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ABSTRACT 
 

Detailed petrographic, heavy mineral, petrofacies, and XRD investigations were conducted on 
nineteen sediment sample from an oxbow lake in the Ganga plain. The grains are angular to sub-
rounded in shape, with some sub-rounded quartz grains. The dominant constituents of the 
framework grains are primarily quartz, followed by rock fragments, feldspar, mica, and heavy 
minerals. The majority of the quartz grains are monocrystalline, exhibiting undulatory extinctions, 
while the remaining are polycrystalline, displaying both distinct and suture intercrystallite 
boundaries. The feldspar category comprises both fresh and altered varieties, including plagioclase 
and microcline. Additionally, biotite, as well as large flakes of muscovite and mica, have been 
observed. The rock fragments include various types such as quartzite, schist, gneiss, phyllite, chert, 
sandstone, limestone, and siltstone. The heavy minerals encompass a range of minerals such as 
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tourmaline, garnet, opaque minerals, zircon, andalusite, kyanite, sillimanite, staurolite, 
actinolite/tremolite, hornblende, biotite, rutile, muscovite, chlorite and apatite. Petrographic 
investigations reveal that the sediments of the ox-bow lake are sublitharenites. Heavy mineral 
analyses confirm the possibility of mixed provenance for the ox-bow lake sediments. The ox-bow 
lake petrofacies indicate their derivation from cratonic interiors, recycled orogenic, and quartzose 
recycled provenances, under semi-humid to humid climatic conditions. The abundance of clay 
minerals supports the interpretations derived from petrofacies plots regarding the provenance and 
tectonic setting of the oxbow lake sediments. Based on the analysis of lighter and heavy minerals, it 
is concluded that the sediments of the oxbow lake originated from a variety of low-grade to high-
grade metamorphic rocks, as well as acid and basic igneous rocks. This case study provides 
comprehensive insights into the sedimentological characteristics, provenance, and tectonic setting 
of oxbow lake sediments in the Ganga alluvial plain, contributing to the broader understanding of 
sedimentary processes and geological history in this region. 
 

 
Keywords: Petrography; XRD; provenance; ox-bow lake; ganga plain. 
 

1. INTRODUCTION 
 
The petrographic studies of the clastic sediments 
in conjunction with paleocurrent analyses are 
effectively used to constrain source lithology and 
source area as well as geotectonic setting [1]. 
“Sedimentary petrography represents a classical 
fundamental tool for provenance analysis, widely 
used to trace detrital sources and reconstruct the 
geological history of continents, the evolution of 
drainage systems, and reveal erosional patterns 
and landscape changes” [2-10]. “A most useful 
and sensitive complementary approach to 
determine sediment provenance, applied since 
the dawn of modern geology, is provided by the 
analysis of dense minerals” [11,12,13,13a]. The 
sands are primarily composed of mineral grains 
and rock fragments that have naturally been 
decomposed in consequence of weathering and 
erosion of source rocks. Primary minerals may 
be destroyed or altered by chemical weathering 
or abrasion / attrition during transportation 
enroute to the depocenter [14-26]. Many 
researchers have attempted to genetically 
classify detrital quartz since it is an essential and 
major component of clastic sediments and is a 
characteristic parameter for provenance 
establishment. The detrital quartz grains were 
initially studied by Mackei [27]. [28,29] proposed 
“a genetic classification of detrital quartz into 
three categories later on. On the basis of 
extinction, inclusion, and grain shape, igneous 
quartz (plutonic, volcanic, and vein quartz), 
metamorphic quartz (recrystallized, schistose, 
and stretched quartz), and reworked sedimentary 
quartz are distinguished”. [30] used “empirical 
scheme to classify detrital quartz based on 
extinction and inclusions” [31] found that 
“undulatory extinction is not a reliable indicator of 
quartz provenance” [32] identified “four types of 

quartz, one of which being cryptocrystalline 
quartz (chert)”. “Chert has been described as 
microcrystalline quartz, cryptocrystalline quartz, 
and chalcedonic quartz by several researchers” 
[32,30]. “Chert is classified into four types: fine-
grained, coarse-grained, specular, and silty” [27]. 
“The importance of feldspar in terms of source, 
Paleoclimate, and tectonism has been proposed 
by number of workers”, e.g. [34,35,36,37, 38, 
39,30,40,33,16]. Authigenic feldspar is thought to 
be a criterion for determining marine origin 
[30,33,41] discussed “the significance of 
metamorphic, sedimentary, and volcanic rock 
fragments. The heavy minerals contained in 
clastic sediments / sedimentary rocks are also 
employed as a guide for source-rock 
characterization, lithological variation, mineral 
zonation, and dispersal pattern” [42,43,13]. 
“Number of assemblages of heavy minerals have 
been characterized and linked to their probable 
parent rock” [44,45,46,31,32,30]. “The area is 
selected for its uniqueness of harboring 
numerous oxbow lakes in the vicinity of Ganga 
River on its western side, namely Daryaoganj 
lake, Kisaul lake, Kumraua lake Mirpur lake and 
Pachlana lake. There are numerous studies on 
the geochemistry of sediments of the Bengal fan, 
the Tertiary Himalaya and Indo-Gangetic 
alluvium, deposited by Indus-Ganges-
Brahmaputra River systems to understand the 
response of the tectonics and climate changes in 
the production and delivery of sediments and to 
understand the weathering, sediment sources, 
erosion rates and evolution of the Himalaya” 
[47,48,49,50,51,52]. Since petrographic                      
study of ox-bow lake sediments has not                   
been done so far, this work based on petrological 
data, aims to analyze the provenance, 
paleoenvironment and tectonic setting of the 
Ganga basin. 
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1.1 Description of Study Area 
 
