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Secondary magnetic remanences are used to study late-orogenic rotation and tilting on a E-W transect in
southern Tibet at ~28.5°N. Sampling was performed on both sides of the Ama Drime Massif (ADM). Rem-
anent magnetization resides in pyrrhotite formed during metamorphism and is related to the last cooling
event through 325 °C (Curie temperature of pyrrhotite). The existence of antipodal pTRMs demonstrates
that the ChRM is of thermoremanent origin and was acquired during cooling of the Tethyan metasedi-
ments. Penetrative deformation was still going on in Ronghbuk area until ca 250 °C, whereas it was

g:{::)f;gsg:neﬁsm already completed in Dinggye area. Significant departures from the expected field direction during the
Himalaya age of remanence acquisition cannot be interpreted by consistent vertical axis rotation of blocks.
Pyrrhotite Antagonist deviations on both sides of the ADM are explained as tiltings around an horizontal axis
Rotation striking ~N20°. These tiltings are estimated to be younger than 13-12 Ma and they are related to the
Tilting ADM exhumation initiated since 33 Ma.

Secondary magnetization © 2012 Elsevier Ltd. All rights reserved.
Ama Drime

1. Introduction

How continental crust responds to plate collision is one of the
major still open questions in geodynamics. The India-Asia collision
and ongoing convergence resulted in the building of the Himalayan
orogen and the development of the Tibetan Plateau (Hodges, 2000).
The mechanisms and time required to build these spectacular geo-
tectonic features seem to be still unsolved (see discussion in Gloag-
uen and Ratschbacher, 2011). In this context, motions of crustal
blocks like translation, rotation or tilting, are important parameters
that paleomagnetic studies may evidence quantitatively.

In the western part of the Himalaya, oroclinal bending is well
reflected by palaesomagnetic data (Schill et al., 2001). In contrast,
data from the central part (Schill et al., 2004) and recent results
from the eastern part (Antolin et al., 2010) indicate palaeomagnetic
rotations, which are not compatible with an oroclinal bending
model. It can be hypothesised that eastward extrusion of the Tibe-
tan Plateau left its fingerprint in a long-term deformation of the
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Himalayan region forming a large-scale shear zone with strong
clockwise block rotations and sinistral strike-slip faults between
individual blocks (Schill et al., 2004).

In the Tethyan Himalaya, secondary pyrrhotite remanences
have been widely used to provide significant results all along the
Himalayan range from Zanskar in the West (Appel et al., 1995) to
southeastern Tibet (Antolin et al., 2010). In our present study we
have conducted sampling along an E-W transect from 86.5 to
88°E, close to the South Tibetan Detachment System (STDS), in
an area which represents a gap of paleomagnetic data in between
previously published results. In this region the Ama Drime Massif
(ADM) is an outstanding tectonic crustal feature which has been
described in recent works of Leloup et al. (2010) and Kali et al.
(2010).

2. Geological setting

The studied area is situated in the Tethyan Himalaya (TH), com-
prising the Tibetan Sedimentary Series (TSS), which is developed
all along the Himalayan arc and represents the deformed remnant
of the passive northern margin of the Indian subcontinent (Garzan-
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ti, 1999). The Indus-Yarlung Suture Zone (IYSZ) in the north and
the South Tibetan Detachment System (STDS) in the south tecton-
ically bound the TH zone (Fig. 1). The sedimentary pile has a thick-
ness of ~ 6-7 km and is made up of a fairly complete and well-
preserved Cambro-Ordovician to Eocene succession (Bassoulet
et al., 1980; Brookfield, 1993; Garzanti, 1999). The tectonic evolu-
tion of the TH is well constrained in central Nepal (Godin, 2003;
Kellett and Godin, 2009; Larson et al., 2010) and in some well
accessible places in southern Tibet (Ratschbacher et al.,, 1994;
Zhang and Guo, 2007) with several folding and faulting phases of
opposite vergencies (Carosi et al., 2002, 2007; Montomoli et al.
2008; Antolin et al., 2011). Close to the STDS, the TSS has under-
gone intense deformation and Barrovian type metamorphism with
P-T conditions up to 3-6 kbar and 600-650 °C (Vannay and Hod-
ges, 1996; Jessup et al., 2008; Dunkl et al., 2011). Elsewhere,
mainly diagenetic conditions to low-grade metamorphism were
evidenced (Fuchs, 1967; Crouzet et al., 2007).

The present study focuses on the TH located around the Ama
Drime Massif (ADM). It is the transition between the High Himala-
yan range and the TH of southern Tibet and is an active N-S horst
that may offset the STDS (Zhang and Guo, 2007; Leloup et al.,
2010). The ADM contains the only eclogite found in the central
Himalayas (Lombardo and Rolfo, 2000; Groppo et al., 2007) that
implies exhumation of deep-seated rocks. The deepest rocks from
the ADM were buried up to 14-16 kbar (ca ~50-60 km depth) dur-
ing Eohimalayan metamorphism at ~33 Ma (Liu et al., 2007; Kali
et al,, 2010).

