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ABSTRACT

The exposed mid-crustal rocks of the Himalayan orogen provide a 
natural laboratory for constructing the kinematic evolution of the mid-
crust during a large-scale continental collision. Kinematic models provide 
testable, geometrically valid, internally consistent, integrated solutions for 
diverse geological data from deformed regions. We investigated the Tama 
Kosi region of east-central Nepal with structural, geochemical, and geo
chronological methods to refine a detailed kinematic model for the Miocene 
Epoch, during which the mid-crust was pervasively deformed, translated 
southward, and progressively stacked via basal accretion. Geochemical 
and U-Pb zircon data demonstrate that two similar orthogneiss bodies 
were derived from different protoliths, one formed through vapor-absent 
melting at 1940 ± 16 Ma and the other via vapor-present melting at 1863 ± 
14 Ma, respectively, indicating that they do not reflect structural repetition. 
In situ Th-Pb monazite petrochronology from the Mahabharat Range links 
the orogenic foreland to the exposed mid-crust of the High Himalaya via a 
coeval, protracted metamorphic growth–crystallization and/or recrystalliza-
tion record spanning late Eocene or early Oligocene to early Miocene. Dif-
ferential cooling of white mica, evidenced by 40Ar/39Ar cooling ages across 
the studied area, may outline a previously unrecognized out-of-sequence 
thrust, the occurrence of which is coincident with the location of a sharp 
break previously recognized from quartz crystallographic fabric deformation 
temperatures. Together with previous work, these data form the basis for 
a new, internally consistent kinematic model for rocks of the Tama Kosi 
region during the Miocene Epoch that tracks the transition from distributed 
ductile deformation in the mid-crust to deformation along discrete surfaces 
during their exhumation.

INTRODUCTION

The Himalaya forms an arcuate mountain belt that extends for >2000 km 
from Pakistan in the west to Arunachal Pradesh (India) in the east (Yin and 
Harrison, 2000). The orogen can be divided into major lithotectonic units sep-
arated by large-scale north-dipping structures (Hodges, 2000). From north 
to south, these include the low metamorphic grade to unmetamorphosed 
Tethyan sedimentary sequence, which at its base is separated from the 
high-metamorphic grade Greater Himalayan sequence by the top-to-the-north 
sense South Tibetan detachment system (Kellett and Grujic, 2012). The Greater 
Himalaya sequence, in turn, is overthrust on the variably metamorphosed 
Lesser Himalayan sequence along the southward-propagating Main Central 
thrust (Gansser, 1964). Metamorphosed rocks from the Lesser Himalayan se-
quence and the Greater Himalayan sequence together compose the metamor-
phosed former mid-crustal core of the orogen, the Himalayan metamorphic 
core (HMC). The base of the Lesser Himalayan sequence is marked by the Main 
Boundary thrust, which places rocks of the Lesser Himalayan sequence on 
orogenic molasse sediments of the Siwaliks (Thakur et al., 2010).

Diverse analytical and methodological advances in recent years have pro-
vided increasingly complex geological data sets that have  led to revised and 
new interpretations about the dynamic evolution of rocks within collisional oro-
gens. This is particularly true for the Himalayan orogenic system, for which 
tectonic models have evolved at a rapid pace over the past ~15 yrs. One of the 
aspects of Himalayan geology that has garnered the most attention over the 
recent past is the partially synchronous movement across the South Tibetan 
detachment system and the Main Central thrust (Godin et al., 2006). Thermo-
mechanical simulations of a Himalaya-style collision constructed by Beaumont 
et al. (2001, 2004) and Jamieson et al. (2004) provide a predictive geodynamic 
explanation for the development of the opposing-sense structures and the 
pressure-temperature-time (P-T-t) deformation history of the HMC via large-
scale lateral ductile flow of the mid-crust during the Miocene. The accumulation 
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of detailed P-T-t data in service of testing the thermomechanical simulations 
against the geological record, and against alternative published models of 
the Himalaya contributed to the discovery of numerous tectonometamorphic 
discontinuities within the HMC, i.e., thrust faults marked by abrupt changes 
in P-T-t pattern but with little to no field expression (e.g., Groppo et al., 2009; 
Carosi et al., 2010; Larson et al., 2010, 2011). The growing recognition of these 
structures has fueled further focused P-T-t studies leading to the identification 
of several similar structures along the length of the orogen (e.g., Yakymchuk 
and Godin, 2012; Larson et al., 2013, 2015; Montomoli et al., 2013, 2015; Rubatto 
et al., 2013; Larson and Cottle, 2014; Warren et al., 2014; Cottle et al., 2015).