The study area of this research work lies 
between latitude (27o58’E- 28o38’E) and 
longitude (78o50N’- 79o19’N). This study is 
concerned with the sediments of ox-bow lake in 
parts of upper Ganga Plain for their petrography 
with the objectives of inferring provenance 
characteristics and tectonic setting. The 
sediment samples for this study were collected 
from various sites located in and around ox-bow 
lake regions. It was tried to encompass 
maximum physical variation of sediments both in 
lateral and vertical dimensions. To account for 
vertical variations, samples were collected from 
different horizons of sediment strata from 
deepest possible points. Thicknesses of the 
deposits as well as textural and structural 
variability were the guiding factors for selection of 
trench sites. The Ganga Plain occupies a central 
position in the Indo-Gangetic Plain, exhibiting 
many fluvial landforms such as abandoned 
channels, meander cut-offs, ox-bow lakes, and 
ponds. Most of the lakes and ponds were formed 
during the Late Pleistocene-Early Holocene due 
to channel abandonment, influenced by tectonic 
activity and changing climatic conditions [53-55]. 
Its stretches from the Aravalli-Delhi ridge in the 
west to the Rajmahal hills in the east, 
encompassing the Himalayan foothills (Siwalik 
Hills) in the north and the Bundelkhand-
Vindhyan-Hazaribagh plateau in the south. 
Positioned between latitudes 24°N and 30°N and 
longitudes 77°E and 88°E. The Ganga basin is 
identified as a peripheral foreland basin, situated 
in front of an elevating mountain chain, the 
Himalaya. This positioning is a consequence of 
the collision between the Asian and Indian 
continents, involving the under thrusting of 
deformed lithosphere [56-61]. The origination of 
this foreland basin likely dates back to the early 
Miocene [62,63]. During the initial phase in the 
Early Miocene, the foreland basin exhibited 
relatively small dimensions with minor 
subsidence [64]. From the Middle Miocene to the 
Middle Pleistocene (covering the deposition of 
the lower to upper Siwalik Group), the northern 
segment of the Ganga Plain experienced uplift 
and thrusting basin ward, causing the Ganga 
basin to shift southward (toward the craton) in 
response to thrust loading in the orogen [61]. 
During this period, [65-67] characterized the 
Ganga foreland basin as an "underfilled basin," 
denoting a topographic low situated between the 
thrust belt (Himalaya) and the peripheral bulge. 
However, the underfilled status of the Ganga 
Plain foreland basin does not result from a lack 

of sediment supply; rather, it is due to the 
efficiency of a transport system that redirects the 
majority of sediment to be deposited in the 
Ganga delta and Bengal fan. Consequently, the 
Ganga Plain foreland basin is considered a 
mature, underfilled basin, marked by an excess 
of sediment and ongoing sedimentation through 
fluvial processes. During the Plio-Pleistocene 
period, substantial sediment fluxes, along with 
reduced asymmetric subsidence and uplift in the 
proximal foreland, caused the progradation of 
drainage systems and the displacement of the 
master stream (Ganga River) to the edge of the 
current foreland basin. 
 

2. MATERIALS AND METHODS 
 
The present study assesses the detrital mineral 
composition of ox-bow lake sediments, 
specifically focusing on the quantitative and 
qualitative evaluation of sand through the 
examination of 28 thin sections within the study 
area. Samples were collected from various 
locations, including 3 from Kumraua, 4 from 
Pachlana, 9 from Daryaoganj and 3 from Kisaul. 
These selections were made to ascertain the 
modal composition and other petrographic 
characteristics of the sand samples. For 
quantitative analysis, a consistent count of 
approximately 200-300 grains per slide was 
conducted to ensure uniform coverage of thin 
sections. Identification of K-feldspar grains was 
achieved by staining with a cobaltinitrite solution. 
The terminology employed for describing 
different types of quartz and other framework 
elements follows [68,30]. All grain parameter 
data were compiled and recalculated to 100% for 
various compositional diagrams, using a specific 
ternary diagram for sandstone classification, 
Petro facies analysis, and interpretation of the 
paleotectonic setting of the provenance. This 
methodology follows the approaches outlined by 
[14,2,33]. To understand the paleoclimatic 
conditions of the provenance, grain parameter 
ratios and groupings were determined using 
several bivariant log/log plots, as described by 
Suttner et al. [23]. According to Fuchtbauer [69], 
the relative abundance of heavy mineral species 
is size-dependent. It is postulated that the size 
fraction finer than the modal category records the 
highest concentration of heavy minerals [70]. 
Consequently, in this study, sediments classified 
finer than the modal class were selected for 
heavy mineral analysis, employing [71] approach 
for heavy mineral separation. For the heavy 
mineral analysis of sediments samples were 
subjected to processing. Bromoform was used as  
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Fig. 1. Simplified map of Gangetic plain (modified from Singh, 1996) showing sampling sites 
ox-bow lakes 

 
the heavy liquid to separate the dense minerals 
from the sand fraction in a separating funnel. The 
separated samples were then collected for 
petrographic analysis in thin sections. 
 

3. RESULTS AND DISCUSSION 
 
3.1 Detrital Mineral Composition  
 
The studied sand samples are primarily 
comprised quartz, followed by sedimentary and 
metamorphic rock fragments, feldspar, micas, 
and heavy minerals. The average composition of 
detrital minerals in the ox-bow lake are 
monocrystalline quartz (82.64%), polycrystalline 
quartz (3.59%), rock fragment (9.70%), feldspar 
(1.90%) mica (1.69) and heavy minerals (0.48%) 
showed in following (Table 1). 
 
3.1.1 Quartz(Q) 
 
Quartz is the predominant constituent, and its 
variations have been classified according to Folk 

[30] scheme. The majority of quartz grains are 
monocrystalline, accompanied by some 
polycrystalline grains. In the ox-bow lake, the 
quartz content ranges from (Qm, 71.81%-
89.46%, with an avg. of 82.64%, and Qp, 0.28%-
6.56%, avg. 3.59%). Monocrystalline quartz 
typically exhibits undulatory extinction. 
Polycrystalline quartz grains display both sharp 
and sutured intracrystalline boundaries in all 
sediment samples from the lakes. 
 
