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A B S T R A C T   

The investigations of the processes occurring in submarine fans improve the understanding of intricacies of 
deepwater turbidity system and their associated developed architectural elements. The seismic patterns and 
depositional geometries of the channel levee complexes of the Indus fan have been studied using 2D/3D seismic 
and well data. The Indus fan is the second largest submarine fan in the world, with a horizontal extent of some 
1500 km and a thickness of approx. 9 km. The development source of the Indus fan is divided into two units 
primarily based on their stratigraphic architecture and depositional characteristics. Firstly, the Eocene-Oligocene 
to Miocene lower unit that is built of channel lobes, and regionally developed large mass-transport deposits 
including megaturbidites. The other unit is Miocene and the Quaternary upper part that constitute major channel 
levee complexes with minor intercalations of locally developed mass transport deposits. The former progressively 
increase in thickness and width upwards the Eocene-Oligocene to Quaternary. This gave rise to symmetrical and 
asymmetrical growth patterns as a result of multiple phases of erosion and deposition. Such an architecture is 
present at an extensive scale primarily in the Plio-Pleistocene channels where the vertical to lateral growth ratio 
is higher than the channels. A single episode of thick MTDs is recognized by seismic reflection geometries 
suggesting sea level fluctuations that occurred between the Eocene-Oligocene and the Miocene, and from the 
Pliocene and the Quaternary channels. Regional confinements drastically affected the development of the Indus 
fan from the Eocene-Oligocene to Miocene, diminishing from the Pliocene-Quaternary. Sediment zonation 
occurred owing to the presence of structural confinements that controlled the growth of channel levee complexes 
and in general the entire Indus fan. Our results based on seismic reflection data of channel levee complexes 
suggest that increasing but alternating sediment supply from Eocene till Plio-Pleistocene, assisted the active 
channels and levee growth. Continuous increase in turbidity current size and energy along with sedimentation 
rates modified (i.e., increased the channel aspect ratio) the channel architecture of the Indus Fan.   

1. Introduction 

The Indus fan is the second largest deep sedimentary body in the 
modern Indian ocean (also known as the Arabian sea) after its neigh
boring Bengal fan with a volume of 5.0 × 10 6 km3. The Indus fan 
stretches to 950 km in width and extends up to 1500 km in the Indian 
ocean in front of Indus delta (Clift et al., 2001; Clift and Gaedicke, 2002) 

(Fig. 1a). It includes the record of eroded sediments from the Himalayas, 
the Karakorum and the Hindu Kush mountain ranges since the middle 
Eocene (Clift and Gaedicke, 2002; Ehsan et al., 2016; Hussain et al., 
2017). It is currently fed by a 185 km long submarine canyon with two 
paleo-canyons that are inactive presently (Kenyon et al., 1995; Prins and 
Postma, 2000) as shown in Fig. 1a. The Indus basin contains an ~10 km 
thick succession of the sediments from the Oligocene to Quaternary 
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underlain by volcanic basement and carbonate platforms (Carmichael 
et al., 2009a; Gaedicke et al., 2002). With dominant control of the sea 
level changes, the turbidity currents are the major sediment source that 
developed the Indus fan (Naini and Kolla, 1982; Kolla and Coumes, 
1983; McHargue and Webb, 1986; Kolla and Macurda, 1988). 

Channel levee complexes (CLCs) and mass-transport deposits (MTDs) 
are the two important elements which are associated with the sedi
mentological processes of deepwater systems. Submarine channels are 
the conduits that transport sediments from canyon mouth onto the basin 
floor as illustrated in Fig. 2 (Mutti and Normark, 1987). Channel levee 
systems represent an erosional-depositional hierarchical style of the 
sedimentation of submarine fans like the Indus, the Bengal (Emmel and 
Curray, 1981), the Amazon (Damuth and Flood, 1985) and many others. 
Channel levee systems form a repository of coarse grained (channel 
floor) and fine grained (levees) sediments (Piper and Deptuck, 1997). 
Carmichael et al. (2009b) reported that the channels on the upper fan 
developed on the topographic lows on seafloor due to channel lateral 
accretions. It is now understood that the larger channels which are 
leveed constitute the smaller unleveed channels and their deposits 
representing different cycles of erosion and deposition (Gee et al., 2007; 
Hodgson et al., 2011; Mayall et al., 2006). This combination of channels 
and MTDs build deep sea fans through depositions of different sediment 
ratios (Bellwald et al., 2020; Damuth et al., 1988). The widespread 
MTDs are present in the Indus fan either overlying the CLCs predomi
nantly of the Paleogene age or as channel fills, and consequentially 
interacting to develop a complex architecture of the Indus offshore. 

The Indus fan has been investigated by the several authors during 
last three decades for its genesis, seismic geomorphology, and strati
graphic and depositional processes (Kolla and Coumes, 1985; McHargue 
and Webb, 1986; Clift et al., 2001; Gaedicke et al., 2002; Deptuck et al., 
2003; Carmichael et al., 2009a). However, these studies exclusively 
describe the channel architecture on the Indus Fan with the aid of 
low-resolution and/or limited seismic reflection data. For example, 
previous studies such as McHargue (1991) have used 24-fold data and 
similarly, Kolla and Coumes (1985) have used single channel seismic 
data. In contrast to previous work, we used 160-fold multichannel 
seismic reflection data that inhabited the detailed analysis of architec
tural elements of the Indus fan. In addition, a recently available seismic 
reflection dataset from the offshore Indus Basin, Pakistan also provides 
an excellent opportunity to unravel the extensive and previously un
documented packages of MTDs and CLCs. 

The objective of this investigation is to present the inception and 
genesis of the channel levee complexes and their corresponding series of 
the mass-transport deposits (MTDs), to explain their evolution and to 
discuss possible triggering mechanisms for these features across the 
continental slopes and the basin floor. In this study, 3D seismic data 
along with well logs measurements are used to identify the seismic 
patterns and depositional geometries of the channel levee complexes 
(CLCs) of the Indus fan. Further, to mark the channel’s geometry and 
architecture, a range seismic attributes including trace envelop, horizon 
wavelet attribute, etc. Are used. This work is novel and the in
vestigations of the processes occurring in submarine fans helps to 

Fig. 1A. A: Location map of the Indus fan and the boundary of the Indus fan, its distributions, and adjacent morphological features are also marked on the map. 
Bengal fan is also shown on the right-hand side of the map. B: 2D seismic data transects are shown on the map that outlines the extent of the dataset along with the 
figure numbers. 3D data set is highlighted in yellow color. Three canyons “A”, “B” and “C” are shown on the map that acted as the source of sediment supply to the 
fan. wells Pak G2-1, Pakcan-1 and Indus Marine 1B is highlighted on NE-SW trending seismic line. Color legend is visible displayed for topography and relief. Source: 
Geo-map app, 1b. Showing the synthetic seismogram generated by convolving the seismic wavelet (Ormsby) with the subsurface reflectivity series (RC), 1c. The 
synthetic seismogram is plotted along with seismic data at the well (Pakcan-1 01) location and it very well correlated with the seismic profile. 
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improve the understanding of intricacies of deepwater turbidity currents 
and their associated geometrical elements. 