The density of tectonometamorphic discontinuities indicates a high degree 
of kinematic complexity within the HMC that has been investigated through the 
development of new kinematic models (e.g., Montomoli et al., 2013, 2015; Cottle 
et al., 2015; Larson et al., 2015; He et al., 2015; Carosi et al., 2010). One common 
feature of these models is the juxtaposition, or stacking, of rock packages that 
is generally interpreted to have promoted deformation and metamorphism in 
the associated footwalls. An example of this type of relationship was docu-
mented in the Tama Kosi region of east-central Nepal (Fig. 1), where a detailed 
P-T-t pseudosection-based study of rocks on either side of an inferred tectono
metamorphic discontinuity outlined syntectonic footwall metamorphism at 
610–640 °C and 640–700 MPa at ca. 10–8 Ma (Larson et al., 2013). These data 
were interpreted to reflect burial during overthrusting of a hanging wall that 
reached peak P (0.7–1.1 GPa) metamorphism in the early Miocene followed by 
peak T (~750 °C) along a clockwise retrograde path into the middle Miocene 
(ca. 19–14 Ma) (Larson et al., 2013). Subsequent quartz crystallographic fabric 
(c-axis) analyses across the same study area demonstrated dominant top-to-
the-south shear sense and a sharp break in deformation temperatures across 
the approximate position of the discontinuity, from 640 ± 50 °C in the footwall 
to 515 ± 50 °C in the hanging wall (Larson and Cottle, 2014).

This Study

While available P-T-t and quartz c-axis fabric data from the Tama Kosi re-
gion show distinct breaks at approximately the same structural position, con-
sistent with the occurrence of a tectonometamorphic discontinuity, it remains 
unclear how the deformation temperature data relate to the overthrusting 
model required by the P-T-t and shear sense data. In Larson and Cottle (2014) 
it was demonstrated that deformation temperatures increase almost linearly 
from 500 ± 50 °C at the lowest structural levels sampled to 640 ± 50 °C ~2 km 
structurally higher. Farther up structural section in the hanging wall of the tec-
tonometamorphic discontinuity, deformation temperatures decrease sharply 
to 515 ± 50 °C and increase linearly over a distance of ~2 km to 620 ± 50 °C 
(Larson and Cottle, 2014). The existence of relatively low deformation tempera-
tures in the immediate hanging wall of the inferred discontinuity implies that 
either the structure continued to operate significantly after metamorphism of 
the footwall or that the quartz c-axis data actually record a distinct later lower 
temperature structure. If the latter hypothesis is correct, it opens the possibil-
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Figure 1. (A) Location map of the study area. (B) Regional geologic map of east-central Nepal 
(after Schelling, 1992; Johnson et al., 2001; Larson, 2012; He et al., 2015). Solid white line 
indicates line of section depicted in Figure 2. Abbreviations: MBT—Main Boundary thrust; 
MCT—Main Central thrust; MFT—Main Frontal thrust; MT—Marin thrust; STD—South 
Tibetan detachment; LD—lower discontinuity; HD—higher discontinuity; HMC—Himalayan 
metamorphic core.
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ity for further, unrecognized structures. For example, based on similar field 
and mineralogical characteristics, it was postulated that the Suri Dobhan and 
Melung-Salleri orthogneisses (Fig. 1) could represent a structural duplication 
of the same unit (Larson, 2012). If there is structural duplication this would 
necessitate the existence of an additional thrust-sense structure below the 
documented discontinuity.

We endeavor to construct a geologically accurate kinematic model of the 
HMC for the Tama Kosi region that captures the known kinematic complexity 
of the area by investigating outstanding issues: (1) the possible structural repe
tition of similar orthogneiss units, (2) the possible existence of unrecognized, 
lower temperature structures in the region, and (3) the inferred genetic rela-
tionship between HMC rocks in the Mahabharat foreland region to the south 
and those in the High Himalaya (Fig. 1; Larson and Cottle, 2014). While the lat-
ter interpretation is consistent with some previous interpretations of the rocks 
of the Mahabharat Range and its equivalents across the Kathmandu nappe to 
the west (Johnson et al., 2001; Johnson, 2005), others have interpreted that the 
Mahabharat rocks form a separate, structurally lower thrust sheet (DeCelles 
et al., 2001) or the hanging wall of a back thrust above the main exhumed mid-
crustal core (Webb et al., 2011; He et al., 2015). In order to address these issues 
we acquired 40Ar/39Ar thermochronological data for white mica from speci-
mens in the footwall and hanging wall of the mapped discontinuity to provide 
constraints on its movement history and look for indications of possible late, 
low-temperature structures; major and trace geochemical and U/Pb zircon 
analyses of apparently similar orthogneiss units to assess potential structural 
repetition; and monazite petrochronological data from a metamorphic rock 
from the Mahabharat Range.