3.1.2 Feldspar(F) 
 
The detrital feldspar, occurring in small amounts, 
comprises both fresh and altered varieties. In the 
ox-bow lake sediments, two varieties of feldspar 
have been identified based on their abundance: 
K-Feldspar (microcline-orthoclase) and 
plagioclase (Table. 2). Their ranges in the ox-
bow lake are (Plagioclase, 0%-2.25%, avg. 
0.58%, and K-Feldspar, 0.02%-3.08%, avg. 
1.32%). Most plagioclase grains are colorless 
and appear grey in cross-nicols. They exshibit a 
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prismatic outline, appearing angular to 
subrounded. Different twinning laws are                    
evident in the plagioclase. Microclines                   
manifest as prismatic and rounded                          
broken grains, representing cross-hatch      

twinning. Altered feldspars (plagioclase                       
and microcline) exhibit a dusty appearance        
under plain-polarized light, and their                
interference colors range in shades of grey and 
brown. 

 
Table 1. Grain Parameters used in the modal analysis after [14,2,33,72] 

 

A Quartzose Grains Qt=(Qm+Qp) 

Qt= Total quartz grain 
Qm=Mono-crystalline quartz grain 
Qp=Poly-crystalline quartz grain 

B Feldspar Grains F=(P+K) 
F=Total feldspar grain 
P=Plagioclase feldspar grain 
K=Potash Feldspar 

C Unstable Lithic fragments L=(Lv+Ls) 
L=Total unstable lithic fragments 
Lv=Volcanic/metavolcanic lithic-fragments 

B Total Lithic Fragments Ls= Sedimentary/metasedimentary lithic fragments 
Lt=(L+Qp) 
Lc=Extra basinal detrital limeclasts (not included in L or Lt) 

 

 
 
Fig. 2.  Photos of selected petrographic slides of ox-bow lake sediments showing. (A&C) Rock 

fragments, (B) Common quartz, (C), (D) Microcline grain, and Biotite (E&F) stretched 
metamorphic quartz 
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3.1.3 Rock fragments (Lt) 
 
Sedimentary and metamorphic rock fragments 
exhibit sparse distribution in ox-bow lake 
sediments. The concentration of rock fragments 
in ox-bow lake sediments ranges from (4.68%-
14.91%, avg. 9.07%). Quartzite and schist 
emerge as the most prevalent types of rock 
fragments in the studied sands, with some 
recorded fragments of gneiss and phyllite. 
Sedimentary rock fragments encompass chert, 
sandstone, limestone, and siltstone, displaying a 
subrounded to well-rounded shape, comparable 
in size to surrounding quartz grains. Rock 
fragments are present in varying proportions 
within the sediments of the ox-bow lake. 
 
3.1.4 Accessory minerals 
 
In addition to the principal mineral components 
several accessory minerals such as Mica (Biotite, 

Muscovite) grains are present in minimal 
amounts in all the sediment samples of the ox-
bow lake. In ox-bow lake sediments sample their 
percentage ranges from (1.01%-2.50%, with an 
avg. of 1.69%). Both muscovite and                         
biotite manifest as tiny to large elongate                 
flakes with frayed ends. These flakes 
occasionally exhibit mechanical deformation, 
likely caused by pressure from accompanying 
quartz grains. Biotite grains typically display a 
yellowish-brown color. These minerals are 
derived primarily from metamorphic rocks, with 
occasional contributions from plutonic and, 
rarely, volcanic rocks. Muscovite exhibits                 
greater chemical stability compared to biotite. 
Generally, the abundance of micas in                 
sediments suggests a metamorphic provenance. 
The presence of micas in the ox-bow                         
lake sediments indicates their likely derivation 
from sources such as granites, pegmatites, or 
schist. 

 

 
 

Fig. 3. Field photographs from the ox-bow lake of Ganga plain with significant importance, 
such as: (A&B) Planar stratification; (C&D) showing large scale planar cross stratification 
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Table 2. Percentage of mineralogical composition of the ox-bow lake sediments. Legends: Qm-
Monocrystalline Quartz, Qp-Polycrystalline Quartz, RF-Rock Fragment, K-Feldspar (Orthoclase 

and or Microcline), KM-Kumraua, PH-Pachlana, DG-Daryaoganj, KS-Kisaul 
 

S.No. Sample 
No. 

Qm Qp Mica RF Feldspar Heavy 
Minerals 

Plagioclase. K-Felds.  

1 KM1 80.47 3.46 1.24 12.03 0.50 1.95 0.35 
2 KM2 80.50 6.32 1.09 10.09 0.40 1.00 0.61 
3 KM3 83.53 1.98 1.57 12.71 - 0.02 0.19 
4 PH1 85.30 2.39 2.18 8.88 - 0.63 0.62 
5 PH2 86.05 5.68 2.50 4.68 - 0.87 0.22 
6 PH3 84.61 6.19 2.11 5.40 - 0.86 0.82 
7 PH4 85.39 3.34 2.14 5.80 0.58 1.82 0.93 
8 DG1 83.33 1.22 2.04 9.48 1.21 2.28 0.44 
9 DG2 84.03 2.46 2.34 9.21 0.36 1.00 0.60 
10 DG3 89.46 1.45 1.29 6.18 - 1.23 0.38 
11 DG4 84.83 3.44 1.82 8.89 - 0.77 0.27 
12 DG5 85.69 0.28 1.01 12.08 - 0.35 0.60 
13 DG6 82.95 1.98 1.24 10.24 0.94 2.12 0.52 
14 DG7 77.50 3.56 1.03 16.19 - 1.09 0.63 
15 DG8 79.20 4.67 1.61 9.80 2.25 2.29 0.18 
16 DG9 79.23 5.38 1.20 11.87 0.58 1.09 0.66 
17 KS1 85.33 3.22 2.09 8.80 - 0.19 0.38 
18 KS2 81.00 4.68 2.41 7.01 2.10 2.40 0.39 
19 KS3 71.81 6.54 1.22 14.91 2.12 3.08 0.32 

Average 82.64 3.59 1.69 9.70 0.58 1.32 0.48 

 
3.1.5 Heavy minerals 
 

The heavy minerals that have been separated 
are calculated as a percentage of each sample. 
Each thin section contained between 22 and 80 
detrital heavy mineral grains, which were 
counted manually under the microscope to 
determine the percentage of individual heavy 
minerals. The heavy mineral species in ox-bow 
lake sediments are Tourmaline, Garnet, Chlorite, 
Opaque, Zircon, Kyanite, Sillimanite, Tremolite 
Actinolite, Staurolite, Hornblende, Biotite, Zoisite, 
Andalusite, Topaz, corundum and Rutile are 
among the heavy mineral suites found in the ox-
bow lake sediments. The diagnostic properties of 
the heavy mineral assemblages are summarized 
below.  
 

