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ρ NIR − ρ VIS
ρ NIR + ρ VIS

can also be determined by this method using NIR and
visible laser diodes.
The experimental work has been carried out for standoff LPAS signal using QCTF detector. Resonant frequency ( f ) and quality factor (Q) of QCTF were
evaluated using both electrical and optical experimental
set-ups. A linear dependence of optical power (W) to
electrical LPAS signal (V) is derived by measurement at
different optical power levels. Ambient solar or optical
radiation sources do not introduce any noise in QE LPAS
signal, which results into a high signal-to-noise ratio. The
technique only works at the resonant frequency of the
QCTF detector. In the experiment, standoff laser photoacoustic sensor is successfully demonstrated for detection
of adsorbing chlorophyll traces on surfaces like diffused
wood and cotton cloth. The normalized LPAS signal
increases with increasing concentration of adsorbed chlorophyll on the surface; wood and cloth. Q value calculated
by the optical set-up is 8240, which is in good agreement
with that measured (8000) from electrical set-up. The
very low cost and very wide spectral response without
any cooling requirement has made the QCTF detector a
promising tool for wide spectral band from UV to terahertz. In future, QE-LPAS-based systems can be used in
the environmental sensing for organic matter monitoring,
plant disease studies, photosynthesis, oil pollution, hazardous chemicals and homeland security applications.
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New apatite and zircon fission-track ages from the
Dalhousie Granite exposed along Dhauladhar Range,
Northwest Himalaya extend from 2.9 ± 0.2 to 4.4 ±
1.0 Ma and 10.4 ± 1.4 to 21.1 ± 2.2 Ma respectively.
One-dimensional thermal modelling of the data suggests slow exhumation during Middle to Late Miocene, followed by acceleration during Plio-Pleistocene.
The activity along the Panjal Thrust (PT)/Main Central Thrust (MCT) in this region ceased at ~ 15 Ma,
while tectonic activity along the Main Boundary
Thrust (MBT) started prior to ~ 10 Ma. Tilting of
topography due to activation of MBT controls the
exhumation pattern of Dalhousie Granite during Middle to Late Miocene. Correlation among structure,
topographic pattern and thermochronometric ages
indicates interplay between tectonics and erosioncontrolled exhumation along the mountain front. The
fast exhumation rates since Pliocene are synchronous
*For correspondence. (e-mail: patelramesh_chandra@rediffmail.com)
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with intensification of the Asian monsoon and suggest
a causal link between erosion and climate variation
for evolution of the landscape.
Keywords: Climate, exhumation, tectonics, thermochronology.
TOPOGRAPHIC evolution of the orogenic belts is mainly
controlled by a balance between tectonically driven rock
uplift and the climate-dependent erosional removal of
mass. Tectonically driven rock uplift builds topographic
slopes1,2, whereas climate affects the erosional pattern on
spatial and temporal scale3–6. The increased erosion itself
reduces the width and height of orogen and leads to
isostatic adjustments, which cause increase of rock uplift
rates. It ultimately acts to oppose the erosion. Such links
between the tectonics and erosion have drawn attention of
the geoscientists since the last four decades to understand
the evolution of mountains. Although the most accepted
concept is that climatic-induced erosion and geodynamic
processes are strongly coupled to evolve an orogen7,8,
decoupling of climate and erosion is also equally
observed in active orogens9,10.
The Himalayan orogen, characterized by the northdipping, southward-propagating crustal-scale thrust
sequence, is formed as a result of India–Asia collision
(ca. 55 Ma)11. The two plates are sutured along the Indus
Tsangpo Suture Zone (ITSZ)11. After closure of the
Tethyan Ocean along the ITSZ or further north, successive underthrusting and crustal shortening has led to the
formation of southward vergent and propagating younger
thrust faults to the south of the ITSZ within the Himalaya. During this accretion, remobilized continental crust
of the Indian Plate in the Higher Himalayan Crystallines
(HHC) extruded between synchronously developed South
Tibetan Detachment System (STDS) and the Main Central Thrust (MCT) in the north and south at ~ 23–18 Ma
respectively12,13, and stacked above the Lesser Himalayan
Sequence (LHS)11 (Figure 1). The LHS is thrust over the
Cenozoic Sub-Himalayan foreland along the Main
Boundary Thrust (MBT) that developed in the footwall of
MCT at ~10–5 Ma (refs 14, 15). At the front of the Himalayan range, the Sub-Himalayan sequence is emplaced over
the Indo-Gangetic Plains along the Main Frontal Thrust
(MFT) during the Quaternary16. These large-scale thrusts
sole into a presently active décollement termed as the
Main Himalayan Thrust (MHT)17.
