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                                   Abstract 
 The work provides a review of literature in SCI journals on the late Quaternary evolution of Himalaya and its foreland 

published during 2019–2023. Around 125 articles that are pulished on the subject highlight (i) role of basement tectonics 

on stratigraphy and seismicity of Ganga foreland (ii) how fl uvial aggradation and incision and formation of terraces can 

inform on neotectonic evolution of Himalaya (iii) past and present records of extreme hydrological events and mitigation 

(iv) soil quality and agricultural practices (v) long term stratigraphic records of ganga foreland using sedimentology and 

pedomorphology (iv) paleoclimate, paleoglaciation and Anthropocene. We classifi ed the total publications with respect to 

Geomorphology, sedimentology, palaeoclimate, neotectonics, liquefaction, Groundwater and fl oods, soils and agriculture 

and geochemistry. 
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      Introduction 

 The Himalaya and the Ganga foreland is one of the most 

dynamic mountains on the earth which was formed due to 

the collision of the Indian and Asian tectonic plates. The 

rivers that drain the Himalaya and its foreland and meet the 

deltas act as a conduit of tectono-climatic signals and dem-

onstrate strong connectivity between the source and the sink 

at various timescales.  Riverine terraces (both in the moun-

tains and forelad), large alluvial fans, small terminal fans, 

geomorphology, spatio-temporally diff erential pedogenic 

activities, sesimites, outcrop scale deformations archive 

these signals over time scales of ~ 100 ka. Several studies 

have been conducted on the Himalayan rivers in the last dec-

ade to understand their response to tectonoclimatic changes. 

These studies provided the timing and style of aggradation 

and degradation and the roles of climate, tectonics and sea-

level changes in shaping the landscape. In this article, works 

carried out in the Himalaya and the Ganga foreland since 

2019 on geomorphology, sedimentology, climate, tectonics, 

especially neotectonics, seismically triggered liquefaction, 

hydrology, fl oodings, soil and agriculture, and geochemistry 

are compiled and discussed. 

   Geomorphology 

 Geomorphology of the Ganga Plain informs the interplay of 

foreland geodynamics and climate varability where various 

geomorphic indices are applied to elucidate the landform 

evolution (Srivastava  2020 ; Sonam and Jain  2022 ). Singh 

and Sinha ( 2020 ), using multitemporal remote-sensing, 

studied the distribution, diversity, ecology aspects, hydro-

logical characteristics and evolution of fl oodplain and wet-

lands in the Bihar Plains. This study ascribed two processes 

that control the wetlands dynamics (i) river scouring and 

abandonment of the channel that provide negative relief at 

a regional scale, and (ii) erosional processes that modify 

fl uvial landscape into a wetland at a reach scale. Wetlands, 

unless protected, are a transient feature as a large rivers 

fl oodplains evolve. 

 Singh et al. ( 2020a ,  b ,  c ) studied spatio-temporal move-

ment of the Ganga River in the mid Ganga Plain using 

Remote Sensing in GIS platform and demonstrated evolu-

tion of fl uvial landscape and channel behavior at a decadal-

scale resolution and suggested that the Ganga River migrates 

due to changes in the sediment-water discharge, river width, 

sinuosity, braiding characteristics, and active tectonics. The 
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study suggested that Ganga River migrated at maxium rate 

of 0.09 km/year between 2010 and 2018 that lead to bank 

erosion, flooding and population exodus from the area. 

The channel sinuosity index varies from 1.28 to 1.33 with 

2.64 km on the left bank being the maximum shifts. The 

study indicated that an active fault pushed the Ganga River 

to fl ow against the regional slope in the northeast directon in 

a straight and narrow valley exhibiting distorted meanders. 

Patel and Pati ( 2022a ,  b ) using geomorphology, degree of 

surface pedogenesis and Ground Penetrating Radar (GPR) 

mapped paleochannels on the terminal fans of the Western 

Ganga Plain that are buried to the depth of 30 m. Further, a 

geomorphology based analysis provided a bearing on aban-

doned tracts and evolution of river Sutlej in Punjab Plain 

(Roy et al.  2021 ). 

 In Himalaya, focus has been on understanding the river 

responses to continuing tectonics and climate variability. At 

Srinagar in Alaknanda Valley, Garhwal Himalaya sequence 

of terraces were revisted and evidences for tectono-climatic 

controls on sedimentation over the past 80 ka were provided 

(Devrani et al.  2023 ). Analysis of geomorphic indices of 

drainage over Siwalik, south of Chitwan Doon of central 

Himalaya proposed a multi-staged evolution of Himalayan 

front and linkages to the activity along the Himalayan Fron-

tal thrust were explored (Divyadarshini and Singh  2019 ). 