Tourmaline: Tourmaline is the most abundant 
heavy mineral in the sediments sample. The 
tourmaline abundance in various ox-bow lake 
sediments is as 30.56% (Mirpur), 30.54% 
(Kumraua), and 26.15% (Pachlana), 29.34% 
(Daryaoganj). Tourmaline variants in brown, 
green, and greenish brown colors are 
widespread in studied sands. The majority of the 
grains are prismatic, although there are some 
subrounded to well-rounded grains (Plate-III). 
Tourmaline is highly pleochroic, with striations 
and show parallel extinction. 

Garnet: Garnet is also present in ox-bow lake 
sediments. The Garnet abundance in ox-bow 
lake sediments is as 6.81% (Mirpur), 8.02% 
(Kumraua), 9.73% (Pachlana), 7.32% 
(Daryaoganj). Dark brown colour garnet variety is 
widespread in studied sands. Most grains are 
roughly equidimensional marked with the 
fractures on the surface (Plate II- j). Grains are 
mostly angular to subrounded. 
 

Chlorite: Chlorite is heavy mineral occur in 
minor amount in the ox-bow lake sediments. The 
abundance of chlorite in ox-bow lake is as 1.20% 
(Mirpur), 1.14% (Kumraua), and 1.39% 
(Pachlana), 1.42% (Daryaoganj). It appears as 
flake that are flat, rounded, or irregular. The 
grains range in colour from pale green to dark 
green, with black spots and blue polarization 
(Plate II-g-h). 
 

Opaque: The opaque is abundant heavy mineral 
of sediments. The abundance of chlorite in ox-
bow lake is as 31.67% (Mirpur), 30.22% 
(Kumraua), 33.11% (Pachlana) and 31.91% 
(Daryaoganj). The opaque black grains are 
angular to subrounded (Plate IV- n). 
 

Zircon: Zircon is also present in ox-bow lake 
sediments. The abundance of zircon in ox-bow 
lake 2.37% (Mirpur), 1.49% (Kumraua), 2.18% 
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(Pachlana), 1.79% (Daryaoganj). Zircon grains 
have angular to subrounded boundaries and are 
pyramidal in form. Colorless, pink, and pale-
yellow zircon is the most prevalent in the ox-bow 
lake sediments. Inclusions of opaque minerals 
are present (Plate V-x-y). 
 
Kyanite: Kyanite is found sediments sample. 
The abundance of kyanite in ox-bow lake is as 
2.72% (Mirpur), 5.11% (Kumraua), 2.46% 
(Pachlana) and 4.76% (Daryaoganj). Only the 
colorless type of kyanite was found in the 
examined sediments. The grains range from 
angular to subrounded and elongated, having 
rectangular outlines (PlateII-l). 
 
Sillimanite: Sillimanite is heavy mineral present 
in sediment deposits. The abundance of 
sillimanite in ox-bow lake is as 1.46% (Mirpur), 
1.22% (Kumraua), 1.10% (Pachlana) and 1.95% 
(Daryaoganj). The dominant variety is colorless, 
followed by a green variety. The grains appear 
as thin prisms or fibrous having fractured or 
uneven terminations. The grains are generally 
subangular to subrounded (Plate IV- o-p). 
 
Staurolite: Staurolite is less abundant heavy 
mineral of sediments ox-bow lake. The 
abundance of staurolite in the ox-bow lake is as 
1.38% (Mirpur), 1.85% (Kumraua), 3.40% 
(Pachlana) and 2.93% (Daryaoganj). One variety 
have been identified straw yellow (dominant) and 
brownish yellow. The grains are irregular, 
subangular to subrounded in shape (Plate IV-q). 
 
Actinolite/tremolite: Actinolite/tromolite are 
found in minor amounts of sediment deposits. 
The abundance of actinolite/Tremolite in the ox-
bow lake is as 1.14% (Mirpur), 2.89% (Kumraua), 
and 2.30% (Pachlana) and 1.32% (Daryaoganj). 
Tremolite is dark-brown whereas actinolite is 
colorless in the ox-bow lake sediments. The 
grains are often irregular prismatic. The granules 
of actinolite/tremolite are fibrous in form (Plate V-
w-z). 
 
Hornblende: Hornblende is present in the ox-
bow lake sediments. The abundance of 
hornblende in the ox-bow lake is as 4.07% 
(Mirpur), 2.45% (Kumraua), and 3.30% 
(Pachlana) and 2.89% (Daryaoganj). Hornblende 
shows a characteristic green color. Usually, the 
grains are elongate and irregularly terminated 
(Plate II-k). 
 
Biotite: Biotite is an abundant heavy mineral of 
ox-bow lake deposits. The abundance of biotite 

in the ox-bow lake is as 5.32% (Mirpur), 5.40% 
(Kumraua), 1.84% (Pachlana) and 4.63% 
(Daryaoganj). Biotite grains are prismatic or 
flakes with irregular outlines. Pale brown color 
variety of biotite is common (Plate I-c). 
 
Apatite: Apatite is less abundant heavy mineral 
of ox-bow lake sediments. The abundance of 
apatite in the ox-bow lake sediments is as 1.80% 
(Mirpur), 1.43% (Kumraua), 2.49% (Pachlana) 
and 2.05% (Daryaoganj). Colorless apatite grains 
are hexagonal and slightly worn elongated 
prismatic crystal (Plate I-d-e-f). 
 