In the following, we first review the geological setting of the study 
area followed by the data used and the methodology of the research 
work. Then, we illustrate the results of our interpretation carried out by 
following the research approach defined in the methodology section. At 
the end, a comprehensive discussion based on the results has been made. 
envelope modulated phase. 

2. Geological setting 

The development of the offshore Indus Basin is associated with the 
separation of the Indian Plate from the African Plate in the Late Jurassic 
(ca.150 Ma) (Gombos et al., 1995; Gaedicke et al., 2002; Hussain and 
Ahmed, 2018). Following the separation of the Indian Plate from the 
Madagascar in the Late Cretaceous (ca, 90 Ma), its northward drift and 
collision with the Eurasian Plate occurred during the Middle Eocene 
resulting to the rise of the Himalayan mountain ranges that initiated the 
north-south drainage basin system. After the collision, deposition of the 
eroded sediments in the foreland basin occurred along the passive 
continental margin known as the offshore Indus Basin, Pakistan at least 
since the Eocene (Curray, 1994; Ahmed et al., 2020; Ghazi et al., 2020). 

The study area covers the proximal setting of the Indus fan, which 
constitutes the northwestern Indian continental margin, in the offshore 
Indus basin (Fig. 1a). The Indus fan is a river fed submarine fan system 
developing at the triple junction bounded by multiple geomorphologic 
features. In the west, the Indus fan is bounded by the Chagos-Laccadive 
Ridge while the Carlsberg Ridge and the Owen-Murray Ridge borders 
the fan from the south and northwest to the west direction respectively 
(Fig. 1a). 

The early development of the Indus fan is evident from the presence 
of the middle Miocene sandstone in the distal part of the Indus fan which 

is originated from the Indus suture zone and were transported by a proto 
Indus River system (Clift et al., 2001). Along the continental slope, in the 
shelf-slope areas, three channel-canyons feeding systems have been 
identified that served as the conduit for sediment transport from river 
mouth to the deep water submarine fan system (Deptuck et al., 2003; 
Prins, 1999). 

3. Dataset and methodology 

3.1. Seismic and well logs data 

This research work uses datasets comprise of 2D and 3D seismic and 
borehole wireline logs acquired in the offshore Indus Basin, Pakistan. 
Seismic surveys were acquired in 2001 and 2002 at water depth of 
~2700 m covering an area from shelf to the basin region (Fig. 1a). The 
standard seismic data includes 2D and a 3D pre-stack time migrated 
(PSTM) volumes. The 2D time migrated seismic surveys covering an area 
of 75,000 km2 with a grid spacing of 5 × 5 km. The record length of 2D 
seismic data is around 12 s which is sampled at the interval of 2 ms. 
Seismic data has zero phase and displayed in the normal polarity 
(Brown, 2011). The polarity behavior of the data is defined by black and 
red reflections describing positive acoustic impedance and negative 
acoustic impedance respectively. The vertical resolution of seismic data 
is approximately 25 m and has dominant frequency of 45 Hz. 

The well logs data from three different wells, drilled in the study area 
is used for well to seismic stratigraphic correlation. Only Packcan-1 well 
has check shot data available for the current work, whereas only well log 
data is available for the Indus marine 1B and Pak G21 wells. Therefore, a 
synthetic seismogram is generated by using the time-depth (TD) chart of 
the Packcan-1 well and used for the horizon identification (Akram et al, 
2020). The synthetic seismogram generated from the Packcan-1 well TD 
chart is shown in Fig. 1b and synthetic overlapping with real seismic 

Fig. 1A. (continued). 
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data is displayed in Fig. 1c. The synthetic seismogram is showing good 
overlapping with seismic section. The available well log data for this 
study contains standard wireline logs suits e.g., gamma ray (GR), sonic 
time (DT), density, neutron porosity and other wireline logs. 

The methodology workflow started with the identification of 
geological horizons (e.g., from Eocene to Pleistocene) for the geological 
age correlation of seismic events using available wireline logs and 
seismic data (Vail et al, 1977). The well data used in this study are the 
Indus Marine 1B, Pakcan-1 and Pak G2-1 (Figs. 2 and 3). The Indus 
Marine 1B and the Pakcan-1 are drilled on the present-day shelf whereas 
the Pak G2-1 is located on the continental rise. Check shot data provides 
the well to seismic correlation for geological age control. The Indus 
Marine 1B and Pakcan-1 are drilled down to the Miocene section of the 
shelf while the Pak G2-1 well is drilled to a depth of over 4500 m that 
penetrates the carbonate platform (Fig. 3) (Shahzad et al., 2019). The 
core data and well cuttings are not available for these wells and there
fore, the detailed identification of the mineralogical composition of li
thologies not possible. 

3.2. Research approach 

For seismic stratigraphic interpretation, we followed the approach 
defined by Mitchum et al. (1977). Based on well-to-seismic correlation, 
the Cenozoic succession can be divided into two major stratigraphic 
units i.e., the Eocene-Oligocene to the Miocene and Plio-Pleistocene to 
the Recent (Holocene) epochs. 

A hierarchical approach (Gardner et al., 2003; Abreu et al., 2003; 

Campion et al., 2000; Mayall et al., 2006) is adopted to characterize the 
submarine channel systems: where larger erosional features are packed 
by turbidite beds which stack upward to form channel fills located inside 
the channel form. Channel basal erosive and bounding surfaces along 
with confining levees are investigated for their geometry downslope 
from base to top of the Indus fan. The scale and stratigraphic distribu
tions of geomorphic features were displayed using 2D and 3D seismic 
data. CLCs are analyzed for their depositional style and architecture for 
each unit. Seismic attributes improve the visualization of CLCs in a 
two-dimensional view that augments the recognition of small-scale 
depositional features. Time and horizon slice attributes were gener
ated to image the planform geometry of channels and to envisage their 
pattern and depositional nature. For this work, we have used Ormsby 
wavelet which provides the most redefined spectrum and therefore, is an 
appropriate choice for seismic reflection data analysis. Ormsby wavelet 
is computed from a trapezoidal frequency spectrum with parameters are 
frequency F1 05 Hz, frequency F1 10 Hz, frequency F1 45 Hz and fre
quency F1 60 Hz. The root mean square (RMS) seismic attribute, esti
mate the square root of amplitudes to describe the internal architecture 
of the channel levee complexes that improve the understanding of 
three-dimensional channel models. 