Our goal in testing and refining a recent kinematic model of the Tama Kosi 
region is to provide an internally consistent solution to the full kinematic com-
plexity of this portion of the HMC. Until recently, proposed kinematic models 
of the HMC have been largely, and necessarily, simplistic, typically considering 
only motion on primary structures such as the Main Central thrust and the South 
Tibetan detachment system (e.g., Robinson et al., 2006, 2003; DeCelles et al., 
2001). Unconstrained variables such as timing of discontinuity formation, struc-
tural relationships between lithologically similar units, and correlations between 
foreland and hinterland kinematics remain ongoing challenges throughout the 
Himalaya. Reducing these variables requires an incremental and integrated 
mapping, petrological, geochemical, geochronological, and thermochronologi
cal approach. Herein we refine the kinematic model of the Tama Kosi region as 
a case study for the development of tectonometamorphic discontinuities during 
shortening of the mid-crust in an orogen, and in this case during the dynamic 
Miocene Epoch of the Himalayan system (e.g., Cottle et al., 2015; Yin, 2006).

GEOLOGIC BACKGROUND

The study area was mapped at a reconnaissance scale in the 1960s (Ishida, 
1969) and revisited again in the early 1990s (Schelling, 1992). More recent fo-
cused mapping (Larson, 2012), augmented by P-T-t and quartz c-axis fabric 

analyses (Larson et al., 2013; Larson and Cottle, 2014), built on that existing 
foundation.

The Tama Kosi region (Fig. 1) is underlain by the pervasively ductilely 
deformed HMC, which here includes rocks ranging from biotite- and garnet-
grade at lowest structural levels in the south to sillimanite-grade migmatite at 
high structural levels to the north (Schelling, 1992; Ishida, 1969; Larson, 2012). 
The lowermost tectonometamorphic discontinuity is a thrust structure (iden-
tified as LD in Fig. 1) that separates staurolite-grade rocks metamorphosed 
and deformed at 10–8 Ma from kyanite-grade rocks metamorphosed between 
ca. 22 and 14 Ma and deformed at a later time (Larson et al., 2013). The struc
turally higher discontinuity (HD in Fig. 1; also interpreted as a thrust structure) 
juxtaposes sillimanite-grade rocks with similar early Miocene metamorphic 
histories on either side; displacement along the structure occurred after peak 
metamorphism (Larson and Cottle, 2014). These existing geologic data are 
compatible within a general kinematic framework that includes post-peak 
metamorphism thrusting at high structural levels and later underplating at 
lower structural levels (Larson and Cottle, 2014).

SURI DOBHAN AND MELUNG-SALLERI ORTHOGNEISS UNITS

Whole-Rock Elemental Geochemistry

The occurrence of two similar orthogneiss units (Suri Dobhan and Melung-
Salleri) within the study area (Figs. 1 and 2) may indicate structural duplica-
tion (Larson, 2012). To investigate this possibility, one Suri Dobhan and two 
Melung-Salleri specimens were subjected to whole-rock (X-ray fluorescence; 
40 mm loose powder on a Bruker S8 Tiger) and trace element (lithium metab-
orate fusion and inductively coupled plasma–optical emission spectrometry) 
analyses at the Saskatchewan Research Council. While we recognize that three 
specimens do not constitute an exhaustive geochemical study, it does permit 
us to make some broad interpretations about the respective protoliths.

The Suri Dobhan augen gneiss (Schelling, 1992; Larson, 2012) is the 
structurally lowest rock unit of the HMC exposed in the mapped area (Figs. 1 
and 2). It is strongly deformed and composes the core of the Tama Kosi win-
dow (Ishida, 1969), where it is at least 300 m thick (Larson, 2012). The gneiss 
consists of light to dark gray, fine- to medium-grained quartz (45%), coarse-
grained alkali feldspar (25%), plagioclase (16%), muscovite (8%), biotite (6%), 
and chlorite (1%), and accessory apatite and epidote (estimated from point 
counting in thin section; Supplemental Fig. 1 in the Supplemental File1).

