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Four Ganga river terraces have been recognized in the 
Chandidevi Temple Hill in the pilgrim town of Hardwar, 
in the eastern part of the Dehradun Valley, North-
western Himalaya, India. These terraces that are close 
to the Himalayan Frontal Thrust have been formed 
due to movements along this thrust. Dating of the 
sediments underlying the upper three terraces gives 
overall uplift, slip and convergence rates of 6.23 ± 
1.29 mm/yr, 12.46 ± 2.58 mm/yr and 10.79 ± 2.23 mm/yr 
respectively. These rates are similar to those reported 
from the western part of the valley and are signifi-
cantly less than those published from Eastern Nepal 
Himalaya. Differences in results are considered to be 
due to high rates of convergence and maintenance of 
the highest relief in the Himalaya, resulting in high 
sediment loads of rivers in the Nepal Himalaya and 
high rates of subsidence and narrow width of the  
adjoining Gangetic Plains. The reverse is true of the 
NW Himalaya and these differences are considered to 
be due to the segmented nature of the Himalaya and 
the adjoining Gangetic Plains. Also, rates of uplift 
caused by movements along a thrust in a particular 
cycle of activity decrease with time. 
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COLLISION between the Indian and Eurasian plates since 
about 60 Ma has created the Himalayan arc. Recent 
Global Positioning System (GPS) measurements indicate 
that convergence between the Indian and Eurasian plates 
is between 50 and 60 mm/year (refs 1–3). Generally it is 
agreed that about 50% of the total convergence is being 
taken up by thrust motions in the Himalayan arc4. The 
rest of the convergence is explained by crustal extension, 
thrust fault motion and strike-slip motion along faults in 
the Eurasian plate further north5–7. 
 The Himalayan Frontal Thrust (HFT) has been the 
most active fault during the Quaternary period8,9. Its  
activity has been studied at a few places in Nepal10,11 and 
the western part of the Dehradun Valley in the North-

western Himalaya12. There is a need for detailed studies 
covering the remaining areas, so that an exhaustive pic-
ture of its activity and dynamics of the collision of the 
India and China plates are obtained, and their effects on 
the Himalayan orogen and Indo-Gangetic foreland basin 
can be evaluated. Keeping this in view, we have studied 
terraces just north of HFT, near the pilgrim town of Hard-
war in the eastern part of the Dehradun Valley, NW  
Himalaya (Figures 1 and 2). 
 The Himalayan arc extending over a distance of about 
2900 km consists of three distinct longitudinal zones 
from north to south: Higher Himalaya (metamorphic and 
crystalline rocks), Lesser Himalaya (Precambrian sequen-
ces) and Outer Himalaya (mainly Tertiary fluvial sediments 
and minor shallow marine sequences). These zones are 
bound along the southern sides by the Main Central 
Thrust (MCT), Main Boundary Thrust (MBT) and HFT 
respectively (Figure 3)13. HFT separates the Outer Hima- 
 
 

 
 

Figure 1. Digital elevation model (DEM) of northern India and the 
adjoining regions. Three sub-basins, i.e. Upper, Middle and Lower 
Gangetic Plains are shown. Note a decrease in width of the Middle 
Gangetic Plain (150 km north of the Ganga river), compared to the  
Upper Gangetic Plain (300 km). 

 
 

 
 

Figure 2. DEM of the Dehradun Valley with superimposed structural 
features. MBT, Main Boundary Thrust; HFT, Himalayan Frontal 
Thrust; ST, Santurgarh Thrust; BT, Bhaowala Thrust; YTF, Yamuna 
Tear Fault, and GTF, Ganga Tear Fault. Do, Dh, and Bh refer to 
Donga, Dehradun and Bhogpur fans respectively. 
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Figure 3. Generialized N–S geological section across the Himalaya showing major tectonic structures (after 
Kumar et al.13). 