The stratigraphic and structural interpretation of the seismic dataset 
is carried out by using the Petrel and the Kingdom suits. The stratigraphy 
was extrapolated to the seismic data from the wells data i.e., the Indus 
marine 1A and the Indus Marine 1B, located on the continental shelf. 
The well Pak-G2-1 and the stratigraphic model described by Carmichael 
et al. (2009a) was utlized for deep-water stratigraphic control. This 

Fig. 1A. (continued). 
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provides a control of the chronostratigraphic framework for the Indus 
fan succession and older sedimentary deposits. A mean seismic velocity 
of 2500 m/s is used for the seismic interpretation gridding and subsur
face depth mapping of the Plio-Pleistocene age interval. 

4. Results and observations 

4.1. Seismic stratigraphy 

4.1.1. Detailed seismic facies of architectural elements 
The Upper Indus fan shows a variety of seismic facies with assort

ment of lithological and depositional features e.g., unidirectionally 
migrating channels are shown in Table 1. These seismic facies and 
morphological features are based on their geometries, texture, and 
characteristics from seismic profiles (Table 2) and can be interpreted for 
their possible depositional environments through their seismic character 
(Schwenk and Spiess, 2009; Mayall et al., 2006; Deptuck et al., 2003; 
Mutti and Normark, 1987; Normark et al., 1980; Normark, 1978). 

4.1.2. 3D seismic morphology of channels 
Time slices and horizon slices of three CLCs of Plio-Pleistocene age 

display the planform morphology of the channel belts and are shown in 
Figs. 4 and 5. The time slice is generated by using trace envelope attri
bute at two-way-travel time (TWT) of 2.44 s for the two channels belts 
which shows low to moderate sinuosity (Fig. 4). Trace envelope attri
bute also known as reflection strength exhibits strong acoustic seismic 
events. This attribute is computed from the complex seismic trace 
(analytical and quadratic trace) and is utilized to identify the major 
seismic features e.g., impedance, tuning effects, deposition 

environment, lithological variations, sequence boundaries, gas accu
mulation zones, unconformities, and fault identifications etc. The en
velope attribute describes the instantaneous seismic energy of the 
reflected even and is directly related to its magnitude of the reflection 
amplitude. The benefit of using the envelop attribute over the real trace 
values is that it is not dependent on the seismic data polarity and the 
phase of the seismic data. 

The second-order differentiation of the trace envelop provides the 
measure of envelope peak sharpness and presents all the peaks of the 
envelope, which refers to all the reflecting boundaries observable inside 
frequency bandwidth of seismic data. Further, the higher derivative 
displays sharpness of seismic events, changes of lithology, depositional 
environment variations, etc. 

Mathematically, the second derivative equation can be defined as 

d2 E(t)
dt2 =E(t) ∗ diff (t) ∗ diff (t)

here, E(t) indicates the trace envelop, diff(t) refers the differential 
operator, and the symbol asterisk (∗) is for convolution. 

The channel belt displayed in yellow color represent of relatively low 
sinuosity as compared to the channel belt in red. An arcuate feature in 
the middle of the red channel belt suggests a possible channel avulsion of 
the green channel belt (Fig. 4). Adjacent to avulsion point a zone of neck 
cut off is marked in pink color that signifies the straightening of the 
channel near a sharp meander bend. An older channel on the right side 
of the red channel develops a wider channel belt which illustrates higher 
turbidity flows and swing of the channel thalweg. 

A horizon wavelet attribute is utilized to generate a horizon slice (at 
TWT of 2.74 s from sea floor) reveals several distinctive features (Fig. 5). 

Fig. 2. A 2D seismic profile along the Indus fan, and oriented in the NE-SW direction. It shows major elements of the Indus offshore basin from the volcanic basement 
to sea floor (bottom to top). Volcanic basements are overlain by carbonate platforms and thick succession of the Indus fan. Carbonate Mounds: Color interpretation 
can be described as, purple outline color with white fill represents basement; green and purple solid lines represent paleo-shelf; black wavy lines mark the erosional 
surfaces of channels; blue dotted line represents the sea floor and the extent of interpreted seismic line. Inset images show the varying channel sizes on the proximal 
and distal portions of the fan (the area overlain by base map is out of study zone). 
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In the horizon attribute, amplitude extraction is applied just as charac
teristic of the horizon. This attribute can be extracted by applying few 
steps in a Petrol software package e.g., select a horizon of interest, define 
a volume to extract, adjust the minimum and maximum time window. 
The planform section (defined by red color) of the Pliocene age channel 
suggests low sinuosity of the channel belt. On the contrary, LAPs and 
thick levee (Fig. 5, point 1) in the eastern corner (yellow, semi-circle), 
suggest that channel thalweg had higher sinuosity inside a channel 

belt. Channel may also have gone through avulsion in the later stage of 
evolution (Fig. 5, point 3). Sediment waves (Fig. 5, point 5) are depos
ited (as discussed earlier) near the channel belt reminiscent of flow 
stripping. In the upper right corner of the profile two channel forms 
merge downslope. In the south-west corner of the profile another wider 
(unmarked) channel belt is present, (not described due to data 
constraints). 

Seismic envelope modulation attribute maps generated at TWTs of 
29.3 s, 2.90 s, 2.73 s, and 2.70 s marked as 1, 2, 3 and 4 respectively in 
Fig. 6 display the channel growth and its characteristic sinuosity. The 
envelope modulation attribute describes the slow amplitude modula
tions in a seismic signal. It also defines the distribution of energy in 
seismic reflection coefficient fluctuation across specified frequencies. 
The envelop for the n signals (ei[n]) is denoted by the convolution of 
analytical signal and impulse response. The variations in the charac
teristic sinuosity from older to younger channels are marked by yellow 
dotted lines. The older buried channels increase in sinuosity with 
increasing meander bend and channel width as shown in Fig. 6 (profiles 
3 and 4). Channels are bounded by high amplitude reflections that also 
increase in extent from older to younger channels. At TWT of 2.73 s, 
channels become relatively straight compared to its older underlying 
channels followed by an increase in width at 2.70 s illustrated in Fig. 6 
(profiles 1 and 2). The outer bends show lack of high amplitude re
flections contrary to the older channels. 