To constrain the exhumation rates and deformation pattern in the Himalayan orogen, much of the thermochronometric studies are either confined in the areas of
pronounced precipitation gradients9,18 or with topographic
transitions cutting across the strike of major thrusts like
MCT within the interior of the orogen18–20 along with
syntaxial bends21–23. However, less attention has been
paid to understand the exhumation of the Palaeozoic
granitic bodies exposed at the southern front in the
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Northwest (NW) Himalaya, which have been emplaced
close to MBT along MCT. Between these thrusts, the
LHS with low mean elevation is restricted to a few kilometre wide zone.
Along the southern front of the orogen in the Dhauladhar
Range in the Dalhousie–Chamba region (Figures 1 and
2), topography rises abruptly from the low-lying IndoGangetic Plains. A discrete rainfall maximum (Figure 3 a)
occurs over the Dhauladhar Range24, which is described
as an orographic barrier25. The Palaeozoic Dalhousie
Granite, intruding the Salkhala/Chail Group of the Dhauladhar Range11,25 along the southern front of the orogen,
is most appropriate to understand the influence of the
MCT and MBT activities on uplift and exhumation of the
Dhauladhar Range.
In this study, we present 21 new apatite fission track
(AFT) and zircon fission track (ZFT) age datasets from the
Dalhousie Granite. Our data along with published thermochronometric ages25 reveal a strong correlation of topographic changes and erosion on spatial scale, and a link

Figure 1. a, Location of the study region on a digital elevation model
of India–Asia collision zone. b, Geological map of the NW Himalaya
showing major tectonic units. 1. Cenozoic Sub-Himalayan and IndoGangetic foreland basin. 2. Lesser Himalayan Sedimentary Zone: A –
Krol–Deoban–Pithoragarh Belt, B – Lesser Himalayan Kishtwar and
Rampur-Kulu windows. 3. Lesser Himalayan Crystallines: A –
Salkhala Group, B – Chail and Chamba Groups, C – Jutogh Group. 4.
Late Proterozoic and Lower Palaeozoic granitoids. 5. Higher Himalayan Crystallines. 6. Palaeozoic and Cenozoic granitoids. 7. Haimanta
Group. 8. Palaeozoic–Mesozoic Tethyan Sedimentary Zone. 9. Tso
Morari Crystallines. T-H, Trans-Himalayan tectonic units. MBT, Main
Boundary Thrust; MCT, Main Central Thrust; STDS, South Tibetan
Detachment System; D, Dehra Dun; Sh, Shimla. Fission track apatite
(AFT), zircon (ZFT) and uranium–helium zircon (ZHe) ages are shown.
Based on Yin11, Thakur28 and Jain et al.65,66.
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between climatic shift and erosion on a temporal scale in
the study region. Comparison of our data with the published
dataset from Mandi Granite26,27 shows that rate of exhumation varies considerably along the strike of the orogen
though the pattern of exhumation remains the same.
The Dhauladhar Range in the NW Himalaya is characterized by low-grade metamorphosed Haimanta sedimentary rocks, which are the basal part of the Tethyan
Himalayan Sequence (THS)11,25. This belt is known as the
Jutogh/Chail Group in the Sutlej and Mandi area and
the Salkhala in Chamba and Kashmir region28. The Dalhousie Granite of the Early Palaeozoic age intrudes the
Salkhala Group28, and has a whole-rock (Rb–Sr) age of
456 ± 50 Ma (ref. 29). The Dalhousie Granite is a part of
almost continuous granite belt from Kaplas in the west
along the regional Dhauladhar Range and extends as the
Mandi Granite in the southeast. In the Dalhousie region,
it is exposed in semi-lensoid shape and is about 1 to
15 km in width (Figure 2).