The ADM exhumation can be related to the simultaneous activ-
ity of the Main Central Thrust (MCT) and the STDS, and to E-W

Published block

age of 35-15 Ma

rotations relative to the
Indian plate for a remanence

— Fault +— Normal fault

extension latter on. A change in the tectonic behavior initiated
N-S normal faults prior to 11 Ma. The resulting E-W extension
have accounted for a total of about 22 km of exhumation (Kali
et al.,, 2010; Langille et al., 2010). According to geomorphologic fea-
tures visible in the field, the normal faults bounding the Ama Drim-
e Massif are probably still active. Triangular facets and offsets of
fluvial terraces or tills are visible in the landscape and have been
reported by several authors (Armijo et al., 1986; Zhang and Guo,
2007; Kali et al., 2010).

3. Sampling and laboratory procedures

Field work in southern Tibet has been carried out along an E-W
section between 86°45’ and 88°E (Fig. 2) on both sides of the Ama
Drime Massif during two campaigns. A total of 43 sites from low
grade Ordovician to mid-Triassic metacarbonates and slates were
sampled (23 sites from the western part: Pazhug village area, Khar-
ta and Rongbuk valleys and 20 sites from the Dinggye area east of
the Ama Drime Massif).

A portable gasoline-powered rock drill was used for taking
cores of 2.5 cm in diameter, which were oriented in situ with a
magnetic compass. Generally, 10 cores (6-10 cm in length) were
obtained from each site and cut into standard specimens of 2.2-
2.4 cm length. The following instruments were used: a Kapp-
abridge KLY-2 (Agico) for measuring anisotropy of susceptibility
(AMS) and for monitoring bulk susceptibility after each heating
step; a 755R SQUID magnetometer (2G Enterprises) with a noise
level of ~0.005 mA m ! (for 10 cm® samples) for remanence mea-
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Fig. 1. Geological map of the central and eastern Himalaya (after Antolin et al., 2010; modified) with published paleomagnetic rotations (remanence ages between 35 and
15 Ma). TKG, Thakkhola Graben; 1YSZ, Indus Yarlung suture zone; ADM, Ama Drime Massif; YGG, Yadong-Gulu Graben; Na, Nagarze; Qo, Qonggyai; CG, Cona Graben; STDS,
South Tibetan Detachment System; KT, Kakhtang thrust; GHS, Greater Himalayan sequence; MCT, Main Central Thrust; LHS, Lesser Himalayan sequence; MBT, Main
Boundary Thrust. Location of Fig. 2 is indicated. (see above-mentioned references for further information.)
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Fig. 2. Structural map (after Kali et al., 2010; modified) with sampling areas and site locations (green boxes and squares). 1: North Himalayan granitoids. 2: Tethyan
Sedimentary Series. 3: Undifferentiated Himalayan Crystalline Series. 4: Normal faults bounding the ADM. 5: Thrust. 6: Detachment.

surements; a static tri-axial demagnetizer (2G Enterprises) of
150 mT maximum field for alternating field demagnetization
(AFD); a MMTD18 or MMTDG60 furnace (Magnetic Measurements)
for progressive thermal demagnetization (ThD); a MMPM9 pulse
magnetizer (Magnetic Measurements) with 2.5 T maximum field
to impart isothermal remanent magnetization (IRM), and a flux-
gate spinner magnetometer (Molspin) with a noise level
~0.2 mAm™! (for 10 cm® samples) to measure IRM. All these mea-
surements were carried out at the palaeomagnetic laboratory of
Tiibingen University. Thermomagnetic measurements were per-
formed on selected samples with a Quantum Design XL7 MPMS
(noise level ~10~'! A m? at Bremen University. Room temperature
(RT) saturation isothermal remanence magnetization (SIRMRT)
runs were done on selected samples using a DC field - applied at
RT - with a magnitude of 5 T; cycling from 300 to 5 K (field cool-
ing) and back to room temperature (field warming) in zero-field
was monitored in 2.5 K increments.

The data set obtained by demagnetization was analysed using
the PALMAG software, developed in-house at the University of Mu-
nich. This software comprises standard tools for processing, dis-
playing and analysing palaeomagnetic data, including principal
component analysis (PCA, Kirschvink, 1980) and remagnetization
circle analysis following the algorithm of McFadden and McElhinny
(1988). The fold test was performed using the PMGSC software
v.4.2 (Enkin, 2004).

4. Magnetic mineralogy and remanence directions

The 10 sites collected from very low grade Carboniferous to Tri-
assic carbonates close to Pazhug village (Fig. 2) show the occur-
rence of mainly hematite and /| or magnetite with partly small
amounts of pyrrhotite. Overlapping of unblocking temperature
spectra for pyrrhotite and iron oxides is evidenced from SIRM
acquisition and subsequent thermal demagnetization (Fig. 3).
Therefore, the PCA analysis became sometimes ambiguous and
the interpretation in terms of block rotation hazardous. In the fol-
lowing, we will focus only on those sites containing predominantly
pyrrhotite as the carrier of remanence.