4.2. Channel architectural elements and morphological variations 

4.2.1. Eocene to miocene channel levee complexes 
The 2D seismic data show the channel complexities from the Eocene 

to the Miocene of the Upper Indus fan. (Figs. 7–9). Channels are confined 
as well as unconfined erosionally with well-developed outer levees. 

Fig. 3. Gamma ray logs of all three wells named as the Indus Marine 1B, Pak G2-1 and Pakcan-1 are displayed. The well logs are generally used in the study for the 
purpose of age correlation. Log responses are interpreted for the lithology that aided in outlining the main time surfaces. Color interpretation: green arrows mark the 
deviation on the logs in response to lithology; black dotted lines mark the points of interpreted significant time surfaces. 

Table 1 
Shows the dimensions of outer levees of unidirectional channels i.e., both uni
directionally migrating major channels (UDMa) and unidirectionally migrating 
minor channels (UDMi).  

Channel 
Type 

Max. 
Thickness 
outer bank 
levee 

Max. 
Thickness 
Inner bank 
levee 

Avg. 
outer 
levee 

Avg. 
inner 
levee 

Age 

Levee 
extension 
(km) 
(UDMa) 

15.981 21.263 11.87 13.96 Plio- 
Pleistocene 

Levee 
thickness 
(m) 
(UDMa) 

437.5 700 283.92 441.87 Plio- 
Pleistocene 

Levee 
extension 
(km) 
(UDMi) 

11.65 16.45 8.95 7.12 Pleistocene 

Levee 
thickness 
(m) 
(UDMi) 

300 420 230 257 Pleistocene  
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Table 2 
Assessment of seismic facies constituting the Indus fan from volcanic basement of cretaceous age to channel levee complexes of Indus fan overlain by hemipelagic 
deposits during the sea level high stand.  

Seismic Framework Seismic Expression Depositional Characteristics (Seismic) Interpretation 

Seismic Facies 1 
Pleistocene-Quaternary Channel 
with Hemipelagic Succession on 
top 

A recent channel incised the hemipelagic 
succession draping the Indus Fan 
sediments. The unfilled channel is 
suggestive of early phase of development 

Even during high stand sea level conditions 
minor channel incisions occur that supply 
the sediments to distal portion of the fan. 

Seismic Facies 2 
Sediment waves on Pleistocene 
Channel Levees overlain by 
Hemipelagic Drapes 

Sediment waves with parallel to 
subparallel crests. Pleistocene channels 
are flanked by Levees with abundant 
sediment waves in Indus Fan 

Flow stripping of turbidity currents modify 
the architecture of levees and develop 
sediment waves 

Seismic Facies 3 
Frontal Splay bounded on top and 
bottom by Channel levees 

Concave up features with dipping minor 
seismic reflection developed on the Indus 
fan adjacent to channels 

Frontal Splay mark the unconfined flow of 
turbidity currents that developed as the 
channel flows unconfined downslope and 
deposit the sediments load 

Seismic Facies 4 
Channelized Lobe with minor 
distributary Channels 

Channel Lobe incised by successive 
distributary channels bounded on top and 
below by cyclic deposits 

Following the deposition of channel lobe, 
younger successive currents channelize the 
lobes. 

Seismic Facies 5 
Channel Levee Complex with 
predominant lateral migration and 
overlain by Pleistocene Channel 
Levee Complexes 

Indus Fan is dominated by major Channel 
Complexes that increase in width and 
thickness from Eocene-Oligocene to Plio- 
Pleistocene 

Multiple cycles of cut and fill followed by 
channel abandon stage and reactivation 
respectively, creates the complex features 

Seismic Facies 6 
Megaturbidites of Indus Fan with 
minor Channel Incisions (bottom 
to top) 

Thick Succession of megaturbidites lie 
underneath the Indus Fan sediments. 
These megaturbidites are incised by the 
channels. 

According to (Bourget et al., 2013) 
megaturbidites of Indus fan are of local 
origin. 

Seismic Facies 7 
Volcanic Basement underlying 
Indus Fan sediments 

Volcanic basement underlies the Indus 
Fan deposits. Volcanic highs and 
carbonate platforms provide 
confinements that restricts the growth of 
Indus fan 

Major confinements created as Indian plate 
moved over a reunion hotspot while drifting 
northward. These confinements create 
sediment portioning in Indus fan.  
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Erosion and deposition cycles are infrequent because of low and 
consistent sedimentation that is indicated through small channel sizes 
with no resolvable inner levees. Channels have been developed in mega 
turbidites of the Indus fan with interspersed MTDs, which are deposited 
above the volcanic basement and carbonate platform (Figs. 7 and 8). The 
depositional pattern inside the channels from the Eocene to the Miocene 
part of the fan does not evince an organized pattern because of lower 
intensity of turbidity flows. 

4.2.2. Plio-Pleistocene to quaternary channel levee complexes 
The Plio-Pleistocene channels of the Indus fan typically show higher 

incision and aggradation channel levee complexes. The channels are as 
wide as 12 km whereas the levees thickness reach up to 450 m 

(Figs. 7–9). The channels show a significantly similar architectural style 
(may be a different pattern) that comprises of lateral to vertical channel 
fill bounded by thick inner levees. Various authors (Burbank and Beck, 
1991; Metivier, 1999; Clift et al., 2002) reported the peak sedimentation 
between 16 and 2 Ma i.e. (Miocene to Pleistocene). The amalgamation of 
the three different channel levee complexes is identified and illustrated 
(Fig. 9). Each channel shows overall decrease in width and thickness 
from bottom to top. The nature of basal erosive surface is apparently 
similar constituting terrace like features overlain by high amplitude 
continuous to discontinuous reflection packages that have been intro
duced in other submarine fan systems as well (Flood et al., 1991; 
Hübscher et al., 1997). The central profile shows a low amplitude 
channel fill at the base that continues laterally towards the direction of 

Fig. 4. Trace envelope modulated seismic attribute 
map of seismic profile displayed. Time slice (trace 
envelop) map generated at 2.4 s below the sea floor 
for a Pliocene age channel. The younger channel in 
yellow boundaries (dotted lines) vary in width 
downslope whereas the older channel in red dotted 
lined maintains the width because of lack of lateral 
migration and bank erosion. Various colors i.e., blue 
curve represents zone of cutoff: green curve is the 
zone of avulsion: lateral accretionary packages (LAPs) 
are also visible in the map. Brown and white color 
reflections on seismic profile represent amplitude 
variations. Red dotted line on the seismic profile 
marks the basal erosive surface of the channel.   