Tectonically, MCT, also known as the Panjal Thrust
(PT) in the study area, juxtaposes two low-grade units –
the Salkhala/Chail Group and LHS11,25,26,30–33 in the
Dhauladhar Range. This relationship suggests that MCT
cuts up-section laterally in the Dhauladhar region forming a hanging wall ramp34. Alternatively, HHC may form
a southward-tapering wedge between the THS above and
the LHS below; evidence for this can be deciphered from
a thin mylonitized ‘outer granite band’ as a part of the
basal HHC. In that case, the Panjal Thrust simply

represents the original flat-over-flat relationship between
THS and LHS before HHC had been almost cut out
between the two units11,33. Foliations dipping ~ 35° and
mineral lineations plunging ~ 20–35° to NE in the basal
MCT hanging wall in Chamba31,35 suggest that this structure reaches the surface at similar high angles (Figure 2).
The preferential directions of joints and valleys coincide
and trend along NE–SW and NW–SE. Both joints and
valleys (mostly the small tributaries) which have the
same preferred orientations in the area are created after
the emplacement of the Chail group36.
In the Himalaya, tectonic-climate linkage has been
studied in different parts9,37,38. The Indian summer monsoon evolved during the Miocene at about ~ 23 Ma (ref.
39) and certainly existed by 12–10 Ma (refs 40, 41).
Apparent Asian monsoonal intensification is suggested
at ~ 8 Ma ago42. Increased sediment fluxes are reported
during middle Miocene in the foreland basins of the Himalaya43. Further, very short lag-times (~ 1–3 Ma) are recorded between cooling ages of the detrital grains and
depositional ages in the foreland basins44, which indicate
rapid erosion and sedimentation in the foreland basins of
the Himalaya implying a linkage between climate variability and sedimentation (erosion) at least since PlioPleistocene45. In addition to the Asian monsoon, the precipitation in winters in the NW Himalaya is mainly
caused by westerlies which became pronounced since
~ 2.6 Ma (ref. 24). The present-day precipitation pattern
either caused by Asian monsoon or westerlies in the study

Figure 2. a, Geological map of the Dalhousie Granite showing locations of samples for FT analysis. b, Cross-section along AB showing
the sample locations along a vertical relief transect. c, Cross-section
along CD showing the sample locations.

Figure 3. a, Topographic and precipitation swath profiles along with
local relief for the study area (after Deeken et al.25) showing that the
study area at the mountain front receives the focused precipitation. b,
Cross-section of study area. c, Plot of AFT, ZHe and ZFT cooling ages
with respect to distance.
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region is predominantly controlled by topography24
(Figure 3 a and b).
In order to quantify the exhumation history of Dalhousie
Granite, ten samples along the Dalhousie–Khajjiar–
Chamba road cut and seven samples along Parihar–
Chamba road cut in the vicinity of the River Ravi were
collected (Figure 2 a). Out of the 17 samples, 10 samples
along the southern transect (Dalhousie–Chamba road cut)
were collected along the vertical profile with minimal
sample elevation of 1200 m and maximum elevation of
2280 m (i.e. elevation difference of ~ 1000 m) within
~ 5 km distance (Figure 2 b, Table 1). All the samples
contained datable zircon grains; however, no apatite
grains were found in these samples. The seven samples
along the northern transect were collected from a nearconstant elevation (1260–1320 m; Table 1). Out of these,
five samples contained coexisting apatite and zircon pairs
and two contained only apatite (Table 1).