In the Indus Suture Zone region, studies on terraces of the 

upper Zanskar valley suggested three climatically controlled 

aggradation phases between ~ 43–6 ka and Zircon U-Pb ages 

indicated that > 50% of fi ll sediments is sourced from the 

Higher Himalayan Crystalline located in the headwaters. 

The studies further implied that wider Padam valley cur-

rently stores 0.96 ± 0. 10  km 3  (Chahal et al.  2019 ).  Kumar 

et al. ( 2020a ) using clast geometries from the fi ll terraces 

of the Indus suggested that river incision and the formation 

of the terraces in the Indus took place in response to the 

peak fl ood discharges in the Early Holocene. In the monsoon 

dominated southern front of Himalaya studies are carried out 

in the upper Ganga and Indus catchment indicated climate 

controlled erosion and sediment aggradation (Joshi et al. 

 2022 ; Kaushik et al.  2023 ; Dey et al.  2022a ,  b ,  2023a ,  b ). 

In the Upper Chenab catchment, optically stimulated lumi-

nescence (OSL) chronology on valley fi ll terraces indicate 

massive aggradation between 20 and 10 ka where Sr-Nd iso-

topes based provenance fi ngerprinting on silt fractions and 

clast counts suggested a decreasing sediment fl ux from HHC 

as climate progresses towards post glacial warming (Dey 

et al.  2023a ,  b ). Further, in Dhauladhar ranges comparison of 

 10 Be-based modern river erosion rates to that derived from 

Late Pleistocene fl uvial terraces helped reconstruction of 

the river aggradation and incision dynamics and suggested 

a variable erosion rates between 0.1 and 3.4 mm/yr during 

the late Pleistocene (Dey et al.  2022a ,  b ). Using geomorphic 

indices, channel gradients and landform disposition Nag 

et al. ( 2021 ) provided Late Pleistocene record of geomor-

phic evolution of the Indus river valley, Ladakh. Using high 

resolution geomorphic mapping and connectivity equations 

and dated debris fl ow events a vulnerability map to manage 

extreme hydrological events driven debris fl ow of Leh val-

ley, Ladakh is provided (Sharma et al.  2023 ). 

 Further, upper catchments of rivers in Himalaya are 

mapped for glacial geomorphology various stages of Gla-

cial advancement preserved in form of moraines are dated 

using luminescence and cosmogenic radionuclide (CRN). 

Kumar et al. ( 2020a ,  b ,  c ,  d ) reconstructed the late Pleisto-

cene glaciation pattern in the Dhauliganga basin and sug-

gested fi ve distinct glacial advances in the Dunagiri Glacier 

valley 13–1 ka. Quaternary glacial study of the Suru Basin, 

Zanskar Himalaya study implied fi ve major glacial advances, 

occurring between 33–0.7 ka (Kumar et al.  2021a ,  b ). Ali 

et al. ( 2022 ) used luminescence dated moraine stratigraphy 

and two relict lake sequences in the Kunti-Banar valley, 

Central Himalaya. The study dated LGM glaciation in the 

valley ~ 23 ka and a pre-LGM advancement to ~ 30 ka. A 

post LGM are dated to ~ 17 and 15 ka. A study in the Yankti 

Kuti valley has witnessed multiple glacier advances since 

the glacial maxima at ~ 52 ka, the subsequent stages were 

found centred at ~ 35 ka, at ~ 30 ka, at ~ 22 ± 1 ka and at 

~ 16 and a minor stage was dated to ~ 4 ka (Bisht and Rawat 

 2021 ). More recently, based on 40  10 Be and luminescence 

ages LGM is characterized in Nubra valley and Puche val-

ley of Karakoram Trans Himalayan range (Jena et al.  2023 ). 