Fig. 5. Horizon wavelet attribute map generated 
from 3D seismic data to identify the apparent 
behavior of the channel. Submarine channel belt 
boundary is delineated in red. 1) Lateral accretionary 
packages: 2) channel levee buildup: 3) Adjacent 
channel: 4) thalweg: 5) sediment waves. Color inter
pretation: Thalweg is represented by yellow dotted 
line; Brown, black and white color reflections on 
seismic profile represent amplitude variations (po
larity). Red dotted line on the seismic profile marks 
the basal erosive surface of the channel.   
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migration of the channel (Fig. 9). Although the top cross-section may 
predict a thinning and decrease in the width of the channel but CLCs in 
the Indus fan progressively grow to be deeper and wider towards the sea 
floor. Younger channels show high sinuosity in the Indus fan both the 
individual channels and the incisions near the abandonment phase of the 
channel (Fig. 9). Quaternary channel near the sea floor is erosional 
confined, devoid of the fill and lack the seismically resolvable inner or 
outer levees (Table 2, facie 1). 

4.2.3. Architecture of the levees 
The outer levees in the Indus fan are well developed in the Eocene- 

Oligocene to Recent channel levee complexes. The thick outer levees 
are dipping at high angle near the erosive surface of the channel grad
ually decreasing in dimensions (Figs. 7–9). From the Miocene to recent, 
levees are highly complex and thick unlike the levee build up before the 
Miocene. Multiple channel erosion and deposition cycle augmented the 
growth of outer levees as well as inner levees (Figs. 2 and 7–12). Un
dulating features on the backslope of the channel levees are fine-grained 
sediments referred to as sediment waves (Table 2; facies 2, Figs. 8 and 
10) (Normark et al., 1980). Here, on the Indus fan, the features are well 
developed on the levee backslope with wavelength ranging from 122 m 
to 1473 m and a height of ~10 m–60 m (Fig. 10). 

The analytical calculations of at least 14 unidirectionally migrating 
channel levee complexes (i.e., the aspect ratio of the laterally migrating 
channels) show that the average thickness of the outer levee is ~500 m 
(averaged) that is almost double in thickness compared to the levee on 
the inner bend which is 300 m (averaged) (or in the direction of 
migration) (Table 2). Levee architecture reflects the degree of flow 
confinement (Kane et al., 2008; Peakall and Sumner, 2015). Abrupt and 
persistent laterally migrating channels show decreasing confinement 
towards the abandonment of the channel (Figs. 10 and 12). Contrary to 
the unidirectionally migrating channels, the vertically aggrading 
confined channel levee complexes show symmetrical channel levee 
growth (Fig. 6). 

4.3. Unidirectionally migrating channels 

Migration of channels in the Indus fan is approximated by a pre
dominant unidirectional migration of channels and contrasting levee 
build-up which is not unique to a few CLCs. Two different types of 
unidirectionally migrating channels are observed in the Indus fan, for 
example, unidirectional migrating channels major (UDMa) and unidi
rectional migrating channel minor (UDMi). Channels are categorized on 
the basis of channel levee dimensions (channel size and thickness to 
width ratio) and abandonment to reactivation cycles. Three distinct 
phases of channel growth are observed UDMa (Fig. 10). The initial phase 
of the channel builds up is marked by high amplitude reflection (HAR) 
packages at the base of the channel with substantial vertical growth. The 
angle trajectories suggest that the vertical growth of the channel is 
represented by higher angles of 720 (Fig. 12). The second phase of the 
channel development indicates the predominant lateral migration of the 
channels. The first part of second phase resembles the growth of initial 
phase of the CLS except for development of higher lateral migration 
(Figs. 10–12). Lateral migration of the channel is represented by lower 
angles 140 to 300 (Fig. 12). Linear, continuous HAR reflect the migration 
that affects the development of thick outer levees opposite to direction 
of migration. High amplitude reflection packages are bordered by inner 
levees that developed opposite to the direction of migration. The similar 
features on the Bengal and the Indus fans were observed in their study 
(McHargue, 1991; Hübscher et al., 1997; von Rad and Tahir, 1997). The 
third phase of CLS build-up is marked by abandonment stage of the 
channel levee system. Alternating high and low amplitude parallel to 
subparallel reflections mark the abandonment stage of the channel build 
up (Fig. 12). 

UDMi channels display a hockey stick shape geometry also associ
ated with laterally migrating channels (Fig. 11). This geometry is mainly 
present in the Pleistocene channels. As a result of lateral migration of the 
channel when coupled with aggradation owing to a limited and 
decreasing confinement hockey stick shape features development. UDMi 
channel fill is a combination of high amplitude discontinuous reflections 

Fig. 6. Envelope modulated phase attributes for channels at 2.93, 2.90, 2.73 and 2.70 s from the early Miocene to the late Miocene. Channel marked in 3 and 4 
widened over the course of development and an increase in meander occurred followed by abandonment and development of a younger and straighter channel 
marked in 1 and 2 displaying channel widening due to bank erosion. Channels are bounded by high amplitude reflections developed due to stripping and overspilling 
of overfit channel currents. Turbidity current flow direction is marked by an arrow. Color interpretation: brown color shade adjacent to channel margin represents 
levees and over bank deposits. 
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deposited inside a narrow conduit bounded by outer levees and con
strained by inner levee on one side. UDMi show lateral to vertical 
channel fill deposits with a vertical aggrading component as the channel 
maintains the equilibrium profile that terminates with the deposition of 
finer sediments causing the abandonment phase of the channel devel
opment (Fig. 11). UDMi channel are smaller compared to UDMa chan
nels in both thickness and width with a strong contrast in the levee 
geometry. UDMi channels unlike UDMa channels have well developed 
outer levees (Table 1). Levees in the direction of migration are steeply 
dipping contrary to these gently dipping levees that are deposited 
opposite to migration direction. Such channel fills preserve the record of 
flow variations and the nature of highly confined turbidity currents. 

Migration of single channel over time create dipping reflectors either 
parallel or towards the channel axis commonly referred to as lateral 
accretionary deposits (Fig. 13). Reflection pattern may vary from uni
directional dipping reflections to bidirectional dipping reflections. It is 
important to note that Lateral Accretionary Packages (LAPs) may be 
parallel to direction of migration with up dip and down dip component 
of migration (Fig. 13). 

4.4. Variations in thickness of indus fan 

Based on the NE-SW and E-W oriented seismic lines, investigations 
and calculations delineate the structural highs and carbonate platforms 
on the Indus fan that influenced the deposition in the turbidite system 
(Figs. 2, 8 and 14). Confinement here are provided by volcanic base
ments and carbonate platforms that developed on the subsurface highs. 