For sites sampled close to the STDS, mainly Ordovician, IRM
acquisition and subsequent thermal demagnetization of SIRM evi-
dence the occurrence of mainly pyrrhotite (Fig. 3A and B). Residual
magnetization after thermal treatment is probably due to a small
contribution of hematite and/or magnetite. During AF treatment
up to 140 mT, usually only 20-50% of the NRM was removed
(Fig. 3C), attesting the occurrence of a relatively high coercivity
magnetic mineral. Low temperature thermomagnetic measure-
ments evidenced a clear transition at ~32 °K (Fig. 3D), confirming
the occurrence of monoclinic pyrrhotite (Besnus, 1966; Rochette
et al., 1990, 2011). NRM thermal demagnetization demonstrates
the dominance of a low temperature component, removed at max-
imum ~320-350 °C (Fig. 4), which can be related to pyrrhotite.
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Fig. 3. Magnetic mineralogy. A: IRM acquisition curves for samples showing mainly pyrrhotite (full symbols) and for comparison sample containing mainly hematite (open
triangle). B: Examples of SIRM thermal demagnetization showing overlapping of unblocking spectra for samples from Carboniferous to Triassic (open symbols) in comparison
to Ordovician samples with mainly pyrrhotite (full symbols) and a small content of magnetite and possibly also hematite. C: Examples of intensity decay during AF
demagnetization of NRM. D: Field cooling (300-5 °K) and warming (5-300 °K) of 5 T room temperature (RT) SIRM for samples from Kharta and Dinggye areas. Evidence of
monoclinic pyrrhotite is given by the Besnus transition at ~32 °K (Besnus, 1966 and Rochette et al., 2011). The large decrease/increase in remanence between 20 and 5 K is

most likely related to paramagnetic particles.

For Dinggye area, PCA analysis reveals stable and well grouped
ChRM directions at site scale with k > 10 (Fig. 5 and Table 1). In a
given site, all the samples have usually the same polarity. A better
grouping of the site mean directions before tectonic correction is
observed (Kinsitu/Kbed = 2.6). The optimum degree of untilting (Wat-
son and Enkin, 1993) is reached at 12.7 £ 9.4°, indicating remagne-
tization after or at the end of the deformation (Fig. 6). The
distribution of site mean directions, in geographic coordinates
indicates a small circle distribution (Fig. 5). Assuming a horizontal
axis for the small circle distribution, the best fit direction of the
cone is ~350° with an opening angle of 32° and this small circle
contains the regional site mean direction obtained by Fisher statis-
tics. The dispersion along a small circle can be interpreted as the
effect of local tilting due to the Xainza - Dinggye normal fault zone
system.

In the western areas (Pazhug, Kharta and Rongbuk areas) 13 out
of in total 23 sites reveal a magnetization carried only by pyrrho-
tite. These 13 sites are located close to the STDS and the origin of
pyrrhotite magnetization is probably due to a higher metamorphic
grade.

In Kharta area, a very similar demagnetization behavior was ob-
served with a component removed usually in between 250 and
340 °C range corresponding to pyrrhotite (Fig. 4). This component
shows a reverse polarity in 5 out of 8 sites (Table 2). The regional
in situ mean direction is D/I=20.6°/37.5° (k=51.9, ogs5=6.9°,
N = 8). The fold test is negative (with Kinsitu/Kpea = 8.2, indicating a
post-folding age for the NRM (Figs. 6 and 7). Also, the optimum de-
gree of untilting is 3.7 £ 11.9°. In site Tg31, it was possible to ex-
tract two more or less antiparallel components. The LT one (300-

310°C) yields a reverse polarity (D/l=172.1°/-42.3°, k=18.6,
tgs = 16.3°, 4 specimens), while the HT one (310-340 °C) repre-
sents a normal polarity (D/I =32.1°/38.2°, k=14.3, ag5=15.1°, 7
specimens). These two directions are statistically different. As the
HT one is more similar to the expected field direction during the
age of remanence acquisition (see discussion below), it may be ex-
plained by ongoing deformation (rotation and/or tilting) during
cooling.

In the Rongbuk area, several components have been evidenced
over the pyrrhotite unblocking temperature range (Fig. 8). A HT
component (>310 °C) is north directed with inclination close to
zero and is obviously of normal polarity (N1). A LT component
(280-310 °C) is south directed (reverse polarity) with very shallow
inclination (R1). Between 250-280 °C and 150-250 °C two more
components of normal (N2) and reverse (R2) polarities were ex-
tracted (Table 3). In site Rb 37 even a third normal component
(N3) occurred at very low temperature. In few samples it was also
possible to evidence a HT reverse component (see sample Rb35-1a
on Fig. 8). The record of successively normal and reverse compo-
nent versus temperature confirms the thermal origin of the NRM
as evidenced in several other places of the Alps (Ménard and Roch-
ette, 1992; Crouzet et al., 1997, 2001a) and in the Himalaya (Crou-
zet et al., 2001b) and interpreted as remanences acquired during
exhumation. In the present study, due to field constraints, it was
not possible to sample along a profile perpendicular to the paleo-
isotherms. The fold test is indeterminate for the N1 component
and possibly negative for the R2 component (Fig. 9). We must be
aware that the statistic parameters do not allow to interpret the
data from the Rongbuk area unambiguously. While similar bedding
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Fig. 4. Examples of stepwise thermal demagnetization of NRM (orthogonal vector projections and intensity curves) for samples from (A) Kharta area and (B) Dinggye area.

