-
jor characteristic, while in Zone 4, the vertical superimposition of
the channel was accompanied by a small-scale lateral migration.
The distribution range of the CC-1V was large, which could al-
most cover the whole sedimentary accommodation. The CC-V
was characterized by the disorderly distribution of single chan-
nels, the development position of numerous channels was not re-
stricted within the spatial distribution of the previous composite
channel.

Constrained by the strata slicing, the width and depth of the
channel system were measured by four typical seismic profiles
(Fig. 3¢), and indirectly reflect the plane morphology of the chan-
nel system (Figs 3a and b). The depth of the channel system var-
ied slightly, with a maximum depth of about 367.93 m, a minim-
um depth of about 324.47 m, and an average depth of about
339.8 m (Fig. 3c). The channel width in Zone 1 was about 2 969.35
m, that in Zone 3 was reduced to about 1 396.34 m, that in Zone 4
was increased to about 4 245.98 m, and that in Zone 5 was re-
duced to about 1 566.45 m (Fig. 3c).

4.2 Sedimentary elements of the channel system and its seismic fa-

cies characteristics

The use of seismic data to identify channel internal sediment-
ary elements was significantly more common in the process of
previous research and actual exploration, and the seismic reflec-
tion characteristics of numerous sedimentary elements were
summarized (external morphology, internal structure, continu-
ity, amplitude, etc.). The outer levee, for instance, exhibits medi-
um-weak amplitude, high continuity, and wedge-like seismic re-
flection features, whereas mass transport deposits exhibit vari-
able amplitude, and discontinuous, chaotic, or blank seismic re-
flection characteristics. By identifying the seismic facies, the sedi-
mentary properties of the internal structure of the channel can be
known in advance, providing data support for the subsequent
forecast of the distribution of the channel sand reservoir.

Therefore, this paper analyzes the typical seismic profiles of
various zones, along with the seismic facies characteristics and
previous research findings, and identifies five different types of
channel sedimentary elements, including channels, slump de-
posits, inner levees, mass transport deposits, and hemipelagic
drape deposits. Among them, although slump belongs to the cat-
egory of mass transport deposits (MTDs), there are differences
between them. Moscardelli and Wood (2008) believed that MTDs
could be divided into three types according to source location:
shelf-attached systems, slope-attached systems, and locally de-
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Fig. 3. Joint display of seismic profiles (Seismic profile 1-4: S1-S4) and strata slicings of different attributes of the channel system (the
location of the seismic profiles is shown in Fig. 1c), and distribution characteristics of the channel sand bodies in each composite
channel. HAR: high amplitude reflection; LAR: low amplitude reflection.

tached systems. The mass transport deposits of shelf-attached
systems and slope-attached systems were supplied by the shelf-
edge deltas and the upper slope, respectively, which have the
characteristics of a large scale and wide distribution range. The
source of the locally detached systems was a submarine volcano
and the channel sidewalls, which have the characteristics of
small scale and local distribution. Therefore, in this study, we be-
lieve that when dividing the sedimentary units in the deep-water
channel system, the mass transport deposits of different source
locations can be named separately. The sedimentary body
formed by collapse due to the instability of the channel sidewall
was deemed a slump, and the large-scale chaotic filling sediment
formed from large-scale sources such as the shelf-slope areas in
the channel system was deemed mass transport deposits
(MTDs). At the same time, through the study of field outcrops,
scholars have also found that slumps were the most common
component in the turbidite channels (Clark and Pickering, 1996;
Eschard et al., 2003; Mayall et al., 2006).

4.2.1 Channels

Channels were the most recognizable sedimentary element
and had the characteristics of undercut filling seismic facies.
Remnant channels (RC), lateral migration channels (LMC), ver-
tical sand-rich stack channels (VS-RSC), vertical mud-rich ag-
gradation channels (VM-RAC), single erosion channels (SEC),

and single aggradation channels (SAC) were identified in the
channel system (Figs 4-7). Among these, the bottom of the first
three channels (RC, LMC, and VS-RSC) can be occupied by sedi-
ments with a strong amplitude, which has the potential to create
hydrocarbon reservoirs.

