
Vol:.(1234567890)

Journal of Soils and Sediments (2024) 24:1002–1018
https://doi.org/10.1007/s11368-023-03702-9

1 3

SEDIMENTS, SEC 3 • HILLSLOPE AND RIVER BASIN SEDIMENT DYNAMICS • 
RESEARCH ARTICLE

Grain‑size gap and downstream fining revealed in less chemically 
altered Brahmaputra Sandbars

Abhishek Dixit1   · Subashisa Dutta1 · Chandan Mahanta1

Received: 20 July 2023 / Accepted: 4 December 2023 / Published online: 19 December 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
Purpose  Limited studies exist on the downstream variation of grain size in sand-bed rivers, particularly in natural sedi-
ment regimes. The impact of local grain-size variability, lateral tributaries, and bedrock confined zones on the downstream 
trend remains underexplored.
Methods  We examined 54 sediment samples from the sandbars of the Brahmaputra main trunk, analyzing grain size and 
bulk mineralogy, along with selected samples for clay mineralogy. End-member modeling was applied to the grain-size 
data, and existing depth profile data were used to propose a transport mechanism.
Results and discussion  The Brahmaputra sandbar sediments are less chemically altered as indicated by low kaolinite (ca. 
10%) and high illite (ca. 70%) content. The median grain sizes of sandbar samples vary from 17 � m to 356 � m. This vari-
ability is attributed to the low-width bedrock-confined zones, characterized by increased grain size, local flow conditions, 
and selective transportation deposition of sediments within specific size classes. Additionally, we observed a notable 
scarcity of samples having a dominant mode in the intermediate range of approximately 63–172 � m. This grain-size gap is 
explained by the proposed transport mechanism, with sediments within the gap selectively transported during peak discharge 
periods, coarsening the riverbed and depleting sediments within the 63–172 � m range over repeated annual floods. Sedi-
ments below 63 � m are consistently present in the water column and can be deposited in low-flow zones within floodplains.
Conclusion  Results corroborate previous studies indicating limited chemical weathering in the Brahmaputra basin. The impli-
cations of our results extend to downstream fining, sand-mud transition, and formation of grain-size gaps in sand-bed rivers.

Keywords  Grain-size analysis · End-member modeling · Brahmaputra · Sand-mud transition · Grain-size gap · Downstream fining

1  Introduction

Understanding the composition and processes of sediment in 
river floodplains is essential for unraveling sediment prov-
enance and dynamics in fluvial basins (e.g., Johnsson 1993; 
Weltje and von Eynatten 2004). These floodplain environ-
ments, influenced by lithology, physical and chemical pro-
cesses, act as reservoirs of mixed sediments from various 
tributaries. Hydrodynamic processes, driven by changes 
in flow conditions, selectively entrain and sort sediments, 

resulting in variations in grain size and composition. Chemi-
cal weathering within floodplains also plays a significant 
role, impacting sediment composition and revealing dis-
tinct weathering signatures (Lupker et al. 2012; Bouchez 
et al. 2012). In sand-bed rivers, downstream sediment fin-
ing occurs, leading to a progressive reduction in grain size 
(Frings 2008), with implications for interpreting weathering 
signals and sediment composition (von Eynatten et al. 2012; 
von Eynatten et al. 2016).

The significance of sediment grain size extends beyond 
river hydraulics and morphology; it is also a controlling 
parameter for the mineralogical and chemical composition 
of sediments (von Eynatten et al. 2012; von Eynatten et al. 
2016). For example, Dixit et al. (2023) demonstrated that 
grain size can explain ca. 50% of the chemical variability in 
suspended load, with floodplain sediments playing a crucial 
role in determining the sediment transported in suspension. 
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While significant progress has been made in understanding 
the downstream variation of grain size in gravel-bed rivers 
(see review by Dingle et al. 2021), studies focusing specifi-
cally on sand-bed rivers remain scarce (Frings 2008).

Existing studies on sand-bed rivers are predominantly 
conducted on small rivers or anthropologically regulated 
rivers (Ta et al. 2011; Luo et al. 2012; Musselman and 
Tarbox 2013; He et al. 2022; He et al. 2023), with fewer 
reports from rivers still maintaining a relatively less regu-
lated sediment regime. One example is the study by Singh 
et al. (2007), which reported a downstream fining rate of 2% 
per 100 km in the Ganga River. However, the downstream 
fining trend, often described by an exponential function, can 
be disrupted by lateral tributaries joining the main channel, 
resulting in a local maximum of grain size within the main 
channel (e.g., Singh et al. 2007; Ta et al. 2011; Luo et al. 
2012; Pan et al. 2015). A similar effect on grain size can be 
caused by bedrock confined zones within the river, which 
are characterized by a decrease in channel width over a short 
longitudinal length. Perhaps due to the relative rarity of 
this morphological feature, it has remained under-reported 
(Wang et al. 2009).

Moreover, the downstream fining trend is typically 
derived by averaging out the local variability in samples 
collected from nearby locations or by selecting samples 
from the same deposition environment. However, at local 
scales, the median grain size can exhibit significant varia-
tion, ranging from approximately 20 � m to 250 � m (Singh 
et al. 2007). This local variability, which has not been exten-
sively discussed, can significantly impact the downstream 
trend (Rice and Church 2010) and is worth exploring as it 
may reveal distinct river processes.

In the case of the Brahmaputra River, while sediment 
samples have been collected from its floodplains to deter-
mine the proportions of sediment sources (Singh and France-
Lanord 2002; Garzanti et al. 2004; Lupker et al. 2017; Gemi-
gnani et al. 2018), a detailed investigation of the downstream 
variation in sediment composition at a finer resolution is 
lacking, despite the river’s dynamic braiding patterns within 
the floodplains (Nandi et al. 2022).