Apatite and zircon concentrates were obtained by standard crushing, heavy liquid separation using bromoform
(CHBr3) and magnetic separation techniques, following
procedures at the Low-Temperature Thermochronology
Laboratory, Kurukshetra University26. Hand-picking was
done for good-quality grains under the stereo-zoom microscope. Apatite and zircon grains were mounted in epoxy
and Teflon respectively, and subsequently ground and
polished after taking care for 4π geometry. Apatite
mounts were etched in 1N HNO3 at 30°C for 60 sec,
whereas zircon mounts were etched using eutectic mixture of KOH–NaOH at 240°C with multiple Teflon
mounts for variable duration up to 4 h. An ‘external detector’ muscovite of low-U content (< 5 ppb) was used to
obtain the induced track densities. CN-1 glasses for both
apatite and zircon minerals were used as neutron dosimeter and the samples were irradiated in the thermal column
of the CIRUS Reactor at Bhabha Atomic Research Centre, Mumbai. Induced track densities in mica detectors attached to samples and glass dosimeters were measured
after etching the micas in 48% HF at 35°C for 4 min and
spontaneous track densities were determined on internal
mineral surfaces using an optical microscope with 100×
dry lens and total magnification of 1250×. Crystals with
prismatic sections parallel to the crystallographic c-axis
were chosen for analysis. Ages with ± 1σ were calculated
by standard zeta method46 using a zeta factor of 111.88 ±
0.80 (analyst Y. P. Mehta). Zeta factor was determined by
multiple analyses of apatite and zircon age standards, following the recommendations of Hurford47.
The age data of all the samples are presented in Table
1. The seven AFT ages are very young and range from
2.9 ± 0.2 to 4.4 ± 1.0 Ma with weighted mean of 4.1 Ma.
Of these ages, two samples (PD6A and PD8A) did not
pass the chi-squared probability test. This may be due to
variable U-concentration in the grains. However, these
sample ages lie within the error range of other sample
ages, therefore these have also been considered in the
1554

analysis. The AFT ages do not show any variation with
distance from MCT (Figure 3 c). The ZFT ages obtained
along two transects (Figure 2), namely Parihar–Chamba
road cut and Dalhousie–Khajjiar–Chamba road cut range
between 10.4 ± 1.4 and 21.1 ± 2.2 Ma (Table 1) with
weighted mean age of 15.4 Ma. The ZFT ages show pronounced variation with respect to distance from MCT
(Figure 3 c). The ZFT ages are older near MCT and
younging away from MCT.
Depending upon the rates of cooling and kinetic characteristics, closure temperature for apatite mineral ranges
from ~ 120°C to 150°C (refs 48, 49). Zircon demystifies
the thermal history of rocks for temperatures ~ 240°C to
350°C (ref. 50). Effective closure temperatures of 135 ±
10°C for apatite and 240 ± 10°C for zircon51 have been
considered in the present study. Considering the surface
temperature of 10°C, the values of cooling rates have
been calculated as 9.3°C/Ma since ~ 15.4–4.1 Ma and
30.48°C/Ma since 4.1 Ma (Figure 4 a). This indicates that
the cooling rate of Dalhousie Granite became fast during
late Pliocene.
The exhumation rate for a rock body in an orogenic
setting (as described by Blythe et al.52 and references
therein) can be estimated by any of the three methods: (a)
using an appropriate value of closure temperature of the
mineral and geothermal gradient, (b) through age versus
elevation graph and (c) by thermal modelling.
In a fast erosional landscape like the Himalaya, where
the rates of rock uplift are very high with lateral movements due to thrusting, calculation of true exhumation
rates with traditional age–elevation plots and slope measurements can lead to over- or underestimation of exhumation rates due to influence of topography on steady-state
isotherm and thermal advections53, because thermal perturbations in the upper crust drive the isotherms closer to
the topographic surface54,55. In regions with fast rate of
uplift and exhumation, estimation of exhumation from
samples collected along the direction of lateral transport
balances all topographic effects and the resultant exhumation corresponds to the true vertical exhumation56. The
lateral rock transport component and long topographic
wavelength can modify the exhumational paths and can
affect thermal advections. But the sensitivity to the path
of exhumation gets reduced when the low-temperature
thermochronometer age is very young, as in the present
case57. Therefore, we use 1D thermal model approach
to calculate exhumation rates. In this approach it is assumed that exhumation is through erosional advection
and is based on the thermal gradient of the region58. To
overcome this, a range of thermal gradients of 25–
45°C/km is used58. Closure temperature of 135°C for the
AFT ages and 240°C for the ZFT ages51, thermal conductivity value of 2.1–3.6 W/m/K (ref. 59) and heat production values of 0.8–3.0 μW/m3 (ref. 57) have been used
in the AGE2EDOT program51,60 to calculate the erosion
rates.
