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Where did rotational shortening occur in the Himalayas? —
Inferences from palacomagnetic remagnetisations
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Abstract

In metacarbonates of the Lesser (LH) and Tethyan (TH) Himalayas of Kumaon/Garhwal (N-India) characteristic
remanent magnetisations carried by pyrrhotite (unblocking temperatures: 250-330°C) and magnetite (demagnetising
spectra: 15-50 mT) have been identified. Negative fold tests indicate remanence acquisition after the main folding
phase, which is of short-wavelength character and occurs during the early orogenese of the Himalayas. A thermal or
thermochemical origin of magnetisation is likely and the age of remanence acquisition is indicated to be about 40 Ma
by ““K/*Ar cooling and *°Ar/* Ar crystallisation ages. In the Kumaon LH a long-wavelength tilting is indicated by a
distribution of the remanence directions along a small-circle in N-S direction. Steepening of the remanence directions
in the TH related to ramping on the Main Central Thrust (MCT) was not observed, in contrast to other related
studies. In the Alaknanda valley of LH a 38 +8 Ma age of remanence acquisition is supported by comparison of
observed inclinations to the apparent polar wander path of India. Clockwise rotation of 20.3 + 11.7° (LH/Alaknanda
valley) and 11.3 £ 8.5° (TH) with respect to the Indian plate is observed, indicating that there is no significant evidence
for rotational shortening along the MCT since about 40 Ma. Our results suggest that most of rotational
underthrusting and oroclinal bending has not been accommodated by the MCT, but by the main thrusts south of it.
The latest Miocene/Pliocene age of the Main Boundary Thrust indicates that oroclinal bending is a late-orogenic
process.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction in the formation of the Himalayan Orogen. In the
context of the movement of the Indian plate and

The Early Tertiary India—Asia collision and re- relative movements between the Indian shield and
lated shortening of the colliding margins resulted its northern margin, the total shortening can be

subdivided into ‘straight forward’ shortening in

an approximately north-south direction and rota-
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Asia due to the counterclockwise rotation of India
plus the shortening caused by the bending of the
Himalayan belt due to the overthrusting of the
northern Indian margin onto the Indian shield.
Oroclinal bending can be described by a series
of block rotations around individual pivots as a
consequence of rotational underthrusting as sug-
gested by [1] or by continuous bending by crustal
downwarp of the Indian shield in the broader
framework of a small-circle tracing the Hima-
layan Arc around the so-called Turfan pole as
suggested by [2,3]. Its controlling mechanism is
assumed to be the pinning of the rotation of the
Indian shield in the NW-Himalayan Syntaxis and
the underthrusting of the Indian lithosphere along
the Main Central Thrust (MCT) and the succes-
sively southward propagating younger thrusts [1].
Rotational underthrusting can be regarded as
driven by a uniform counterclockwise movement
of the Indian shield around a pivot in the NW
Syntaxis (35°N, 73°E) [2], causing the relative
movement between the Indian shield and its
northern continental margin. Palacomagnetic re-
sults from the Tethyan Himalaya have been used
to detect and quantify such rotations with respect
to the Indian shield [2,4-9]. In low-grade metacar-
bonates of the Tethyan and Lesser Himalayas,
along the Himalayan Arc, secondary thermorema-
nent (TRMs), partial TRMs, or thermochemical
magnetisations carried by pyrrhotite are fre-
quently observed and interpreted in terms of tilt-
ing and rotations [5-8,10,11]. Remanence inclina-
tions that are ~20° steeper than expected from
the Indian apparent polar wander path (APWP)
in the Tethyan sediments of Manang area (central
Nepal) have been related to ramping along the
MCT [5]. Oversteepened inclinations were also re-
ported from the pyrrhotite component of the
Everest leucogranite (~ 10° steeper than expected)
[12] and from metacarbonates in the Thakkhola
area and Hidden Valley (western Nepal; ~20-
25° steeper than expected) [4,8]. In the Shiar Kho-
la area (central Nepal) varying inclinations are
interpreted in terms of N-S directed long-wave-
length folding after remanence acquisition [11].
In the Garhwal Himalaya clockwise rotations
of ~25° with respect to the Indian shield since
30-20 Ma were concluded from remanences with