Zoisite: Zoisite is also observed in the lake 
sediments. The modal percentage of zoisite is as 
2.40% (Mirpur), 2.42% (Kumraua), 2.92% 
(Pachlana) and 1.13% (Daryaoganj) in the ox-
bow lake sediments. Colorless variety is common 
(Plate IV-m). 
 
Andalusite: Andalusite is present in sediments 
of the study area. The percentage varies in ox-
bow lake sediments is as 2.50% (Mirpur), 2.26% 
(Kumraua), and 1.15% (Pachlana) and 1.86% 
(Daryaoganj). Grean and dark green variety are 
common. Andalusite is angular occasionally 
prismatic, subrounded and rarely well rounded 
(Plate I-a-b). 
 
Corundum: Corundum is also present in the 
sediments. The percentage varies in the ox-bow 
lake sediments is as 1.14% (Mirpur), 1.49% 
(Kumraua), and 2.30% (Pachlana) and 2.18% 
(Daryaoganj). Colorless variety is common. 
Inhomogeneous color distribution is 
characteristic. Grains are generally irregular, 
angular, subrounded and occasionally well 
rounded (Plate II-I). 
 
Topaz: The Topaz abundance is in the ox-bow 
lake sediments is as 1.46% (Mirpur), 1.01% 
(Kumraua), 1.84% (Pachlana) and 1.38% 
(Daryaoganj). Most detrital grains are colorless 
with a noticeable bluish-white tinge, but pale-
coloured yellow, pink, red and blue grains are 
also reported (Plate IV-r). 
 
Rutile: Rutile is abundant heavy mineral in the 
sediments of ox-bow lake deposits. Its 
abundance in the ox-bow lake sediments is as 
3.92% (Mirpur), 2.97% (Kumraua), 3.22% 
(Pachlana) and 4.61% (Daryaoganj). They occur 
in minor amount brownish red to yellow varieties 
are commonly present. Grains are generally 
angular to subrounded. Elongated prismatic 
forms also occur with rounded pyramidal ends. 
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Rutile grains show high relief, central part is 
characterized by blood red color and border is 
dark (Plate III-v1). 
 
Heavy minerals play a crucial role in determining 
provenance [73-79]. Their shapes and roundness 
serve as sensitive indicators of abrasion 
intensity, reflecting the nature of the transport 
route, distance, agency, and its intensity. 
Additionally, specific suites or assemblages of 
heavy minerals align with source rocks and their 
habitats [41,69,80]. The presence of various 
heavy mineral species in the ox-bow lake 
sediments of the Indo-Gangetic Plain suggests 
that these sediments originated from a diverse 
array of source rocks. Tourmaline emerges as 
the dominant heavy mineral, exhibiting various 
colors. Brown and blue tourmaline varieties likely 
originated in pegmatites, while the green variety 
has roots in granitic rocks [3]. Moreover, rounded 

tourmaline seems to have been derived from a 
pre-existing sedimentary source, indicating 
multiple transportation cycles. The presence of 
kyanite-sillimanite in these sediments suggests 
the weathering contribution of kyanite-sillimanite-
bearing high-grade metamorphic rocks in the 
source terrain. Colorless garnet may have 
originated from schists, light pink garnet from 
acid igneous rocks like granite, and brownish 
garnet from igneous metamorphic rocks such as 
crystalline gneisses and schists. Zircon likely 
came from crystalline igneous and metaigneous 
rocks, and apatite from acid igneous rocks and 
pegmatites [81]. Andalusite forms in meta-
argillaceous rocks in the contact aureoles around 
igneous intrusions. Topaz primarily forms in 
granite pegmatite and gneisses. Corundum is 
found in various rock types, particularly in Al-rich, 
Si-poor rocks, such as syenites, quartz-free 
pegmatites, mica, or chlorite schists.  

 

 
 

Fig. 4. Heavy mineral assemblage in ox-bow lake sediments of Ganga alluvial plain (Plate I-V) 
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3.2 Classification of the Sediments 
 
To classify the sediments under study using Folk 
[30] method, all major components were 
recalculated to 100 percent, and are plotted in Q-
F-L ternary diagram (Fig. 5). The average 

composition of framework grains of the ox-bow 
lake is as follows. Quartz-88.16%, Feldspar-
1.94% and Rock fragments-9.90% Table (3). All 
the sediments samples of ox-bow lake plotted 
near the Q pole, in the sublitharenites field          
(Fig. 5). 

 
Table 3. Percentage of framework modes of the ox-bow lake sediments. Legends: Q=Quartz, 

F= Feldspar, L= Lithic fragments. KM-Kumraua, PH-Pachlana, DG-Daryaoganj, KS-Kisaul 
 

Sample No. Q F L 

KM1 85.29 2.49 12.23 
KM2 88.32 1.42 10.26 
KM3 87.04 0.02 12.94 
PH1 90.22 0.64 9.14 
PH2 94.29 0.90 4.81 
PH3 93.55 0.89 5.57 
PH4 91.54 2.47 5.99 
DG1 86.70 3.58 9.72 
DG2 89.11 1.40 9.49 
DG3 92.46 1.25 6.28 
DG4 90.15 0.78 9.07 
DG5 87.38 0.35 12.27 
DG6 86.46 3.12 10.43 
DG7 82.43 1.11 16.47 
DG8 85.40 4.62 9.98 
DG9 86.21 1.70 12.09 
KS1 90.79 0.19 9.02 
KS2 88.16 4.63 7.21 
KS3 79.57 5.28 15.14 
Average 88.16 1.94 9.90 

 

 
 

Fig. 5. Folk’s Q-F-L diagram for sediments of ox-bow lake of Ganga alluvial plain classifying 
them as sub-lith arenite. Legends: Q- (all forms of quartz, including common quartz, 

recrystallized metamorphic quartz, stretched metamorphic quartz, and reworked sedimentary 
quartz), F-All feldspars (Plagioclase, orthoclase, Microcline) L- All forms of fragments  

