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Abstract
The Bengal Fan covers the entire floor of the Bay of Bengal (BoB) and has accumulated erosional material from the 
Himalayas since the Early Eocene. The fan architecture is constructed by turbidity current deposits via channel levee 
systems during active fan progradation and hemipelagic sedimentation during periods of local fan inactivity. In the present 
study, we document the fan development, sedimentation history, and depositional processes in the lower Bengal Fan 
and present a site-to-site comparison of stratigraphy and channel migration since the Late Tortonian (ca. 7.5 Ma) from 
sedimentological and physical property records at Site U1451 of IODP Expedition 354 to 8°N in the lower Bengal Fan. Fine 
sediment (Sortable Silt, SS) textural and sorting records are used to reconstruct the current skinfriction shear stress in the 
Benthic Boundary Layer (BBL) of the BoB. Also, a distinction in shear stress environment between turbidity dominated 
active fan and background hemipelagic fan growth is presented. A criterion is set in the following paper to validate the use 
of SS records in hemipelagic deposits in the BoB to decipher the shear stress regimes of depositing flows on the basis of 
sand weight percentage and mean SS sizes (S͞S) variation. This study will enhance our understanding of the Bengal Fan 
deposition dynamics and fan development with the reconstructed shear stress regimes associated with various depositing 
flows (turbidity current and/or deep water circulation). It will provide a strong base to model fan internal processes and 
material flux to the BoB.

Introduction

The Bengal Fan is the largest submarine fan accommodat-
ing a huge stack of continental erosional materials since 
the Indo-Tibet-Burma collision in the early Miocene at 
22 Ma (Alam et al. 2003). It holds the least ambiguous 
and uninterrupted records of tectonic-climatic evolution 

through Himalayan uplift and erosion since the major col-
lisional events (Derry and France‐Lanord 1997; Zhisheng 
et al. 2001; Curray et al. 2003). An enormous volume of 
sediment laden discharge from terrestrial rivers is delivered 
to the passive continental shelves from where submarine 
canyons direct the sediment plumes to the deep abyss of 
the Bay of Bengal (BoB), bypassing the continental slopes. 
The fan architecture is built by turbidity current deposition 
delivered via channel levee systems during active fan pro-
gradation and hemipelagic sedimentation during periods 
of local fan inactivity hence making it a mixed hemipe-
lagic-turbidite dominated fan (France-Lanord et al. 2016; 
Weber and Reilly 2018). Bengal Fan has been extensively 
studied for the morphology, stratigraphy, and processes 
(e.g., Curray and Moore 1971; Curray et al. 2003). Sedi-
ment transportation mechanism, fan internal cycles, and 
sediment physical properties in response to the external 
forcing are well established in the literature (Weber et al. 
1997a; 1997b; 2003). Seismic observations were conducted 
during several deep sea drillings and cruise excursions in 
the BoB (e.g., DSDP Leg 22, ODP Leg 116, R V Sonne 
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125), and detailed high resolution seismic stratigraphic 
records are acquired along several seismic profiles in the 
upper, middle, and lower Bengal Fan (Spieß et al. 1998; 
Curray et al. 2003; Schwenk et al. 2003; 2005; Schwenk 
and Spieß, 2009).

IODP Expedition 354 drilled seven sites at 8° north 
in the lower Bengal Fan (Fig. 1) along the seismic pro-
file GeoB97-020/027 (Fig. 1a) of the R V Sonne cruise 
125 (Spieß et al., 1998) and across the central axis of the 
fan (France-Lanord et al. 2016). One deep Site U1451 
(8°0.42′N, 88°44.50′E at 3607.3 m water depth) to 1200 m 
below seafloor (mbsf) recovered a complete sequence of 
fan deposits, in particular, to reach the pre-fan section. 
High-resolution multichannel seismic records (Bergmann 
et al. 2020) reconstructed seismic facies in all expedition 
354 sites and mapped buried channel levees systems across 
the lower Bengal Fan. Fan progradation is comprehensively 
described in terms of Subfan (A, B, C, and D) originally 
introduced by Curray et al. (2003). Subfan signifies active 
fan deposition connected to a single channel levee sys-
tem at a time. Based on seismic investigations, Bengal Fan 
deposition has been very complex due to frequent avul-
sion of channel levees in the upper fan and formation of 
new channel levees and successive autocyclic migration 
of depocenter across the central axis of the fan, which 
changed the sediment focusing to the east and west of 85° 

Ridge in the BoB (Curray et al. 2003; Schwenk and Spieß, 
2009; Bergmann et al. 2020). A migrating depocenter also 
implies not all of the fans received direct sediment input 
from the active channel levees and part of the fan remains 
distal to the active fan deposition. Intense channel incision 
and levee deposition have been the dominant sedimenta-
tion process modulated by turbidity currents in the active 
fan, whereas in the most distal part of the fan, hemipe-
lagic sediments accumulated in the background. There 
are variable rates of sediment accumulation across the 
fan margins. Turbiditic intervention is not inherent to the 
hemipelagic deposits of the fan and sediment accumula-
tion is more likely to be administrated by local deep water 
flow regimes. Regionally extensive hemipelagic layers, for 
instance, MPHL (Middle Pleistocene Hemipelagic layer) 
and LPHL (Late Pleistocene hemipelagic layer) recovered 
from the Expedition 354 sites have been investigated to 
reconstruct monsoonal variability from physical properties 
of deposited sediments in response to the allocyclic (e.g., 
solar insolation) controls. These layers clearly responded 
to allocyclic controls such as orbital variability of incom-
ing solar radiation and the long-term Pleistocene climate 
evolution (Kawsar et al. 2022; Weber et al. 2018; Weber 
and Reilly 2018) rather than the autocyclic processes that 
dominate the fan sedimentation in between these times. 
Also, recent paleoceanographic reconstruction in one of 