unblocking temperatures of 270-330°C in the
Krol Belt sequence of the Lesser Himalaya (sites
k1-k6; Fig. 1) [9]. From the results of the Ala-
knanda valley (sites all-al8; Fig. 1) [10] clockwise
rotations of ~30-20° can be concluded for as-
sumed magnetisation ages in the range of 40-10
Ma (corresponding to cooling ages of the area
[16]). Tt has been shown that regional block rota-
tions ought to be scrutinised for possible local
effects in order to minimise erroneous estimates
of rotational shortening caused by the rotation
of India [6]. Rotations close to the Syntaxis ap-
pear to be dominated by local tectonics, while the
record of regional dynamics becomes more impor-
tant with increasing distance [7]. Systematic com-
bination of palaeomagnetic results and structural
information has been used to calculate a uniform
total rotational shortening between the Indian
shield and its northern margin in the western Hi-
malaya [7]. Former studies dealt with the overall
relative rotation between the Indian shield and its
northern margin (represented by the Tethyan Hi-
malaya). In our study we focus on rotations on a
NW-SE profile across the strike of the Himalayan
Arc from south of the MCT to an area directly
north of the Malari (detachment) fault (Fig. 1).
Among the thrusts at the base of the High Hima-
layan Crystalline (HHC) and further to the south,
the MCT has accommodated the highest amount
of ‘straight forward’ shortening, estimated be-
tween several tens of kilometers to 150-250 km
[17]. The shortening along the Main Boundary
Thrust (MBT) is generally estimated to be several
tens of kilometers, but much larger shortening has
been suggested ([17] and references therein). Our
data provide information on possible rotational
shortening along the MCT, assesses where the ro-
tational movement is distributed across the Hima-
layan thrust and contributes to the interpretation
of the observed oversteepened remanence inclina-
tions.

2. Geology of the sampled areas

The MCT separating the HHC from the Lesser
Himalaya metasediments appears to be the most
prominent of the southward propagating thrusts.
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Fig. 1. Geological maps of the Kumaon/Garhwal area. The open rectangle in the small figure marks the geographic position of
the area. (a) Geological map of the Kumaon Tethyan Himalayas after [13] with site locations for this study (mtl-8, 12, 15, 17,
19, mm9, 10, msll). (b) Geological map of Lesser Kumaon Himalayas (modified after [14]) with the site locations for this study
(sites gl-28) and also for [9] (sites k1-6) and [10] (sites all-8). MBT: Main Boundary Thrust; MCT: Main Central Thrust; TH:
sampling area in the Kumaon Tethyan Himalayas. The profiles Prl and Pr2 simplified from [15] are shown in Fig. 7.

In order to study relative rotations along this
thrust, low-grade metamorphic carbonates to the
south of the MCT were sampled in the Lesser
Kumaon/Garhwal Himalaya (LH samples, SSW
of the Nanda Devi Massif; Fig. 1b). Due to ab-
sence of metacarbonates in the HHC they were
sampled from the Tethyan Himalaya of Malari
area (TH samples; Fig. 1a) north of the Malari
Fault (probably part of the South Tibetan De-
tachment Fault System, STDS). The thermal evo-
lution of the Higher Himalaya is characterised by
two metamorphic phases: a collision-related Eo-

himalayan phase (40-35 Ma) and a Neohima-
layan phase (22-18 Ma) [18,19]. In both areas
low-grade metamorphic carbonates of various
formations were sampled. The Lesser Himalaya
(metasediments of mainly Precambrian to Early
Palaeozoic age) overthrusts the Siwalik molasse
basin to the south along the MBT and is itself
overthrusted by the HHC along the MCT. The
Lesser Himalaya is extensively folded and faulted
[13]. Four folding phases were recognised in the
Kumaon/Garhwal Himalayas. The two older
phases with structures trending generally E-W
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to NW-SE are related to the Eohimalayan oro-
genesis, while the fold axes of the younger phases
trend N-S to NE-SW. The youngest phase devel-
oped under brittle condition [20]. The eastern part
of the sampling area is dominated by the influence
of the Almora nappe, which is part of the High
Himalayan sequence. Detailed structural and geo-
chronological studies from its eastward continua-
tion, the Dadeldhura nappe, and the underlying
Lesser Himalaya of far western Nepal indicate an
emplacement of the Dadeldhura thrust sheet at
22-15 Ma and the growth of a Lesser Himalayan
duplex between 12 and 5 Ma [21]. Two profiles
across the sampling area show the general geolog-
ical structures and the differences in the duplex
structures (see below) in the NW and SE of the
LH sampling areas [15]. The North of the HHC
and the Tethyan Sedimentary Series (diagenesis—
anchizonal metasediments of Precambrian to Eo-
cene age) are detached along the Malari Fault,
which may be related to the STDS. NW-SE strik-
ing fold axes are dominant in the Tethyan Hima-
laya [13].

South of the MCT in the LH area 28 sites (gl—
g28) were sampled in epizonal metacarbonates of
the Tejam and Damtha Groups (Late Palaeopro-
terozoic age [22]; Fig. 1). In the TH area, 12 sites
were sampled from the Lower Triassic Kalapani
Limestone and a further three sites from the Mid-
dle Triassic Kuti Formation (Fig. 1).

3. Sample treatment and measurements

A portable rockdrill was used for sampling.
Cores were oriented with a magnetic compass.
Due to the low intensity, orientation with a solar
compass is not required. In general, about 10
cores, 2.5 cm in diameter, were taken at each site.