 
 

 
 

Figure 4. a, Detailed geological map of the study area (modified after 
Rao et al.20), showing location of sample taken for dating of terraces 
T2–T4. b, Schematic cross-section along line A–B in (a), showing 
fault-bend fold nature of the structure in the area. 
 
 
layan sequences in the north from the Indo-Gangetic 
Plains/sediments in the south. Also, the three thrusts  
developed sequentially from north to south. 
 Generally, MCT is not known to disrupt the Quaternary 
deposits. MBT has been considered to affect the Quater-
nary deposits at a few places14. However, our work in the 
Dehradun Valley15 suggests that MBT has raised the 

Lesser Himalayan rocks by 2000–3000 m abruptly above 
the Siwalik Formations to the south. It forms fault scarps 
and has disrupted the Quaternary deposits/terraces over 
large areas in the eastern and western parts of the valley 
by 1000–1200 m. HFT exhibits extensive disruption of 
the Siwalik and the Quaternary deposits throughout its 
length, including the present area. 
 Seismological observations in the last five decades in-
dicate that most of the moderate earthquakes in the Hima-
layan arc took place in the region between HFT and 
MCT. These earthquakes are concentrated below MCT at 
a depth of 10–20 km along a decollement (Main Himalayan 
Thrust) that runs from MCT to HFT below the Higher 
and Outer Himalayas. Though earthquakes are generated 
close to MCT, slip due to these earthquakes is propagated 
southward to HFT, which shows tilting, breaking of  
terraces, fault scarps and even folding caused during the 
Holocene11,16,17. 
 The Siwalik Formations between MBT and HFT are 
folded into a number of anticlines and synclines, and syn-
clinal valleys called ‘doons’ or ‘duns’. The Dehradun 
Valley is one such dun18. Its southern limb is folded into 
an anticline (Mohand anticline) due to movement on the 
underlying HFT, forming a fault-bend fold19. The Dehradun 
Valley also forms a piggyback basin, being bound by 
MBT and HFT in the north and south respectively15. This 
valley is cut by major tear faults called the Yamuna and 
Ganga faults, striking along two rivers of the same 
names. 
 The Siwalik Ranges northeast of HFT are underlain by 
the Siwalik Formations (Mid Miocene to Pleistocene), 
which show monotonous dips of 10°–30° due NE, and the 
northern side of the range is marked by dip slopes of the 
Siwalik Formations. Close to HFT, the Siwalik Forma-
tions dip up to 60°, forming the Mohand anticline over 
most of the Dehradun Valley. This anticline merges into a 
couple of folds just east of the Yamuna River. In the pre-



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 100, NO. 9, 10 MAY 2011 1428 

sent area also, three anticlines and synclines in the  
Siwalik Formations have been mapped20. 
 Though the study area forms the easternmost part of 
the Dehradun Valley, and it is ~ 38 km east of Mohand 
(fault-bend fold region)19, the overall structural configu-
ration is essentially a continuation of the one prevailing 
in the Mohand region. Our cross-section of the region 
confirms this, as we have a fault-bend fold in the hanging 
wall of the blind HFT, buried below the alluvium (Figure 
4 a and b). Structural data show that the fold is asymmet-
rical with steeply dipping formations (~ 60°) on the 
southern limb and gentler dipping back (northern) limb 
(~ 35°). 
 Four terraces have been identified on the Chandidevi 
Temple Hill: T1–T4 (Figures 5 and 6 a). Fieldwork brings 
out that terraces T3 and T4 slope 5–10° northward with-
out any regard for structures of the underlying Siwalik 
Formations. Terraces T2–T4 are fill terraces. Terraces T4 
and T2 are underlain by 1–3 m of reddish sands with 
weak soil development (Figure 6 b), which are underlain 
by pebbles to boulders with sandy matrix, and gravels are 
well organized in nature (Figure 6 c). Terrace T3 is  
underlain mainly by gravels. In these cases the gravels 
are rich in quartzite clasts, suggesting that they have been 
deposited by the trunk river Ganga flowing nearby21. 
Most of Himalayan terraces are of tectonic origin, as sug-
gested by Starkel22. Also, as our study area is in the most 
active tectonic zone8,9, these are considered to have formed 
due to tectonic uplift. Terraces T2–T4 are underlain by 
channel deposits and are devoid of floodplain sediments, 
suggesting their sudden abandonment. Terrace T1, the  
alluvial terrace, represents the highest level in the flood-
plain, overtopped only by extreme floods23. Also, heights 
of the terrace surfaces and strath surfaces below the terraces 
were obtained by autolevel traverse along the mule track. 
Following Kumar et al.13, and Srivastava and Misra24, the 
height of the strath surface of individual terraces (T4–T2) 
above terrace T1 was taken as incision due to uplift and 
was used for calculation of uplift, slip and convergence 
rates. 
 