Fig. 1  a Map of Bengal Fan and core locations. SoNG, Swatch of No 
Ground; AC, Active Channel modified after Weber and Reilly (2018). 
Water depth in upper fan (< 2500 m), middle fan (2500 to 3500 m) 
and lower fan (> 3500 m). Dash-dot line represents the seismic sec-

tion GeoB97-020/027 (Spieß et  al., 1998) along which DSDP Site 
218 and IODP Expedition 354 sites (red) were drilled. b Flow paths 
of Circumpolar Deep Water (CDW) and important bathymetric fea-
tures in the Indian Ocean including site U1451
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the regionally extensive hemipelagic layer, i.e., the LPHL 
in the hole U1452C of IODP expedition 354 shows that the 
sorting of fine sediments (particularly the silt sized parti-
cles) is governed by the intensity of the Atlantic Meridi-
onal Overturning Circulation (AMOC) and variable fluxes 
of deep north Atlantic as well as Southern Ocean sourced 
deep and bottom waters (i.e., ancient NADW and AABW) 
during the glacial-interglacial cycles of the last 200 ka 
(Kawsar et al. 2022). These fine sediment sorting evidences 
are concordant with radiogenic Nd isotope ratio based deep 
water-mass end member reconstruction in the Northern 
Indian Ocean (e.g., Piotrowski et al. 2009; Lathika et al. 
2021) and late Pleistocene paleoceanographic and pale-
oclimatic changes (details in Kawsar et al. 2022 and the 
references there in). Hemipelagic layers also provide a very 
good chronostratigraphic framework in site-to-site com-
parison of sedimentation and provide excellent age control 
points (Reilly et al. 2020; Weber et al. 2018).

In the present study, we aim to reconstruct the Ben-
gal Fan sedimentation history beyond the time scale of 
Subfan A (i.e., 1.9 Ma: Late Gelasian) and present a con-
tinuous record of fan development to the easternmost Site 
(U1451) of IODP Expedition 354 since the Late Tortonian 
(ca. 7.5 Ma). High-resolution downcore physical property 
measurements, i.e., Natural Gamma Radiation (NGR) pre-
cisely distinguished lithostratigraphic facies changes while 
the magnetostratigraphic and sediment lightness (L* val-
ues) record provided excellent age control points to set up 
a robust age model that describe the temporal variation in 
sedimentation at the hole U1451A and precisely discrimi-
nate between the exact timing of channel levee deposition 
and background hemipelagic sedimentation. These findings 
add valuable information on the overall fan development by 
comparing major lithologies and sediment textural param-
eters at the Sites U1450 (along the central axis of the fan) 
and U1451 and possible depocenter migration as well as 
variable fan deposition across the lower Bengal Fan. This 
study uses yet another thick hemipelagic layer deposited 
during ~ 2.4 to ~ 5.7 Ma at Site U1451 to present a numeri-
cal model that approximates the shear stress regime of 
background deposition and distinguishes the two different 
fluid shear environments (namely, turbid and background) 
in the Benthic Boundary Layer (BBL) of BoB. Sortable 
Silt (SS) size distribution and sorting evidence have been 
utilized in this numerical approach to reconstruct current 
skinfriction shear stress operated in the BBL delivered by 
local deep water masses via approximation of sediment 
threshold of motion. Fine sediment record particularly the 
non-cohesive SS (10 to 63 µm) mean grain size (S ͞S) is 
noted to be a relative flow intensity indicator of deep and 
bottom water masses (McCave et al. 1995; McCave 2008). 
SS has been used as a proxy to reconstruct the paleocurrent 
intensity from different parts of the global deep ocean (e.g., 

Bianchi and McCave 1999; Hall et al. 2004; Praetorius 
et al. 2008; Roberts et al. 2012; Jessen and Rasmussen 
2015; Thornalley et al. 2019; Li et al. 2019). The sediment 
threshold of motion implies the critical condition to initiate 
incipient motion in sediment grains. It arises from the bal-
ance of stabilizing forces due to the submerged weight of 
the sediment grain to the hydrodynamic drag forces exerted 
by the moving fluid. The balance of these forces yields the 
threshold criterion or the dimensionless bed shear stress 
( � cr), initially used by Shields (1936) in the Shields curve 
(Fig. 2). The numerical approximation of the threshold is 
given by the threshold bed shear stress (𝒯cr) which is the 
amount of shear stress necessary to move the sediment 
grain. It is obtained from the solution of the modified 
Shields curve given by Soulsby and Whitehouse (1997). 
On the other hand, skinfriction shear stress approximates 
the actual fluid shear stress imparted by the bottom water 
masses. SS size parameters (e.g., S ͞S and SS volume %) 
in the in the hemipelagic sections of the Site U1451A 
and their applicability in quantifying the BBL fluid shear 
stresses is argued in the present study. This study will pro-
vide a quantitative measure of the shear stress regime of 
depositional dynamics and fan development. It will help to 
demonstrate the fan internal and external processes with 
numerical figures.