In this study, we conduct an analysis of sediment grain 
size and bulk mineralogy of 54 samples from 31 locations 
in a reach of ca. 500 km, as well as clay mineral analysis for 
selected samples to understand the downstream variation of 
grain size and mineral composition in the Brahmaputra flood-
plains. Firstly, we examine the presence or absence of the 
grain-size gap, a phenomenon frequently observed in gravel-
bed rivers, within the context of a sand-bed river. Then, we 
aim to elucidate the trend of downstream fining in a sand-bed 
river and its correlation with variations in the river’s width. 
Simultaneously, we investigate a potential interplay between 
this fining trend and chemical weathering patterns.

2 � Study area

The Brahmaputra River traverses diverse landscapes, con-
necting various terrains. Originating from the Tibetan 
Plateau and making a notable turn at the Eastern Syntaxis, 
the river meanders through floodplains, receiving contri-
butions from numerous tributaries, before finally reaching 
the Bengal Delta (Fig. 1a and b). The channel bottom 
slope at Pasighat is about 0.62 m km-1 which reduces to 
0.11 m km-1 near Guwahati and finally 0.079 m km-1 in 
Bengal Delta (Sarma 2005).

The Brahmaputra River is known for its high sediment 
load, with an estimated annual sediment delivery ranging from 
500 to 1000 Mt (Goswami 1985; Islam et al. 1999; Galy and 
France-Lanord 2001; Milliman and Farnsworth 2011). Sedi-
ment sources are heterogeneously distributed across the basin, 
with the Eastern Syntaxis accounting for more than 50% of 
the sediment input in floodplains (Singh and France-Lanord 
2002; Garzanti et al. 2004; Lupker et al. 2017; Gemignani 
et al. 2018), despite the presence of northern and southern 
tributaries. Sediments in the Brahmaputra basin are primarily 
derived from physical weathering processes (Garzanti et al. 
2004; Khan et al. 2019), with mass wasting events such as 
landslides being significant contributors (Wasson et al. 2022).

The floodplains of the Brahmaputra exhibit intricate 
braiding patterns characterized by the presence of sand bars, 
low-flow channels, chutes, cut-offs, and vegetated landforms 
(Nandi et al. 2022). Within the floodplains, the Brahmaputra 
River exhibits three distinct narrow and low-braiding zones 
known as nodes, where the river is constrained by bedrock. 
These nodal points, namely Guwahati, Tezpur, and Goalpara 
(Fig. 1), remain morphologically stable despite changing 
flow conditions and river shifting. The river width at nodal 
points is ca. 1 km, whereas, it can reach up to 18 km with the 
presence of multiple active channels at different locations.

3 � Sampling and methodology

3.1 � Sampling

In January 2021, during the non-monsoon season when the 
sandbars were exposed, we conducted our sampling campaign 
along the Brahmaputra trunk, specifically targeting the bar tops 
and freshly exposed channel bars within the Majuli to Dhu-
bri reach (Fig. 1b). It is important to note that the part of the 
exposed sandbars we sampled is submerged annually with the 
onset of the first monsoon flood, as documented by Dixit et al. 
(2023). These sandbars represent dynamic landforms subject to 
annual erosion and deposition. To minimize potential bias, we 
avoided sampling vegetated sandbars. In cases where vegeta-
tion was present nearby, we positioned our sampling locations 
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at a distance to focus on landforms consistently influenced 
by fluvial processes and actively part of the river channel. 
Additionally, two samples from the Siang tributary were col-
lected in November 2019. We collected sediment samples 
from the uppermost layer of the bar, carefully removing the 
top 10–20 cm of sediment from the surface. In cases where 
visually distinct sediment deposits were observed, we sam-
pled them separately to capture their unique characteristics. At 
each location, we collected between 1 and 3 sediment samples, 
resulting in a total of 54 samples collected from 31 locations.

3.2 � Grain‑size analysis and end‑member modeling

3.2.1 � Grain‑size analysis

Grain-size distribution of sediments was determined 
using the Malvern Particle Analyzer (Mastersizer 2000). 

To achieve proper dispersion, samples were treated with 
Sodium Hexametaphosphate and subsequently sonicated 
in an ultrasonic bath. The Hydro 2000 MU (A) acces-
sory served as the dispersion unit in the Malvern Particle 
Analyzer. Initially, a 500 ml beaker was prepared to con-
tain the sample for dispersion and subsequent delivery 
to the optical unit. The beaker was filled with deionized 
water, and background values were accurately meas-
ured. The sample, dispersed and sonicated, was carefully 
introduced into the beaker drop by drop. Obscuration 
was maintained at approximately 15%. A pump speed 
of 2500 rpm was employed for optimal dispersion. To 
prevent cross-contamination, thorough flushing of the 
accessory and beaker was conducted between measure-
ments. The volume percentages of grain-size classes 
were then measured within the range of 0.01–10,000 
� m and compiled into datasets.

Fig. 1   a Location of the Brahmaputra basin covering the part 
of Tibetan plateau, floodplains, and Bengal Delta. b Path of the 
Brahmaputra River in Tibetan plateau (Yarlung), Himalaya 
(Siang), and Brahmaputra in floodplains. Locations of bed sam-
ples collected are shown by green dots. Four reaches in Majuli-
Tezpur-Guwahati-Goalpara-Dhubri are highlighted. Morphologi-

cal patterns of these reaches are individually shown in each reach 
satellite image (Reach 1, Reach 2, Reach 3, and Reach 4) along 
with the location and codes of samples collected from sandbars. 
Satellite images for reaches are taken from Sentinel 2 for January 
2021 and presented in standard false color composite. Red repre-
sents vegetation, dark blue is water and cyan are exposed sandbars
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The grain-size distribution can be effectively interpreted 
using the C-M plot, a valuable tool for understanding sedi-
ment transport and deposition dynamics (Passega 1964; 
Passega and Byramjee 1969; Ludwikowska-Kędzia 2013). 
Samples aligned along the C=M line are classified as graded 
suspensions. Sediment deposits in this zone are formed by 
the suspended sediments near the river bed maintained by 
the bottom turbulence to keep the coarsest fraction in sus-
pension. The division between uniform and graded suspen-
sion occurs at M=100 � m, where M < 100 � m deposits are 
formed by sediments suspended in a uniform suspension. 
Sediment deposits in this zone suggest that these deposits 
likely formed during the receding flood stage, characterized 
by diminished sediment carrying capacity, which led to the 
deposition of sediments. The rolling zone appears at higher 
C values compared to graded suspension, while over-bank 
pool suspension deposits are characterized by lower C and 
M values than graded and uniform suspension. More details 
and exact boundaries of the C-M plot zones can be obtained 
from the Passega (1964), Passega and Byramjee (1969) and 
Ludwikowska-Kędzia (2013).