Solid (open) symbols are horizontal (vertical) plane projections.

attitudes disable the efficiency of the fold test, the significant
(within ogs) deviation from the expected direction during rema-
nence acquisition (see complete discution in the next paragraph)
indicates that the HT component (N1) may be prefolding while
lower temperature R2 component may postdate folding (Fig. 10).

5. Discussion
5.1. Nature and age of remanence

Several investigations have demonstrated that monoclinic pyr-
rhotite can record stable paleomagnetic signals in low-grade meta-

morphic rocks like marly limestones and slates (e.g. Carpenter,
1974; Rochette, 1987; Appel et al., 1991; Ménard and Rochette,
1992; Crouzet et al., 1996, 2001a, 2001b; Gillett, 2003; Schill
et al., 2004; Antolin et al., 2010). Also, the origin of pyrrhotite in
the low-grade metamorphic rocks and the nature of its remanence
has been discussed in several papers (e.g. Crouzet et al., 2003;
Wehland et al., 2005; Kim et al., 2009 and reference therein).

The age of the magnetization in Rongbuk area probably coin-
cides with the deformation phase associated to the motion along
the STDS. According to the studies of Godin et al. (2006) and Kellett
and Godin (2009) in central Nepal, an age of 22-18 Ma can be pro-
posed. In the Ama Drime area, the motion along the STDS has been
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Fig. 5. Stereographic projection of the pyrrhotite site mean directions for Dinggye area. The overall mean direction obtained by Fisher statistics is indicated. Open (solid)
circles are projected in the upper (lower) hemisphere. (A) In situ (geographic coordinates), (B) Bedding corrected; all site mean directions plotted as normal polarity. The

present-day dipole field direction is indicated by a triangle in (A).

Table 1

Site mean directions and regional mean direction for Dinggye area. Dec: declination; Inc: inclination; k: Fisher's (1953) concentration parameter; 095:95% confidence angle; N:
number of useful samples; NO: number of collected samples. Site location (latitude and longitude) is indicated. All samples have the same polarity in a site.

Geographic Bedding
Site Lat (N) Long (E) N/NO Dec Inc k o5 Dec. Inc. k o5
za8 28.06301 87.98063 6/9 134 214 31.8 10.1 17.5 11.5 31.8 10.1
za9 28.0626 87.9803 517 16.5 26.3 415 9.7 No bedding data
zal0 28.1619 87.9738 8/8 337.9 38.8 194 129
zall 28.1714 87.9470 5/6 353.2 29.7 144 16.5
zal2 28.1751 87.8744 4/8 161.2 -30.9 15.1 244 166.1 15.5 15.1 244
zal3 28.1752 87.8692 6/6 178.3 —48.3 57.2 7.6 186.7 -14.6 57.2 7.6
zal4 28.1375 87.7107 3/6 195.6 -21.9 19.7 18.2 187.0 -16.3 19.7 18.2
zal5 28.1384 87.7096 5/6 17.3 12 12.9 221 12.0 13.9 12.9 221
zal6 28.2400 87.7398 5/7 323.8 36.6 130.6 55 320.8 68.8 130.6 5.5
zal7 28.0756 87.4258 4/6 354.4 31.8 15 18.1 334.6 39.1 15.0 18.1
zal8 28.1060 87.7011 4/5 337.1 313 17.4 16.8 331.0 17.6 17.4 16.8
zal9 28.1088 87.6999 4/5 6.8 1.1 153 17.9 6.8 -14 15.3 17.9
za20 28.1091 87.7018 8/10 3283 1.1 24.2 10.1 331.3 -11.3 24.2 10.1
za21 28.3138 87.8585 4/6 354.0 51.0 11.7 20.4 10.1 19.8 11.7 20.4
za22 28.3243 87.8504 5/11 325.0 13.0 11.0 18.9 302.1 15.0 11.0 18.9
za23 28.3298 87.7770 5/7 340.2 12.6 10.5 19.3 326.5 -39.0 10.5 19.3
za24 28.3343 87.7791 7/8 16.8 0.2 139 14.2 32.6 68.4 139 14.2
za25 28.3090 87.8967 4/6 325.0 19.8 17.8 224 316.9 -33.7 17.8 224
za26 28.2468 87.8167 7]7 353.1 185 18.8 12.2 359.3 0.2 18.8 12.2
za27 28.2446 87.8200 8/9 350.4 325 81.1 55 1.6 133 81.1 5.5
Mean 28.1981 87.7964 20 351.7 25.1 13.1 9.4 350.2 12.2 5.1 17.5

Means are calculated with all sites as normal polarity.

dated between 19 and 13 Ma (see discussion in Kali et al., 2010)
Also this deformation phase is usually characterized by SC fabric
and microfolds (Godin, 2003; Crouzet et al., 2007; Leloup et al,,
2009, 2010). Internal deformation occurring during cooling can ex-
plain the magnetic behavior observed in the Rongbuk area. There-
fore, for determining block rotation, we should use only the lower
temperature component recorded. This component is likely post-
folding and close to the expected Earth magnetic dipole field direc-
tion at 20 Ma.