The cores were sliced into specimens of stan-
dard length (2.2 cm). All magnetic measurements
were carried out in the palacomagnetic laboratory
of the University of Tiibingen (Germany). The
natural remanent magnetisation (NRM) of two
pilot specimens was progressively demagnetised,
for one specimen by heating in a MMTDI1 fur-
nace (Magnetic Measurements), for the other by
alternating fields (AF) treatment using an auto-

matic degaussing system (2G Enterprises 2G600).
Remanence directions and intensities were mea-
sured with a 755R SQUID magnetometer (2G
Enterprises; noise level <0.01 mA m~! for 10
cm?® specimens). Low-field magnetic susceptibility
was monitored after each heating step to detect
possible changes in magnetic mineralogy. The
anisotropy of low-field magnetic susceptibility
(AMS; for all samples) and anisotropy of anhys-
teretic remanence (AARM; for selected sites) was
measured to check for a possible deviation of the
remanence direction. For selected samples aniso-
tropy in the saturation magnetisation has been
investigated using a torque meter at the ETH
Zirich (Switzerland) [23]. The AF-demagnetised
specimens were subsequently used for isothermal
remanence (IRM) acquisition with a MMPM9
pulse magnetiser (Magnetic Measurements) with
a maximum field of 2.75 T followed by stepwise
thermal demagnetisation of the saturation IRM
(SIRM). The intensity of IRM was measured
with a Minispin spinner magnetometer (Molspin;
noise level about 0.2 mA m™! for 10 cm® speci-
mens). Following the pilot results the remaining
specimens were first heated up to 150°C to de-
stroy a possible goethite component. The speci-
mens of LH were further demagnetised either
thermally in steps of 50-5°C, by suitable AF steps
or by a combination of both. The specimens of
TH were demagnetised in an alternating field us-
ing 2-20mT steps up to 140 mT. Specimens with a
residual intensity > 10% of the initial magnetisa-
tion were subsequently further demagnetised in
20°C steps from 250 to 350°C. Despite of working
in a low magnetic field environment, between each
thermal demagnetisation step and the remanence
measurement the specimens were also subjected to
AF treatment at 20 mT in order to remove pos-
sible viscous magnetisation acquired by the very
soft magnetite fraction. Orthogonal vector projec-
tions, equal area projections and principal com-
ponent analysis (PCA) were used for determi-
nation of remanence components. For the de-
termination of rotations around vertical axes
the angle between observed and expected rema-
nence directions from the APWP for the respec-
tive ages are used for Fisher distributed site mean
directions. The direction defined by the intersec-
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tion of the small-circle, representing the distribu-
tion of site mean directions, and the small-circle
of common inclination through the expected rem-
anence direction (from the APWP) is used for
small-circle distributed site mean directions fol-
lowing the method of [24].

4. Magnetic mineralogy and palaeomagnetic
results

Alternating field as well as thermal demagnet-
isation was used to separate three significant rem-
anence components (apart from goethite), com-
posing the NRM of the metacarbonates of both
areas, according to their unblocking spectra (Figs.
2 and 3). These three components are:

1. In the TH area only, a low-coercive magnetite
(demagnetised below 10 mT; Fig. 3), carry-
ing an in situ remanence direction close to
the local present field (mean D/I=358°/42°,
Ogs =5.3°, k=68.8, Ngs=12; ambient field
DII=1°/46°);

2. A high-coercive magnetite component (demag-
netised between 25 and 70 mT; Fig. 3), which
carries a characteristic remanent magnetisation

(@) 10, (b)

(ChRMpag) in the TH area. A well-grouped
overall mean direction in geographic coordi-
nates could be obtained for this magnetite
component for site mean results with k> 10
(mean D/I=7.5°/26.6°, o0ns=7.6°, k=414,
Nsites = 10; Fig. 4a and Table 1). In the LH
area, five of 28 sites show well-defined group-
ings within each site, but the site mean direc-
tions are randomly distributed and not useful
for further interpretation in terms of rotations;

. In both areas pyrrhotite has been identified by

its unblocking temperature spectrum (250
330°C; Figs. 2 and 3). In 20 of 28 sites from
the LH area, pyrrhotite is the main remanence
carrier (ChRMpyg). Directional analyses were
carried out using linear PCA of the thermal
demagnetisation data in Zijderveld plots (in
the unblocking range of 275-330°C) as well
as stable endpoint directions of the residual
magnetic component after AF demagnetisation
up to 140 mT. In several sites two antiparallel
components carried by pyrrhotite were ob-
served during thermal demagnetisation, possi-
bly representing a pTRM reversal record [8].
Well-grouped (k=10) specimen directions
have been obtained for 18 sites (Table 2). In
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Fig. 2. Thermal and alternating field (AF) demagnetisation of a representative sample from the LH area in geographic coordi-
nates. (a) Intensity plot of combined thermal and subsequent AF demagnetisation of the natural remanent magnetisation
(NRM). (TEMP.: temperature; D.F.: demagnetising field), showing a pyrrhotite component and minor magnetite content. (b)
Orthogonal vector projection of the combined thermal and AF demagnetisation. Zoom: Orthogonal vector projection of the AF
demagnetisation (RMs,1: remanent magnetisation after the 5 mT demagnetising step; V (open circles): vertical projection; H