(1) The bottom of the RC showed parallel or sub-parallel,
strong amplitude, and high continuity seismic reflection charac-
teristics, and the middle and upper part was characterized by
weak amplitude and medium-poor continuity seismic reflection
(Fig. 4g).

(2) The LMC showed imbrication, strong amplitude, and dis-
continuous seismic reflection characteristics in the seismic pro-
files (Fig. 5g). The lateral migration distance of the LMCs in dif-
ferent regions was quite different, which indirectly reflected the
sinuous degree of the channel (Figs 6a, b and h).

(3) The VS-RSC presented parallel or subparallel, strong amp-
litude, and high continuity seismic reflection characteristics, and
showed a “U” shape profile (Fig. 5g). There were differences in
the movement modes of VS-RSC in different regions. The chan-
nels in Zone 4 were mainly vertically superimposed accompan-
ied by lateral migration (Figs 6a, b, and h), while in the low sinu-
ous or relatively straight shape regions, they were mainly vertic-
ally superimposed (Figs 5a, b, and h).

(4) In the VM-RAC, a “binary structure” was observed. Filling
sedimentation at the bottom of the channel was characterized by
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Fig. 4. Typical seismic profile and RMS attribute-extraction maps of the channel system in Zone 1. a—f. RMS amplitude attribute strata
slicing. Red and yellow represent strong amplitude deposition, mostly sand facies sediments, and blue and green represent weak amp-
litude deposition, mostly mud facies sediments. g. Typical seismic profile in Zone 1. The white dotted line indicates the strata slicing
position. h. Interpretation diagram of the typical seismic profile, where the red dashed arrow indicates the direction of movement of

the channel.

-80.00 7

| 3 40.00

Fig. 5. Typical seismic profile and RMS attribute-extraction maps of the channel system in Zone 3. a—-f. RMS amplitude attribute strata
slicing. Red and yellow represent strong amplitude deposition, mostly sand facies sediments, and blue and green represent weak amp-
litude deposition, mostly mud facies sediments. g. Typical seismic profile in Zone 1. The white dotted line indicates the strata slicing
position. h. Interpretation diagram of the typical seismic profile, where the red dashed arrow indicates the direction of movement of

the channel.

weak amplitude, chaos, and no obvious geometric shape of seis-
mic reflection. Filling sedimentation at the top was characterized
by weak amplitude, low continuity, chaos, or blank reflection
(Figs 5g and h). The VM-RAC was generally in the form of “nar-
row at the bottom and wide at the top”. An obvious erosion inter-
face was identified in the lower part, while the upper part was
characterized by wide distribution and large thickness.

(5) Due to the limitation of the seismic resolution, it was diffi-
cult to observe the seismic characteristics of the internal architec-
ture of the SEC, and only the overall “V” shape profile could be
identified (Figs 5g and h). Several SECs converged downstream of
the channel system to form the large-scale SAC (Figs 7f and h).
The lower sediment was characterized by parallel or subparallel,
medium-strong amplitude, and medium-high continuity seismic
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Fig. 6. Typical seismic profile and RMS attribute-extraction maps of the channel system in Zone 4. a—-f. RMS amplitude attribute strata
slicing. Red and yellow represent strong amplitude deposition, mostly sand facies sediments, and blue and green represent weak amp-
litude deposition, mostly mud facies sediments. g. Typical seismic profile in Zone 1. The white dotted line indicates the strata slicing
position. h. Interpretation diagram of the typical seismic profile, where the red dashed arrow indicates the direction of movement of

the channel.

Fig. 7. Typical seismic profile and RMS attribute-extraction maps of the channel system in Zone 5. a—-f. RMS amplitude attribute strata
slicing. Red and yellow represent strong amplitude deposition, mostly sand facies sediments, and blue and green represent weak amp-
litude deposition, mostly mud facies sediments. g. Typical seismic profile in Zone 1. The white dotted line indicates the strata slicing
position. h. Interpretation diagram of the typical seismic profile, where the red dashed arrow indicates the direction of movement of

the channel.

reflection, while the upper sediment was characterized by medi-
um-weak amplitude and poor continuity seismic reflection
(Fig. 7g).