In Dinggye area, 3 sites over a total of 20, present a reverse
polarity (Table 1) indicating a thermoremanent origin for the mag-
netization (i.e. temperature during metamorphism above the Curie
temperature of pyrrhotite T°C ~320 °C). Paleotemperature data for
Ordovician limestone sampled in the same area, obtained through
calcite-dolomite geothermometers supported by microstructural
analyses (i.e. deformation mechanisms and syntectonic twinning

in calcite) span from 320-360 °C (Montomoli et al., 2009) are in
agreement with the above results. In Kharta area, 5 sites over a to-
tal of 8 have a reverse polarity (Table 2). Also the occurrence of
antipodal components in site Tg31 is a strong indicator for a ther-
moremanent origin of the magnetization. As it requires growth of
pyrrhotite crystals of different size at different times, a chemical
or thermochemical origin is very unlikely (Crouzet et al., 2001b).
Normal and reverse polarities observed at the regional scale and
antipodal behavior within single specimens confirm that the ob-
served magnetic remanences have been acquired throughout a suf-
ficiently long time span to allow averaging on palaeosecular
variation.

One may question the occurrence of 4 well defined components
of opposite polarities in the Rongbuk samples. In fact it has been
clearly demonstrated by comparing NRM and laboratory TRM
(pseudo-Thellier experiments) that more reversals can be retrieved
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Fig. 6. Fold tests for (A): Dinggye and (B): Kharta areas. Left side: Classical k ratio test (calculated after Enkin, 2004) showing statistical results from stepwise unfolding. The
optimum degree of untilting (ODU) according to Watson and Enkin (1993) is indicated (accuracy of bedding attitude was arbitrarily taken equal to 3°). Right side: DC tilt test
results showing d versus ¢, where c is the angle between the geographic mean direction and the tilt-corrected site-mean direction that is back rotated by the angular
relationship between the two directions and d is a projection of the arc between geographic site-mean directions and the geographic mean of means direction onto the arc
used to calculate the c value (Enkin, 2003). Optimal clustering is not significantly different than 0%, indicating a negative tilt test result. Dashed line indicates mean untilting

percent; dotted lines indicate error bars.

Table 2

Site mean directions and regional mean direction for Kharta area. All samples have the same polarity in a site. T° range: the temperature range over which the component was

extracted, for other abbreviations see Table 1.

Geographic Bedding

Site Lat (N) Long (E) T° range N/Ng Dec. Inc. k s Dec. Inc. k Olos

Tg30 28.3501 87.2003 290-335 5/5 323 49.9 24.1 12.8 22.6 12.6 24.1 12.8
Tg31 28.3513 87.1913 310-340 6/7 32.1 38.2 14.3 15.1 21.5 1.8 14.3 15.1
Tg32 28.3517 87.1860 250-350 6/6 207.2 -30.8 34.6 9.7 196.9 -0.8 34.6 9.7
013 28.3525 87.1856 270-330 9/10 212.6 —34.5 109.7 4.5 200.7 -15.0 109.7 4.5
014 28.3537 87.1825 300-325 5/7 193.5 -34.0 15.0 16.2 189.8 12.9 15.0 16.2
Tg29 28.3557 87.1807 200-350 6/6 1.3 42.6 15.9 14.4 3294 51.0 15.9 14.4
Tg28 28.3565 87.1798 290-350 4/6 193.9 -30.8 11.4 20.7 167.8 -52.3 11.4 20.7
D15 28.3595 87.1730 290-320 8/10 193.0 -35.5 26.2 9.7 157.7 -59.4 26.2 9.7
Mean 28.3539 87.1849 8 20.6 375 51.9 6.9 8.1 233 6.3 19.7

Means are calculated with all sites as normal polarity.



126 C. Crouzet et al./Journal of Asian Earth Sciences 58 (2012) 119-131

Kharta area

(A) Geographic coordinates (B) Bedding corrected

0° 0°

Mean: D=20.6 Mean: :3:3313
ol a95 = 19.7

a95=6.9
O @ Upper, lower hemisphere

Fig. 7. Stereographic projection of the pyrrhotite site mean directions for Kharta area. The overall mean direction obtained by Fisher statistics is indicated. Open (solid) circles
are projected in the upper (lower) hemisphere. (A) In situ (geographic coordinates with all site mean directions plotted as normal polarity), (B) Bedding corrected. The

present-day dipole field direction is indicated by a triangle in (A).
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Fig. 8. Examples of thermal demagnetization of NRM (orthogonal vector projections and intensity curves) for samples from Rongbuk area, showing several antipodal
components (N1, R1, N2 and R2). Solid (open) symbols are horizontal (vertical) plane projections.

tion matching is very uncertain because several complications
may have occurred since the time of magnetization (rotation
around an horizontal axis, N-S crustal shortening). In the studied
area, no geochronological data are available in the TSS. The age
of the peak temperature in the Ama Drime orthogneiss is 20-

(Crouzet et al., 2001a). This filtering effect depends of the cooling
rate, the pyrrhotite grain size distribution and the frequency of
reversals during cooling.