Regional hydrography

Deep and bottom waters that originate in the polar region 
and travel across the western and central Indian Ocean to 
the corresponding ocean basin are delivered to both the 
Arabian Sea and the BoB. In contrast to the BoB, which 
travels along the central Indian Ocean, deep waters in the 
western path move as the deep western boundary current 
northward via the Madagascar-Mascarene Basin and into 
the Arabian Sea (Fig. 1b). Additionally, the BoB receives 
deep waters from the West Australian Basin through the 
eastern Circumpolar Deep Water (CDW) branch that 
enters the eastern Indian Ocean basins (You 2000; Gordon 
et al.; 2002; McCave et al.; 2005; Piotrowski et al. 2009). 
The majority of the high salinity Arabian Sea water influx 
into the southern BoB at depths between 100 and 300 m 
can be seen in the trajectory of Argo floats installed in 
the Arabian Sea (Supplementary Fig. 1a). Earlier stud-
ies on the watermass structure in the BoB (e.g., Sastry 
et al. 1985; Kumar and Li 1996; You 2000) show that the 
BoB and the northern Indian Ocean seasonally reversed 
surface and thermocline circulations, which are caused by 
the Indian monsoon (Sastry et al. 1985; Rao and Murty 
1992; Shankar et al. 2002). According to inverse hydro-
graphic modelling based on dissolved Nd and εNd values 
in the water column along a north–south transect in the 
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BoB, the BoB Lower Salinity Water (BoBLS) and Indo-
nesian Throughflow Surface Water (IW) dominate the 
surface layer waters (50 m) in the northern BoB. Arabian 
Sea High Salinity Water (ASHS), which enters the south-
ern BoB from the Arabian Sea at a depth of 50 to 100 m 
and moves northward (Sastry et al. 1985) (Supplementary 
Fig. 1b), lies beneath the surface layer in the southern 
BoB, which is where this low salinity water is located. The 
high salinity North Indian Intermediate Water (NIIW), 
which is a mixture of Red Sea Water (RSW) and Persian 
Gulf Water (PGW) with ASHS waters, is present at depths 
of 300–500 m in both the north and south of the BoB 
(Singh et al. 2012; Goswami et al. 2014). North Indian 
Deep Water (NIDW) at a depth of around 900 m makes 
up the water mass in the BoB below the NIIW. Due to 
the mixing of southward flowing NIIW with Circumpolar 
Deep Water (CDW), a mixture of Modified North Atlan-
tic Deep Water (MNADW) and Antarctic Bottom Water 
(AABW), it is believed to have its origins in the Indian 
Ocean (Wyrtki 1973; Kumar and Li 1996). According to 
Singh et al. (2012), MNADW dominates deep waters in 
the BOB at depths of 1700 m and lower, while AABW pre-
dominates at depths of 3800 m (Supplementary Fig. 1b). 
However, NIDW and MNADW in the BoB both occur at 
shallower depths than their counterparts in the Arabian 
Sea and the Madagascar basin (e.g., Bertram and Elder-
field 1993; Goswami et al. 2014), indicating progressive 
shoaling of Atlantic-derived waters during their transport 
from south to north in the Indian Ocean and the BoB.

Methods and material

Sortable silt

Sortable silt grain-size distribution was analyzed within 
the terrigenous sub-fraction 10 to 63 µm, as defined by 
McCave et al. (1995). The sediment samples are wet sieved 
through a 230 mesh (American Society for Testing and 
Martials, ASTM) separating the sand fraction (˃ 63 µm). 
Prior to the SS analysis, organic matter was removed from 
the sieved fine fraction by adding 10%  H2O2; carbonate 
was removed by dissolution in 1 M acetic acid solution 
(48 h at room temperature); biogenic opal was removed by 
digestion in 2 M sodium carbonate solution (85 °C for 5 h). 
SS size measurements were undertaken on the residual ter-
rigenous sub-fractions using a Beckman Coulter particle 
size analyzer and the mean sortable silt grain size (S͞S) 
was calculated using the geometric method of moments 
using GRADISTAT program (Blott and Pye 2001) from 
the below formula.

Here, xg is S ͞S, f is the frequency in percentage, 
 mm is the middle point of each grain size bins in met-
ric scale (micron, μm). Volume percentage of SS was 
calculated out of total volume of materials < 63 µm as 
SS vol% = volume % (10–63 µm)/volume % total fine 
(< 63 µm). Cohesive volume percentage was calculated 

(1)xg = exp

∑

f Inmm

100

Fig. 2  Threshold curve for currents with non-dimensional axes. Ɵcr 
and D* are the Dimensionless bed shear stress (Shields criterion) and 
the Dimensionless grain diameter. Blue squares (Shields 1936), green 

circles (Miller et al. 1977), black circles and squares (Yalin and Kara-
han 1979; Kantardgi, 1992), orange squares (S͞S values of present 
study)
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the same viz. cohesive vol% = volume % (< 10  µm)/
volume % total fine (< 63 µm). Sand weight percentage 
was calculated as (sieved sand weight)/(the weight of 
samples).

The SS threshold of motion and current skinfriction 
shear stress

The threshold bed shear stress (𝒯cr) cannot be calculated 
directly; instead, it is estimated from the threshold crite-
rion expressed by the following equation of dimensionless 
bed shear stress ( � cr) originally used in the Shields diagram 
(Fig. 2) by Shields (1936).

Here, 𝒯cr is bed shear stress exerted by the fluid on sedi-
ment grains at the threshold of motion, g is the acceleration 
due to gravity, ρs and ρ are the density of the grain, and 
density of fluid, respectively, and d is the sediment grain 
diameter. The Shields parameter (� cr) can be approximated 
by an algebraic expression given by Soulsby and Whitehouse 
(1997).

where D* is dimensionless grain diameter given by the 
equation,

The value of g = (9.81 m/s2), s (ρs /ρ) = 2.52 given that 
the value of fluid density (ρ) is taken corresponding to the 
density of the deep water masses equal to 1050 kg/m3, and 
the grain density (ρs = 2650 kg/m3) is the density of quartz 
(McCave et al. 2017), ν is the kinematic viscosity of water 
(1.67 ×  10−7  m2  s−1) at 2 °C (McCave 2008). The measured 
values of S ͞S size in the core are taken as grain diameter d 
(in µm). The � cr is determined from Eq. (2) with the cal-
culated values of D*. The 𝒯cr was calculated from Eq. (2) 
using calculated values � cr and known values of g, ρs, ρ, 
and measured values of d (S ͞S). Figure 2 shows that the data 
points fall within the proposed asymptote by Soulsby and 
Whitehouse (1997). The solid line through the data points 
is the asymptote suggested by Shields, and the dashed line 
is the modification by Soulsby and Whitehouse (1997) for 
D* < 1. The later modification allows the threshold calcula-
tion for very fine grains (down to silt and clay) and narrows 
down the overestimation of threshold in that region of the 
Shields diagram.