The Melung-Salleri orthogneiss is also strongly deformed and locally 
augeniferous (alkali feldspar). This gneiss is medium to coarse grained and 
typically pale to light gray in outcrop. It comprises quartz (42%), alkali feldspar 
(36%), plagioclase (5%), muscovite (15%), and biotite (2%) with accessory min-
erals zircon, epidote, and tourmaline (Supplemental Fig. 1; footnote 1). This 
gneiss commonly exhibits a well-developed S-C fabric with a top-to-the-south 
sense of shear. The unit is ~1 km thick where mapped within the Tama Kosi 

1Supplemental File. Details of the U-Th-Pb and 
40Ar/39Ar methodologies, X-ray maps of all monazite 
grains analyzed in this study, and 40Ar/39Ar step-heat-
ing inverse isochron plots. Please visit http://​dx​.doi​
.org​/10​.1130​/GES01293​.S1 or the full-text article on 
www​.gsapubs​.org to view the Supplemental File.
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valley and folds over the top of the Tama Kosi window (Fig. 2; Larson, 2012). Its 
appearance, gross mineralogy, and texture are comparable to the Suri Dobhan 
augen gneiss (Schelling, 1992), the Phaplu augen gneiss of the Dudh Kosi (e.g., 
Jessup et al., 2006), and the Ulleri augen gneiss of west Nepal (Schelling, 1992).

Major Element Results and Interpretation

Representative chemical compositions of the two orthogneiss bodies are 
presented in Table 1. The SiO2 content ranges from 65.2 to 68.3 wt%, whereas 
the total alkali content ranges from 7.98 (Suri Dobhan augen gneiss, TK09B) 
to 8.04  wt% (Melung-Salleri augen gneiss, TK46, TK54), placing them in the 
trachyte-trachydacite field of the International Union of Geological Sciences 
classification diagram (Fig. 3A) and granite field on a QAP (quartz, alkali feld-
spar, plagioclase feldspar) diagram (Fig. 3B). The orthogneiss specimens plot 
close to the boundary on the Fe* diagram (FetotO/[FetotO + MgO] vs. SiO2) of 
Frost et al. (2001), with the Melung-Salleri augen gneiss displaying a stronger 
ferroan association, while the Suri Dobhan augen gneiss is within the magne-
sian field (Fig. 3C). Both units are within the alkali field of the modified alkali 
index (MALI; Frost et al., 2001). In general, for evolving comagmatic suites, the 
MALI increases with increasing weight percent SiO2 as magma fractionates. This 

results in genetically related suites plotting an evolution trend along the fields: 
calcic, calc-alkalic, alkali-calcic, or alkalic, where the delineations are based on 
common plutonic compositions (Frost et al., 2001). Plotting with almost no MALI 
variation with increasing SiO2 rather suggests that even though TK46 and TK54 
are both ferroan, they do not appear to be cogenetic. These observed differences 
may alternatively reflect the variable contribution of a crustal component.
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TABLE 1. CHEMICAL COMPOSITION OF ORTHOGNEISSES, 
TAMA KOSI VALLEY, NEPAL

Specimen TK09B TK46 TK54

Major elements
(wt% oxide)

Na2O 2.91 2.91 2.77
MgO 0.99 0.58 0.56
Al2O3 14.2 15.1 14.7
SiO2 65.2 66.7 68.3
P2O5 0.14 0.22 0.23
K2O 5.07 5.09 5.21
CaO 0.66 0.66 0.56
TiO2 0.30 0.30 0.28
MnO 0.04 0.04 0.05
Fe2O3 3.23 2.74 2.84
S 0.01 0.01 0.01
Sum (%) 92.78 94.31 95.40

Rare earth elements
(ppm)

La 48 24 18
Ce 99 50 35
Pr 14.5 7.4 4.8
Nd 48.0 24.6 16.9
Sm 7.95 5.01 3.38
Eu 1.71 0.52 0.51
Gd 5.56 4.50 3.14
Tb 0.69 0.70 0.52
Dy 3.35 3.93 2.84
Ho 0.64 0.87 0.59
Er 1.20 1.78 1.18
Yb 1.20 2.14 1.26
Lu 0.2 0.3 0.2