CURRENT SCIENCE, VOL. 104, NO. 11, 10 JUNE 2013
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Figure 4. a, FT age versus temperature plot for Dalhousie Granite showing slow cooling rate during ~ 15
to 4 Ma and slope steepens at ~ 4 Ma showing comparatively fast cooling rate during Plio-Pleistocene. b, Age–
elevation plot along AB section (Figure 2) showing positive slope; however, the low R-squared (0.32) shows poor
correlation of ZFT and elevation. c, AFT age versus erosion rate plot of Dalhousie Granites using AGE2EDOT48,57
program. The upper and lower curves represent the maximum and minimum values related to the range of thermal
parameters suited to the Himalayas (see Table 3). The AFT ages measured in this study are within error of the two
lines. d, Temporal variation in exhumation rates in the Dalhousie Granites showing an increase in exhumation rates
at ~ 4.1 Ma.

Using the ZFT ages, the mean exhumation rate of the
Dalhousie Granite, estimated since ~ 15.4 Ma is 0.46 mm/
year, while based on the AFT ages, it is 0.95 mm/year
since 4.1 Ma. On the other hand, the exhumation rate of
0.85 mm/year calculated from the ZFT age versus elevation plot (Figure 4 b) is higher than these values. However, the regression coefficient (R-squared) for the bestfit line is merely 0.32 (which is very low), suggesting that
the obtained rates are overestimated. The exhumation
rates using 1D thermal–numerical modelling with different modelling parameters are given in Table 2. Average
exhumation rate is calculated by running the model for
minimum and maximum values of each model parameter
(Figure 4 c). The modelling results give the exhumation
rate of 0.75 mm/year for the AFT cooling ages since
4.1 Ma and 0.45 mm/year for the ZFT ages since
15.4 Ma. Using the method described by Thiede et al.61,
1556

the transient exhumation rate between 15.4 and 4.1 Ma
has been calculated as ~ 0.31 mm/year, while it is 0.75 mm/
year between 4.1 Ma and the present time (Table 2, Figure 4 d). The modelling exhumation rates are quite similar to those calculated through the methods of cooling
rates/geothermal gradients.
Following peak metamorphism and phase of decompression at ~ 23 Ma when the major event of crustal thickening took place in the NW Himalaya11, the Chamba nappe
was thrust over LHS along the PT/MCT. This activity
continued until ~ 16 Ma along this thrust in the region62,63
during which the HHC was emplaced close to the MBT.
Comparatively older ZFT cooling ages near the PT/MCT
indicate no further uplift in topography and hence no
thrusting along the MCT since ~ 15.4 Ma in this region.
The ZFT age of ~ 15 Ma close to MCT is probably the
time of ceasing of movement along the MCT and maxiCURRENT SCIENCE, VOL. 104, NO. 11, 10 JUNE 2013
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mum uplift of the Dhauladhar Range. Rock uplift rates
associated with thrusting along the MCT were thus able
to outpace erosion rates, and the surface uplift rate was
high enough to create topographic relief. The Dhauladhar
Range achieved its high relief during this time, and was
high enough to create and maintain an effective orographic barrier for the Indian monsoon to enter the interior of the Chamba region25 (Figure 5 a). Since then, the
Dalhousie Granite in the Dhauladhar Range has been
undergoing slow erosion (~ 0.31 mm/year).
Younging ZFT age trend towards the interior of the
Dhauladhar Range and away from the PT/MCT zone
(Figure 3 c) indicates that emplacement of the nappe along
with intrusive Dalhousie Granite ceased and was followed
by gradual increase in erosion on the northern slopes of
the Dhauladhar Range between 15.4 and 6.4 Ma. This
may be explained by northward tilting of this range due
to development of MBT prior to 10 Ma (Figure 5 b)14.