3.2.2 � End‑member modeling

To identify geologically meaningful end-members and esti-
mate their relative abundance, an end-member modeling 
algorithm (EMA) was applied. EMA, initially introduced 
by Weltje (1997) for compositional data, has been adapted 
for grain-size data analysis by Prins and Weltje (1999).

In EMA algorithms, it is assumed that the observed 
data is a linear combination of the end-members. Math-
ematically, the unmixing problem can be expressed as 
X = AS + E , where X represents the observed data (with 
each sample as a row), A is the abundance matrix of the 
constituent end-members represented by S (with each end-
member as a row), and E accounts for sampling and meas-
urement errors. This equation is subject to non-negativity 
and sum-to-one constraints. These constraints ensure that 
abundances cannot be negative and must represent relative 
proportions that sum to a constant.

After the work of Prins and Weltje (1999), various EMA 
algorithms have been developed specifically for grain-size 
data analysis (see review by Van Hateren et al. 2018). One 
notable algorithm is the Hierarchical Alternating Least 
Squares Nonnegative Matrix Factorization (HALS-NMF) 
introduced by Paterson and Heslop (2015). The NMF algo-
rithm seeks to find two nonnegative matrices, A and S, that 
approximately satisfy the equation X ≈ AS. By enforcing 
the nonnegativity constraints on A and S, NMF proves to 
be a robust approach for solving grain-size distribution 
unmixing problems. The detailed algorithmic procedure 
is provided in the supplementary information of Paterson 
and Heslop (2015).

3.3 � Bulk mineralogy

X-ray diffraction (XRD) analysis was conducted to deter-
mine the major mineral phases present in the samples. Prior 
to analysis, the samples were gently ground using a mortar 
and pestle. XRD scans were performed using the Rigaku 
TTRAX III instrument, operating at 5 kW with Cu-K� radia-
tion ( � = 1.5406 Å). The scanning range spanned from 3 to 
70° for the 2 � angle, with a scan step of 0.02° and a scan 
speed of 20° per minute. The relative proportions of quartz, 
feldspar, and sheet silicates were determined based on the 
maximum intensity peaks within the 2 � ranges of 26–27°  
27.5−28.5°  and 8–10°  respectively.

3.4 � Clay mineralogy

The clay mineralogy analysis involved XRD of oriented clay 
mounts obtained from the <2 � m size fraction. To prepare 
the samples, dried sediments were initially treated with 
30% H 

2
O

2
 to eliminate organic matter, followed by mul-

tiple rinses with demineralized water to remove chemical 
residues. The <2 � m size fraction was separated based on 
Stokes’ law, and a concentrated paste of the desired fraction 
was spread onto a glass slide using the filter peel method.

The prepared samples were treated with ethylene glycol 
solvation for 48 h at 60oC and then scanned within the range 
of 3o to 30o. The major clay minerals, namely smectite, illite, 
kaolinite, and chlorite, were identified by calculating the 
integrated peak areas at 7 Å (smectite), 10 Å (illite), and 
17 Å (kaolinite + chlorite), after applying empirical factors 
of 1, 4, and 2, respectively, as described by Biscay (1965). 
The relative proportions of kaolinite and chlorite were deter-
mined using the peak-intensity ratio of 3.57 Å to 3.54 Å. We 
adopted a methodology similar to Khan et al. (2019), who 
examined clay mineralogy in the bed sediments of the Ben-
gal Delta, to ensure better comparability with their dataset.

4 � Results

4.1 � Grain‑size distributions

The statistics of the grain-size distributions of all samples 
are tabulated in Table 1. The sediment samples collected 
from the sandbars of the Brahmaputra primarily fall within 
the coarse silt to fine sand size range. The grain-size distri-
butions of the samples display modes centered either around 
ca. 20 � m or ca. 200 � m (Fig. 2). Notably, the grain-size 
distribution of the sediment samples reveals a limited num-
ber of samples within the 63–172 � m range. Sediments in 
this size range mostly belong to either the coarse tail of 
fine sediments or fine tail of coarse sediments. We empha-
size that this range does not exhibit a distinct boundary, but 
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Table 1   Geometric grain-size statistics (in � m) of the samples collected from the Brahmaputra basin

Sl. no Sample code Latitude Longitude Distance (km) Mean Median Coarsest first 
percentile