(full circles): horizontal projection).
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netisation (b). T: temperature, see caption to Fig. 2.

the Kalapani Limestone of the TH area only, a
third residual component (generally demagne-
tised above 80 mT) is observed after AF de-
magnetisation. The high coercivity of this
ChRM indicates pyrrhotite (ChRMpyr) as
the remanence carrier and this is confirmed
subsequently by thermal demagnetisation of
several specimens (unblocking temperature
range of 250-300°C; Fig. 3). Linear and planar
PCA were used to analyse pyrrhotite as the
remanence carrier of the residual component,
resulting in concurrent in situ mean directions
determined by AF demagnetisation (mean of
ChRMpYRI D/I= 7.60/34.00, Os = 13.40, k=
13.9, Nes =10; Fig. 4b and Table 3) using
site means with k> 10 and by thermal demag-
netisation (mean of ChRMpyr: D/I=6.7°/
32.2°, o5 =14.6°, k=10.7, Nypecimens = 11; Fig.
4b).

4.1. Discussion of the palaecomagnetic results

Anisotropy of remanence carriers may influence
the remanence direction significantly. Indeed, the
AMS measurements reveal a high degree of ani-
sotropy (P'=1.2) for five sites in the LH area
(Table 2). Generally, magnetic susceptibility mea-
surements are dominated by the magnetite frac-

tion and pyrrhotite has only a minor contribution
to the signal. Such a high degree of anisotropy
can be attributed to minerals with high crystalline
anisotropy such as pyrrhotite, but alternatively in
the other samples a high crystalline anisotropy of
pyrrhotite cannot be excluded. However, AMS as
well as AARM measurements do not reveal com-
prehensive information on the origin of the aniso-
tropy due to the contribution of paramagnetic
and ferrimagnetic phases or of different ferrimag-
netic components to the susceptibility signal and
neither do AARM measurements. High field tor-
que magnetometer measurements provide infor-
mation about anisotropy in the saturation mag-
netisation of the ferrimagnetic content. It is
possible to distinguish between different directions
of the magnetite and the pyrrhotite components.
In selected specimens, however, low torque im-
peded the determination of the ferrimagnetic ani-
sotropy tensor. A possible influence of anisotropy
on remanence directions therefore must be re-
garded as undeterminable in this case. All site
mean directions with k> 10 are included in the
statistics.

In the TH area, both magnetite and pyrrhotite
display comparable remanence directions (Fig. 4).
A fold test for the magnetite component indicates
a post-folding origin on a 95% significance level
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Fig. 4. Equal-area projection of site mean directions with
their overall mean (X) and ops angles for ChRMpmac (a)
and ChRMpyr (b) of area TH in geographic coordinates,
both plotted in the lower hemisphere (open/full circles: site
mean directions plotted in the upper/lower hemisphere). The
small stereo plot of (b) shows single specimen directions of
several sites obtained by thermal demagnetisation (TH) after
AF treatment and their mean direction (X) plotted in the
lower hemisphere.

(with critical limit of y ratio=3.497) with yg./
Xeco =3.923 (after [25]) and partial unfolding
shows best grouping at —21% unfolding. A fold
test of the pyrrhotite component is statistically

insignificant and partial unfolding shows ambigu-
ous results. The low significance level of the fold
tests results from comparable bedding attitudes
for most of the sites (Tables 1 and 3).

In the LH area a pyrrhotite component has
previously been identified in the Garhwal Hima-
laya [10]. These previous results are included in
the present statistical analyses as well as results
for component B [9] (Late Tertiary secondary
component, post-folding), which we believe is
also carried by pyrrhotite according to the un-
blocking temperatures of 270-330°C. A negative
fold test for site gl7 and for the site mean direc-
tions (with critical limit of y ratio=6.371) with
st/ Xoco = 7.818 (95% after [25]) indicates rema-
nence acquisition after the main folding of the
Himalayas. Partial unfolding shows best grouping
at 15% of unfolding and confirms a post-folding
origin, which we interpret as remanence acquisi-
tion in the final stage of the main Himalayan
deformation.