4.2.2 Slump deposits (SDs)

The consolidation degree of the sediment on the sidewall of
the channel was weakened due to fluid scouring, which led to
collapse and accumulation at the bottom of the channel, forming

slump deposits, which were mostly characterized by weak amp-
litude, discontinuity, and chaotic seismic reflection (Figs 4g and
6g) and were highly developed in the channel system (Figs 4h
and 6h). Generally, this architecture has poor internal connectiv-
ity and cannot be used as a favorable hydrocarbon reservoir.

4.2.3 Inner Levees (ILs)
Levee deposits can be divided into outer levees and inner
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levees according to their development position. The inner levee
deposits in the target channel system (Figs 4-7), which were
mostly formed by the stable accumulation of sediment, with par-
allel, weak-amplitude, and high-continuity seismic characterist-
ics, and were mostly developed above the slump deposits (Fig. 4h).
The inner levee mostly develops at the margin of the channel,
and the internal sediment particles are generally fine, so it is diffi-
cult for it to become a good hydrocarbon reservoir.

4.2.4 Mass transport deposits (MTDs)

The MTDs in the target channel system were characterized by
medium-weak amplitude, poor continuity, and chaotic reflec-
tion (Figs 6g and 7g). MTDs had strong cutting erosion ability in
the early stage of channel development and could form obvious
erosion surfaces with surrounding rock (Figs 6h and 7h). The
strong amplitude sediment was identified at the bottom of the
MTDs and gradually change upward to weak amplitude sedi-
ment. MTDs have strong internal heterogeneity and basically can
not be used as a good hydrocarbon reservoir, but it can be used
as a high-quality regional cap rock. Moreover, there were differ-
ences between MTDs and slump deposits, the distribution of the
MTDs range was larger than the slump deposits, and at the same
time, the MTDs showed different seismic reflection characterist-
ics due to the difference in provenance properties, the MTDs
formed by sand-rich source was mostly characterized by strong
amplitude, discontinuity, and chaotic reflection, while the MTDs
formed by mud-rich source were similar to the slump deposits
formed by the collapse of the channel side walls, showing the re-
flection characteristics of weak amplitude, discontinuity, chaotic
or blank.

4.2.5 Hemipelagic drape deposits (HDDs)

The HDDs were mostly developed under the condition of hy-
drodynamic stability, which marked the abandonment of the
deep-water channels. In seismic profiles, they were character-
ized by weak amplitude, low continuity, chaos, or blank seismic
reflection (Figs 4g and 7g). Because of the low porosity and low
permeability of the HDDs, it played a good capping role and
could be used as the regional caprocks of hydrocarbon resources
(Figs 4h and 7h).

4.3 Sedimentary elements stack characteristics of different com-
posite channels

The internal architecture of the channel system was complex,
and a variety of channel sedimentary elements had been identi-
fied. By using the seismic profile, the stacked relationship of dif-
ferent sedimentary elements in each composite channel was dis-
entangled.

The bottom of the CC- | was mostly filled with strong amp-
litude sediment, and there was multi-stage single-channel lateral
stacking in some areas. On top of the strong amplitude deposits
at the bottom of the channel, slump and inner levee deposits with
weak amplitude reflection were developed (Fig. 4h), while the
HDDs were mostly developed at the top of the CC- I .

At the bottom of the CC- II, there were imbricated, strong
amplitude and discontinuous channel axial filling deposits,
which have a lateral stacking relationship in space. Many SDs
formed by the instability of the side wall of the channel were de-
veloped above the strong amplitude deposits of the bottom later-
al migration channel. In a stable environment after slump depos-
its, the inner levee deposits with weak amplitude and good con-
tinuity were developed on this basis.

The CC-III, in Zone 1, Zone 3, and Zone 5, the channels were

dominated by vertical superimposing, and their interior space
was filled with strong amplitude sediment (Fig. 5h), which could
be interpreted as the VS-RSC. Meanwhile, the HDDs were de-
veloped at the top of the channels. In Zone 4, the channels were
mainly vertically superimposed accompanied by lateral migra-
tion. The channels were also filled with strong amplitude depos-
its, but weak amplitude slump and inner levee deposits were de-
veloped at the edge of the channel.