Mylonites with foliations dipping ~ 40–50° and mineral
lineations plunging ~ 20–35° due NE in the basal parts of

Figure 5. Cartoon illustrating the dominant tectonic and surface
processes. a, At 15 Ma the Dhauladhar Range became high enough to
act as an orographic barrier at the mountain front, while the erosion
was slow in the northern slope. b, Prior to 10 Ma, activation of MBT
caused the topography tilt thereby increasing erosion along both the
southern and northern slopes.
CURRENT SCIENCE, VOL. 104, NO. 11, 10 JUNE 2013

the PT/MCT hanging wall, i.e. within the Dalhousie
Granite (Figure 2 a)31, suggest that these structures
reached the surface at similar high angles during thrusting
along the MBT. The tilting and uplift of the Dhauladhar
Range and its granite most likely caused joint development along NE–SW and NW–SE trends, and a regional
reorganization of the drainage network along these joint
sets. These modulations resulted in the drainage flow in
the direction of slope due north, northeast and northwest
that joined the major River Ravi (Figure 2). This reorganization of drainage network combined with northeastward slope in the region accelerated the erosion
resulting in younging trend of the ZFT ages downslope.
Published ZHe ages from the Dhauladhar Range show
good correlation with elevation for both south- and northfacing slopes of the range25. This correlation of topography and ZHe age pattern (i.e. older ages at higher elevations) was built during late Miocene at ~ 6 Ma, which is
indicated by the sharp break in slope in the age versus
distance plot (Figure 3 c). Fast erosion of steep southern
face caused horizontal advection of heat close to the surface. It resulted in younging of the ZHe ages at the lower
elevation in the southern slope. Hence, the pattern of both
ZFT and ZHe ages clearly indicates that the activation of
the MBT in this region occurred prior to 10 Ma (the
minimum ZFT age, present study). Our interpretation
supports the observation of Meigs et al.14 for the age of
MBT (at > 10 Ma) in Pakistan and western Himachal
Himalaya.
Our AFT ages (2.9 ± 0.2 to 4.4 ± 1.0 Ma) along with
those already published25 (i.e. 1.7–3.7 Ma) to the southeast of the present study area show no variation with respect to distance as well as elevation. The elevation–
invariant AFT ages across the Dhauladhar Range indicate
that the critical closure isotherm has been strongly perturbed into a pattern mirroring the first-order topography.
This suggests that the Dhauladhar Range exhumed rapidly since 4.1 Ma as a single block. Fast exhumation rates
in this region since Pliocene are synchronous with intensified Asian monsoon7,40. These rapid exhumation rates
are in good agreement with clay mineral distribution pattern in the Himalayan foreland basin, which is suggestive
of interfingering of sediments from major trunk rivers and
piedmont drainage between 6 and 0.5 Ma (ref. 64). These
exhumation patterns show good correlation with enhanced
erosion, deposition in foreland basin, climate shift and
tectonic deformation along the mountain front. These
evidences suggest a self-evolving mechanism of a mountain front which represents a casual link between erosion,
uplift and climate proxies with continued tectonic convergence.
In order to test the exhumation pattern along the Dhauladhar Range, exhumation rates have been compared with
the Mandi Granite exposed about 50 km southeast along
its strike sharing similar tectonic and lithological setting
like the Dalhousie Granite. In the Mandi Granite the AFT
1557
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ages range from 1.9 to 4.9 Ma (mean age 3.2 ± 0.89 Ma),
whereas the ZFT ages range from 3.9 to 11.5 Ma (mean
age 7.1 ± 2.60 Ma; Table 2)26,27. The modelled exhumation rates are 0.82 mm/year during ~ 7.1 to 3.2 Ma and
0.99 mm/year since ~ 3.2 Ma. These rates are slightly
higher than those for the Dalhousie Granite. However, the
pattern of exhumation rates over the temporal scale is
similar. This gradual change in exhumation rates may be
attributed to change in the internal geometry of the MHT
ramp along the strike of the Himalayan orogen (e.g.
Robert et al.18). This underscores the need for further
studies on the geometry of the MHT ramp and 3D thermal numerical modelling of thermochronological dataset
in combination with landscape evolution models along
the entire NW Himalaya.
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