(rock including chert) 
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Table 4. Recalculated detrital modes of the ox-bow lake sediments based on [16]. Legends: KM-Kumraua, PH-Pachlana, DG-Daryaoganj, KS-Kisaul 
 

S.No Sample. No Qt F L Qm F Lt Qp Lv Ls Qm P K Q/R Q/F Qp/F+L Qt/F+L 

1 KM-S1 85.29 2.49 12.23 81.77 2.49 15.74 25.95 0 74.05 97.05 0.6 2.35 6.98 34.31 1.76 5.80 
2 KM-S2 88.32 1.42 10.26 81.89 1.42 16.69 42.51 0 57.49 98.29 0.49 1.22 8.61 62.16 3.64 7.56 
3 KM-S3 87.04 0.02 12.94 85.02 0.02 14.96 14.92 0 85.08 99.98 0 0.02 6.73 4338.50 1.15 6.72 
4 PH-S1 90.22 0.64 9.14 87.76 0.64 11.6 21.2 0 78.8 99.27 0 0.73 9.87 140.08 2.17 9.22 
5 PH-S2 94.29 0.9 4.81 88.45 0.9 10.65 54.82 0 45.18 99 0 1 19.60 105.27 9.61 16.52 
6 PH-S3 93.55 0.89 5.57 87.17 0.89 11.94 53.39 0 46.61 98.99 0 1.01 16.80 105.41 8.27 14.49 
7 PH-S4 91.54 2.47 5.99 88.09 2.47 9.43 36.53 0 63.47 97.27 0.66 2.07 15.29 37.01 4.32 10.82 
8 DG-S1 86.7 3.58 9.72 85.45 3.58 10.97 11.4 0 88.6 95.98 1.39 2.62 8.92 24.24 0.86 6.52 
9 DG-S2 89.11 1.4 9.49 86.58 1.4 12.02 21.08 0 78.92 98.41 0.42 1.17 9.39 63.72 1.94 8.19 
10 DG-S3 92.46 1.25 6.28 90.99 1.25 7.76 19.01 0 80.99 98.64 0 1.36 14.71 73.69 2.52 12.26 
11 DG-S4 90.15 0.78 9.07 86.63 0.78 12.59 27.91 0 72.09 99.11 0 0.89 9.93 115.60 2.83 9.15 
12 DG-S5 87.38 0.35 12.27 87.09 0.35 12.56 2.53 0 97.47 99.6 0 0.4 7.12 249.85 0.20 6.92 
13 DG-S6 86.46 3.12 10.43 84.44 3.12 12.44 17.37 0 82.63 96.44 1.09 2.47 8.29 27.74 1.28 6.38 
14 DG-S7 82.43 1.11 16.47 78.81 1.11 20.09 19.66 0 80.34 98.61 0 1.39 5.01 74.45 1.12 4.69 
15 DG-S8 85.4 4.62 9.98 80.65 4.62 14.73 32.28 0 67.72 94.58 2.69 2.73 8.56 18.49 2.21 5.85 
16 DG-S9 86.21 1.7 12.09 80.73 1.7 17.57 32.67 0 67.33 97.94 0.72 1.35 7.13 50.67 2.37 6.25 
17 KS-S1 90.79 0.19 9.02 87.48 0.19 12.33 26.78 0 73.22 99.78 0 0.22 10.06 477.73 2.91 9.85 
18 KS-S2 88.16 4.63 7.21 83.34 4.63 12.03 40.03 0 59.97 94.74 2.46 2.81 12.22 19.04 3.38 7.44 
19 KS-S3 79.57 5.28 15.14 72.93 5.28 21.79 33.76 0 66.24 93.25 2.75 4 5.25 15.06 1.65 3.90 

Average 88.16 1.94 9.9 84.49 1.94 13.57 28.1 0 71.9 97.73 0.7 1.57 10.02 317.53 2.85 8.34 
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3.3 Paleoclimate 
 
Detrital methodology has also been used to 
depict the paleoclimate that prevailed at the time 
of deposition. Sedimentary processes, along with 
paleoclimate, tectonics, and modes of 
transportation, significantly affect the composition 
of the sandstone and its depositional basin [23]. 
Along with Suttner et al. [23,82] also provided 
confirming opinions on the paleoclimatic history. 
Therefore, the detrital were recalculated in terms 
of Qp/(F+L) and Qt/(F+L) and studied by plotting 
on the bivariant log/log graph [23], which is the 
most prominent way to investigate paleoclimatic 
conditions. The area on this graph is primarily 
used to depict the prevailing climatic conditions 
at the time of sediments deposition. The 
Qp/(F+L) ratio of the ox-bow lake sediments 
ranges from 0.20% to 9.61% (average 2.85%), 
while the Qt/(F+L) ratio of the sediments ranges 
from 3.90% to 16.52% (average 8.34%). This 
plot clearly shows that the sediments of ox-bow 
lake was derived from the provenance area 
under semi humid to humid climatic conditions 
(Fig. 6A). In order to ascertain the relief and the 
paleoclimate of the source region,[82] provided 
certain semi-quantitative weathering indices. The 
sediments of ox-bow lake have low to moderate 
weathering indices ranging from 1 to 2, as shown 
in the bivariate plot of Log Q/F and Log Q/L (Fig. 
6B). These indices indicate that the sediments 
are mainly derived from moderate terrain (hilly) 
platforms under a temperate sub-humid to 
tropical humid climate. 
 