Trace elements
(ppm)

Rb 206 542 405
Ba 605 178 201
Th 24.9 14.8 8.7
Ta 2.24 5.94 5.23
Nb 16 23 16
Ce 99 50 35
Sr 160 36 51
Hf 4.6 3.2 2.5
Zr 151 96 70
Sm 7.95 5.01 3.38
Y 13.4 20.8 14.9
Yb 1.20 2.14 1.26

http://geosphere.gsapubs.org
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The analyzed specimens are also highly potassic, with K2O/Na2O ratios 
of 1.74 (TK09B), 1.75 (TK46), and 1.88 (TK54) (Table 1). Both units show high 
molar A/CNK ratios of 1.24 for TK09B and 1.31 for TK46 (+TK54), indicating their 
peraluminous nature (Fig. 3E; Table 1). The Suri Dobhan and Melung-Salleri 
augen gneiss specimens contain high SiO2 and low CaO (0.56%–0.66%), and 
significant muscovite (8%–15%), also supporting a crustal derivation. More-
over, when plotted on an Al2O3-(Na2O + K2O)-CaO-FeO + MgO diagram both 
units plot in the domain of S-type granite (Fig. 3F).

Trace and Rare Earth Element Results and Interpretation

Although the major element chemistry of the two bodies is generally simi
lar, the slight differences seen in the major element plots manifest as signif-
icant differences in trace element abundance. Primitive mantle-normalized 

trace elements patterns (Fig. 4A) reveal large negative anomalies in Ba and 
Sr and a moderate anomaly in Nb in all specimens. A plot of Rb/Sr versus Ba 
(Fig. 4C) can be used to assess the contribution of major phases to (or from) 
the melt by the variation in constituent trace elements. TK09B displays very 
low Rb/Sr and high Ba, whereas TK46 and TK54 show much greater Sr and 
Ba depletion, resulting in higher Rb/Sr and lower Ba. The ratios for TK09B are 
suggestive of a vapor-present melt reaction where Sr, contributed to the melt 
by micas (and/or plagioclase), is not further removed from the melt. Contrary 
to this, the higher Rb/Sr and relatively low Ba of TK46 and TK54 are more con-
sistent with vapor-absent melting of a biotite- and muscovite-bearing pelitic 
protolith, where plagioclase remains as a restitic phase (King et al., 2011; Inger, 
1993). This interpretation is corroborated by the flatter rare earth element 
(REE) trend with strong Eu anomaly, characteristic of restitic plagioclase, dis-
played by the TK46 and TK54 specimens (Fig. 4B). Moreover, the REE trend 

1000
TK09B

TK46

TK54
100

10

1
La LuYbErHoDyTbGdEuSmNdPrCe

1000

100

10

1
Rb YbYSmZrHfSrCeNbTaTh

TK54

TK46

TK09B

Ba

Ba (ppm)

R
b/

S
r

0
0

4

8

12

16

100 200 300 400 500 600 200

Vapor-absent

      melting

Vapor-present
Ms-dehydration
      melting

Vapor-absent
Ms-dehydration
      melting

Bt-dehydration

TK09B
TK46
TK54

REE: Condrite normalized
(Sun and McDonough, 1989)

Trace elements: Primitive mantle normalized
(Sun and McDonough, 1989)

A B

C

Figure 4. (A) Trace element plot normalized 
to Sun and McDonough (1989). (B) Rare 
earth element (REE) plot normalized to 
Sun and McDonough (1989). (C) Rb/Sr ver-
sus Ba plot. TK46 and TK54 are from the 
Melung-Salleri orthogneiss, and TK09B is 
from the Suri Dobhan orthogneiss. Ms—
muscovite, Bt—biotite.

http://geosphere.gsapubs.org


Research Paper

1581Larson et al.  |  Miocene development of the Himalayan metamorphic coreGEOSPHERE  |  Volume 12  |  Number 5

for TK09B is steeper and has no appreciable Eu anomaly (Fig. 4B), consistent 
with even lower melt fractions and feldspar retention in the restite (±garnet as 
a restitic phase).