     Sedimentology 

 The Ganga plain witnesses sedimentation primarily by the 

Himalayan rivers with a little contribution from the pen-

insular region. Studies have established the sedimenta-

tion processes and the tectono-climatic relationship in the 

Ganga plain and the source regions. Dey et al. ( 2023b ), using 

remote sensing, studied rapid bank-erosion and its bearing 

on sediment budget of the lower Ganga plain and suggested 

a strong relationship between bank erosion and nature of 

sediment transport. Analysis of multi-spectral remote sens-

ing data spanning three decades (1987 to 2019) shows chan-

nel shift and noteworthy changes in the channel pattern and 

indicated a connect between bank erosion and sediment 

fl uxes in smaller Himalayan rivers.  Kumar et al. ( 2020a , 

 b ,  c ,  d ) using machine learning and non-linear optimization 

techniques studied Late Pleistocene sedimentation history 

of the Ganga Plains and estimated seasonal changes in sedi-

ment transport and sediment load in the Ganga River. Zak-

wan et al. ( 2021 ) analysed the sediment and water discharge 

rating of the Ganga River and quantifi ed transported the 

sediments, which suggests that nearly 80% of the sediment 

is transported during the rainy monsoon season spanning 
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July to September. The sedimentary architecture of the mar-

ginal Ganga plain studied using OSL dated several lithosec-

tions suggested basinward propagation of alluvial fans from 

the peripheral bulge region of the foreland and the study 

thus built a 100 kyr history of foreland tectonic controlled 

unconformity and sedimentation (Ghosh et al.  2019 ). Based 

on fl ood plain sedimentary architecture Saha et al. ( 2023 ) 

provided late Holocene evidences of hyperavulsive river sys-

tems operating in foreland of eastern Himalaya and further a 

sedimentological analysis of sedimentary cores and exposed 

cliff  sections of Ajay river a Late Holocene history of cli-

mate controlled stratigraphy of upper Ganga delta is detailed 

(Bandyopadhyay et al.  2023 ). Likewise, fl uvial Landscape 

of Brahmaputra Foreland is recently studied using sedimen-

tary architecture, luminescence dating, geomorphology and 

Sr-Nd isotopic systematics (Panda et al.  2022 ). The study 

highlighted the role of Late Quaternary sea level changes 

on alluvial fan sedimentation and suggested monsoon driven 

relative change in sediment provenance. Ghosh et al. ( 2021 ) 

studied lithostratigraphy of the Marginal Ganga Plain and 

defi ned four sequence boundaries based on the erosion, 

deposition, and the presence of paleosols at diff erent strati-

graphic levels. Likewise, a study based on luminescence 

dated alluvial fans and facies analysis provided ~ 112 ka of 

evolutionary trend of Chitwan Doon and its bearing on vary-

ing climate and tectonics of Himalayan front (Divyadarshini 

et al.  2020 ). 

   Paleoclimate archives 

 Late Pleistocene-Holocene climatic history is reconstructed 

using lake and peat deposits in various studies from Hima-

laya and the Ganga plain. Paleoclimatic study by Singh et al. 

( 2022a ,  b ,  c ) provided evidences for a monsoonal shift, in 

several phases, during ~ 14 and 3.1 ka with a strong arid 

phase at ~ 4.2 ka in the central Ganga plains. The study 

provided a linkage between climate variability and societal 

evolution. Further, in wetlands of the Ganga Plain diatoms 

namely typha and Lemna are found to be abundant around 

12.5 kyr BP, indicating waterlogging and a swampy wet-

land’s presence (Farooqui et al.  2023 ) and the data between 

13 and 10.5 kyr BP exhibited a higher water temperature and 

increased productivity. Kumar et al.  2022  provided record on 

the abundance of the C3 and C4 plant community vis-à-vis 

climate variability during the late Pleistocene–Holocene in 

the northern Ganga Plain and implied a moderate hydrocli-

matic conditions during the past 0.6 ka and a C4-dominated 

vegetation during the last glacial maximum and owing to 

wetter climate decreased since the mid-Holocene. An inter-

esting study based on stable isotope analysis of fossilized 

molar tooth of bovid evidences of drier climate and C4 veg-

etation is provided from fl uvial sections of Marginal Ganga 

Plain (Maurya et al.  2022a ,  b ). Likewise, a mutliproxy data 

on Lashoda Tal drew parallels with societal evolution vis-à-

vis post LGM monsoonal variability in central Ganga Plain 

(Trivedi et al.  2019 ). In a novel attempt Morthekai et al. 

( 2022 ), using luminescence dating technique, explored a 

possibility of dating diatoms in lake sequences. Pollen and 

diatom analysis of soil sequence from Barak valley, Assam 

yielded a record of ecological changes between 1370–730 

yrs BP (Tripathy et al.  2021 ). 