(2)�cr =
�cr

g
(

ρs − ρ
)

d

(3)�cr =
0.30

1 + 1.2D ∗
+ 0.055

[

1 − exp(−0.020D∗)
]

(4)D ∗=

[

g(s − 1)

v2

]
1

3

d

Current skinfriction via estimation of C100 and U100

The current skin-friction shear stress, 𝒯0 s at 1 mab (meter 
above the bed), was approximated from the equation 
𝒯0 s = ρC100U100

2 via the estimation of drag coefficient  (Cd) 
and boundary layer flow speed  (Ug).  C100 refers to  Cd at 1 mab 
(meter above the bed).  Cd is the frictional resistance of the flow 
and is estimated from examples of experimental and shallow 
water flows. It is dependent on the bed roughness length  Z0 
and the thickness of the flow (water depth) via the equation,

where k is Von Karman constant (0.4), B is 1, and h was 
taken 1 mab. The roughness length Z0 is a certain height 
above the bed where the flow is retarded due to frictional 
resistance and is a function of the viscosity of the water, the 
current speed and the dimensions of the physical roughness 
of the bed. The value of  Z0 was taken as typical of mud 
(0.2 mm) because of the bulk hemipelagic mud dominated 
deposits (Soulsby 1983). Also, skinfriction approximation 
is only restricted to the hemipelagic units.

The boundary layer flow speed  (Ug) at 1 mab, i.e.,  U100, 
was estimated from the equation of the logarithmic velocity 
profile that exists at the bottom few 10 m of the boundary 
layer of deep-sea using the following equation:

The  Ug varies logarithmically as a function of height Z 
above the bed and the roughness length Z0. The values of 
u* (frictional velocity; actually  ucr

* at threshold) was math-
ematically deduced using 𝒯cr calculated for S͞S size using 
the relation  ucr

* = 2
√

Tcr∕ρ.
Note that the current skinfriction shear stress estimated in 

the study holds true only for the hemipelagic sections. Skin-
friction in other sand and mud turbidite sections are vogue 
and only estimated to compare steady current skinfriction 
shear stress with the turbulent stress, and hence, the value 
of Z0 in those turbidite sections have not been changed to 
typical of coarse silt or sand.

Physical properties

Physical properties were determined onboard JOIDES 
Resolution during IODP Expedition 354 (Bengal Fan). We 
measured gamma-ray density (GRA), volume magnetic 
susceptibility (MS), and compressional wave velocity (Vp) 
with a Whole-Round Multisensor Logger. The Section Half 

(5)Cd = [
k

B + ln
Z0

h

]
2

(6)U(Z) =
u ∗

k

[

In
Z

Z
0

]
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Imaging Logger was then used to measure color reflectance 
after core splitting using the LaCie color model L*, a*, b* 
(e.g., Schanda 2007). Here, we report L* values referring 
to the black-white color component (i.e., the gray value or 
lightness). For Site U1451A, we collected non-destructive 
data at 0.5–5 cm resolution and report here results for the 
upper 340 m core depth (measured as CSF-A), equaling 
roughly the last 7.5 Ma. All data were first filtered for obvi-
ous, non-sediment related outliers near the top and bottom of 
each section, especially in some of the silty and sandy lith-
ologies. Details about the data are given in France-Lanord 
et  al. (2016). The procedures to calculate and interpret 
physical properties are further discussed in Blum (1997) 
and Weber et al. (1997a).

Stratigraphy

Paleomagnetic methods are described in detail in France-
Lanord et al. (2016). A more detailed description of measure-
ments and results specific to Site U1451A can be found in 
Reilly et al. (2018). We used the ages of eleven reversals back 
to the Gilbert (5.235 Ma). All ages reported here rely on the 
Geomagnetic Polarity Time Scale of Gradstein et al. (2012).

Results from biostratigraphic studies used here, rely on 
calcareous nannofossils as well as benthic and planktonic 
foraminifera (France-Lanord et al. 2016). We used either the 
first (FO) or last occurrences (LO) depth intervals reported 
for a total of 15 species to provide further stratigraphic 
ground truth data. However, with the possibility of rework-
ing in a partially turbiditic environment and generally large 
age uncertainties, we only used them for stratigraphic com-
parison, not as actual tie points for stratigraphic tuning.

For the younger part of Site U1451A (0–1.2 Ma), we used 
the detailed biomagnetostratigraphic evidence of Weber and 
Reilly (2018). Also, for the older part (> 7 Ma), we used the 
additional biostratigraphic data from Blum et al. (2018). A 
summary of all stratigraphic data used is shown in Fig. 3.

Stratigraphic tuning of L*

Tuning experiments relate past variations in Earth’s orbit 
as drivers of climate change, to the cyclic variability of 
responding sedimentary environment. In the Bengal Fan, 
long-term changes in monsoon are primarily linked to 
changes in orbital insolation and sea level (Kathayat et al. 

Fig. 3  Age depth model of Site U1451A. Low-resolution age control 
for Site U1451A is provided by magnetostratigraphy (11 reversals; 
gray squares) and biostratigraphy (15 datums; green diamonds with 
red bars indicating age uncertainties). Black dots show a total of 178 
tie points employed to construct the orbital tuned, high-resolution age 
model. Tie points are based on tuning L* to insolation at 20°N for 

the month of June using the orbital solutions of Laskar et al. (2004). 
Zoom-in boxes show L* tuning of Weber and Reilly (2018) (left) and 
of this study (right). Additional biostratigraphic data (open circles) 
are from Blum et  al. (2018). Lithology on the left is from France-
Lanord et al. (2016)
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2016; Weber et al. 2018). Tuning experiments for neigh-
boring Site U1452 reveal a close coupling of changes in 
L*, indicative of higher content of biogenic carbonate, to 
changes in orbital insolation over that past 200,000 years 
(Weber et al. 2018) in the uppermost, Late Pleistocene hemi-
pelagic layer across the lower Bengal Fan. Also, L* was suc-
cessfully tuned to changes in the deep-sea benthic foraminif-
era stack of (Lisiecki and Raymo 2005) (LR04) across the 
entire core transect of IODP Expedition 382 revealing a sec-
ond, regionally extensive, hemipelagic layer at 0.7–1.2 Ma 
(Weber and Reilly 2018).

Here, we conduct similar tuning experiments by corre-
lating maxima in L* to maxima in orbital insolation, using 
the software Analyseries (Paillard et al. 1996) and based 
on the orbital solutions provided by Laskar et al. (2004). 
Such tuning experiments rely on proper bio- and magneto-
stratigraphic control and good core recovery and only add 
valid information on the environmental history in continu-
ously deposited lithologies. Accordingly, clays and calcare-
ous clays, representing the hemipelagic component, were 
included while silty to sandy lithologies, representing tur-
biditic deposition, were excluded as far as possible. With 
these restrictions in mind, we mainly applied orbital tuning 
to a third hemipelagic layer in this study that includes core 
sections between ~ 2.4 and ~ 5.9 Ma (121–189 m CSF-A) 
(Fig. 3).