3.4 Petro Facies and Tectono-Provenance 
 
For this present study, four triangular diagrams 
proposed by Dickinson [16] have been utilized, 
namely Qt-F-L, Qm-F-Lt, Qp-Lv-Ls, and Qm-P-K 
(Fig. 7,8,9 &10). Both the Qt-F-L plots and the 
Qm-F-Lt plots represent full grain populations but 
with different concentrations. The Qt-F-L diagram 
highlights provenance, relief, weathering, and 
transport mechanisms, as well as source rock 
characteristics based on total quartzose, 
feldspathic, and lithic components. In this 
diagram, the data from ox-bow lake sediments 
are mostly plotted in the recycled orogen 
provenance field (Fig.7), indicating that they are 
derived from metasedimentary and sedimentary 
rocks deposited along former passive continental 
margins [14,16]. A few samples fall into the 
continental block provenance, indicating 
contributions from the craton interior with 
basement uplift. To emphasize the source rocks, 
all unstable-lithic fragments, including 

polycrystalline quartz, are represented as Lt in 
the Qm-F-Lt diagram. The sediments sample 
data are plotted in both the recycled orogen and 
craton interior in this diagram (Fig. 8). Because 
the amount of polycrystalline quartz tends to 
decrease due to recycling and weathering, the 
ratio of monocrystalline quartz to polycrystalline 
quartz represents the history of sediments and 
sedimentary rocks [22]. The Qp-Lv-Ls triangular 
plot, based on the rock fragment population, 
displays the polyminerallic component of the 
source region and provides a more refined image 
of the tectonic elements. The Qp-Lv-Ls triangular 
plot emphasizes the type of the orogenic 
environment from which the detritus was derived 
[16]. According to Graham et al. [83,84], the Qp-
Lv-Ls triangular plot is a useful tool for 
distinguishing detrital modes of suture belts from 
magmatic arcs and rifted continental margins. 
The studied data fall into a collision suture and 
fold thrust belt setting (Fig. 9), reflecting little or 
no contribution from the volcanic source. The 
Qm-P-K plot demonstrates that ox-bow lake 
sediments received contributions from the 
continental block basement uplift provenance 
(Fig.10) and is reflected in mineralogical maturity 
of the sediments and stability of the source area. 
 

3.5 XRD Analysis of Ox-Bow Lake 
Sediments of Ganga Alluvial Plain  

 

Ten samples were analyzed by XRD (Shimadzu 
LabX 6100 diffractometer) at the Physics 
Department of Aligarh Muslim University, from 
Daryaoganj, Kisual, Kumraua and Mirpur 
localities. The XRD analysis reveals that quartz 
is the major constituent followed by plagioclase 
in all the samples. The clay minerals are present 
in variably proportions. Nevertheless, there 
appears a crude pattern of clay mineral 
abundance in the samples of different localities 
as kaolinite-illite-chlorite in descending order 
(Table.5). Kisaul ox-bow lake sediments possess 
maximum quartz content (51.70%) but minimum 
plagioclase (8.33%) and Kaolinite (19.20%) 
whereas Kumraua ox-bow lake sediments show 
opposite concentrations of these minerals. 
Daryaoganj samples are devoid of chlorite 
mineral (Fig.11). 
 

Potter [85] gave the probable combination of clay 
minerals originating from different rock types in 
different tectonic conditions (Table.6). On the 
basis of the clay mineral contents obtained from 
XRD (Quartz-Kaolinite-Illite-Chlorite) analysis, 
the sediments of ox-bow lake appear to have 
received detritus from craton interior and 
basement uplift. The clay mineral abundance 
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endorses the interpretation arrived out from 
Petro-facies plots (Fig.7,8,9&10) for the 

provenance and tectonic setting of ox-bow lake 
sediments. 
  

 
 

Fig. 6. (A) Bivariant log/log plot of Qp/(F+R) against Qt/(F+R) after [23]. (B) Bivariant log-ratio 
plot of Q/F against Q/R after [82]. Field 1-4 refers to the semi-quantitative weathering indices 

defined on the basis of relief and climate 
 

 
 

Fig. 7. Qt-F-L plot for ox-bow lake sediments of Ganga alluvial plain 
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Fig. 8. Qm-F-Lt plot for ox-bow lake sediments of Ganga alluvial plain 
 

 
 

Fig. 9. Qp-Lv-Ls plot for ox-bow lake sediments of Ganga alluvial plain 
 

 
 

Fig. 10. Qm-P-K plot for ox-bow lake sediment of Ganga alluvial plain 
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Fig. 11. XRD profiles of the finer sediments of ox-bow lake samples 
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Table 5. Results of XRD analysis of ox-bow lake (OL) sediments in wt % 
 

Location/Minerals Quartz Plagioclase Kaolinite Illite Chlorite 

Daryaoganj (OL) 47.20 13.50 26.20 13.10 0.00 
Kumraua (OL) 40.00 10.00 30.00 15.00 5.00 
Mirpur (OL) 46.00 12.00 24.00 12.00 6.00 
Kisaul (OL) 51.70 8.30 19.20 15.00 5.80 

 
Table 6. Clay mineral assemblages, provenance and tectonic setting after [85] 

 

Tectonic Setting Moderate Weathering Strong weathering 

Igneous Rocks 

Plateau basalts Fe oxides, smectite, little sand Fe oxides, some smectite with 
kaolinite and gibbsite 

Island arcs Smectite with volcaniclastic sands Smectite and kaolinite with 
volcaniclastic sands 

Continent-margin 
arcs 

Smectite and illite with quartzo- 
feldspathic and volcaniclastic sands 

Smectite, illite and kaolinite with 
quartz feldspathic and 
volcaniclastic sands 

Basement uplifts Illite with quartzo feldspathic sand Kaolinite with quartzose sands 

Sedimentary Rocks 

Fold-thrust belts & 
strike-slip terrenes 

Recycled illite, chlorite, kaolinite plus 
some new smectite; quartzofeldspathic 
sands 

Recycled illite, chlorite, kaolinite 
plus abundant new kaolinite; 
quartzose sands 

Craton interiors Recycled illite, chlorite and kaolinite; 
quartzofeldspathic sand 

Recycled illite, chlorite and 
kaolinite plus abundant new 
kaolinite; quartzose sands 