In order to evidence possible rotations of the studied area,
determination of the age of the magnetization is crucial. Inclina-
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Table 3
Site mean directions and regional mean direction for the different antipodal components of Rongbuk area. See Table 1 for legend.
Geographic coordinates Bedding corrected
Site Lat (N) Long (E) T° range N/Ng Dec. Inc. k %5 N/Ng Dec. Inc. k %5
Normal 1
Rb33 28.27881 86.81017 >Toc? - -
Rb34 28.27697 86.72598 300-Tc 3/5 23.0 104 27.7 15.4 3/5 204 29.1 27.7 15.4
Rb35 28.28358 86.80595 310-Tc 3/7 31.2 -224 7.8 28.9 3/7 30.0 -3.1 7.8 28.9
Rb36 28.28107 86.80388 310-Tc 6/7 8.0 -14 129 15.9 6/7 9.31 26.2 23.2 11.9
Rb37 28.28251 86.81231 315-Tc 3/7 134 11.8 9.2 32.7 3/7 No structural data
Mean 310-Tc 4 18.6 -0.2 19.2 21.5 3 20.3 17.7 16.1 31.8
Reverse 1
Rb33 28.27881 86.81017 270-Tc 5/6 2115 5.9 14.8 16.3 5/6 211.2 -12.0 274 12.0
Rb34 28.27697 86.72598 290-300 2/5 3158 35.7 11.9 28.7 2/5 305.5 39.2 26.0 19.4
Rb35 28.28358 86.80595 290-310 77 205.2 19.4 34.0 9.1 77 204.6 -0.3 34.0 9.1
Rb36 28.28107 86.80388 280-310 7]7 195.1 1.1 46.2 7.8 7]7 1904 -26.3 74.2 6.1
Rb37 28.28251 86.81231 290-315 3/7 195.7 -39.3 203 17.9 3/7 No structural data
Mean 280-310 5 214.7 6.7 2.6 59.6 4 218.2 -0.5 2.4 76.0
4 (—Rb 34) 202.2 -2.8 9.6 31.2 3 (—Rb 34) 202.4 -13.0 243 25.6
Normal 2
Rb33 28.27881 86.81017 250-270 3/6 12.0 57.4 125.6 7.2 3/6 354.9 76.9 67.6 9.8
Rb34 28.27697 86.72598 250-290 3/5 313.2 70.3 16.5 19.9 3/5 276.1 66.7 35.6 13.5
Rb35 28.28358 86.80595 250-290 6/7 11.4 0.7 222 121 6/7 11.2 20.7 222 121
Rb36 28.28107 86.80388 250-280 5/7 2.5 25.0 335 10.8 5/7 342.2 44.2 57.8 8.2
Rb37 28.28251 86.81231 270-290 47 353.0 -10.7 13.6 19.0 47 No structural data
Mean 250-280 5 359.7 29.3 4.7 39.5 4 346.4 56.9 6.2 40.2
4 (—Rb 34) 3.9 17.8 6.9 37.6 3 (—Rb 34) 358.2 47.9 7.3 49.3
Reverse 2
Rb33 28.27881 86.81017 150-250 3/6 202.2 -50.8 183 18.9 3/5 200.7 -71.3 17.2 19.5
Rb34 28.27697 86.72598 150-250 3/5 184.8 -41.3 20.6 17.8 6/7 168.3 -55.3 20.6 17.8
Rb35 28.28358 86.80595 150-250 2(7 190.7 -54.3 471 144 57 185.7 ~74.2 57.8 8.2
Rb36 28.28107 86.80388 150-250 5/7 179.7 —47.5 244 11.6 47 130.7 -52.8 183 13.4
Rb37 28.28251 86.81231 200-270 5/7 200.5 —45.9 20.4 139 4 No structural data
Mean 150-250 5 1914 —48.3 97.6 7.8 4 164.1 —65.8 225 19.8

25 Ma, the age of the main motion along the STDS (ages from shear
zone) ranges from 19 to 13 Ma (see synthesis of available geochro-
nological data and discussion in Kali et al., 2010). According to
these data a remanence acquisition age younger than 20 Ma is
probable for sites collected further away from the STDS shear influ-
ence and younger than 13 Ma for sites postdating deformation
associated to the STDS. This possible range for the remanence
age acquisition is sufficient for our purpose as the expected direc-
tion did not vary more than 5° since 20 Ma (see Table 4).

5.2. Rotations of the remanence

The influence of anisotropy on remanence directions is a critical
point for the interpretation of paleomagnetic results in deformed
rocks (Borradaile, 1993; Borradaile and Hamilton, 2009). Most of
the examples have been observed in high grade metamorphic rocks
(see Raposo et al., 2003) or in red slaty shales (Cogné and Perroud,
1985). No correlation between AMS axis and ChRM has been ob-
served in the studied low grade metasediments. In most of the
cases, AMS foliation fits with the main cleavage observed in the
field while lineation corresponds to the intersection between bed-
ding and major cleavage. When present, the cleavage is oriented in
different directions according to the main folding phase. In most of
the sites, pyrrhotite remanences post-date small scale deforma-
tions and therefore in averaging on site means or on regional
means, we also average possible anisotropy effects. Using AARM
to test the effect of anisotropy on the magnetization direction is
difficult as pyrrhotite is very difficult to demagnetize using AF. El
Bay et al. (2011) have imparted ARMs to highly deformed pyrrho-
tite rocks (gneiss) and compared the resulting direction with the

DC field used for producing the ARM. Even in these highly domi-
nated crystalline rocks no significant influence of pyrrhotite anisot-
ropy on remanence directions could be observed. Therefore, we
assume that in sedimentary rocks, where bedding is clearly visible,
the influence of pyrrhotite anisotropy on remanence direction can
be neglected.