Results

Sortable silt and sediment textural records are obtained 
through the lithostratigraphic units I to XI (France-Lanord 
et al. 2016) of the Hole U1451A. Changes in major lith-
ologies in the core are strongly reflected in the SS textural 
records and sediment physical properties. SS size distribu-
tion, textural parameters and physical properties are dis-
cussed below with respect to the depth and age.

SS and textural records

Lithostratigraphic units I, III, IV, VI, VIII, and X are domi-
nated by bioturbated calcareous clay interbedded with silt 
and clay (France-Lanord et al. 2016). Calcareous clay lith-
ologies represent the hemipelagic sediment in the core. The 
S ͞S size is mostly in the domain of medium silt and varies 
from 14 to 27 µm in these (Fig. 4). Sand content is usu-
ally < 10 weight % and the cohesive volume percentage is 
high (< 50%) in calcareous clay and clay dominated sections 
(Fig. 4). SS volume percent is usually < 50% except in the 
unit IV where the SS volume percent dominates (> 50%) and 
cohesive volume percent decrease below 50% (Fig. 4) at the 
bottom of the unit (from ̴ 3.5 to 5.7 Ma).

The lithostratigraphic units II, V, VII, IX, and XII are 
dominated by silliciclastic massive sand in major with a 
minor amount of silt and clay. Fining upward structure and/
or parallel lamination is often preserved in these lithologies, 
indicating these lithologies as turbidite deposits (France-
Lanord et al. 2016). Petrographic observations of the fan tur-
bidites indicate that Bengal Fan turbidites are characterized 
by feldspatho-quartzose to litho-feldspatho-quartzose with 
the plagioclase more abundant that the K-feldspar. Also, 
increased abundance of micas is associated with very fine 
sand and coarse silt lithologies (Limonta et al. 2023). The 
S͞S size vastly increases from medium to coarse silt range 
within turbidite intervals. Most high SS͞ size peaks (> 31 µm; 
coarse silt) in these unit are associated with the medium to 
very thick-bedded sand turbidites. Sand contents are higher 
(highest 80% by weight) in sand turbidite sections, and the 
sand peaks are followed by a higher SS volume percentage 
(highest 91%, in unit II).

Threshold and current skinfriction shear stress

A criterion is set in the discussion about the selection of 
calcareous clay lithologies over the massive sand, silt and 
clay dominated one, for the estimation of shear stress matrix. 
However, the skinfriction is still calculated in the obvious 
turbidite sections, but the values do not approximate the 
actual shear regime. It rather helps to compare active vs. 
background depositional fluid shear environments. In the 
hemipelagic sections (i.e., calcareous clay), the skinfriction 
shear stress varies between 0.068 and 0.105 Pa (Pascal or 
Newton/m2), and in the sand dominated section, it remark-
ably increases to > 0.105 Pa (Fig. 5a). Skinfriction shear 
stress approximation is valid in the calcareous clay litholo-
gies and represents background shear stress regime during 
their deposition. The skinfriction in the sand, silt, and clay 
lithologies are not precise and are only kept to discrimi-
nate between the stress regime of background and active fan 
deposition with the boundary being at around 0.105 New-
ton/m2 (Pascal). The boundary is not absolute, nor is it the 
same as that of the boundary between linear and turbulent 
flows (also usually there is a transitional state between the 
linear and turbulent flows in fluid dynamics). For simplicity 
the 0.105 Pa is considered as the boundary between active 
and background fan deposition to differentiate two different 
shear stress regimes in the BoB.

Physical properties and sediment lithology

The ability to disentangle differences in sediment lithology is 
critical to properly reconstruct the depositional history of the 
Bengal Fan. Two completely different processes determine 
lithology: turbiditic, and hemipelagic deposition. Using a 
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novel approach (Weber and Reilly 2018), we assigned to 
each non-destructive measurement a simplified facies code 
(sand, silt, clay, calcareous clay, and volcanic ash) based on 
the shipboard lithologic description. This method allows for 
a detailed analysis of facies variability and cross correlations 
(Supplementary Fig. 2). Hemipelagic lithologies are fine-
grained and consist primarily of calcareous clay and clay. 
Their physical properties show rather low GRA, MS, and Vp 
as well as a large variability in L*, depending on biogenic 
carbonate contents. Turbiditic lithologies are coarser grained 
and consist dominantly of sand and silt with high GRA, MS, 
and Vp and darker sediment colors. Physical properties vs. 
U1451A lithology are depicted in Supplementary Fig. 3.

Discussion

Sedimentation history at Site U1451A 
from grainsize records since the late Miocene

Seismic observations along the 8°N transect (Profile 
GeoB97-020/027) on the lower Bengal Fan indicate that the 
onset of channel levee deposition started during the late Mio-
cene and in the eastern part of the seismic profile, no other 
channel levee system is reported older than this (Schwenk 
and Spieß, 2009). The onset of channel levee deposition 
around 7 Ma had been reported to be concurrent with the 
changes in lithology from silty to muddy, decrease in overall 