 In Himalaya, Sharma et al. ( 2022a ,  b ) provided a detailed 

account of mid-Holocene climate and forest fi res from sedi-

mentary archives of Beni Tal (Garhwal Himalaya) and dis-

cussed the role of Rossby waves and Arctic oscillations in 

climate variability. Studies based on diatom and biomarkers 

on previously dated Kedarnath peat sequences revealed a 

drier mid-Holocene and several century scale wetter phases 

and suggested that interplay of westerlies and Indian sum-

mer monsoon controlled the diatom productivity in the High 

altitude peatland (Bhattacharya et al.  2021 ; Agarwal et al. 

 2023 ).  Khan et al. ( 2022a ,  b ) provided a 20 ka century scale 

record of climate variability using mineral magnetics on a 

well dated peat sequence from Baspa valley and identifi ed 

signatures of last glacial maxima and younger dryas and 

mid-Holocene aridity and implied changes in solar fl uxes 

as a major forcing. A high resolution decadal scale record 

of monsoon variability of the past ~ 3200 years is recon-

structed using stable isotopes of C and N, grainsize, Total 

organic carbon and total nitrogen on lake sedimentary 

core raised from the Rewalsar lake, Himachal Himalaya. 

The study indicated occurrence of strong monsoon inter-

val during ~ 1.2 ka BP to 450 AD with intervening cen-

tury scale dry phases and identifi ed signals of the Roman 

Warm Period and the Medieval Climate drawing parallels to 

societal evolution (Singh et al.  2020a ,  b ). A pollen based at 

from Bednikund sediments provided a record of 6000 year 

long record of vegetation and identifi ed the Holocene opti-

mum, Medieval climate anomaly and cool Little Ice Age 

and implied heterogeneity in spatially distributed climate 

records (Rawat et al.  2021 ,  2022a ,  b ,  c ). A 200 year long 

record of human activities and lake eutrophication is recon-

structed using biogeochemical markers from sequence of 

Ahansar Lake, Kashmir Himalaya (Yadav et al.  2021 ). Two 

millennium record of climate variability is reconstructed 

with emphasizing role of ENSO cycles from Shilloi lake, 

NE Himalaya (Yadav et al.  2022a ). Similarly, past climate 

and vegetation variability for the past three millennium was 

reconstructed from sequence of Dzukou lake, NE Himalaya 

(Misra et al.  2020a ,  b ). Likewise, Anthropocene is marked 

by occurrence of bomb produced radionuclide and plastic 

products and every ecosystem including lakes in Himalaya 

are found preserving microplastics and related molecules 

like phthalate esters as stratigraphic markers and degree of 

human activities (Ajay et al.  2021 ; Yadav et al.  2022b ; Wani 

et al.  2023 ; Bulbul et al.  2023 ). A record of vegetational 
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shifts as a function of post LGM climate variability is recon-

structed from Parvati valley, Himachal Himalaya (Chauhan 

et al.  2022a ,  b ). A 25 ka record of sedimentation and climate 

variability is reconstructed using kame terrace sequence of 

Gangotri glaciar region of garhwal Himalaya (Dubey et al. 

 2022 ). Likewise, response of glacial snout variability a func-

tion of recent climate change. 

 Similar studies are conducted in Ladakh where past cli-

mate using stable isotopes, pollens, diatoms, biomarkers 

on lake and peat deposits at Spituk (Jena et al.  2022 ), peat 

profi le at Gya (Sharma et al.  2020 ), paleolake deposit at 

Khalsi (Phartiyal et al.  2021 ; Nag et al.  2023 ), Tsoltak lake 

(Joshi et al.  2021a ,  b ,  2023 ), paleofi re record from Stagmo 

Peat (Sagwal et al.  2023a ,  b ). A multiproxy study on a peat 

sequence of Shakti peatland of Ladakh provided an evidence 

of Mid Holocene aridity and a subsequent phase of strong 

monsoon and where presence of  Cerealia  pollen implied 

human presence in Ladakh at ~ 2700 yrs BP (Maurya et al. 

 2022a ,  b ). Further, using the dated paleostrand lines and 

Sclerochronology of  Radix sp , sedimentology of deltaic 

sediments of Pangong Tso provided a record of Late Holo-

cene lake level and salinity changes (Srivastava et al.  2020 ; 

Sagwal et al.  2023a ,  b ). 