Dominant mode

1 S17_FB 25.72 89.85 473.7 48 54 264 69
2 S17_MB 25.72 89.85 473.7 22 24 110 35
3 S17_NB 25.72 89.85 473.7 57 63 302 79
4 S16_NB 25.90 89.98 449.3 32 33 249 46
5 S16_MB 25.90 89.98 449.3 185 195 473 209
6 S16_PF 25.90 89.98 449.3 29 28 387 30
7 S15_MB 25.90 89.98 449.3 16 16 105 20
8 S15_FB 25.90 89.98 449.3 73 76 666 91
9 S14_NB 25.97 90.07 437.4 27 24 434 26
10 S14_MB 25.97 90.07 437.4 19 18 411 20
11 S14_FB 25.97 90.07 437.4 352 344 705 363
12 S13_FB 26.15 90.35 403.9 61 56 447 46
13 S13_FBwet 26.15 90.35 403.9 37 38 353 46
14 S12_FB 26.15 90.35 403.9 159 207 650 316
15 S12_MB 26.15 90.35 403.9 282 290 655 316
16 S12_NB 26.15 90.35 403.9 166 196 577 240
17 S10_NB 26.22 90.57 380.0 19 20 98 23
18 S10_MB 26.22 90.57 380.0 124 179 468 240
19 S10_FB 26.22 90.57 380.0 102 151 447 209
20 S9_NB 26.19 90.64 372.1 38 40 358 52
21 S9_MB 26.19 90.64 372.1 30 30 249 35
22 S9_FB 26.19 90.64 372.1 223 208 460 209
23 S6_NB 26.21 90.85 350.1 34 37 360 52
24 S6_FB2 26.21 90.85 350.1 51 52 260 60
25 S6_FB 26.21 90.85 350.1 205 223 577 275
26 S5_NB 26.20 90.93 342.2 216 230 569 240
27 S5_FB 26.20 90.93 342.2 191 210 470 240
28 S3_NB 26.16 91.36 299.2 412 418 822 479
29 S2_FB 26.14 91.42 299.2 187 229 625 316
30 S1_NB 26.18 91.61 273.0 174 279 708 363
31 CG_AC 26.30 91.95 237.8 281 281 625 316
32 BM_CL 26.35 92.15 216.1 17 18 138 23
33 BM_BT 26.35 92.15 216.1 101 105 401 120
34 AG_AC2 26.45 92.18 205.6 215 216 525 240
35 AG_CL 26.45 92.18 205.6 19 18 321 20
36 AG_AC1 26.45 92.18 205.6 234 241 603 275
37 BG_AC 26.45 92.23 199.8 54 57 458 69
38 MG_AC 26.56 92.48 172.3 358 378 1039 417
39 SIG_AC2 26.61 92.57 161.2 189 216 621 275
40 SIG_CL 26.61 92.57 161.2 23 23 248 30
41 SIG_AC 26.62 92.60 158.8 227 212 448 240
42 SIG_BT 26.62 92.60 158.8 118 120 635 138
43 SG_BT 26.62 92.93 125.5 236 247 569 275
44 NB_AC 26.66 93.18 99.9 234 252 599 275
45 PG_AC 26.77 93.41 73.9 103 101 253 105
46 L4_BT2 26.72 93.56 58.6 177 168 695 182
47 L4_BT1 26.72 93.56 58.6 185 187 823 417
48 L4_AC 26.72 93.56 58.6 196 204 690 275
49 JG_AC 26.84 93.83 28.1 208 217 614 275
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rather demonstrates a general paucity of sediments in this 
intermediate size range. Henceforth, we will refer the range 
of this gap in the grain-size distribution as the 63–172 � m 
size range. Overall, the samples display poor sorting and a 
fine-skewed distribution, with only a few coarse sediments 
(fine sand) showing well-sorted characteristics. The grain-
size distribution curve of the coarsest sediments corre-
sponds to the Yingkiong region in the Siang valley (Figs. 1 
and 3a). Notably, the sediments at the outlet of Siang River 
(Pasighat, Fig. 1b) attain a similar grain-size distribution as 
floodplain sediments.

Further insights are provided by the C-M plot illustrated 
in Fig. 4. The C-M plot, based on the coarsest first per-
centile (C) and median grain size (M), aids in distinguish-
ing different depositional environments (Passega 1964; 
Passega and Byramjee 1969; Ludwikowska-Kędzia 2013). 
The majority of our sandbar sediments are primarily located 
within the uniform suspension and graded suspension (sal-
tation) zones. Our samples did not exhibit any deposits 
within the rolling zone, which is characterized by higher 
C values than observed. Additionally, a few samples exhib-
ited characteristics of over-bank pool suspension deposits, 
indicating the presence of favorable conditions for water 

stagnation on the surface. This was observed in the field 
for samples BM_BT and BM_CL, as illustrated in Fig. 4. 
These samples revealed a layered deposit, with fine-grained, 
BM_CL overlaying the coarse-grained, BM_BT, formed 
within a depression on a sandbar that facilitated over-bank 
pool suspension deposition.

4.2 � End‑member modeling

The goodness-of-fit statistics of HALS-NMF algorithm 
indicate that the four end-member model is well-optimized, 
with a linear coefficient of determination greater than 0.9 
for all samples and a median angular deviation of less than 
15° (Fig. 5a and b). The end-member model consists of a 
grain-size mean of approximately 18, 90, 215, and 395 � m 
for the four end-members, EM 1, EM 2, EM 3, and EM 4, 
respectively (Fig. 5c). The grain-size distribution of the fin-
est end-member, EM 1, closely resembles the grain-size dis-
tribution reported previously for suspended sediments in the 
Brahmaputra River (Garzanti et al. 2011; Dixit et al. 2023). 
The grain-size distribution statistics of top water surface sus-
pended sediments in the Bengal Delta, with a mean of 18 
� m, skewness of 0.3, and kurtosis of 3 is similar to EM 1.

Table 1   (continued)

Sl. no Sample code Latitude Longitude Distance (km) Mean Median Coarsest first 
percentile

Dominant mode

50 majuli_clay 26.91 94.11 0.0 18 16 337 17
51 KB_AC1 26.91 94.16 0.0 89 88 370 91
52 KB_AC2 26.91 94.11 0.0 59 60 451 209
53 L3F 28.10 95.30 Pasighat 211 955 1905 209
54 L2F 28.57 95.07 Yingkiong 1245 177 549 1259

Fig. 2   Grain-size distribution of 54 samples along the Brahmaputra main trunk and Siang River. Two vertical lines delineate the size range of 
63–172 � m, roughly indicating a relatively less sediments within this particular range
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Figure 6 shows the relative abundance of end-members 
across three deposition environments in the C-M plot. 
Graded suspension deposits are predominantly composed 
of coarse-grained end-members (EM 3 and EM 4), while 
uniform suspension deposits are dominated by fine-grained 
end-members (EM 1 and EM 2). Over-bank pool suspen-
sion deposits primarily consist of EM 1. The subordinate 
abundance of EM 2 is observed in all three deposition zones 
(Table 2). On average, graded suspension deposits contain 
16.8% EM 2 and 52.9% EM 3, while uniform suspension 
deposits contain 34.2% EM 2 and 61.5% EM 1. Furthermore, 
74% of samples in uniform suspension and 90% in graded 
suspension exhibit less than 50% abundance of EM 2. The 
lower abundance of EM 2 (90.02 � m) aligns with the grain-
size gap (63–172 � m) as depicted in Fig. 2.