Fig. 4  Stratigraphic comparison between Site U1450 and U1451 for 
the last 7.5 Ma. Stratigraphy and ages at Site U1450 (hole A and B) 
are from France-Lanord et al. (2016). Mean grain size records of the 
Site U1450 are from Adhikari et al. (2018). Lithostratigraphic facies 
in the hole U1451A are reconstructed in the present study from high 

resolution sediment physical properties measured onboard JOIDES 
resolution. Ages are obtained from the age-depth model in the pre-
sent study. (Sand wt%) and mean sortable silt (S͞S) records are shown 
along with the lithostratigraphic units I to XI (France-Lanord et  al. 
2016) and facies in the hole U1451A
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grain size, sedimentation rates, and dominance of smectite 
over illite (Cochran 1990; Stow et al. 1990) at ODP Leg 116 
sites (Fig. 1) which were drilled along the equator and to the 
west of the 85° East Ridge. The late Miocene channel levee 
systems are argued to have been developed due to decrease 
in grain size within turbidity currents (Schwenk and Spieß, 
2009). An assessment on the intensification or onset of the 
Asian monsoon during the late Miocene (An et al. 2001) was 
made following the sedimentological observation at ODP 
Leg 116 sites. Derry and France-Lanord (1996) linked the 
changes in Leg 116 sites lithologies to the shift in the Hima-
layan erosional regime from physical to chemical. However, 
at Site U1451A, massive sand lithologies occur between 6 
and 7.4 Ma and between depths ~ 200 and ~ 340 m CSF-A 
(Fig. 4). The S ͞S size in these sections are coarser (> 31 µm), 
and sand weight % are higher (above 60%), and the maxi-
mum grain size is 750 µm in the interval (37F-3, 130 cm; 

230.22 m CSF-A) (France-Lanord et al. 2016). These mas-
sive sands may represent the late Miocene (Late Tortonian) 
channel levee deposition at Site U1451. The following obser-
vation depicts that the development of late Miocene channel 
levees systems is not linked to the overall decrease in grain 
size within turbidity current. Rather, the main turbidity flux 
was constricted between the 85° Ridge and the Ninetyeast 
Ridge, delivering sand to the easternmost Site (U1451A) of 
the 8°N transect, at the west flank of Ninetyeast Ridge, while 
it did not cross the 85° Ridge in the west. Also, Himalayan 
erosion was quite consistent (~ 1 to 2 mm  yr−1) since at least 
the Miocene, assuming that physical and chemical erosion 
occurred simultaneously (Lenard et al. 2020).

The sand deposits are overlain by a thick nannofossil-
rich calcareous clay layer spanning nearly 4 Ma (2.4 to 
5.7 Ma; Late Messinian to Early Gelasian) and a thick clay 
deposit at the base of unit IV at Site U1451A (Fig. 4). From 

Fig. 5  a Skinfriction Shear stresses variation with lithology and age 
in the hole U1451A. Dark brown bars indicate sections of the core 
where skinfriction is not valid (sand, silt, and clay lithologies). b 
Sand weight percent (Sand wt%) of all the samples plotted against 

the mean sortable silt (S͞S). c Double Y-axis plot of sand wt% and S͞S 
size vs. the lithostratigraphic code. d Sortable silt volume percent (SS 
vol%) plotted against the mean sortable silt (S͞S). Data points all are 
from the hemipelagic section (calcareous clay layers) of the core
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around 6 to 5.5 Ma (Late Messinian), the nannofossil-rich 
clay and clay appeared as major lithologies (Fig. 4), and the 
mean grain size was < 30 µm (Adhikari et al. 2018) at Site 
U1450 (8°0.42′N and 87°40.25′E at 3655 m water depth; 
along the central axis of the fan; see Fig. 1a). It was only 
after 4.5 Ma (Mid Zanclean) when sand appeared as the 
dominant lithology at Site U1450 which continued until 
around 2.4 Ma (Late Piacenzian), followed by a thin layer 
of nannofossil-rich calcareous clay layer possibly marking 
the Pliocene–Pleistocene boundary at ~ 2.5 Ma (Piacenzian-
Gelasian) (Fig. 4; also see biostratigraphy of Site U1450; 
see France-Lanord et al. 2016). Sand continues to deposit 
until 1.1 Ma (Mid-late Calabrian) at Site U1450, and the 
mean grain size in this interval (Fig. 4) remains mostly in 
coarse silt to fine sand in sand rich patches (> 60 µm and as 
high as 140 µm; Adhikari et al. 2018). It appears that since 
the Late Messinian to Late Piacenzian (~ 6 to 5.5 Ma), both 
the sites were cut off from the active fan deposition, pos-
sibly due to deviation of active channel levee systems far 
westward of the Site U1450. Both the SS volume percent 
and S ͞S size decreased during this interval of deposition at 
Site U1451A (Fig. 4). After the Mid Zanclean (~ 4.5 Ma), 
intense sand deposition took place and continued till early to 
middle Pleistocene boundary (at around 1.2 Ma) at the Sites 
U1450 (Fig. 4) while the fan deposition mostly remained 
distal to the easternmost part of the lower fan, and at the 
Hole U1451A, the hemipelagic sedimentation continued 
till the early Gelasian (~ 2.4 Ma). This indicates that active 
fan sedimentation and depocenter migrated more towards 
the central axis of the fan during the late Pliocene to early 
Pleistocene. The sedimentation rate along Profile GeoB97-
020/027 (Schwenk and Spieß, 2009) is also reported to be 
maximum at the basin center (6.5 cm/kyr in the Pliocene) 
and lowest at Ninetyeast Ridge (1.5 cm/kyr in the Pliocene), 
thus indicating the fan sedimentation was proactive along 
the central axis of the fan during late Pliocene to early 
Pleistocene.

The Early to Middle Pleistocene (~ 2.4 to ~ 1.2 Ma) tur-
biditic sedimentation at Site U1451 is represented by a 
thin layer of massive sand and mud turbidites in the mid-
dle and at the base of unit III (Fig. 4) interlaced with cal-
careous clay deposits. The turbidity dominated intervals in 
this unit are thinner with respect to the massive sand and 
silty sand layer deposited at U1450 around this time. The 
mud turbidite layer in the middle of unit III marks the lower 
boundary of regionally extensive Middle Pleistocene Hemi-
pelagic Layer (MPHL) deposited during ~ 1.2 to 0.68 Ma 
(Calabrian) (Weber and Reilly 2018) and traced at all Expe-
dition 354 Sites. The MPHL believed to have been depos-
ited concurrently with the active fan deposition (Subfan B, 
1.24 to 0.68 Ma) to the west of 85° Ridge (Bergmann et al. 
2020), during which no channel levee deposition took place 
along the 8°N transect. Thus, the turbiditic deposition prior 