The internal filling sedimentation of the CC-1V was character-
ized by “segmentation”. The lower part was developed with
MTDs, with obvious undercut erosion morphology on the seis-
mic profiles. The upper part was developed with the HDDs with a
wide distribution range and large deposition thickness (Fig. 7h),
which could be interpreted as the VM-RAC.

The CC-V was composed of multiple single channels, each of
which was isolated in space and has a concave erosion shape on
the seismic profile, which could be interpreted as the SEC. Sever-
al SECs converged downstream of the channel system to form the
SAC. The bottom of the channel developed deposits with medi-
um-strong amplitude and good continuity, while the upper part
developed the HDDs with weak amplitude.

5 Discussion

5.1 Morphology and migration characteristics of the channel
system

The original morphology of CC- | was obtained according to
the boundary of the remnant channel deposition and the overall
movement trend (Figs 8a and 9a). The channel as a whole shows
a relatively straight morphology, with a small bend at the distal
position, and the overall width of the channel changes little, but
the channel width of the distal area is larger than that of the prox-
imal area (Fig. 9a).

Five single channels were identified in CC- Il (Fig. 8b). The
movement trajectories of single channels 1, 2, and 3 were roughly
the same, but there were migration movements between single
channels at different stages. Two types of channel migration were
identified, namely, downstream migration and lateral migration
(Fig. 9) (Wang et al., 2022). The migration of the single channel
may be affected by the changes in the size and energy strength of
the fluid in the channel. Compared with the single channel in the
previous three stages, the sinuosities of the single channels 4 and
5 gradually increased. On the other hand, the sinuosity of CC- I
increased rapidly in Zone 2, but the change was not regular
(Fig. 8b), and the lateral migration movement of the channel in
Zone 4 also continued to develop.

Two single channels were identified in CC-III. The plane mor-
phology of single channel 1 was relatively straight in the middle
to upper reaches (Zones 1, 2, and 3) and highly sinuous in the
lower reaches (Zones 4 and 5). The motion path of single chan-
nel 2 was inherited from single channel 1, but its overall width
gradually increased (Fig. 8d). However, the sinuosity of CC-III
was significantly reduced compared with the corresponding seg-
ment of CC- II (Fig. 9c).

Combined with the seismic profiles, it was speculated that
there were two stages of single channels in CC-1V. Affected by the
early stages of CC- Il and CC-III, CC-1V inherited the negative to-
pographic characteristics of the early channels. The distribution
range of single channel 1 was large, but the specific plane mor-
phology was difficult to identify (Fig. 8e). Single channel 2 was in
arelatively straight plane morphology due to the cutting erosion
of the mass transport deposition and the filling of the hemipela-
gic drape deposits (Figs 8g and 9d).
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CC-V developed multiple single channels and identified
multiple different morphological channels in the variance attrib-
ute map, in which two single channels with relatively clear mor-
phology were identified: single channel 1 was in a highly sinuous
plane morphology, and single channel 2 was in a relatively straight
plane morphology (Fig. 9¢). These single waterways were spa-
tially scattered and partly beyond the limits range of earlier chan-
nels, and the movement direction of the channel was different
from the first 4 stages (Fig. 8h). The downcutting depth of the
channel at this stage is small.

By analyzing the characteristics of the plane morphology
changes of the different composite channels, it can be concluded
that the target channel system shows complex plane morpholo-
gical changes in the process of evolution, and its sinuosity in-
creases rapidly and then gradually decreases, which reflects the
characteristics of the channel that tend to equilibrium.

5.2 Sedimentary evolution of the channel system

Due to the complexity and variability of the sedimentary evol-
ution of the deep-water channels, a single channel sedimentary
evolution model cannot be applied to the study of channels in
different environments (Mayall et al., 2006). Deptuck et al. (2007)
divided the sedimentary evolution process of the channel into
two stages: erosion and filling. In the erosion stage, gravity flow
eroded the underlying strata to form sedimentary accommoda-
tion, while in the filling stage, sediment deposition and aggrega-
tion became the main action. However, the erosion and filling of
the channel was a gradual and repeated process. Compared with
the proposed channel evolution model from Deptuck et al.
(2007), the evolution of the target channel system highlights the
erosion of the early channel architectures by multiphase gravity
flow, leading to early channel deposits being difficult to keep in-
tact, but because of the characteristics of gravity flow intermit-
tent development, the internal structure of the channel system
was more complex.