 

 
 

Figure 5. Diagrammatic representation of terraces of the Chandidevi 
Temple Hill, giving their ages and showing the sediments underlying 
them. Heights are taken from auto-level survey undertaken by us.  

 HFT lies at the base of the Chandidevi Temple Hill on 
its southern side. However, about 100 m north of the base 
of the hill, another imbricate of HFT forms a vertical 
scarp with a height of about 35 m and offsets a small 
stream. The stream forms one major waterfall (Figure 6 d) 
with a small pool at the base, with a height of about 25 m 
and three small falls with heights of 1–3 m, above the 
major fall and one small fall (2 m height) below the  
major fall. The one below the major fall marks the earlier 
position of the waterfall. The pool at the base of the  
major fall is locally known as ‘Gori Kund’, meaning pool 
of the Goddess Gori. 
 Luminescence dating of sediments provides the burial 
period or age of the sediment. The sediments during 
weathering and transport get exposed to the sun for at least 
a few minutes, which is sufficient to zero the pre-deposited 
signal. On burial, radiation energy due to ambient radio-
activity starts building up and total stored energy depends 
on the rate of radiation dose received and time since bur-
ial. On excavation, the signal developed over the burial 
period, which is related to the absorbed paleodose (P) is 
read from the luminescence emitted under infrared light 
stimulation (IRSL). Division of the palaeodose by the 
dose received per year or the annual radiation dose  
(assumed to be constant with time) gives the age of the 
sample. Details of the methodology are given by. Singhvi 
and Krbetscek25, and Wintle26. 
 Samples were taken in iron tubes from a depth of about 
70 cm from the top of the terraces for luminescence dating. 
Paleodose was obtained using fine-grained multi aliquots 
with IR stimulation on 4–11 μm grains, which were pre-
treated with 1 N hydrochloric acid, sodium peroxide  
(6–30%) and 0.01 N sodium oxalate to remove carbon-
ates, organic matter and to disperse individual grains re-
spectively. The 4–11 μm grains were separated in acetone 
medium using Stoke’s law and these were deposited on 
aluminum discs. The whole procedure was carried out 
under subdued red light. Measurements of luminescence 
were carried out on Daybreak 1100 TL/OSL reader with 
IR (880 ± 80 nm) stimulation and luminescence detection 
was through 7 mm Schott BG-39 and Corning 7-59 filter 
combination. 
 Paleodose estimation was carried out using additive 
dose method27. The sample discs were normalized for 
sample homogeneity by a 0.5 s exposure to IR illumina-
tion and detection of the resulting luminescence by a photo-
multiplier tube. The shine-down curve was taken by 
exposing the samples to IR radiation for 99 s at room 
temperature (Figure 7 a). For constructing the growth 
curve, 4–6 natural aliquots and four sets of aliquots (each 
containing at least four discs) were irradiated to increased 
dose levels and their luminescence was measured. Addi-
tive dose linear curves were prepared and extrapolated 
backward to get the equivalent dose/paleodose (Figure 
7 b). A plot of equivalent dose versus shine-down time 
(exposure energy) was prepared (Figure 7 c). The IRSL 
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Figure 6. a, Photograph of the region just east of the River Ganga, looking NE, showing terraces T1 and T2. b, Sandy bed underling terrace T2, 
exhibiting weak development of soil. c, Gravel bed, rich in quantize pebbles, underling terrace T4. d, Main waterfall along an imbricate of the HFT. 
 