The sediment samples collected near Guwahati and 
Tezpur demonstrate a pronounced occurrence of the coarse 
end-members, EM 3 and EM 4, while the downstream 

regions are primarily characterized by the presence of the 
fine end-members, EM 1 and EM 2. Notably, certain inter-
mediate samples (e.g., BM_CL, AG_CL, SIG_CL) exhibit 
a dominance of EM 1, potentially influenced by local low-
flow conditions, as illustrated in the inset of Fig 4.

4.3 � Qualitative bulk mineralogy

The qualitative bulk mineralogy analysis using XRD 
consistently reveals a dominant peak corresponding to 
quartz in the analyzed samples. This is followed by the 
presence of feldspar and sheet silicates, as depicted in 
Fig. 7. Minor peaks of amphibole, smectite, and chlorite 
were also detected. This mineral assemblage aligns well 
with the previously reported mineral composition of the 
Brahmaputra River (Garzanti et al. 2010; Garzanti et al. 
2011; Dixit et al. 2023). Since quantitative mineral pro-
portions were not determined, ratios of peak intensities 

Fig. 3   Field photographs 
captured during the low-flow 
period (September-2019 and 
January-2021) showing vari-
ability of sediment deposits. a 
shows bed sediments along with 
boulders at Yingkiong in Siang 
valley, b shows the fine-grained 
sediments deposited by the 
slowly receding flood over the 
slope of sandbar, c shows the 
coarse-grained bar-top, d and 
e show the examples of slowly 
emerging sandbars in flood-
plains, f sandbar depression
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for different mineral phases were utilized as a proxy for 
their relative proportions. Notably, the intensity ratios of 
quartz to sheet silicates exhibit a positive correlation with 
the median grain size, as shown in the inset of Fig. 7. This 
correlation aligns with the grain-size effect on mineralogy, 
where quartz tends to be enriched in the coarser fraction 
and sheet silicates in the finer fraction (Lupker et al. 2011; 
Garzanti et al. 2011).

4.4 � Clay mineralogy

Clay mineralogy analysis was conducted on a specific subset 
of samples, namely majuli_clay, SIG_CL, AG_CL, BM_CL, 
S6_NB, S16_PF, and S17_MB, which exhibited a higher 
proportion (> 50%) of fine-grained material belonging to 
end-member EM 1. The dominant clay minerals identified 
were illite and chlorite, accounting for an average propor-
tion of approximately 65% and 20%, respectively (Fig. 8). 
The presence of kaolinite varied from 5% to 25% without a 
distinct pattern along the main trunk. The prevalence of illite 
and chlorite, with a lesser amount of kaolinite, suggests a 
predominance of physical weathering processes and limited 
chemical weathering within the floodplains. The relatively 
lower abundance of smectite can be attributed to the lesser 
occurrence of mafic rocks in the basin (Khan et al. 2019; 
Garzanti 2019). These observations align with expectations, 
considering that smectite is typically associated with the 
weathering of mafic minerals (Khan et al. 2019). Further-
more, these findings are consistent with the clay mineralogy 
reported in the bed sediments of the Bengal Delta Khan et al. 
(2019), who reported similar clay mineral proportions (77% 
illite, 10% kaolinite, 11% chlorite, and 2% smectite).

5 � Discussion

5.1 � Local variability of grain‑size distribution

The grain-size distribution of sandbars can exhibit signifi-
cant variability, which appears to be influenced by the local 
flow conditions during sediment deposition. For instance, 
samples collected from the same sandbars, such as AG_AC1 
and AG_CL, BM_BT and BM_CL, and S14_MB and S14_
NB, display different abundances of grain-size end-members 
(Fig. 6). Even in cases where the end-members are similar 
between samples from different locations, such as BM_CL 
and AG_CL, they can correspond to distinct deposition envi-
ronments. For instance, BM_CL represents over-bank pool 
suspension deposition, whereas AG_CL represents suspen-
sion deposits (Fig. 4).

5.2 � Grain‑size gap and transport mechanism

Figure 2 reveals a relatively small number of samples hav-
ing a dominant mode in the grain-size distribution curve 
within the size range of approximately 63–172 � m (EM 
2). This is particularly evident in the inset of Fig. 7, where 
the median values of most samples (83%) lie outside of 
this size range. This indicates that sandbar deposits are pre-
dominantly composed of either too-fine sediment (ca. 20 
� m) or too-coarse sediment (ca. 200 �m), with intermedi-
ate size range (63–172 � m) sediments being distributed in 
the coarse or fine tails of the grain-size distribution curves. 
Such grain-size distribution patterns can be attributed to the 
selective transport and supply limit as well as flow condi-
tions in which the sediments are deposited. To make our 

Fig. 4   C-M plot comparing the 
coarsest first percentile (C) and 
median grain size (M), illustrat-
ing three distinct deposition 
zones according to Passega 
(1964), Passega and Byramjee 
(1969) and Ludwikowska-
Kędzia (2013). The inset shows 
a field observed case of layer 
deposition of two samples 
BM_BT and BM_CL, aligning 
with the deposition zones of 
suspension and over-bank pool 
suspension, respectively
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arguments, we draw upon previously collected sediment 
data from depth profiles of the Ganga (Lupker et al. 2011) 
and Brahmaputra (Garzanti et al. 2011) Rivers in the Ben-
gal Delta. Ganga and Brahmaputra Rivers share geologi-
cal, climatic, and morphological similarities, making them 
suitable for a valid comparison. Additionally, we align our 
hypothesis with the findings of a relevant study conducted 
in the Ganga basin by Singh et al. (2007).