It is obvious that the distribution of site mean
directions in the LH area is different for the

Table 1
Statistical parameters for the ChRMyac of the TH area
Site Geographic position NIM Geographic coordinates Bedding

N (®) E (°) Dec. Inc. s k Dip dir. Dip
mtl 30.7267 80.0772 10/10 9.1 27.6 17.0 10.1 45.0 32.0
mt2 30.7248 80.0765 10/11 114 30.2 6.9 50.4 45.0 32.0
mt3 30.7267 80.0833 11/11 12.3 29.9 11.9 15.6 63.0 31.0
mt4 30.7218 80.0748 11/11 11.5 34.7 7.2 46.2 30.0 30.0
mt5 30.7210 80.0755 6/6 13.3 26.5 9.8 47.9 30.0 30.0
mt6 30.7320 80.0800 10/10 2.2 31.0 9.9 24.8 60.0 25.0
mt7 30.7313 80.0783 9/9 7.2 28.1 6.1 71.4 60.0 28.0
mt8 30.7307 80.0765 9/9 19.7 18.6 22.1 7.2 65.0 33.0
mm9 30.7897 80.0090 9/10 14.9 3.0 12.1 19.1 357.0-13.0 18.0-23.0
mml0 30.8018 80.0017 9/11 329.0 —24.3 25.7 5.0 34.0 67.0
msll 30.7830 79.9977 7/8 11.3 —44.5 24.2 8.6 283.0 29.0
mt12 30.7858 80.0220 10/10 357.9 —28.9 38.1 2.6 25.0 15.0
mtl5 30.7878 80.0343 7/10 359.1 12.6 17.3 13.1 8.0 11.0
mtl7 30.7830 80.0327 8/9 7.4 7.4 22.8 6.8 13.0 14.0
mt19 30.7830 80.0097 7/9 351.2 40.4 11.6 27.9 105.0 13.0

Mean 10 sites (k> 10)
7.5

Geographic coordinates

26.6 7.6 41.4

Stratigraphic coordinates

12.6

6.9 10.3 23.1

N, E: geographic latitude and longitude; N/M: number of specimens included in the statistics/measured; Dec.: declination; Inc.:
inclination; aws: 95% confidence angle; k: precision parameter; Dip (dir.): dip (direction) of beds; mt: Kalapani limestones; mm
and ms: Kuti Formation. Only site mean values with k> 10 (in bold) are included in the statistics.
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Table 2

Statistical parameters for the ChRMpygr of the area LH (explanation, see Table 1)

Site Geographic position N/M AF/TH/  Geographic coordinates Bedding D.
AF+TH Aniso.