Comparing the regional mean direction from Dinggye area (D/
[=351.7°/25.1°, k=13.1, 095 =9.4°, N=20) to the direction ex-
pected from the apparent polar wander path (APWP) of stable In-
dia at 15 Ma (calculated from Besse and Courtillot, 2002; Table 4)
suggests that significant counterclockwise rotation, of about
11.9 + 8.7°, around a vertical axis has occurred (Fig. 11 and Table 5).
For Kharta area (D/I=20.6°/37.5°, k=51.9, ag5=6.9°, N=8), the
same comparison leads to a clockwise rotation of about
17.0 £ 7.5° for an age of 15 Ma. The results of the R2 component
(D/1=191.4°/—-48.3, k =97.6, 0gs5 = 7.8°, N=5) from Rongbuk area
(i.e., acquired after the deformation associated to the motion along
the STDS) do not indicate a significant rotation (7.8 £ 9.7° clock-
wise since 15 Ma).

Paleomagnetic data from the HHC south of the Everest massif
(Rochette et al., 1994; El Bay et al., 2011) are also showing an
apparent clockwise rotation (14.8 + 7.7° and 38.7 + 15.9°, respec-
tively). As already suggested by El Bay et al. (2011) for results from
Imja Khola, the departure from the expected direction can be inter-
preted as tilting around a horizontal axis producing a small circle
distribution of remanence directions (Fig. 11). The direction of tilt-
ing is eastward for Dinggye while it is westward for Everest, Imja
Khola and Kharta areas. The directions and values of tilting are gi-
ven in Table 5. Using paleomagnetic results from Dinggye, Kharta,
Imja Khola and Everest, a best fit small circle was calculated (direc-
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Fig. 9. Fold tests for A: the high temperature (N1) and B: the low temperature (R2) components from Rongbuk area. See Fig. 6 for explanations.
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Fig. 10. Stereographic projection of the pyrrhotite site mean directions for R2 component from Rongbuk area. The overall mean direction obtained by Fisher statistics is
indicated. Open (solid) circles are projected in the upper (lower) hemisphere. (A) In situ (geographic coordinates), (B) Bedding corrected. The present-day dipole field
direction is indicated by a triangle in (A).



C. Crouzet et al./Journal of Asian Earth Sciences 58 (2012) 119-131 129

Table 4

Expected directions versus age, calculated from the master APWP of Besse and
Courtillot (2002) for a location at latitude = 28.2°N and longitude = 87.8°E. Dec.:
declination; Inc.: inclination; ogs: 95% confidence angle; dDec. (dInc.): declination
(inclination) uncertainty, calculated after Demarest (1983).

Expected direction Master APWP BC 2002

Age in Ma Dec. Inc. Olgs dDec. dinc.
0 3.2 45.8 24 34 3.7
5 34 45.7 2.0 2.9 32

10 2.8 42.7 2.5 34 4.1

15 33 41.8 2.6 3.5 43

20 5.2 41.0 3.7 4.9 6.1

25 0.5 35.3 49 6.0 8.5

30 1.1 25.0 5.1 8.7 8.7

35 04 253 4.2 4.6 7.8

40 0.9 25.0 6.7 7.4 12.5

45 33 17.7 53 5.6 10.2

50 4.1 123 4.4 45 8.7

55 4.8 -1.5 4.8 4.8 9.6

60 6.2 -20.4 44 4.7 8.4

Site location: Lat = 28.2°N/Long = 87.8°E.

tion: 19.7°, opening angle: 40.4°). The expected direction (D/
[=3.3°/41.8°) at 15Ma is close to the calculated small circle.
Therefore, the paleomagnetic results can be explained by tilting
around only one axis i.e. along the calculated best fit small circle,
from the expected direction to the observed one (Fig. 11 and Ta-
ble 5). The axis of the small circle has a very similar direction as
the ADM and also as the Xainza-Dinggye normal fault (XDNF)
witch is one of the numerous N-S structures that accommodate
the E-W extension of the Tibetan Plateau. In the study area, the
XDNF is striking N15-N35 with an eastward dipping angle of about
40-50° (Zhang and Guo, 2007).

A possible alternative model to explain the observed data re-
sides in combining vertical-axis rotation and tilting around hori-
zontal axis. A vertical-axis clockwise rotation (16.4°) and

0" A

Best fit calculated

subsequent tilting (around a horizontal axis) is possible. The verti-
cal axis rotation is given by the difference between the axis of the
small circle fitting with the paleomagnetic directions (19.7°) and
the expected direction (3.3° at 15 Ma). The clockwise rotation
may be associated to a large-scale dextral shearing linked to the
eastward extrusion of the Tibetan Plateau (Pécher, 1991; Schill
et al., 2004). However, our results from Rongbuk and earlier results
from Tingri (Appel et al., 1998) do not support a uniform significant
clockwise rotation. Therefore, the first scenario with only one rota-
tion around a horizontal axis is preferred.