Metamorphic Rocks 

Mountain belts Recycled chlorite, muscovite, illite; 
quartzofeldspathic sands 

Recycled chlorite, muscovite, illite 
with new kaolinite; quartzose 
sands 

Precambrian shields Recycled muscovite, illite; quartzo-
feldspathic sands 

Recycled muscovite, illite with new 
kaolinite; quartzose sands 

 

4. CONCLUSION  
 
With the current effort, we now have a better 
understanding of the petrography, Petro facies, 
paleoclimate, provenance and tectonic setting of 
the sediments of ox-bow lake of Ganga plain. 
The main conclusions that have been 
established are as follows: In this study, the 
detrital minerals found in sediments from ox-bow 
lake were analyzed to determine their origin. To 
interpret the provenance of these minerals, 
triangular diagrams proposed by Dickinson [16], 
namely Qt-F-L, Qm-F-Lt, Qp-Lv-Ls, and Qm-P-K, 
were employed. Both the Qt-F-L and Qm-F-Lt 
plots depict complete grain populations, but with 
distinct emphases. The Qp-Lv-Ls and Qm-P-K 
plots, on the other hand, exhibit partial grain 
populations while revealing the characteristics of 
polycrystalline and monocrystalline components 
of the framework, respectively. The Qt-F-L 
diagram, which places emphasis on factors 
influenced by provenance, relief, weathering, and 

transport mechanisms, is constructed based on 
the overall content of quartzose, feldspar, and 
lithic components. According to Folk [30] the ox-
bow lake sediments are mainly fall in 
sublitharenites field. The dominant constituents 
of the framework grains are primarily quartz, 
followed by rock fragments, feldspar, mica, and 
heavy minerals. The majority of the quartz grains 
are monocrystalline, while the remaining are 
polycrystalline. Monocrystalline quartz commonly 
exhibits undulatory extinctions, whereas 
polycrystalline quartz grains display both distinct 
and suture intercrystallite boundaries. The 
feldspar category comprises both fresh and 
altered varieties, including plagioclase and 
microcline. Additionally, the presence of biotite, 
as well as large flakes of muscovite and mica, 
has been observed. Within the rock fragments, 
various types such as quartzite, schist, gneiss, 
phyllite, chert, sandstone, limestone, and 
siltstone can be found. The plot of the 
recalculated values indicates that the majority of 
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the sediments sample from the ox-bow lake fall 
within the recycled orogen provenance field. This 
suggests that these sediments are derived from 
metasedimentary and sedimentary rocks that 
were initially deposited along former passive 
continental margins. In the Qm-F-Lt diagram, all 
unstable lithic fragments, including the 
polycrystalline quartz, are combined and plotted 
as Lt to highlight the source rocks. In this 
diagram, the sample data can be observed to 
plot within both the recycled orogen and craton 
interior fields. The Qp-Lv-Ls triangular plot, which 
is focused on the population of rock fragments, 
provides insight into the polymineralic 
components of the source region and offers a 
more detailed understanding of tectonic 
elements. It allows for a clearer and more refined 
depiction of the tectonic characteristics and 
composition of the source materials. The 
analyzed data indicates that it falls within the 
settings of a collisional suture and fold thrust belt 
source suggesting that there is no contribution 
from a volcanic source. The Qm-P-K plot reveals 
that all the sediment contributions in the data 
originate from the uplifted continental block 
basement, indicating a provenance characterized 
by mineralogical maturity and the stability of the 
source area. The ox-bow lake petrofacies 
indicate their derivation from cratonic interiors, as 
well as recycled orogenic and quartzose recycled 
provenances, under semi-humid to humid 
climatic conditions. The clay mineral abundance 
endorses the interpretation arrived out from 
petrofacies plots for the provenance and tectonic 
setting of ox-bow lake sediments. The heavy 
minerals encompass a range of minerals such as 
tourmaline, garnet, opaques, zircon, kyanite, 
andalusite, sillimanite, staurolite, epidote, 
actinolite/tremolite, hornblende, biotite, rutile, 
muscovite, chlorite, apatite, corundum and 
zoisite. The presence of various heavy mineral 
species in the ox-bow lake sediments of the 
Ganga plain suggests that these sediments 
originated from a diverse array of source rocks. 
Tourmaline emerges as the dominant heavy 
mineral, exhibiting various colors. Brown and 
blue tourmaline varieties likely originated in 
pegmatites, while the green variety has roots in 
granitic rocks [3]. Moreover, rounded tourmaline 
seems to have been derived from a pre-existing 
sedimentary source, indicating multiple 
transportation cycles. The presence of kyanite-
sillimanite in these sediments suggests the 
weathering contribution of kyanite-sillimanite-
bearing high-grade metamorphic rocks in the 
source terrain. Colorless garnet may have 
originated from schists, light pink garnet from 

acid igneous rocks like granite, and brownish 
garnet from igneous metamorphic rocks such as 
crystalline gneisses and schists. Zircon likely 
came from crystalline igneous and metaigneous 
rocks, and apatite from acid igneous rocks and 
pegmatites. In the contact aureoles around 
igneous intrusions in meta-argillaceous rocks, 
andalusite crystallizes. Gneisses and pegmatite 
granite are the main places where topaz forms. 
Corundum is present in a variety of rock types, 
but is most common in Al-rich, Si-poor rocks like 
mica, chlorite schists, syenites, and quartz free 
pegmatites.  
 

The preceding discussion on heavy minerals 
suggests that the sediments in ox-bow lake 
originated from a diverse mixture of acid and 
basic igneous rocks and low to high-grade 
metamorphic rocks. The well-rounded shape of 
tourmaline indicates its origin from a sedimentary 
source. The Ganga River, the transporting agent 
of these sediments, flows through regions of the 
western and central Himalaya composed of 
granites, gneisses, schists, with a minor 
component of volcanics and metamorphosed 
limestone from the Cambrian and Upper 
Precambrian ages. In addition to Precambrian 
slates and phyllite, limestone and shales are also 
widespread in large parts of the region situated 
north of the Ganga River. 
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