 
ages were determined from the plateau value within 5 s of  
diode exposure. Results are given in Table 1. 
 The OSL ages for the Ganga river terraces T4–T2 were 
15.19 ± 3.14, 12.86 ± 3.00 and 7.15±1.54 ka respectively. 
Thus uplift rates for the periods between the formation of 
terraces, i.e. 15.19–12.86, 12.86–7.15 and 7.15–0.0 ka 
were 14.47 ± 5.85, 6.32 ± 2.23 and 3.48 ± 0.756 mm/yr 
respectively. Overall uplift rate was 6.23 mm/yr. Thus 
uplift rate decreases with time. Some error in calculation 
of uplift rates could be caused due to rise in the river 
level due to aggradation. However, the Dehradun Val-
ley15 and the Ganga Plains28, south of the present area are 
uplifted in nature. These regions are undergoing degrada-
tion and no large-scale aggradation is taking place in 
them. Taking the published dip of HFT as 30° (refs 29–
31), the rates of slip along this thrust for the above peri-
ods are 28.94 ± 11.69, 12.63 ± 4.45 and 6.97 ± 1.50 mm/yr 
respectively. The observed uplift rate give an overall 
horizontal shortening and slip rates due to the movement 
along HFT as 10.79 ± 2.23 and 12.46 ± 2.58 mm/yr res-
pectively. 
 Our results of crustal shortening (10.79 ± 2.23 mm/yr) 
due to movements along the HFT were similar to an ear-
lier result (≥11.9 ± 3.1) from the western part of the  
Dehradun Valley12. Also, uplift rate of 6.23 ± 1.29 mm/yr 
is of the same order as reported earlier by Ray and 
Srivastava32. Wesnousky et al.12 compared their results 
with those from Nepal (21.5 ± 1.5 mm/yr)10 and postulated 
that there is an east-west gradient in crustal shortening, 
which decreases from east to west, as postulated earlier33. 
 Based on GPS studies and integration of levelling data 
across the Nepal Himalaya, Bürgmann et al.34 suggested 

that the Himalayan arc was segmented, different seg-
ments showing varied convergence processes. They pos-
tulated that the detachment fault in east and west Nepal 
Himalayas are dipping at different angles (3–8°) and are 
locked at different depths (15–25 km). The NW–SE flow-
ing Rapti river forming the boundary between the Upper 
and Middle Gangetic Plains also lies near the line divid-
ing the Nepal Himalaya into two approximately equal 
halves. 
 Our studies28,35 of the Quaternary sedimentation indi-
cate that the Ganga Basin consists of a number of distinct 
sub-basins, i.e. Upper, Middle and Lower, with distinc-
tive tectonic, geomorphogic and sedimentation features 
(Figure 1). The Upper Ganga sub-basin stretches from the 
Yamuna river in the west to the Rapti river in the east. 
The Middle Gangetic sub-basin continues from the Rapti 
river to Farakka, where the Ganga river takes a southerly 
turn and forms a delta in West Bengal, India and the 
Bangladesh Plains. 
 The Upper Ganga sub-basin with a width of 310 km is 
presently marked by large tracts that have acted as up-
lands for 10,000–17,000 years (refs 36 and 37), giving 
rise to sandstone-poor, and mud/moderately to strongly 
developed palaeosol-rich stratigraphic intervals. All the 
major rivers (Ganga, Yamuna, Ghaghara) have incised 
courses and the Ganga does not flow at the southern dis-
tal end over major part of the sub-basin. The southern 
part of the sub-basin showing badland topography may 
represent a foreland bulge. The sub-basin is marked by a 
low rate of subsidence. The basement dips gently north-
ward38. This set-up has been called Upland Depositional 
System28. The NW Himalaya and western Nepal 
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Figure 7. Infrared light stimulation (IRSL) decay curves (a), growth curves (b) and equivalent dose 
plateaus (c) for samples from the terraces T2 and T4. 

 
 

Table 1. Radioactivity values, equivalent dose and absolute ages of sediments underlying the Ganga terraces. Ages are calculated  
 taking cosmic dose = 150 ± 30 Gy/a. ED, Paleodose (Gy), AD, Annual dose rate (Gy/a) 

Sample no.  Moisture (%) U238 (ppm) Th232 (ppm) K40 (%) ED (Gy) AD (Gy/a) Age (ka) 
 

T4 1.2 3.28 ± 1.81 15.8 ± 3.97 1.31 ± 0.07 74.91 ± 4.03 4932 ± 985 15.19 ± 3.14 
T3 4.19 1.29 ± 1.14 15.0 ± 3.87 1.33 ± 0.07 49.46 ± 7.40 2845 ± 687 12.86 ± 3.00 
T2 1.44 2.68 ± 1.64 11.5 ± 3.39 1.23 ± 0.06 28.78 ± 1.77 4024 ± 154 7.15 ± 1.54 