N (®) E (°) Dec. 95 k Dip dir.  Dip P

gl 30.080  78.785 4/11 51214 11.4 7.5 66.2 29  263.0 47.0 1.024

22 30.062  78.844 5/10 51213 727 64.3 14.4 29.0  300.0 20.0 1.015

g3 30.239  79.892 0/11 9/2/0 remanence intensity too low

g4 30.179  79.886 4/11 1/9/1 4.6 —27.7 11.9 60.7  250.0 82.0 1.251

g5 30.197  79.971 6/13 1/12/0 61.9 -9.0 14.5 223 140.0 28.0 1.311

26 30.171  79.955 6/6 1/5/0 171.9 —3.8 14.1 30.5 133.0 26.0 1.012

g7 30.161 79.935 0/11 9/2/0 remanence intensity too low

g8 30.150  79.904 0/10 8/2/0 no pyrrhotite content

29 30.117  79.892 0/6 1/0/5 no stable directions

g10 30.088  79.870 0/11 1/10/0 remanence intensity too low

gll 30.033  79.825 717 51NN 172.9 38.5 23.6 1.5 205.0 48.0 1.055

gl2 29.906  79.843 6/12 1/10/2 344.5 24.4 29.3 6.2 10.0 46.0 1.245

gl3 29911 79.798 9/12 1/11/0 6.7 —5.0 7.9 43.2 37.0 28.0 1.009

gl4 29922 79.782 5/11 9/2/0 166.2 —32.7 35.8 5.5 14.0 37.0 1.041

gl5 29.937  79.809 511 1/10/1 343.6 13.6 19.3 16.6  83.0 45.0 1.027

gl6 29.950  79.825 0/10 2/71 NRM dominated by hematite

gl7 30.015  79.917 7114 2/11/1 6.8 40.0 8.2 55.6 130.0-350.0 12.0-78.0 1.042

gl8 29.968  79.836 0/12 6/6/0 NRM dominated by hematite

gl9 29.870  79.728 8/12 71213 345.9 13.0 14.8 11.7 343.0 47.0 1.046

220 29.885  79.557 5/10 6/3/1 358.5 0.5 26.0 134 93.0 50.0 1.038

g21 29.935  79.485 10/12 1/11/0 52.4 4.7 11.7 17.9 110.0 34.0 1.355

22 29.955  79.481 4/9 7/2/1 21.0 29.2 19.8 80.6 195.0 58.0 1.026

223 29976  79.474 9/12 9/0/0 4.6 64.2 7.0 564  37.0 44.0 1.013

224 29.966  79.467 10/12 1/11/0 15.8 45.4 5.2 864  210.0 70.0 1.187

225 30.270  79.440 8/14 1/10/4 358.1 —11.1 14.6 134 2470 51.0 3.120

226 30.145  79.125 9/10 6/2/2 167.9 -27.2 17.7 172 75.0 27.0 1.011

27 30.153  79.112 718 7/1/0 176.7 —259 14.6 22.1 90.0 15.0 1.014

228 30.046  79.053 718 4/1/3 195.6 5.5 22.6 12.4 160.0 45.0 1.013

al2* 5 206.8 4.0 15.7 26.2 185.0 66.0

al3* 9 193.2 —35.1 7.2 51.9 119.0 18.0

al4* 10 208.8 —222 9.1 29.0  43.0 23.0

al5* 11 204.0 —17.8 10.1 21.3 135.0 11.0

al7* 4 210.0 =247 31.8 10.3 95.0 42.0

al8* 6 183.0 —42.3 12.8 39.2 328.0 31.0

Mean 13+6*+7** sites (k> 10)

Mean 13+6*+7** sites (k> 10)

Geographic coordinates

191.0

—26.3 10.0 9.0

Stratigraphic coordinates

187.6

—33.0 15.2 4.5

AF: number of specimens demagnetised by alternating field; TH: number of specimens demagnetised thermally; AF+TH: num-
ber of specimens demagnetised thermally and in alternating field; P’: degree of anisotropy; *[9]; **[10]. Mean directions marked
in bold are included in the statistical mean.

northwestern part (Alaknanda valley; Fig. 5a)
and for the southeastern part (Kumaon LH,
Fig. 5b). Whereas the sites from the Alaknanda
valley (g2, g25-28 (this study), all-al8 [10], k1-k6
[9]) show well-grouped site mean directions with
k=12.0 and an overall in situ mean direction of

D=196.8°/T=—29.7° (s = 10.4, N=19; Fig. 5a),
remanence directions in the southeastern area
(g4-6, gll, gl3, gl5, gl7, gl9-24) seem more
likely to be distributed along a small-circle in an
approximately north-south direction (Fig. 5b,c).
An optimum small-circle with the pole (D =87°/
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o °

Fig. 5. (a) Site mean directions with their overall mean (X,
plotted in the upper hemisphere) and ogs angles for
ChRMpyr of the Alaknanda valley in geographic coordi-
nates (LH; sites: g2, g25-28 (this study), all-8 [10], k1-6 [9])
plotted in the upper hemisphere (open/full circles: site mean
directions plotted in the upper/lower hemisphere). (b) As
above, with overall mean (X, plotted in the lower hemi-
sphere) for ChRMpyr of the Kumaon LH area (sites: g4-6,
gll, gl3, gl5, gl7, g19-24).

I=—4°) and an opening angle B=86° (with a
standard deviation d=6.7° and s confidence an-
gle of 4.4°) has been obtained with forward mod-
elling with least-squares fitting using the shortest
distance between the data and given small-circles
over the whole sphere in 2° steps [11], excluding
the two outliers (sites g5 and g21; Fig. 6a).

5. Tectonic interpretation
5.1. Origin of pyrrhotite and age of magnetisation

In marly carbonates pyrrhotite can be formed
at elevated temperatures during low-grade meta-
morphism [27,28]. Amongst other processes pyr-
rhotite can be formed from sedimentary magnetite
and pyrite [29]. This transformation may occur at
temperatures of about =200°C [30], relating the
process of remanence acquisition to metamor-
phism. A negative fold test would indicate rema-
nence acquisition after the main deformation. The
amount of newly formed pyrrhotite is a function
of the thermal condition [11]. In samples with a
thermoremanent magnetisation (TRM with peak
metamorphic temperature > 325°C) the ChRM is
carried by pyrrhotite, whereas at blocking temper-
atures < 325°C the contribution of magnetite in-
creases with decreasing temperature. In the TH
area the low contribution of pyrrhotite to the to-
tal NRM is an indicator for low temperatures
(distinctly lower than 325°C) during metamor-
phism and a thermochemical remanent magnetisa-
tion of pyrrhotite is likely. The age of remanence
acquisition in the TH area can be related to “°Ar/

Table 3
Statistical parameters for the ChRMpygr of the area TH, obtained from AF demagnetisation (explanation, see Table 1)
Site NIM Geographic coordinates Bedding