Pelagic and hemipelagic deposits have developed between these 
confinements whereas slope failure deposits have also been distributed 
up and down slope these features. The thickness of the fan significantly 
varies upslope and downslope of the confinements. Immediately in the 
region downslope of the shelf break the fan thickness reach to 5.6 km 
with an average velocity of 2500 m/s (Fig. 2). This negative relief is 
created by the topographical high and the carbonate platform developed 
above it. Fan thickness decreases abruptly to ~4 km on top of confine
ment (Fig. 2). Thickness of the fan again increases to 4.8 km after the 
confinement but the second confinement on the slope traps the flow of 
sediments thus further reducing the thickness of the turbidite system to 
2.4 km. The hindrance in fan growth continues downslope until the fan 

Fig. 7. Age distribution of the Indus fan deposition from the Eocene-Oligocene to the Pliocene. Channel size increase abruptly from bottom to top of the Indus fan. 
Volcanic basement provides the confinement which hindered the lateral growth of the Indus fan and created the sub-basins that accommodated the thick succession 
of megaturbidites. Color interpretation: white color fill represents the volcanic basement; brown and white color reflections on zoomed in seismic profile represent 
amplitude variation. Inset images show different features observed on the Indus fan. 
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displays parallel to subparallel facies in the study area. 
Murray ridge of Cretaceous age acts as confinement for the Indus fan 

that controls the further expansion of Indus fan towards the west where 
Makran basin lies (Figs. 7 and 14). Maximum fan thickness reaches up to 
~6.4 km downslope before confinement (Fig. 14). The thickness of the 
volcanic basement is roughly measured to be ~15 km as the total TWT 
reaches 12 s to the point where the first chaotic reflector of the basement 
is delineated. Towards the base of the fan, parallel beds are observed 
that are the assortment of lobes and cyclic deposits, capped by mega
turbidites and mass transport deposits (Fig. 14). The fan sediments are 
bisected with the maximum extension towards the east of the Murray 
ridge. 

Maximum fan thickness on top of Murray ridge is observed to be 
~1.6 km (Figs. 7 and 14). The maximum thickness of the fan in the study 
area peaks at 6.04 km west of the Murray ridge. West of the Murray ridge 
the entire extension of the fan is not surveyed. 

5. Discussion 

5.1. Channel levee growth 

Subtle thickness variations and onlapping reflectors of the Indus fan 
suggest the presence of syn-depositional topographical features in the 
study area (Fig. 14). The age of the encountered structural highs and 
carbonate platforms are the Cretaceous and Paleocene, respectively 
(Carmichael et al., 2009b; Shahzad et al., 2018, 2019). The highs were 
formed due to extensive volcanic events while the Indian plate passed 

over a reunion hotspot following its separation from Madagascar and the 
Seychelles. These confinements are of the Paleocene to Eocene age that 
already developed before the initiation of the fan system. The low relief 
features acted as small basins that accommodated the sedimentation of 
the Indus fan (Figs. 14 and 15). The deposition of the Indus fan was 
highly influenced by the presence of the subsurface topography. 
Although the presence of these features is highlighted here, their areal 
extent cannot be deduced due to data limitations. The autogenic and 
allogenic controls have significantly influenced the distribution of fan 
deposits that developed the present geometry and architecture of the 
Indus fan. 

This grain size partitioning as a result of confinements significantly 
affect the architecture of the basin deposits as the nature of the turbidity 
currents is modified downslope of the flow (Prather et al., 2006). The 
turbidites of the Indus fan suggest the deposition of coarser material 
because of trapped turbidity currents that could not flow further from 
the confinement that is also apparent from the presence of the smaller 
channels at the distal portion of the fan in the study area (Figs. 2 and 14). 
Thick beds of turbidites overlain on top of one another suggest the 
continuous deposition by turbidite deposits with thick columns of coarse 
material and an unconfined flow. High amplitude continuous reflections 
indicate that the turbidity currents were single sourced and carried large 
volumes of sediment (Harishidayat et al., 2018; henry w. posamentier 
and venkatarathnan kolla, 2003; Jobe et al., 2011). These deposits are 
overlain by continuous parallel to subparallel beds that thin towards the 
confinements and laterally continue draping the top of the confinement 
(Fig. 14). 

Fig. 8. From top to bottom, the upper seismic section 
highlighting the channel boundaries (basal erosive 
surfaces). Lower figure shows an increase in channel 
dimensions is observed from the Eocene-Oligocene to 
the Quaternary which is epitome of increasing sedi
mentation. Color interpretation: white color at the 
bottom represents volcanic basement; blue fill rep
resents the carbonate platform. Brown, black, and 
white colors reflections on seismic profile represent 
the amplitude variations. Inset image show the sedi
ment waves, the features that are rarely observed on 
channels other than the Pleistocene age.   
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The structural influence on the channel complexes is also apparent, 
as the levees are asymmetric near the existing geomorphic features. This 
effect is not limited to tectonic structures but also due to preexisting 
channels levee complexes. The newly deposited levees follow the pre- 
existing levees that often hamper the full growth and extent of either 
side of the levees. 

Sediment waves are other prominent features that developed on the 
levee backslope during Plio-Pleistocene age (Table 2, facies 2 and Figs. 8 
and 14). We suggest that these features develop because of flow strip
ping of fine-grained material from the turbidity currents and are 
deposited on the outer levees. Sediment waves also initiated due to 
underlying deformation structures developed on the outer levees. 
Sediment waves formed simultaneously during the formation of the 
channel. No deformation is visible on the sediment waves that may 
suggest the formation of sediment waves after the deposition of the outer 
levees. Sediment waves are rare to absent from Eocene-Oligocene to 
Miocene in the study area (Table 2; facies 2, 4, 7). 

5.2. Lateral and unidirectional migration of channels 

Lateral migration of channel and channel development as explained 
earlier (Figs. 9–11) is a consequence of three major steps that are 
involved in developing architecture of the channels. Firstly, sediment 
bypass takes places through channel incision that occurs on cyclic steps 
created by sediment waves on sea floor (Fildani et al., 2013), while the 
levee buildup initiates concurrently as the turbulent flow carries sus
pended particles (Eschard et al., 2003). Levee development in the 
proximal fan settings is reduced due to highly concentrated flows 
(Mulder and Alexander, 2001). 