 
 
Himalaya to the north of this region generally have 
maximum elevation of less than 7000 m. Crustal shorten-
ing due to movements along HFT is low (10.94–
11.9 mm/yr; this study)10. 
 The Middle Ganga sub-basin with a width of about 
150 km is characterized by sedimentation on alluvial 
megafans and interfan areas, which resulted in sand-rich 
and mud-rich sequences with weakly developed soils. 
The Ganga flows hugging the southern boundary of the 
sub-basin, collecting discharges from large rivers forming 

megafans. South of the Ganga, an alluvial plain (average 
width = 50 km) has a few inselbergs of the peninsular 
rocks in the eastern half of the plain, indicating that this 
plain is probably a pediment covered by a thin cover of 
sediments. The major39,40 and small rivers41 in the area 
show large shifting in their courses over short periods. 
The basement of the Gangetic Plains slopes steeply north-
ward and its southern boundary with the Indian Peninsula 
is marked by a normal fault with a downthrow of about 
1000 m. This set-up has been named Lowland Deposi-
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tional System29. The Himalayan ranges north of the  
sub-basin (eastern Nepal Himalaya and further eastern  
regions) are marked by the highest topographic eleva-
tions, including Mount Everest (8850 m), Kachenjunga 
(8586 m), Lhotse (8516 m) and Makalu (8463 m). Proba-
bly such high elevations in drainage basins are mainly  
responsible for high sediment loads of rivers in this  
region42. Crustal shortening due to movement along the 
HFT is significantly high (21.5 ± 1.5 mm/yr)8. 
 The lower Ganga sub-basin is marked by the Tista 
megafan in the north, and the southern plains form the 
largest delta with a significant effect of tides in a N–S 
trending graben. 
 Both the Gangetic Plains and the Himalaya are marked 
by abrupt changes across the north-south flowing Rapti 
river and the region north of it respectively, instead of a 
gradual change from east to west as postulated by Wes-
nousky et al.12. The Himalaya north of the Middle 
Gangetic Plains (Eastern Nepal Himalaya) is character-
ized by a high rate of convergence, which sustains the 
highest mountains in the world. These lofty mountains 
cause significant crustal loading and high subsidence in 
the foreland basin and also shed large sediment loads, 
carried by the rivers to the plains to form megafans. In 
the NW and Western Himalayas, the rate of crustal short-
ening due to movements along HFT is low, thus able to 
support lower heights of the Himalayan ranges. These 
ranges shed small amounts of sediments, which are  
carried by streams to the plains. The adjoining foreland is 
subsiding at a low rate, and the plains are at a higher 
level than the rivers, which are incised; this leads to mod-
erate to strong development of soils on the upland plains. 
These situations indicate the prevalence of separate 
steady states between the Upper and Middle Gangetic 
plains and the Himalaya just north of them. 
 In our study area, uplift rate was found to decrease 
with time. Similar results were obtained in the northern 
parts of the Dehradun Valley, where uplift was caused by 
activity along different imbricates of MBT, forming ter-
races15. It seems that in a particular cycle of activity 
along a fault, the activity seems to decrease with time as 
indicated by uplift/slip rate and convergence rate. 
 Our studies of terraces T1–T4 of the Ganga river along 
the western side of the Chandidevi Temple Hill, indicate 
that the rates of uplift, slip and convergence due to move-
ments along HFT are similar to those observed earlier in 
the western part of the valley. However, these are signifi-
cantly less than those observed in the Eastern Nepal. 
These differences are explained in terms of the seg-
mented nature of the Himalayan arc and Gangetic Fore-
land Basin. Two major segments in the Himalayan arc 
have been recognized: Eastern Nepal with a high conver-
gence rate and Western Nepal and the region extending 
further west at least to the present area with a low con-
vergence rate. Similarly, the adjoining Gangetic Basin is 
divided into Upper and Middle Gangetic Plains, with  

distinctive sedimentation patterns, geomorphology and 
pedology. 
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