Dec. Inc. s k Dip dir. Dip
mtl 5/10 221.9 —20.6 23.6 17.0 45.0 32.0
mt2 limited pyrrhotite content
mt3 6/11 224 24.5 15.2 333 63.0 31.0
mt4 511 329.8 57.5 26.0 11.9 30.0 30.0
mt5 516 24.7 254 4.0 578.8 30.0 30.0
mt6 limited pyrrhotite content
mt7 6/9 349.3 35.9 14.5 27.3 60.0 28.0
mt8 6/9 194.9 —26.9 12.1 31.8 65.0 33.0
mm9 7/10 345.4 —-5.3 36.3 4.2 357.0-13.0 18.0-23.0
mm10 8/11 123.2 45.0 33.7 4.0 34.0 67.0
msl1 8/8 49.4 16.3 36.1 3.7 283.0 29.0
mtl12 10/10 7.1 30.9 13.2 154 25.0 15.0
mtl5 4/10 358.5 28.2 134 48.2 8.0 11.0
mtl7 4/9 12.4 30.7 154 36.7 13.0 14.0
mt19 6/9 3273 41.3 18.1 19.9 105.0 13.0
Mean 10 sites (k> 10) Geographic coordinates

7.6 34.0 13.4 13.9

Stratigraphic coordinates

13.0 15.3 15.6 10.5
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¥ Ar ages on muscovite from the Cambrian meta-
sediments of Malari of 40.4+ 1.1 Ma, which are
interpreted as peak metamorphic ages represent-
ing the youngest thermal event in the TH area far
from the STDS [31]. This age is consistent with
the observed inclination of our remanence direc-
tions, coinciding with the expected ones from the
APWP of India including a roughly estimated
crustal shortening of 500 km (Fig. 6b).

In the LH area metamorphic temperatures were
obviously higher. Illite crystallinity results from
the Krol Belt area indicate anchizone—epizone
transition grades, suggesting metamorphic tem-
peratures of ~350°C [16], indicating a TRM
mechanism for remanence acquisition. Also, the
occurrence of antiparallel remanence directions
in single samples both carried by pyrrhotite may
indicate a thermal origin. A reversal record resid-
ing in a chemical remanence is unlikely because
grain size variation would cause strong differences
in the sequence of partial remanences unblocked
during thermal demagnetisation compared to

(@) (b)

Kumaon (O

Fig. 6. (a) Determination of rotation of 20.3%11.7° in the
LH area by comparing the observed remanence direction
(X; light grey area: oos angle) with the APWP [26] for 38
Ma in the Alaknanda valley. For the Kumaon area results
of forward modelling using least-squares fitting for a small-
circle (black line; light grey area: ons angle) fitted to the
remanence directions of the pyrrhotite component including
all sites except g5 and g21, marked in brackets. The pole
(Q) is plotted in the upper hemisphere. The apparent Fisher
mean is represented by a triangle and its ogs angle by the
dashed circle. Full/open squares show normal and reverse ex-
pected remanence direction. Dark grey area indicates the an-
gle of rotation around vertical axes. (b) Determination of ro-
tation of 11.3+8.5° in the TH area by comparing the
observed remanence direction with the APWP for 40 Ma for
ChRMpmag and ChRMpyr. See caption of Fig. 5b.

those acquired naturally [32,8]. The age of rema-
nence acquisition of pyrrhotite can be related to
the last cooling event through ~250-320°C
[27,32]. “°K/*°Ar cooling ages on illites of the Al-
mora Group (Munsiari sheet, directly overlying
the sampled formations) range from 11 to 39
Ma for the Alaknanda valley [16]. Older meta-
morphic ages for the Garhwal Lesser Himalaya
may reflect older metamorphic events or may
have been influenced by access argon or have
been partly reset [16]. Radiometric ages for the
southeastern part of the LH area are not avail-
able, but similar metamorphic conditions lead to
the assumption of comparable ages.

5.2. Rotations north and south of the HHC

The accuracy of the result is dependent on the
uncertainty of the pole determination and also on
the model of reconstruction. In order to deter-
mine rotations with respect to the Indian plate
the high-resolution (1 Ma) APWP of [26] (with
o5 =4.7°) is used. Nevertheless, using alternative
APWPs of [33] and [34] (~10 Ma resolution)
results in rotation larger by a few degrees and
tens of degrees, respectively.

The small-circle distribution in the Kumaon
LH area indicates a long-wavelength tilting over
several tens of kilometers in the N-S direction
after remanence acquisition. Such a late-orogenic
tilting has also been observed in other areas of the
Himalayas and cannot be unfolded by common
bedding correction [11]. Duplex structures in the
order of tens of kilometers north of the Dadeld-
hura synform and the Almora nappe, which have
been formed between 12 and 5 Ma [15,21], may
account for this tilting (Fig. 7). Deviation of the
remanence directions by late-orogenic structures
impedes age determination of the remanence ac-
quisition when comparing the observed inclina-
tion to the APWP of India. No significant rota-
tion results are obtained from this area (Fig. 6a).