Secondly, upon the culmination of erosive processes and reduction in 

gravity flow, aggradation in the channel occurs as the channel aban
donment phase establishes and a break in deposition occurs. This 
abandonment is followed by the initiation of phase three as the channel 
reactivates by the ensuing flows. Thirdly, onlaps and downlaps parallel 
to channel fill backstepping develop with the deposition of high 
amplitude reflections (HARs). Backstepping culminates with spill over 
lobes. Decreasing confinement and limited vertical growth (aggrada
tion) of the channel result in the deposition of lateral high amplitude 
reflections. Volcanic basements significantly altered the lateral migra
tion of the channels on the Indus fan (Fig. 14). Degree of confinement is 
subject to amount of lateral migration as abrupt and persistent lateral 
migrations greatly reduce degree of confinement, which is contrary to 
limited laterally migrating channel where confinement increases near 
the abandonment of the channel. Another impact of consistent lateral 
migration of the channel is that it erodes the levee deposited in the di
rection of the movement thus reflecting the apparent low confinement 
on one side of the channel whereas, the levees in the opposite direction 
prograde consistently towards the migration direction (Figs. 10–12).The 
results show that channel migration form zones of cut off and lateral 
accretionary packages with erosion on the inner side and deposition on 
the outer side of the channels. Outer bank of the migrating channel 
witness adjacent stacking of series of reflections in the direction of 
migration termed as Lateral Accretionary Packages (LAPs). High 
amplitude (orange) reflections spread on the time slice near the bends of 
the channel belts are LAPs which are produced by the lateral migration 
of the channel. Lateral accretionary packages (LAPs) are dipping re
flections either parallel or dipping towards the channel associated with 
lateral migration of the channel (Abreu et al., 2003). LAPs are amal
gamated to semi amalgamated depending on the flow energy, flow 
thickness and flow variations (Abreu et al., 2003). High amplitude 

Fig. 9. Illustration of a channel complex set of 
Pliocene-Pleistocene age displaying the multiple 
incision to aggradation stage. Channel complexes 
display organized pattern of development undergoing 
varying channel migration trajectories. LAPs: Lateral 
Accretionary Packages. Color interpretation: Red, 
yellow, green, and blue fills represent levees; yellow 
fill with irregular lines represents channel fill; grey 
fill represents remnants of levees; brown fill repre
sents the inner levees; pink color represents the 
bypass sediments overlaying the channel fill; purple 
color represents channel fill; Brown, black and white 
color reflections on uninterpreted seismic profile 
represent amplitude variations e.g., trough, crest, and 
zero-crossing polarity.   
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reflection packages observed on the seismic profile suggest that LAPs are 
a result of high energy and thick concentration turbidity flows. Shingled 
reflections or lateral accretionary packages are associated with the 
continuous lateral migration of the channel. They are deposited on the 
inner side of the channel with erosion on the outside margin of the 
channel belt. Lateral migration of the channel creates progradational 
inner levees with characteristic of parallel but low amplitude reflections 
(Figs. 10–12). Although lateral overflow deposits suggest that channel 
aggraded while migrating laterally (Eschard et al., 2003). If the ratio of 
amount of incision on the channel edges is smaller against aggradation 

ratio of the sediments within them, the shingled channel features or 
lateral accretionary packages will form (Deptuck et al., 2003). On the 
contrary if the ratio of incision is higher, no accumulation or aggrada
tion will occur. Channel filling is far from random where entire channel 
complex reflects a systematic lateral migration while constituting a 
complex depositional architecture. It is also observed that long term 
incision and aggradation cycles tend to create complex depositional 
patterns that may show disorganized system (Sylvester et al., 2011). 
Neck cut off zones have high amplitudes which implies the lateral 
channel migration as well as the channel belt course adjustment, 

Fig. 10. A: Uninterpreted seismic profile of unidirectionally migrating major channels. channel. B: Channel trajectories indicate the growth pattern of the unidi
rectional laterally migrating channels. Successive turbidity currents migrated towards the outer bend of the channels in an organized pattern incising new channels 
followed by abandonments. Outer levee on the outer channel bank is eroded by the younger channels whereas a thick levee set is deposited on the inner bank that 
dips towards the thalweg. C: Multi-color fills showing the facies of laterally migrating channel. Sediment waves are deposited on the outer bend levee created by 
overspilling of turbidity currents. Color interpretation: blue arrows on profile “B” represent the channel migration; red dotted lines mark the outlines of levees; red 
dotted lines mark the basal erosive surface; white circles represent the channel fill trajectories; Blue fills on profile “C” represents the hemipelagic drapes; yellow fill 
with blue arrows represents the channel fill; grey, purple, blue, red, light blue, pink colors represent the outer levees. Dotted lines represent the basal erosive surface. 
Brown, black, and white color reflections on uninterpreted seismic profile represent the amplitude variations. 
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Fig. 11. Channel trajectories of unidirectionally 
migrating minor channels (UDMi) categorized as 
“C1”, “C2”, and “C3”. UDMi channels do not undergo 
multiple stages of channel abandonment and reac
tivation stages, capped by concave down reflections. 
GDL: Gently Dipping Levee. SDL: Steeply Dipping 
Levee. Color interpretation: white circles represent 
the channel fill trajectories (growth patterns); Brown, 
black and white color reflections on uninterpreted 
seismic profile represent amplitude variation.   

Fig. 12. A: Seismic profile with unidirectionally 
migrating channel. B: Angles of channel growth in 
unidirectionally migrating channels. Higher angles 
suggest the vertical growth and aggradation of 
channel fill. Smaller angles indicate the higher 
component of lateral migration of channel. Color 
interpretation: Brown, black and white color re
flections on seismic profile represent the amplitude 
variations (polarity of data); red dotted line repre
sents the basal erosive surface; white circles represent 
the channel fill trajectory. Angle reference: “0” de
grees represent lateral migration of channels whereas 
“90” degrees represent aggradation of channel. An
gles are calculated based on the migration pattern of 
the channels. Unfilled portion near sea floor marks 
the data muting and the inset image shows vertical 
scale.   
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suggesting coarser depositions on the outer bank in submarine channel. 
The sinuosity of the channel is subjected to the flow velocity and flow 

thickness (Kane et al., 2008; Peakall and Sumner, 2015). Channels in the 
early phase of the development on the Indus fan particularly in Pleis
tocene age are highly sinuous with low channel dimensions. These 
relatively small channels of the Plio-Pleistocene age channels have low 
degree of incision but significant unidirectional lateral migration with 
higher aggrading component (Fig. 11). This observation is in contrast to 
the elongated channels observed in glacial trough mouth fans (Bellwald 
et al., 2020).Smaller turbidity current developed the architecture of the 
channels and unlike the larger channels that have frequent cut and fill 
episodes these channels lack the reactivation post abandonment. 