The target channel system went through several complex
erosion-filling cycles, which were divided into three sedimentary
evolution stages: initial erosion-filling, later erosion-filling
(multistage), and channel abandonment (Fig. 10). Clarifying the
evolution process of the channel system can help us understand
the development and overlapping characteristics of the channel
sedimentary elements in different evolution stages and then pre-
dict the distribution position of the channel sand reservoir to
provide some reference for subsequent drilling exploration work
and reduce the risk of future drilling work.

The initial erosion-filling stage of the composite channel was
characterized by the erosion of the underlying strata and the
formation of a concave sedimentary accommodation (Figs 10a—
e), which provided topographic conditions for the development
of subsequent channels (Deptuck et al., 2007; Li et al., 2019). The
gravity flow formed by the initial stage has a large scale and
strong energy, which can cause strong erosion of the underlying
strata and the channel sidewall, thus leading to the large-scale
development of slump deposits.

When the energy of gravity flow decreased, the channel began
to be filled with sediment. When the new gravity flow developed,
it would cause erosion and damage to the early channel again,
forming a new sedimentary accommodation and widening the
composite channel (Figs 10b, ¢, and d). With the increase in the
flow distance of the gravity flow, the energy of the gravity flow
continued to weaken, and the channel was mainly filled with sed-
iment again. When the HDDs developed on the top of the com-
posite channel, they marked the abandonment of the composite
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Fig. 10. Sedimentary evolution model of the channel system.
The gray filling part of the channel bottom is sand-rich sediment,
the blue filling part is mass transport deposits, and the chaotic
filling is slump deposits. The blue arrows indicate the sediment-
ary elements inside the channel, and the black arrows represent
the different stages of evolution of the channel.

channel (Figs 10a—e). The deep-water channel was finally filled
and covered by the HDDs and then died out, which was the inev-
itable process of channel evolution (Zhao et al., 2018b). However,
there were differences in the scale and energy of gravity flow
activities in the composite channels, so the gravity flow in the
later erosion-fill stage eroded the early channels many times,
thus leading to the continuous increase in the scale of the chan-
nel system.

5.3 Factors affecting the sedimentary evolution and morphology of

the channel system

In the deep-water environment, the evolution of the channel
system was controlled by multiple factors (Gee and Gawthorpe,
2006; Wynn et al., 2007). In combination with the geological
background, tectonic evolution history, and previous related
studies in the study area (Uruski et al., 2002; Bull et al., 2019), we
found that the synergy of global climate change and regional tec-
tonic activities controlled the formation of the target channel sys-
tem, and the morphological changes in the channel system were
mostly affected by the self-regulation function of the channel and
gravity flow properties.
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5.3.1 Regional tectonic activities and global climate change jointly
control the formation of the channel system

(1) Regional tectonic activities

The regional tectonic activity was an important inducement
for the development of the channel system. Uruski and Warbur-
ton (2015) proposed that regional plate tectonic activity was the
main driving force for the stratigraphic development of the
Taranaki Basin in New Zealand. The Taranaki Basin reached the
maximum flooding stage at the end of the Oligocene (King and
Thrasher, 1996; Strogen et al., 2014), at which time there were few
or even missing clastic sediments in New Zealand. The develop-
ment of the modern plate boundary of New Zealand and the up-
lift of the New Zealand continent led to the intensification of land
erosion and the gradual increase in clastic sediments transpor-
ted to the deep-water basin (ca. 25 Ma) (Uruski, 2008; Bull et al.,
2019; La Marca and Bedle, 2022). These clastic sediments were
sufficient to form a new continental shelf and began to advance
to the New Caledonian Basin. In the middle Miocene, a large
number of terrigenous clastic sediments were transported to the
Taranaki Basin, forming several deep-water channels and fans
(Uruski, 2008; Baur, 2012; La Marca and Bedle, 2022).