In the Alaknanda valley later tilting after rem-
anence acquisition is unlikely because of well-
grouped remanence directions with a normal
Gaussian distribution over a SW-NE profile of
about 100 km. Therefore, the age of remanence
acquisition of 38 = 8 Ma (using [26]) can be deter-
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Inclination (°)
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Latitude (°N)

T T T
299 300 301

Almora Tejam and Damtha
Nappe Groups

Fig. 7. Two structural profiles (not to scale) across the LH
area in the NW and SE (simplified from [15]) show different
duplex patterns. (a) The profile in the NW (Prl in Fig. lb)
shows a horizontal layer at the surface, which indicates no
tilting caused by the duplex structure below. The black dou-
ble arrows indicate the sites along the profile. The grey ar-
row indicates sites at comparable latitude, but samples W of
the profile. (b) The profile in the SE (Pr2 in Fig. 1b) shows
that the folding caused by the duplex structure is traced at
the surface and the overlying horizontal layer is absent. This
is consistent with the magnetic inclination pattern observed
across this profile, as seen in the diagram. The black lines in
the diagram represent the inverted dip of the duplex struc-
ture (stretched to the maximum inclination).

mined from the observed inclination if account is
taken of a likely crustal shortening of about 200
km [17] along the thrusts to the south. This age is
consistent with the cooling age of 39 Ma of [16].
This age has been ignored in the interpretation of
[16].

A mean clockwise rotation of 20.3+11.7° with
respect to the Indian plate is resulting from the
LH (Alaknanda valley) for a remanence age of 38
Ma. The uncertainties in ages lead to mean rota-
tions of 18.1° for an age of 30 Ma and 22.6° for
an age of 46 Ma.

In the TH area, the nearly identical directions
of magnetite and pyrrhotite (Fig. 6b) suggest
a comparable remanence acquisition age. Both
components are of post-folding origin, as indi-
cated by the negative fold test for the magnetite

component and the secondary formation of pyr-
rhotite. Therefore, for the final interpretation, the
better-defined magnetite component is used. For
an age of 40 Ma a clockwise rotation of
11.3 £ 8.5° with respect to the Indian plate is ob-
tained. The relatively small sampling area is not
appropriate for identifying a possible overall tilt-
ing. However, the expected and observed inclina-
tions for an age of 40 Ma are in good agreement
and therefore late-orogenic tilting is unlikely.
The presented results show that significant
clockwise rotations occurred north and south of
the HHC since about 40 Ma. The approximately
10° difference in rotation between the Alaknanda
valley and TH areas reveals no significant relative
movement within uncertainty of overlapping ows
angles, but does not categorically exclude it.

6. Conclusions

This study provides palacomagnetic data on a
NE-SW transect across the MCT perpendicular
to the strike of the Himalayan Arc. Our palaeo-
magnetic results are interpreted in terms of rem-
anence acquisition ages, tilting and rotations with
respect to the Indian plate and used for investiga-
tion of relative movements between the LH and
TH.

In the southeastern Kumaon LH a late-orogen-
ic shortening associated with the development of
late stage tilting is concluded from the small-circle
distribution of the remanence directions. This
may be related to duplex structures north of the
Almora nappe. The consistent inclination over
about 100 km indicates a remanence acquisition
age of 38 Ma in the Garhwal area. There is no
evidence for tilting in the Garhwal and the TH
area (or MCT ramping in the TH area) after
40-38 Ma. The different behaviour in tilting of
the two areas traces the structural situation.
Whereas in the Kumaon area the duplex struc-
tures caused long-wavelength folding at the sur-
face, in the Garhwal area a relatively horizontal
layer is outcropping at the surface [15] (Fig. 7).
However, significant clockwise rotations occurred
in both areas related to the rotational shortening,
which includes the effects of both an overall rota-
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tion with respect to the Indian plate and oroclinal
bending.

Comparable angles of rotation of LH and TH
suggest that no relative rotational shortening due
to counterclockwise rotation of India occurred
along the MCT since 40 Ma. The apparently
higher mean rotation angle of LH emphasises
such an interpretation, although within ogs limits
(upper boundary value for TH 19.8° clockwise,
lower boundary value for LH 8.6° clockwise) the
occurrence of such rotations cannot be rejected.
Consequently, the more probable interpretation is
that comparable angles of clockwise rotation of
TH and LH indicate a common rotation of both
units due to oroclinal bending along thrust(s) to
the south of the MCT. The palacomagnetic data
of [4], interpreted in terms of rotational under-
thrusting of India along the MCT, leave open
the possibility to locate underthrusting at large
on more southern thrusts. The young age of the
southern thrust (MBT, active since latest Mio-
cene/Pliocene [21]) indicates that oroclinal bend-
ing is a young process, as already proposed by
[34].
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