    Neotectonics and Paleoseismicity 

 Duvall et al. ( 2021 ) studied the structural legacy of the 

Indian plate into the Himalayan foreland basin and identifi ed 

several steep faults close to the trace of the HFT that control 

the structure and thickness in the Siwalik rocks and the fl ex-

ure geometry of the Indian lithosphere during most part of 

the Cenozoic. These faults, in the depth show normal off sets 

bound half- graben and graben structures where Vindhyan 

and Gondwanan strata rest. The Mungher- Saharsa ridge, a 

regional high in far-eastern Nepal, is cut by small scale faults 

and the Gandak depression is identifi ed as well by the deep 

seismic refl ections that shallows towards the eastern part of 

the Faizabad ridge and the Chitwan piggy back basin, marks 

the western edge of the Faizabad ridge. Another study by 

Duvall et al. ( 2020 ) on active faults suggests that an active 

seismogenic thrust and strike-slip faults passing under the 

trace of the HFT into the Ganga foreland basin in eastern 

Nepal. Similar studies using broadband magnetotellurics 

suggests presence of moderately resistive mantle lithosphere 

beneath the Bundelkhand massif in the central Ganga Plain 

(Adilakshmi et al.  2021 ). 

 Ali et al. ( 2023 ) studied the liquefaction features at Narora 

Town in the western Gangetic plain and implied occurrence 

of series of earthquakes > 5 magnitude in the region that 

relate to tectonics of Himalaya. Using geospatial methods, 

Rawat et al. ( 2022a ,  b ,  c ) reconstructed the liquefaction 

damage scenario of 1934 and 1988 earthquakes in North-

ern Bihar and integrating peak ground acceleration (PGA) 

provided a liquefaction hazard map using (i) Rapid Response 

and Loss Estimation and (ii) Liquefaction Susceptibility. 

 Basement confi guration beneath the central Ganga basin 

is studied using electrical resistivity that reveals variations 

in the structure and implies that the Sarda depression merges 

to the Gandak depression when extended towards the Hima-

layan Foothills and the fault along the Yamuna separating 

Ganga basin and Bundelkhand craton belt may be of crustal 

scale (Babu et al.  2020 ). Patel et al. ( 2020 ), using GPR, geo-

morphology and sedimentary sections provided evidences 

of paleoseismicity related to the Mahendragarh–Dehradun 

basement fault which seems to be quasi-synchronous with 

the Himalayan seismicity. 

 In Himalaya, studies focused on geomorphic indices, 

landform analysis and dating to understand (i) Uplift and 

deformation pattern and rates (ii) Paleoseismicity (Aravind 

et al.  2022a ,  b ) (iii) neotectonic models. A study using dated 

strath terraces in the hanging wall of the HFT, Nahan Sali-

ent that seismically quiescent since past several centuries 

indicated a fault slip at the rate of 10 ± 2 mm/yr over the past 

8 ka (Kaushal et al.  2023 ) and a review on this is presented 

by Dey et al. ( 2019 ). Likewise, a shortening and uplift rates 

along the Medlicott-Wadia Thrust (MWT) system in western 

Himalaya is computed as 5 ± 1 mm/yr and 3.2 ± 0.8 mm/

yr during the Pleistocene–Holocene respectively (Dey et al. 

 2022a ). The Lesser Himalaya exhibits fast rock uplift and 

exhumation ( 3 mm  yr −1 ) since the late Miocene at least. 

Using morphometric and structural analyses and chronol-

ogy of tectonic geomorphic markers in Kishtwar Window 

region, Kashmir Himalaya a diff erential uplift in the neotec-

tonic time scales is inferred that may be associated to mid 

crustal ramp along the main Himalayan Thrust (Dey et al. 

 2021 ). Neotectonic deformation along the MCT and MBT 

is elucidated in the morphotectonic studies of Ujh Basin, 

NW Himalaya and also in Kumaun and Garhwal Hima-

laya (Gururani et al.  2023 ; Taloor et al.  2021 ,  2023a ,  b ,  c ; 

Nandy et al.  2021 ; Kothyari et al.  2019 ,  2020a ,  b ,  2021 , 

 2023 ; Talukdar et al.  2020 ; Luirei et al.  2020 ,  2021   2023 ), 

segmented nature of thrust is identifi ed (Joshi et al.  2021a , 

 b ). An active crustal deformation of Kashmir and Himachal 

Himalaya is estimated using Persistent Scatterer Interfer-

ometry Synthetic Aperture Radar (PSInSAR) (Taloor et al. 

 2023a ,  b ,  c ; Joshi et al.  2022 ). Geomorphic evidences and 

OSL dates of plaeodrainages and uplifted terraces informed 

on rates and style of neotectonic deformation in the Schup-

pen belt in parts of Nagaland (Moiya et al.  2020 ). Based 

on luminescence dated strath and fault gouges neotectonic 

deformation in the Indus Suture Zone is documented and a 

bivergent model of Himalayan evolution is proposed (Kumar 

et al.  2020a ,  b ). Similar studies along the Siang Valley, NE 

Himalaya were conducted (Luirei et al.  2022a ). 