(2) Global climate change

From the Late Eocene to the Early Oligocene, the Tasmania
Strait between Antarctica and Australia was opened, and then the
Drake Strait between Antarctica and South America was opened,

forming the Antarctic circumpolar current. As a result, the heat in
the equatorial region was difficult to transport to the south pole,
forming a “thermal isolation” environment in the Antarctic re-
gion, covering the eastern part of the Antarctic continent with
glaciers and triggering a global “ice chamber” event (Zachos et
al., 2001; Livermore et al., 2005). The global paleoclimate evolu-
tion map showed that from the Late Oligocene to the Middle
Miocene, the fluctuation range of 680 specific gravity was
1.5%-2.0%o, and since the Middle Miocene, the proportion of
global ocean 680 continued to increase, indicating that the glob-
al climate continued to cool after the Middle Miocene (Fig. 11),
which led to global sea-level fall (Haq et al., 1987).

During the Miocene, a global “ice chamber” event and sea-
level fall provided sufficient provenance conditions for the devel-
opment of deep-water sedimentary systems, such as the Lower
Congo Basin in West Africa (Yu, 2018; Jia et al., 2019) and the
Qiongdongnan Basin in the South China Sea (Xie et al., 2016),
where a large number of deep-water channels and fans were de-
veloped.

In this study, the development period of the channel system
was related to the increase in the global ocean ¢80 proportion in
the Middle Miocene, consistent with the fall of global sea level in
the Miocene (Fig. 11). The sea-level fall caused by global climate
cooling intensified the erosion of the continental shelf area and
continental strata in the Taranaki Basin, New Zealand, resulted
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in a large amount of terrigenous clastic sediments supply to the
deep-water basin. Thus, paleoclimate change and the Miocene
sea-level fall promoted the development of large-scale channel
systems (Uruski, 2008).

5.3.2 The morphology of the channel system is concurrently con-
trolled by the gravity flow properties and the channel’s abil-
ity to self-regulate

An investigation of previous literature showed that the mor-
phological change of the channels is a key part of the study of
deep-water deposition, and the sedimentary environment and
geological structure conditions in different regions are different,
which resulted in different morphological changes in the devel-
opment of the channels. Peakall et al. (2000) divided the evolu-
tion of channels into five stages, with obvious morphological
changes in the first three stages: In Stage 1, the channel was relat-
ively straight in morphology, while in Stages 2 and 3, the mor-
phology of the channel gradually became sinuous, and they be-
lieved that the possible cause of the channel morphology change
was the influence of the submarine topography. Abreu et al.
(2003), when exploring lateral accretion packages, proposed that
the channels would evolve from the initial straight morphology to
the final highly sinuous morphology. However, in the analysis of
the plane morphological change of the target channel system, a
very interesting phenomenon was observed: the morphology of
the channel system underwent relatively straight-highly sinuous-
relatively straight cycle changes (Figs 8 and 9), which is different
from those observed by Peakall et al. (2000) and Abreu et al.
(2003).

Pirmez and Imran (2003) noted that to achieve a smooth
channel morphology, the channel could continuously adjust its
sinuosity, width, and depth to respond to changes in fluid flow
and sediment load. Therefore, the morphological change in the
channel system was controlled by the self-regulation function of
the channels. Among them, the most prominent performance is
CC-1I, and the abandoned channel formed in Zone 2 reflects the
plane morphology changes caused by the self-regulation func-
tion of the channel (Fig. 8). The channel system showed an ul-
trahigh sinuous morphology in Zone 2. Due to the sudden
change in the gravity flow in the later stage, a new channel move-
ment path was formed, and the new channel showed a relatively
straight morphology (Babonneau et al., 2002; D’Alpaos et al.,
2017). The formation of the abandoned channels was a reflection
of the self-regulation of channels. An excessively high sinuous
degree placed the channels in an unbalanced state.