5.3. Allogenic and autogenic controls on sedimentation 

The different channel morphologies are the result of varying sedi
mentation rates, climatic variations (most notably the South Asian 

monsoon), glaciation and sea level fluctuations, etc. Sea level fluctua
tions overtime significantly altered the active growth of the Indus fan 
that is apparent from the deposition of hemipelagic drapes and small- 
scale channel incisions (Figs. 2, 7, 8, 10 and 11). Plio-Pleistocene 
channels are draped by thick successions of hemipelagic drape 
(Figs. 2, 7 and 8). Orogeny of the Himalayas has caused higher levels of 
erosion thus higher sediments supply at the source (Curray, 1994). The 
thick turbidity flows with the tendency to carry coarser and thicker 
columns of sediments accrued architectural and morphological modifi
cations. Most of the sediments carried by turbidity currents to the Indus 
fan are delivered by the Indus River that transports the sediments of five 
main rivers originating from the Himalayas and the Karakorum ranges. 

The channel architecture is primarily modified by the influx of the 
sediments. The channel architecture of the Bengal fan (Hübscher et al., 
1997) is similar to that of Indus fan in terms of complexity but the 
channel aspect ratios and dimensions vary as a consequence of sediment 
influx and probably due to the geometry of feeder canyon. In 

Fig. 13. Upper: Seismic profiles “A”, “B”, “C” and “D” show laterally migrating channels. Figures “A”, “B”, and “D” are unidirectionally migrating channels whereas 
figure “C” shows bi-directionally migrating channel with shift in migration direction as the channel developed. Lower: interpretation of lateral migration of channel 
characterized by lateral accretionary packages from distinct channel forms and sizes. Red oblique lines represent the lateral accretion packages created due to lateral 
migration of the channels. Color interpretation: Brown, black and white color reflections on seismic profile represent polarity of the data. 
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comparison with the Benin major channel levee system, the channel 
dimensions of Indus fan are staggeringly high. Benin major channel 
levee system maximum thickness reaches to 450 m (Deptuck et al., 
2003) whereas our study suggest the maximum thickness of the channels 
reach up to 1200 m. The outer levees on Indus fan are much steeper that 
border a much deeper erosional fairway contrary to Benin major CLS on 
Niger delta. The different architecture of submarine fans globally points 
to the fact that sediment influx, canyon geometry and the processes 
acting near the sediment source highly influence the channel 
architecture. 

The orogeny as a result of the Indian-Eurasian plate collision during 
the Eocene increased the sediment supply that was further aggravated as 
a result of extreme climatic conditions (Asian monsoons and glaciation) 
(Prins and Postma, 2000; Huyghe et al., 2001). Three major sources of 
sediments i.e., the Himalayan ranges, the Indus suture zone, and the 
Indian shield along with the Murray ridge stripping aided in building of 
the Paleogene Indus fan. Thick Paleogene turbidite clastic sediments 
have been in the Makran accretionary prism presumed to be deposited 
on the paleo-Indus fan, west of the modern Indus fan (DSDP site 221). 
Increasing mass wasting events and rich sediment carrying transporting 
agents dumped excess amounts of sediments in the Indus fan (Figs. 14 
and 15). Paleogene Indus fan observed higher rates of mass wasting 
because of active tectonic regimes such as Indian-Arabian and 
Indian-Eurasian plate interaction and Early Miocene uplift of the Murray 
and Owen ridges. 

Factors such as monsoon and tectonics in combination with sea level 
fluctuations meticulously controlled the development of |the Indus fan. 
Falling sea levels increased the rate of mass wasting whereas high stand 
conditions inhibited the transport of sediments downslope (Fig. 15). 
During rising sea level initial development of the fan occurred followed 
by a phase of mass wasting in the Miocene probably because of shelf 

exposure and extension of canyon downslope (Fig. 15). During Plio- 
Pleistocene progradation of the fan occurred and the sediment influx 
increased augmenting the complexity of channel architecture. 

6. Conclusions 

In the upper part of the Indus fan from the Pliocene to the Quater
nary, we observed multiple cycles of incision to aggradation and higher 
channel abandonment to reactivation in comparison to the lower part 
from Eocene-Oligocene to Miocene age. Slope failure have caused the 
deposition of the mass transport deposits marking the inactive phase of 
turbidite deposition. Thick successions of megaturbidites on the top of 
volcanic basement also suggest the high sedimentation rate. However, a 
detailed investigation is required to understand the origin of these 
megaturbidites. Unidirectional migration of the channel increased from 
the Miocene to the Recent which is lacking or limited to the lower part of 
the Indus fan which is of the Eocene-Oligocene. Abrupt lateral migration 
is not encountered in the study area from the Eocene-Oligocene to 
Miocene whereas it has occurred excessively from Pliocene to Recent 
(Holocene). The Indus fan in its earlier stages of development from the 
Eocene-Oligocene to Miocene developed in constrained environments 
unlike during the later stages of fan development from Pliocene to 
Recent where no major morphological constraints hindered its growth. 
Sediment waves are abundantly present in the Pleistocene channels 
which suggest the occurrences of highly turbulent and thick sediment 
carrying turbidity flows. Our interpretation shows no sediment waves 
are encountered in the older successions from Eocene-Oligocene to 
Miocene. 

Fig. 14. Indus fan in the early stages of development is hindered in growth and lateral extension by the confinements created by volcanic basements colored in white. 
Following the healing phase Indus fan expanded laterally with an increasing supply of sediment that caused the progradation of the fan. High sediment influx and 
multiple stages of cut and fill created a complex channel architecture with high channel dimensions from the Eocene-Oligocene to the Plio-Pleistocene age. Color 
interpretation brown and white color reflections on seismic profile represent amplitude variations; off whit -light brown color fill represent the fan deposits; black 
wavy lines represent the basal erosive surfaces; blue solid line represents the base of hemipelagic deposits and blue dotted line represent the top of the Indus fan 
deposits. Green lines represent mass transport deposits; blue color vertical lines represent faults. 
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Fig. 15. Indus fan developed in multiple stages in congruence with the sea level fluctuation and tectonic activity. The unavailability of data hinders the under
standing of monsoon activity and tectonic impacts on development of Indus fan. The early stage of fan development is characterized by confined development of 
Indus fan. Confinements are created by the volcanic basement deposited during the Indian plate drift over a reunion hotspot and carbonate platforms. The 
compartmentalization of sediments created by features like Murray ridge occurred with coarser sediments retained upstream of the confinements hence a restricted 
fan development occurred. During the lowstand conditions, the shelf exposed and ensuing the slope failure represented by the thick succession of MTDs overlaying 
the Eocene Oligocene succession of fan. Unconfined development of fan followed the sea level rise. Post Pleistocene active channel development ceased that is evident 
from the presence of thick succession of hemipelagic sediments that drape the Indus fan with minor channel incisions that indicate the possible development of 
channels during sea level high stand conditions. 
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