 Active deformation in Himalaya is focused along the 

Himalayan Frontal thrust where relief development occurs in 
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response to large earthquakes that nucleate at the mid crustal 

ramp and energy travels along the main Himalayan thrust 

and ruptures the mountain front. In this large number of 

studies are conducted that identifi ed ruptures due to histori-

cal and pre-historical earthquakes in the Garhwal-Kumaun 

and Central Himalaya (Malik et al.  2023a ,  b ; Luirei et al. 

 2022b ; Thakur et al.  2021 ; Arora et al.  2019 ; Divyadarshini 

et al.  2023 ; Rajendran et al.  2019 ). In the Assam-Arunachal 

Himalaya, two great earthquake events of 1697 CE Sadiya 

and the 1950 CE Arunachal-Tibet earthquake have been 

reported (Pandey et al.  2021 ). Singh et al. ( 2021 ) conducted 

a paleoseismic trench investigation along the mountain front 

of Mishmi Hills across MT at truncated terrace(s) of Kam-

lang River at Wakro, Arunachal Pradesh. 

    Liquefaction 

 Liquefaction is a common phenomenon in the Ganga Plain 

related to seismic activity in the adjacent Himalaya and its 

periphery. Liquefaction occurs when the pore pressure rises 

due to earthquake driven cyclic loading leading to collapse 

or tilt of infrastructure. Being unconsolidated, the Ganga 

plain sediments are prone to deform and liquefy to a seismic 

shock of 5Mw or more. Widespread liquefaction structures 

have been reported earlier and have been correlated to the 

earthquakes in the Himalayas and the plains, such as the 

great earthquakes that struck the area in 1897, 1905, 1934 

Bihar–Nepal, and 1950 Assam. Modern works have been 

confi ned to identifying vulnerable areas for liquefaction dur-

ing future earthquakes. A liquefaction susceptibility map 

(LSM) utilizing the geomorphic analysis on GIS platform 

provided a potential hazard zones in the Bagmati, Kamla, 

and Kosi basins of East Ganga plain (Rawat et al.  2022a ,  b , 

 c ). The LSM can assist designing of seismic resistant infra-

structures such as nuclear power plants. 

 Research on liquefaction and mitigation of the Ganga 

sand using stable carbon material was carried out by Naik 

et al. ( 2021 ). This study proposed a carbon mixture with 

sand in varied proportions to absorb the shock wave and 

prevent liquefaction. Where cut tyres, eucalyptus plant bark 

and biochar are suggested as mixing substitutes to improve 

ground rheology in this context. 

 Cyclic behaviour of late Quaternary alluvial soil in the 

Ganga Plain developed a relationship between Cyclic Resist-

ance Ratio (CRR) and eff ective confi ning pressure of sedi-

ments (Naik et al.  2022 ). This study classifi ed the Kanpur 

soil as silty-sand soil (82% silt, 8% sand), Allahabad soil as 

sandy soil (80%, 20% silt/clay), and that of Patna (90% sand) 

as clean sand and suggested that soils having sand with silt 

percentages are more prone to liquefaction than clean sand 

or silty soil. 

 The soil-structure interaction (SSI) of the Ganga Plain 

using Resonant Vibration Tests implied on mutual behaviour 

of dry Ganga sand bed and low to medium-rise steel frames 

is investigated by Vivek et al. ( 2022 ). The study exhibits that 

the structure of the foundations respond variably to lateral 

harmonic excitations and the SSI can expressively infl uence 

the seismic response of a structure. 

    Groundwater hydrology and fl oods 

 Mishra et al. ( 2023 ) made Groundwater assessment of ele-

vated arsenic in the lower Ganga plain in West Bengal. This 

study utilized geogenic and environmental variables in a 

GIS-machine learning framework to predict the vulnerable 

zones, and predicted arsenic routing in the groundwater. The 

study also suggested that during the pre-monsoon decrease 

of cations and oxygen availability in groundwater relates to 

presence of anaerobic microbes and vice-versa that impacts 

arsenic concentrations. 