Depth profile data (Fig. 9) shows that the sediments in 
the 63–172 � m size range are suspended near the bed which 
is characterized by the graded suspension. However, this 
is observed only during peak and rising discharge periods. 
The low flow and receding discharge consistently carry the 

sediments in the size-range of uniform suspension (ca. 20 �
m). Too-coarse sediments exist in the bed sediments and too-
fine sediments are transported in the upper water column. 
The absence of sediments within the 63–172 � m during low 
flow and receding discharge periods suggests that these sedi-
ments are transported downstream during peak flow, result-
ing in a slight coarsening of the riverbed. In the absence of 
fresh sediment supply, repeated annual floods would progres-
sively coarsen the upstream riverbed, and eventually would 
be depleted in this size range. Consequently, a higher propor-
tion of sediments within the 63–172 � m size range should 
be visible downstream, either in floodplains or in deltaic and 
oceanic bed sediment. However, our data from the floodplains 

Fig. 5   Goodness-of-fit statistics of the end-member model. a and 
b show the coefficient of determination and angular deviation, 
respectively, between the original grain-size distribution and cal-
culated grain-size distribution by different end-member models. 
The red bars are the median values, the blue boxes are the inter-
quartile range, and the blue whiskers mark out the one-sided 95th 
percentiles to represent the lowest quality fits. The red crosses 

represent outlying specimens (i.e., specimens that lie outside of 
the 95% coverage interval). EM correlation shows the correlation 
among the grain-size distribution of end-members. Four end-
member model was selected for end-member abundance calcu-
lation. c Grain-size distribution of end-members and their geo-
metric method of moments statistics, i.e., mean, sorting (Std), 
skewness, and kurtosis
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up to Dhubri does not show any increase in this size range 
in downstream sections. Similarly, the study by Singh et al. 
(2007) in the Ganga floodplains did not reveal any system-
atic increase in this size range. However, their data showed a 
sharp increase in the proportions of the 63–125 � m size range 
near the delta, with proportions ranging from approximately 
10–20% in the floodplains to approximately 50% in the delta.

Fig. 6   End-member abundances at different locations along the main trunk of the Brahmaputra River corresponding to the deposition environ-
ment of C-M plot (Fig. 4)

Table 2   Average abundance (%) of grain-size end-members in three 
deposition environment

EM 1 EM 2 EM 3 EM 4

Over-bank pool suspension 96.0 3.15 0.84 0.00
Graded suspension 4.35 16.8 52.9 25.9
Uniform suspension 61.5 34.2 2.81 1.47

Fig. 7   XRD scans of the 54 
samples analyzed in this study, 
illustrating the mineral compo-
sition. Smt: smectite, SS: sheet 
silicates, Amb: amphibole, Chl: 
chlorite, Q: quartz, F: feldspar. 
The inset displays a crossplot 
of the intensity ratio of quartz 
to sheet silicates against the 
median grain size. The shaded 
portion represents the grain-size 
range of 63–172 � m, which 
contains a relatively smaller 
number of samples
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The deposition of too-fine (ca. 20 � m) sediments flood-
plain sandbars can be attributed to favorable conditions for 
deposition, such as low-flow zones over bar slopes (Fig. 3b) 
and bar depressions (Fig. 3f), during periods of slow reces-
sion when there is sufficient time for fine-grained sediments 
to settle (Fig. 3d and e). Notably, too-fine sediments are 
consistently present in uniform suspension in the water 
column regardless of the discharge conditions. Therefore, 
the deposition of too-fine sediments is primarily controlled 
by favorable deposition conditions rather than flow condi-
tions. However, these favorable conditions are more likely 
to occur during receding or low flood periods.

In summary, the presence of too-coarse sediments in the 
floodplains can be attributed to hydraulic sorting during 
peak flood events, leading to the selective transport and 

depletion of fine-grained sediments. The intermediate size 
range of 63–172 � m tends to travel further downstream in 
graded suspension, in accordance with the burst-sweep 
mechanism as proposed by Singh et al. (2007), which 
explains the bedload sediment transport in graded sus-
pension through bursts and sideways deposition sweeps. 
Coarse-grained sediments would also enter graded suspen-
sion but travel shorter distances due to their larger size. 
Over time, repeated annual floods result in a coarsening of 
the riverbed, with deposition of the 63–172 � m size range 
occurring predominantly in downstream regions such as 
deltas, where favorable conditions for deposition may 
exist. The transport and deposition of too-fine sediments 
(20 � m) differ from other sediment sizes. These sediments 
are consistently transported in uniform suspension, span-
ning nearly two-thirds of the upper water column. Due 
to their perennial availability, they have the potential to 
be deposited within floodplains under favorable condi-
tions, such as the presence of low-flow zones over bar 
tops, slopes, or depressions.

5.3 � Downstream variability of grain‑size distribution

We interpret the downstream grain-size variation with the 
river’s morphological conditions. The river width and river 
braiding index measured during the non-monsoon period is 
taken from Sarma and Acharjee (2018). The downstream 
variation in grain size is influenced by nodal points along 
the river, particularly at Tezpur and Guwahati. Among 
these, Guwahati stands out as the most prominent nodal 
point, coinciding with the narrowest width and low braid-
ing index within the floodplains (Fig. 10). At these nodal 
points, the stream power increases creating conducive con-
ditions to net sediment transport, leading to an increase in 
grain size as finer material is more easily transported.
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Fig. 8   Downstream variation of clay mineral proportion in the main 
trunk of the Brahmaputra

Fig. 9   Depth profiles of sus-
pended sediment concentration 
and median grain size (d50 
� m) in Ganga and Brahmaputra 
River in Bengal Delta before 
their confluence (Fig. 1a). Data 
for Ganga and Brahmaputra 
profiles are taken from Lupker 
et al. (2011) and Garzanti et al. 
(2011). The horizontal boxplot 
represents the median grain 
sizes of samples characterized 
in two deposition environments 
as shown in Fig. 4
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Goswami (1985) estimated that the reach partially includ-
ing the Guwahati nodal point experienced net degradation 
of 2.55 cm (Fig. 10), while the upstream and downstream 
reaches of Guwahati exhibited net channel aggradation. Our 
data aligns with this characteristic behavior of the river. As 
the river width decreases approaching Guwahati, there is an 
increase in the median grain size, and the sediments are dom-
inated by the coarse end-members (EM 1, EM 2). Similarly, 
near Tezpur, there is a higher abundance of the coarse end-
members. As the river reaches downstream, where it widens 
into multiple channels (Fig. 1), there is a higher occurrence 
of fine-grained sediments.