In CC- I, the channel system was relatively straight (Figs 8
and 9), and the movement of the channel in the horizontal direc-
tion was restricted, so its morphology change was not obvious
(Babonneau et al., 2002). The regional tectonic activities caused
the production of a large amount of clastic sediment. In the pro-
cess of sediment transport to the basin, a gravity flow with strong
energy and a large scale was formed (Bull et al., 2019; La Marca
and Bedle, 2022). In this stage, the main downcutting caused
strong erosion on the lower slope strata. As the sea level gradu-
ally fell, clastic sediment formation was controlled in coordina-
tion with tectonic activities (Uruski, 2008), producing larger clast-
ic sediments and thus increasing the downcutting depth of the
channel. Influenced by the seabed topography shaped by the
early channel, the morphology of the channel gradually changed
to highly sinuous. Reimchen et al. (2016) proposed using the
symmetry of the channel profile to reflect the plane morphology
of the channel, and the sinuosity of the channel would increase
with the increase in the asymmetry of the channel profile. The

Reimchen et al. (2016)’s view was consistent with the morpholo-
gical change characteristics of CC- I, CC- Il exhibited a highly
sinuous plane morphology (Figs 8 and 9). The slow rise in sea
level also led to a decrease in sediment supply, the downcutting
erosion capacity of the sediment gravity flow was weakened and
the aggradation capacity was enhanced, as reflected in the plane
morphology, in which the channel gradually began to change
from sinuous to relatively straight; that is, CC-IIl and CC-1V
showed these characteristics. Until the final sediment supply was
greatly reduced, the erosion capacity of the sediment gravity flow
to the underlying stratum was very weak, the resulting negative
terrain could not completely limit the gravity flow, and the chan-
nel system entered the nonrestrictive environment, forming the
characteristics of disorderly channel distribution and different
plane morphology; that is, CC- V showed these characteristics
(Figs 8 and 9).

Therefore, the evolution and morphology of the deep-water
channel were controlled by multifactor interaction and joint con-
trol. The channel’s evolution was primarily influenced by tecton-
ic activity and climate change, with gravity flow properties and
the channel's ability to self-regulate acting as auxiliary factors.
The Oligocene-Miocene tectonic transformation was the key
factor in the formation of a large-scale channel system. The
Middle Miocene sea level falls brought on by the global cooling
during this time provided sufficient provenance for the develop-
ment of the channel system, while the gravity flow properties and
the channel’s ability to self-regulate were the auxiliary factors af-
fecting the morphological characteristics and evolution of the
channel system.

6 Conclusions

Three levels of the channel boundary were identified in the
seismic profile. According to the four secondary level channel
boundaries, the target channel system was divided into five com-
posite channels, and five sedimentary elements were identified in
the channel system, namely, channel, slump deposits, levee de-
posits, mass transport deposits, and hemipelagic drape deposits.
Among them, channels included many types, such as remnant
channels, lateral migration channels, vertical sand-rich stack
channels, vertical mud-rich aggradation channels, single erosion
channels, and single aggradation channels. Mass transport de-
posits and hemipelagic drape deposits can provide good cap
rock, while sand-rich infill deposits inside the channel can func-
tion as a high-quality hydrocarbon reservoir.

In the process of sedimentary evolution of the channel, the
morphology of the composite channel was always changing. The
purpose of the morphology change of the deep-water channel
was to make the channel itself tend to a balanced and stable
state. The plane morphology of CC- [ was reconstructed and
showed a relatively straight morphology. CC- I, CC-III, and CC-
IV, developed in the restricted environment, underwent a trans-
ition from a highly sinuous to relatively straight morphology,
while CC-V developed in the unrestricted environment showed
the characteristics of different plane morphologies and dis-
ordered distributions.

The evolution of the channel system was a gradual and re-
peated erosion-filling process. The evolution of composite chan-
nels was divided into three stages: initial erosion-filling, later
erosion-filling (multistage), and channel abandonment. The
scale of the channel system gradually increased due to the re-
peatability of the channel erosion-filling process.

The sedimentary evolution of the channel system was af-
fected by many factors. Tectonic activity was the key factor in the
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formation of a large-scale channel system. The sea level falls
caused by global cooling provided sufficient provenance for the
formation of the channel system, while the gravity flow proper-
ties and the self-regulation function of the channel assisted in
controlling the morphological change and evolution process of
the channel.
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