 As fl ooding is a common annual problem in the Ganga 

Plain, precise mapping of fl ood-aff ected and fl ood prone 

areas can save lives and properties. Numerous techniques 

nowadays are being used to map fl ood vulnerability. Arora 

et al. ( 2021a ,  b ) optimized fuzzy-metaheuristic ANFIS-

based ML models and utilized analytical hierarchy process 

(AHP) on GIS and provided fl ood susceptibility forecast-

ing map of the Middle Ganga Plain. The results were fur-

ther classifi ed using the natural break (NB) method and 

the percent of high and very high classes obtained through 

classifi cation methods/schemes. This provided fl ood sus-

ceptibility prediction index (FSPI) values divided into fi ve 

categories that ranged from 0 to 0.077 where of the total 

region, the very-high class covers 12.27%, ‘very low-class’ 

22.49%, ‘low class’ 26.15%, and ‘moderate class’ 17.53%. 

Arora ( 2023 ) using multi-criteria decision analysis (MCDA) 

provided fl ood prediction and susceptibility that incorpo-

rated bivariate statistical models in the Lower Kosi River 

Basin. The work provided a review of the previous works 

and implied on the eff ectiveness of MCDA methods as it 

can possibly integrate socio-economic, geographical, envi-

ronmental and geologic parameters in a better way. Similar 

studies using GIS-based analytical hierarchy were carried 

out in the lower Ramganga River Basin, Western Ganga 

Plain (Mukherjee and Deb  2023 ) that indicated increased 

population, encroachment of fl oodplains, unwarranted use of 

river water for domestic and engineering and infrastructural 

projects as major reasons behind increased fl ood risk. 

 Khan et al. ( 2022a ) using SAR and remote sensing studied 

the geomorphic responses to fl ooding of the Ganga River, 

Bihar and suggested that the fl ood-occupied area increased 

from 500 to 779  km 2  during the fl ood that occurred towards 

the end of August 2019. The temporal variation of fl ood 

inundation extracted using Sentinel-1, VV polarization 

implies fl ood with two peaked hydrograph, with the sec-

ond peak centred at 20th September and 20th October 2019. 
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Similar studies were carried out by  Arora et al. ( 2021a a. b) 

in Middle Ganga Plain that compared frequency ratio and 

Shannon’s entropy models and provided a fl ood suscep-

tibility prediction. The results indicated that areas within 

600 m of the river channel show the strongest susceptibility 

to fl ooding. The Google Earth Engine was used to extract 

data on fl ood inundated in Brahmaputra plains. Analysis of 

the large data suggested that the geomorphology of Plains 

actually correlates with the area under fl ood in Assam and 

therefore, the SAR based geomorphic data can be used to 

map the fl ood inundation dynamics and mitigation (Devrani 

et al.  2022 ). 

 Quick et al. ( 2023 ) attempted to understand interaction 

between Himalayan dynamic structure and foreland stratig-

raphy and opined that hyperconcentrated fl ows originated 

in foothills and deep into the mountains push gravel-sand 

transition into the foreland that normally occurs 10–40 km 

away from the mountain front. In Himalaya lot of studies 

were carried out using dated Slack water deposits and mas-

sive sand sequences located perched up on bedrock benches, 

terraces, tributary junctions and wider segment of the val-

leys (Panda et al.  2020 ; Borgohain et al.  2020 ; Chahal et al. 

 2020 ; Sharma et al.  2022a ,  b ; Agarwal et al.  2022 ; Chau-

han et al.  2023 ). These studies implied that (i) frequency 

of extreme fl oods in Himalaya and in Ladakh rises during 

warming episodes (ii) Higher Himalayan Crystallines acts as 

hotspot of erosion and supplies most sediment during fl oods 

(iii) in Indus inbound human migration may have occurred 

during phases of high fl ood frequencies (iv) in Brahmaputra 

river, fl oods in the past were of megafl ood category and 

were capable of exhuming HHC in the syntaxial zone signif-

icantly. Further, damage and inundation and causes related 

to several modern extreme events in Himalaya were also 

documented (Sain et al.  2021 ,  2022 ,  2023 ; Sundriyal et al. 

 2023 ; Srivastava et al.  2021 ; Devrani et al.  2021 ; Sarkar and 

Singh  2022 ). 

    Pedomorphology and agricultural practices 

 The Ganga plain represents one of the fertile soils in Indian 

subcontinent. Soil quality and thickness of the Ganga plain 

sequence depend on the landforms that relates to the func-

tional pedogenic factors. Using soil pedomorphology and 

micromorphology Reza et al. ( 2023 ) provided the soil qual-

ity index of the Ganga plain. As Ganga Plain is a teotono-

geomorphologicaly active, frequent changes in geomorphol-

ogy and intermittent tectonic events defi ne the degree of 

pedogenesis and soil quality. Saurabh et al. ( 2021 ) studied 

the infl uence of crop pattern, tillage, residue administration 

practices on soil quality indices and crop yield in eastern 

Ganga Plain. 