It is important to note that our inference regarding 
nodal points controlling sediment grain-size distribution 
remains partially unconstrained due to the limited number 
of data points in our study. While we have established 
the influence of local variations on grain-size distribu-
tions within a single location, it is crucial to recognize 

that individual samples, particularly those obtained after 
the Guwahati nodal point, may not represent the average 
sediment grain-size distribution of such a wide channel 
(ca. 15 km). Therefore, further research employing a finer 
spatial resolution sampling strategy could reveal intrigu-
ing patterns of grain-size distribution and provide a more 
comprehensive understanding of nodal point effects.

5.4 � Implications for grain‑size gap studies

The grain-size gap in sediment deposits exists in other 
f luvial environments. For instance, gravel-bed rivers 
typically exhibit a bimodal distribution with a grain-size 
gap typically ranging from 1000 to 5000 � m (Lamb and 
Venditti 2016). The absence of material in this range 
can be attributed to two possible explanations, as dis-
cussed by Dingle et al. (2021). Firstly, selective trans-
port of the grain-size gap sediments is supported by the 

Fig. 10   Variation of river width and braiding index of the Brah-
maputra main trunk. Data is taken from (Sarma and Acharjee 
2018). The mean of the median grain size of each location are 
shown in dark solid line and dots, while the median of each sam-

ple at that location are shown with gray dots. The zones and val-
ues of aggradation (shaded gray) and degradation (shaded red) 
are taken from Goswami (1985). End-member abundances are 
shown by area plot
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superior mobility of these sediments, which is attrib-
uted to the influx of finer sediments, leading to filling 
and smoothening of the bed surface and increased fluid 
acceleration near the bed surface (Venditti et al. 2010). 
Secondly, the absence of this material could be due to 
the separation of transport modes for gravel and sand. 
As shown by Lamb and Venditti (2016), the lack of this 
material may result from a river’s inability to transport 
sand as wash load when bed shear velocities drop below 
approximately 0.1 m s-1, causing the material within the 
grain-size gap to fall only within the fine tail or coarse 
tail of sediment deposits.

In our study, we find evidence of the grain-size gap 
occurring between the modes of silt and sand (Fig. 11a) 
in the sand-bed floodplains. This grain-size gap primar-
ily appears as an inter-sample phenomenon, indicating 
selective transport of material <172 � m from the bed 
through repeated fluvial processes, and the preferen-
tial deposition of material <63 � m during favorable 

low-flow conditions. These processes essentially lead 
to the formation of the grain-size gap between these 
two-grain sizes.

Interestingly, although not widely reported and dis-
cussed, grain-size gaps between samples also exist in 
other sand-bed rivers. For instance, as previously dis-
cussed, grain-size data of Singh et al. (2007) show that 
Ganga floodplain sediments primarily fall into two size 
ranges: 125–250 � m and <63 � m, with a paucity of sam-
ples in the size range of 63–125 � m. Similarly, Wang et al. 
(2009) data from the Yangtze River in China show that 
the majority of samples lie in sizes >200 � m and <100 
� m, with a scarcity of samples in the 100–200 � m range. 
Additionally, Szmańda (2018) reported a grain-size gap 
in the size range of 125–250 � m in over-bank deposits 
of Polish rivers, and Ta et al. (2011) identified a paucity 
of samples in the size range of 80–100 � m in the Yellow 
River, China; however, they attributed this scarcity to the 
effect of upstream dams.

Fig. 11   Schematic illustrating a the grain-size gap observed in gravel-
bed rivers and sand-bed rivers, along with their possible causes as 
reported previously and by this study, respectively, and b the disrup-

tion of downstream fining by river nodes, as well as the occurrences 
of gravel-sand and sand-mud transitions near hillslope and delta 
zones, respectively
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5.5 � Implications for downstream fining studies

Our hypothesis regarding the repeated flushing out of 
grain-size gap material from the floodplains finds support 
in the deposits observed near the river mouth of other riv-
ers (e.g., Singh et al. 2007; Wang et al. 2009; Luo et al. 
2012; Kästner et al. 2017; Morón and Amos 2018). Near 
the river mouth, there is a notable increase in the propor-
tion of sediments within a size range that is less dominant 
in the floodplains. For example, the Ganga estuary shows 
a sharp increase (approximately from 20% to 50%) in the 
proportion of 63–125 � m sized sediments, which was less 
dominant in the floodplain (Singh et al. 2007). Similarly, the 
Yangtze River’s anabranching system also demonstrated a 
sharp change in grain size below 200 � m (Wang et al. 2009; 
Luo et al. 2012). The deposition of fine sediments near river 
mouths can be attributed to favorable conditions for deposi-
tion (Morón and Amos 2018), influenced by tidal effects 
(Luo et al. 2012; Kästner et al. 2017), as the river transitions 
from fluvial to tidal zones. Thus, these zones exhibit a dis-
tinct pattern of an abrupt decrease in the median grain size, 
akin to the transition seen in hillslope-floodplain transition 
zones (e.g., Constantine et al. 2003; Singh et al. 2007; Singer 
2008; Dingle et al. 2021) as illustrated in Fig. 11b.