MPHL that is found at both Site U1450 and Hole U1451A 
could possibly be associated with Subfan A (1.9 to 0.96 Ma) 
reported by Curray et al. (2003), which was centered more 
towards the east of 85° Ridge and along the central axis 
of the fan. Thinner sand layers, high cohesive volume % 
(> 60%) and lower sand weight % (Fig. 4) in the samples 
deposited during ~ 2.4 to ~ 1.2 Ma at Site U1451 indicate 
that the main turbid flux and channel incision was not per-
vasive to the easternmost part of the lower fan along the west 
flanks of the Ninetyeast Ridge. However, there is a revision 
in the age of successive Subfan A and Subfan B as 1.2 Ma 
marking the base of Subfan B, which lasted until 0.68 Ma 
(Bergmann et al. 2020). MPHL at Site U1451 is overlain by 
medium-bedded to very thick bedded sand turbidites inter-
calated with a few successive thin to medium-bedded mud 
turbidite deposits. The sand turbidite beds represent intense 
channel incisions at the Site U1451 concomitant with the 
deposition of Subfan C (0.68 to 0.25 Ma; Mid-Pleistocene) 
all along the 8°N transect (Bergmann et al. 2020). However, 
sand continued to appear at the Site U1451 till ~ 0.23 Ma 
and peaked (> 50 wt%) around 0.23 Ma (Fig. 4). The Late 
Pleistocene Hemipelagic layer (LPHL) is yet another region-
ally extensive hemipelagic layer deposited at all Expedition 
354 sites. At Hole U1451A it deposited since ~ 0.23 Ma. The 
LPHL at Hole U1451A is the hemipelagic deposit reciprocal 
to the currently active Subfan D (0.25 Ma to present) which 
is focused to the west of 85° Ridge (Fig. 1a, b) and include 
currently active channel (Weber and Reilly 2018; Bergmann 
et al. 2020).

Deposition flow dynamics from the Bengal Fan

SS study and calculation of shear stress matrices (current 
skin-friction shear tress) from S ͞S size records are exclusive 
to the hemipelagic section in Hole U1451A. Hemipelagic 
deposits represent background sedimentation in the lower 
Bengal Fan during periods of local fan inactivity (Weber and 
Reilly 2018). However, background or hemipelagic sedimen-
tation in parts of the lower fan does not necessarily mean a 
complete shutdown of fan deposition. It rather implies that 
the channelized and unchannelized turbiditic fan deposition 
is distal (Curray et al. 2003; Bergmann et al. 2020). Hemipe-
lagic sediments accumulate at the lower fan at a rate of 1 to 
3 cm/ka (Weber and Reilly 2018; Reilly et al. 2020), which 
is a magnitude higher than the typical pelagic settlement 
which accumulates 1 to 3 mm/ka. Thus, additional import 
of fine lithogenic grains and mixing with pelagic sediments 
is apparent. Fine lithogenic sediments from the suspension 
cloud of the turbid fluxes in the active fan may diffuse over 
larger areas and mix with pelagic drape to form hemipelagic 
sediments in the distal fan regions (Bergmann et al. 2020). 
The hemipelagic sediments in the Hole U1451A are chiefly 
composed of calcareous clay (France-Lanord et al. 2016). 
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SS records in these hemipelagic intervals exhibit sorting sig-
natures that may arise from local deep water flow regimes 
associated with mixing and transporting these sediments 
from turbid suspension clouds in the active fan to the most 
distal part of the fan. The use of fine sediment record (SS 
record) to infer the dynamics of the depositing flows require 
justification whether these sediments are significantly sorted 
by the flow. One excellent index to distinguish the effect 
of sorting is given by McCave and Andrews (2019) using 
the degree of correlation between S͞S and the SS volume 
%. Grainsize records from over 30 core sites under impor-
tant ocean flow regimes in high latitudes (e.g., the East and 
West Greenland and Labrador Currents and Nordic Sea 
overflows in the North, and Antarctic Circumpolar Cur-
rent in the South) have been processed and argued that if 
fine fraction (< 63 µm) is transported and sorted, unrelated 
to the coarse fraction, then the correlation between S ͞S and 
SS volume % can be used as an index to substantiate the 
effect of current-sorting on fine sediment irrespective of the 
sources of the sediments. Correlation coefficient (r) = 0.5 
and a slope > 0.07 in S͞S vs. SS volume % are prerequisite 
for the SS data set to be evaluated for a valid flow intensity 
reconstruction. Moreover, this index is applicable to all fine 
grained deposits and is not only restricted to higher latitudes 
(McCave and Andrews 2019).

At the lower Bengal Fan, the coarse fraction is mostly 
sand sized siliciclastic sediment delivered through chan-
nel levee systems. In the studied core, the amount of sand 
(weight %) usually varies from ~ 10 to 82% in the turbidite 
sections, whereas in hemipelagic sections, it usually var-
ies from 0 to 10% (Figs. 4 and 5). While the sand content 
was plotted against the varying S͞S size (Fig. 5b), differ-
ent degree of associations were noticed depending on the 
amount of sand (> 10 wt% or < 10 wt%). When the amount 
of sand is < 10%, it does not correlate well with the S ͞S size 
(R2 = 0.004; Fig. 5b(a)) whereas > 10% sand show certain 
degree of positive correlation  (R2 = 0.31; Fig. 5b(b)) with 
the S ͞S size. Assignation of stratigraphic/lithological codes 
to the analyzed samples in the studied core showed that 
sand content > 10 wt% was almost always associated with 
the massive sand and silt lithologies in the hole U1451A 
(Fig. 5c). Also, the S ͞S size is mostly > 27 µm in these lith-
ologies, and the value increase with an increase in amount 
of sand. For these sections, the S ͞S size is clearly controlled 
by the amount of sand (Fig. 5b(b)). Thus, changing S ͞S size 
does not depict the vigor of bottom water flows as normally 
it does in contourites or sediment drift deposits. It is rather 
associated with the channelized and unchannelized turbid 
flows, which also mobilize sand-sized particles along with 
the SS. The SS in these sections does not represent the high-
est mobilizing grainsize class; thus, the skinfriction shear 
stress approximated from the S ͞S size parameters in sections 
with > 10 wt% of sand does not reconstruct the shear stress 

of background deep water flows, and it rather accounts for 
the part of turbid stress associated with turbidite deposition. 
On the other hand, when sand content is < 10 wt%, it does 
not have a conspicuous effect on the S͞S size (Fig. 5b(a)). 
Heavier sand sized particles do not move along with SS, and 
thus, SS represents the highest mobilizing grainsize class in 
the sections with < 10 wt% of sand. S ͞S size in these sections 
is most possibly related to the intensity of background deep 
water flows that import silt and clay sized materials from the 
active to the most distal part of the fan. Changing S ͞S size 
thus may support relative intensity of the deep water mass 
imported to the distal fan lobes.