 Likewise, a study indicated that soil quality varies dur-

ing the pre and post-monsoon and is dependent upon the 

micronutrients and other micronutrients (Shukla et  al. 

 2020a ,  b ). This study revealed that signifi cant spatial vari-

ability exists in context of phyto-available S, Zn, B, Fe, Mn 

and Cu and soil properties accordingly in the Ganga plain. In 

addition, restoration processes of the sodic soils through sil-

vipastoral method have been studied by  Singh et al. ( 2022a , 

 b ,  c ). Yadav et al. ( 2020 ) studied the organic carbon seques-

tration through soil in paddy fi elds of the Ganga Plains and 

exerted a need for a quantitative assessment of soil carbon 

sequestration and management of Ganga Plains in this con-

text. Likewise, the eff ect of conservation strategies of arable 

soil on sequestration of organic and inorganic carbon and its 

bearing to a rice and wheat harvesting system of the Ganga 

Plain is studied (Dey et al.  2020 ). 

    Geochemistry 

 Kumar et  al. ( 2021a ) using geochemistry and isotopes 

from the mid-Ganga fl oodplains revealed that irrigation 

return fl ow is somewhat responsible for arsenic enhance-

ment through favoured vertical recharge. It indicated that 

the small rivers originating in the Siwaliks discharge excess 

arsenic and heavy metals, which in vertical stratigraphy is 

sporadic in nature. Further, the study opined that excessive 

groundwater withdrawal modifi es the hydrological environ-

ment and adversely aff ects the groundwater resources. The 

stable isotopes groundwater hydrology of Ganga Plain falls 

over the Local Meteoric Water line (LWML) and that close 

to Son River are highly enriched, indicating highly enriched 

source or evaporation as water travels down into the basin 

from Vindhyans. The outcome of the study suggests high 

concentrations of arsenic are found in the Ganga fl oodplain 

but not in the Sone River. Bhattacharjee et al. ( 2022 ) studied 

the impacts of tectonics, climatic processes, and vegetation 

cover on the sediment-transport rates across the foreland 

at decadal to millennial timescales. This study analysed 

196 records of sediment load and erosion rate published 

between 1960 and 2022 and provided bearing on timescales 

in approximating sediment-transportation record. The study 

detected an intensifi cation in short- and long-term sediment 

load and corresponding decrease in sediment yield from 

west to east of the Indo-Ganga Plain. 

 Singh et al. ( 2022a ,  b ,  c ) studied the fl uvial control on 

arsenic enrichment in Mid Ganga Plains (MGP) and traced 

the existence of arsenic and heavy metals in the stretch with 

active channel shift oxbow formations. The results relate 

high arsenic levels to silicate weathering and anthropogenic 

leaching of fertilizers and concurrent pyrite oxidation. This 

study shows that the susceptible situation developing in the 

fl uvially active stretches of the MGP with regards to arsenic 

enrichment is caused by heavy metals and fertilizers and 

that river morphology plays a noteworthy role in abetting 

arsenic concentration. 
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 Keesari et al. ( 2021 ) using stable isotopes of oxygen and 

hydrogen and hydrochemical systematics of groundwater 

provided a bearing on groundwater sustainability and secu-

rity from aquifer in the central Ganga Plains. This study 

provides signifi cant insights into the groundwater rout-

ing, recharge mechanism and catchment, and groundwater 

dynamics in the deep aquifer systems of Ganga Plain. Like-

wise, Bhattacharjee et al. ( 2023 ) studied the  26 Al and  10 Be 

concentrations from alluvial drill cores across the Ghaggar 

and Ganga plain and implied that a signifi cant time lag (mil-

lion year) exists in sediment production and transport. 

     Conclusions 

 The recent publications in the Ganga Plain and the adjacent 

Himalaya highlights the importance of geomorphology, sed-

imentology, climate, neotectonics, soil development, hydrol-

ogy, isotope geochemistry in the stratigraphy and landscape 

evolution of Himalaya and its foreland. Impact of basement 

structure of the Ganga foreland on stratigraphy and seis-

micity is elucidated. Past records of extreme hydrological 

events are reconstructed in Himalaya and its foreland and 

several GIS and remote sensing based studies are carried out 

to augment mitigation measures. In paleoclimate research 

identifi cation of microplastics and related esters as markers 

of Anthropocene stratigraphy and human activity has been 

a newer approach. 
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