Overall, sand-bed rivers display a downstream fining trend, 
which can be locally disrupted by lateral tributaries joining the 
main channel, resulting in local maxima in the downstream 
fining trend (e.g., Singh et al. 2007; Ta et al. 2011; Luo et al. 
2012; Pan et al. 2015). In the case of the Brahmaputra, a simi-
lar effect is likely to occur due to river nodes characterized 
by narrower river widths and low braiding indices. These 
conditions would increase stream power (Wang et al. 2009) 

and facilitate net sediment transport from these narrow zones, 
with fine sediments preferentially flushing out and increasing 
the median grain size. The effect of lateral tributaries in the 
Brahmaputra River may not be significant, as the floodplain 
sediments are dominated by sediments from a single source, 
the Eastern Syntaxis in the Siang Valley. Approximately 60% 
of the sediment at Guwahati and 30–45% of the sediment at 
Dhubri originates from the Siang Valley, while the remaining 
ca. 50% of sediments come from all other northern and south-
ern tributaries (Singh and France-Lanord 2002; Garzanti et al. 
2004; Singh 2006; Lupker et al. 2017). Additionally, our data 
shows that while sediment upstream of the Siang (at Ying-
kiong, Fig. 1b) is quite coarse, by the time it reaches Pasighat, 
the grain-size distribution has attained similar characteristics 
to the floodplain sediments (Fig. 2).

5.6 � Downstream variability of mineral composition 
in floodplains

The mineral composition of sediment in the floodplain can be 
influenced by both lithological sources from different tribu-
taries and various physical and chemical processes. However, 
in the case of the Brahmaputra floodplains, the role of lithol-
ogy in changing sediment composition can be disregarded 
as the primary factor for two reasons. Firstly, the sediment 
in the Brahmaputra is predominantly derived from a single 
sediment source, namely Eastern Syntaxis (Fig. 1). Secondly, 
even if there were sediment sources from multiple tributar-
ies, the floodplains tend to homogenize the lithological signa-
ture (Ramesh et al. 2000). Therefore, variations in floodplain 
sediment composition are primarily attributed to physical and 
chemical processes.

Fig. 12   Downstream variation 
of quartz to feldspar ratio, with 
dot-size representing median 
grain size of samples
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To investigate the weathering patterns in the floodplains, 
we utilized the intensity ratios of XRD peaks of quartz and 
feldspar as a proxy for chemical weathering. We observed 
quartz to feldspar ratio varying from ca. 2 to 8 with a mean 
of 5. This range is approximately close to the quartz to feld-
spar ratio observed through the petrographic data (range: 2–5, 
mean: 3) by Garzanti et al. (2004, 2010) in the floodplains 
sediments. Based on our data, we observed slightly higher 
quartz to feldspar ratio in the downstream reach from Goal-
para to Dhubri (Fig. 12), where the river width and braiding 
index are higher (Fig. 10), and the river is bifurcating into 
several channels (Fig. 1. Previous petrographic analyses of 
Brahmaputra floodplain sediments have indicated that the 
sediments undergo limited weathering, primarily related to 
the weathering of carbonates (Garzanti et al. 2004). Our clay 
mineralogy data also does not reveal any significant changes 
in the clay assemblage, with kaolinite proportions remaining 
consistent (Fig. 8), indicating that the weathering is low, and is 
limited to easily weathered grains such as carbonates, olivine 
and pyroxene. The low intensity of weathering is attributed to 
the rapid transfer of sediments in the Brahmaputra floodplains 
(Singh and France-Lanord 2002). The slightly higher chemi-
cal weathering signal in the lower reaches of the Brahmaputra 
near Dhubri may be attributed to the longer residence time of 
sediments in that area. Additionally, the lower reaches receive 
higher rainfall compared to the upper parts (Sarma 2004), 
which can also contribute to increased weathering effects.

6 � Conclusion

In this study, we applied bulk mineralogy, clay mineral-
ogy, and end-member modeling on grain size to investigate 
sediment characteristics and variations in the Brahmaputra 
River floodplains. Mineralogical composition in the flood-
plains remains largely the same with, a minor increase in 
quartz to feldspar ratio downstream. Additionally, our find-
ings shed light on sediment transport and deposition pro-
cesses in river floodplains, particularly with implications 
for downstream fining and the existence of a grain-size gap. 
The grain-size distribution of sandbars within the flood-
plain exhibits variability, with median grain sizes mostly 
centered near 20 � m and 200 � m. Local flow conditions, 
such as over-bank pool suspension, influence the grain-size 
distribution at specific locations. Sandbar deposits, how-
ever, are primarily formed by the sediment transported in 
uniform and graded suspension.

We observed a limited number of samples in sandbar 
deposits falling within the size range of approximately 
63–172 � m, which is consistent with the grain-size gap 
commonly found in sand-bed rivers worldwide but has 
remained under-discussed. Utilizing the existing depth pro-
file sediment grain-size data, we propose that the selective 

transport of sediments within this grain-size gap occur dur-
ing repeated annual peak floods, leading to the coarsening 
of the riverbed, with a median size of approximately 200 
� m. Meanwhile, the fine sediments (20 � m) are perenni-
ally transported in uniform suspension and can be deposited 
within floodplains under favorable low-flow conditions. The 
proposed transport mechanism gains support from the pres-
ence of accumulated sediments within the grain-size gap 
range near the river mouth, as observed in other sand-bed 
rivers. This results in a distinct sand-mud transition zone, 
characterized by a sharp decrease in grain size.

Moreover, the downstream variation in grain-size distri-
bution is influenced by the presence of bedrock confined 
zones or “nodes’’ along the river. These nodes, character-
ized by narrower widths and lower braiding index, exhibit an 
increase in grain size, similar to the effect of tributary con-
fluence in the main channel, which also increases the grain 
size. However, further sampling at a finer spatial resolution 
is necessary to strengthen our observations of this pattern.
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