Moreover, there is a criterion to reject S ͞S size > 27 µm 
for the evaluation of shear stress dynamics as S ͞S size > 27 
is frequently associated with sand and silt lithologies in 
the Hole U1451A (Fig. 5c), which represent intermittent 
horizons reformed or deposited by turbidity currents. Cal-
careous clay layers, on the other hand are characterized by 
low sand (mostly < 10 wt%) content and S ͞S size, mostly 
between 15 and 27 µm (Fig. 5c), therefore, best suited 
to the above-mentioned criteria. S ͞S vs. SS volume % in 
the hemipelagic sections of the Hole U1451A produces 
an overall r = 0.75 and slope = 0.13 (Fig. 5d), which are 
acceptable values to regard these sediments as sorted by 
the local deep water flows rather than the turbidity cur-
rents. Hence S ͞S size data in these sections are adopted for 
the approximation of the background current skinfriction 
shear stress.

There is a clear distinction in the shear stress regime 
between turbid flows and background local deep water flows 
in the lower Bengal Fan. Current skinfriction shear stress 
that is approximated in the hemipelagic section under the 
provision of the criteria set earlier in the discussion indi-
cate that the hemipelagic sedimentation in the lower Bengal 
Fan occur at shear stress 0.068 Pa to ~ 0.105 Pa (Fig. 5a) 
delivered through local deep water masses whereas turbiditic 
sedimentation is associated with a shear stress > 0.105 Pa 
which is delivered by the turbidity currents via the channel 
levee systems. Hence, there are very distinct fluid shear envi-
ronment present in the lower Bengal Fan during active and 
background fan sedimentation with shear stress boundary 
approximately at 0.010 to 0.0105 Pa. However, the boundary 
is not absolute, nor does it represent the boundary between 
the linear and turbulent flows (also there is transitional 
flow in fluid dynamics between linear and turbulent flows 
apparent from the Reynolds number between 500 and 2000 
which largely depends on the boundary conditions). Thus 
the boundary at 0.105 Pa in the BoB simply differentiate 
two different shear stress regimes of sediment deposition in 
the BoB (namely active and background). Also, the current 
skinfriction in the Bengal Fan indicates that there are sig-
nificant bottom water movements in the BoB during periods 
of local fan inactivity that can be related to the northern 
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and southern sourced deep water circulations protruding far 
inside the BoB.

Conclusions

We studied a deep sea Site U1451 (hole A) of IODP Expe-
dition 354 in the lower Bengal Fan. The section from 0 to 
340 m CSF-A holds the complete sedimentation record since 
the late Miocene, dominated by massive sand and silt lith-
ologies and intercalated layers of clay and calcareous clay. 
These deposits represent active fan growth and channel levee 
deposition, whereas hemipelagic deposits occur in the form 
of calcareous clay layers at times when active fan deposition 
is distal to the site. High-resolution sedimentological and 
physical property records reveal the following:

1. Turbiditic lithologies are coarser grained and consist 
dominantly of sand and silt with high GRA, MS, Vp 
and with darker sediment colors, whereas hemipelagic 
lithologies are fine-grained and consist primarily of cal-
careous clay and clay. Their physical properties show 
rather low GRA, MS, and Vp as well as a large vari-
ability in L* depending on biogenic carbonate contents.

2. The S͞S size mostly varies from 14 to 27 µm and sand 
content is < 10 wt% in hemipelagic lithologies. The 
S ͞S size peaks (> 31 µm; coarse silt) and sand contents 
are higher (highest 80% by weight) in sand turbid-
ite sections. Sand peaks are followed by a higher SS 
vol% > 50%.

3. Lithostratigraphy of the Sites U1450 and U1451 shows 
that the sand occurring at 6 to 7.4 Ma represents the 
late Miocene channel levee deposition at Site U1451. 
The hemipelagic layer deposited during 2.4 to 5.7 Ma 
indicates that the easternmost part of lower fan was com-
pletely shut down to active fan deposition. Concurrent to 
Subfan A, thin and massive sand layers appeared at Site 
U1451 and U1450, respectively. Subfan B is manifested 
by regionally extensive MPHL at all 354 sites, followed 
by channel levee deposition during Subfan C, followed 
by yet another hemipelagic layer (LPHL) deposited dur-
ing currently active Subfan D, thus indicating a complex 
history of channel levee migration and depocenter shifts 
across fan margins.

4. Sand < 10 wt% does not have an effect on SS size distri-
bution whereas SS͞ size is mostly affected when sand > 10 
wt%. Thus, S ͞S size data in sand and lithologies are not 
suited for calculation of shear stress matrices. Also, S ͞S 
size > 27 µm was rejected because it is associated with 
turbidite layers. In hemipelagic sections, on the other 
hand, S ͞S size is < 27 µm and sand < 10 wt%. Also S ͞S vs. 

SS vol% produces an overall r = 0.75 and slope = 0.13 
which substantiate the effect of current-sorting.

5. S͞S size data in hemipelagic layers are adopted for the 
approximation of the background current skinfriction 
shear stress. A distinct shear stress regime exists between 
turbid flows and background local deep water flows in 
the lower Bengal Fan, i.e., 0.068 Pa to ~ 0.105 Pa during 
hemipelagic sedimentation whereas > 0.105 Pa during 
the turbidity deposits with the boundary being at 0.010 
to 0.0105 Pa.
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