The small circle distribution of the regional mean directions can
be interpreted as the result of a crustal doming structure such as
the one suggested by El Bay et al. (2011) for the interpretation of
Imja Khola data. In the present contribution, the Rongbuk, Imja
Khola, Kharta and Dinggye data are interpreted in the same model
(Fig. 12). This interpretation is consistent with regional geological
structures such as the Arun antiform with a ~N-S axis (Bordet,
1961) and the ADM horst (Kali et al., 2010). Tilting angles shown
in Fig. 12 represent the angular differences of the area mean
directions and the expected directions along the best fit small cir-
cle (more precisely: between their projections on the small circles).
The Imja Khola data have been projected according to the mean
direction of the Sangkar-Kharta fault zone bounding the ADM to
the west. The tiltings recorded by paleomagnetic data are due to
several processes such as normal faults or the uplift of the Ama
Drime Massif in an extensional tectonic regime as it is well de-
scribed in literature (see Jessup et al. 2008; Cottle et al., 2009;
Langille et al., 2010). Only tilting angles from Dinggye and Kharta
are used in order to quantify the maximum uplift (avoiding other
possible parameters), because they are the closest available data.
Using a very simple approach, tilting angle is associated to the dis-
tance from central part of the ADM, and it allows the calculation of
15.5 + 9.4 km of uplift since remanence acquisition (end of motion
along the STDS). If an age of 13 Ma is assumed, a constant mean
exhumation rate can be estimated at ca 1.2 + 0.7 mm/yr. According

Proposed cw rotation
B 0° 16.4°

small circle
19.7° 1 40.4°

Fig. 11. Stereographic projection of regional mean directions. The expected direction (D = 3.3°, I = 41.8°) for 15 Ma is indicated. A: Illustration of the horizontal axis tilting
model. Arrow a (b) indicates eastward (westward) tilting. The small circles are indicated. The regional best fitting small circle is illustrated. B: A proposed clockwise rotation
model of ~16.4° is illustrated. Everest and Rongbuk directions are plotted as normal component. D: Dinggye, K: Kharta, R: Rongbuk, E: Everest (Rochette et al., 1994), T: Tingri
(Appel et al., 1998), IK: Imja Khola (El Bay et al., 2011), +: expected direction at 15 Ma.

Table 5

Regional mean paleomagnetic directions (Dec: declination; Inc: inclination; ags: 95% confidence angle) from this study and (1): El Bay et al. (2011); (2): Rochette et al. (1994); (3):
Appel et al. (1998). Rotation around vertical axis (R) calculated for a remanence age of 15 Ma, uncertainty on the rotation (dR) was calculated after Demarest (1983). Tilting
direction and angle according to one rotation model are indicated.

Dec. Inc. %5 R dR Tilt direction Tilting angle
Dinggye 351.7 25.1 9.4 -11.9 8.7 127 28+12
Kharta 20.6 37.5 6.9 17.0 7.5 270 20+9.5
Rongbuk 191.4 —48.3 7.8 7.8 9.7 308 10+£104
Imja Khola (1) 423 294 17.2 38.7 15.9 278 52+19.8
Everest (2) 198.4 -50.6 5.7 14.8 7.7 310 16 +£8.3
Tingri (3) 343.2 46.8 12 -204 14.3 * *

Tilting angle along small circle (D = 19.7 openning = 40.8).
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Imja Khola
(projected)

Rongbuk Kharta

20 Km

Sangkar Ri

~ Dinggye

Ama Drime Massif

Fig. 12. Model of crustal doming explaining the observed deviation of the paleomagnetic directions from the expected Earth magnetic dipole field direction at the time of
remanence acquisition (~15 Ma). Tilting angles are indicated with uncertainty. Notice that tiltings are not due to motion along normal faults but may be related to the uplift

of the Ama Drime Massif.

to Spicer et al. (2003), the elevation of the southern Tibetan plateau
probably has remained unchanged for the past 15 Myr; conse-
quently the uplift estimated above is restricted to the ADM range.

6. Conclusion

In this study, we present new paleomagnetic data from low
grade metamorphic Tethyan Himalaya sediments around the
Ama Drime Massif in S-Tibet. The remanences are residing in pyr-
rhotite and were likely acquired during exhumation of the ADM.
The existence of antipodal pTRMs demonstrates that the ChRM is
of thermoremanent origin and was acquired during cooling of
the Tethyan metasediments while penetrative deformation was
still going on in Rongbuk area until cooling through ca 250 °C,
whereas it was already completed in Dinggye area. The departures
from the expected field direction during the age of remanence
acquisition can be interpreted as tilting around a horizontal axis
striking N20° and can be estimated to be younger than 13-
12 Ma. These tiltings are associated to the ADM exhumation initi-
ated since 33 Ma.
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