The La, Ce, Pr, Nd, Sm, and Eu concentrations in sample TK09B are higher 
than in TK46 or TK54, while the amounts of Dy, Ho, Er, Tm, Yb, and Lu in TK09B 
are between those from the Melung-Salleri specimens (Table 1; Fig. 4B). Large 
ion lithophile element enrichment reflects derivation from a crustal source as 
indicated by the major elements. It is interesting that the variations in Fe num-
ber and MALI may also be attributed to slight variation in melt conditions, 
as the magnesian signature in Fe space is most commonly associated with 
oxidizing conditions, possibly more readily attained in a vapor phase-present 
reaction, which has also been associated with lower MALI (Frost et al., 2001), 
both traits displayed by the Suri Dobhan gneiss (TK09B). These observations, 
plus the association that vapor phase-present melt reactions in melt-prone lith-
ologies generally occur at deeper crustal levels and are favored by increasing 
pressure (Patiño Douce and Harris, 1998), indicate that TK09B likely formed 
during prograde conditions.

U-Th/Pb MONAZITE AND ZIRCON GEOCHRONOLOGY

Four specimens were selected for U-Th/Pb geochronological analysis: 
Melung-Salleri orthogneiss (TK54), Suri Dobhan orthogneiss (TK09B) and 
associated leucogranite (TK09A), and Mahabharat Schist (PK199). Specimens 
from both orthogneiss bodies (TK54 and TK09B), along with a leucogranitic 
dike crosscutting the Suri Dobhan gneiss (TK09A), were crushed and sepa-
rated using standard bulk separation methods, whereas the schist specimen 
(PK199) was prepared as a thin section to preserve textural relationships and 
grains were analyzed in situ. Both classical laser ablation–multicollector–
inductively coupled plasma–mass spectrometry (LA-MC-ICP-MS) and LA split 
stream (LASS) methods were used to conduct the geochronologic analyses. 
See the Supplemental File for full details (footnote 1).

In young (Cenozoic) monazite (i.e., grains in PK199), the low abundance 
of radiogenic 207Pb results in relatively imprecise 207Pb/235U dates obtained by 
LA-MC-ICP-MS methods. In addition, 206Pb/238U dates typically display reverse 
discordance as a result of incorporation of excess 230Th during crystallization 
and/or recrystallization (e.g., Schärer, 1984). In this study we report 208Pb/232Th 
ages because Th (and therefore radiogenic 208Pb) is abundant (>5 wt%) and it 
does not sustain disequilibrium effects.

TK54—Melung-Salleri Orthogneiss

Zircons from TK54 are typically clear to slightly cloudy euhedral crystals 
with faint to moderately well-developed oscillatory zonation in cathodolumi
nescence (Fig. 5A). We analyzed 34 spots across 27 grains; 5 spots were ex-
cluded due to chemical irregularities (high Sr or high Y concentrations) indi-
cating ablation of inclusions. The remaining 29 spots are characterized by low 
Th/U ratios (average ~0.1) and are all discordant in U-Pb space. Four analy

ses yield apparent 207Pb/206Pb dates older than 2.2 Ga (Supplemental Table 1; 
footnote 2), whereas the main group of zircons (25 analyses) do not yield a 
common intercept on a Tera-Wasserburg diagram (Fig. 5B). These same data 
outline a poorly defined linear array on a standard concordia plot with an 
upper intercept of 1940 ± 16 Ma (Fig. 5C). We note that the mean square of 
weighted deviates (MSWD = 12) for the upper intercept is considerably greater 
than unity, suggesting remaining geologic scatter in the data. We therefore 
cautiously interpret this age to approximate modal timing of zircon crystalli-
zation in this rock. The lower intercept is interpreted to reflect relatively recent 
time-integrated radiogenic Pb loss.

TK09B and TK09A—Suri Dobhan Orthogneiss and Leucogranite

Two specimens from the same outcrop of the Suri Dobhan orthogneiss 
were investigated. TK09B is a sample of the orthogneiss, and TK09A is a par-
tially boudinaged, crosscutting, medium-grained, quartz + feldspar + musco-
vite + garnet + tourmaline leucogranite dike (see Larson, 2012; Fig. 5A therein). 
This dike appears to have an associated melanosome and has been interpreted 
to represent in situ melting of the orthogneiss (Larson, 2012).

Zircons separated from TK09B are typically euhedral with well-developed 
oscillatory zoning, although distinct cores are present in some specimens (Fig. 
5D). We carried out 45 LA-MC-ICP-MS spot analyses across 22 grains; 9 were 
rejected for inconsistent signal or poor ablation. Two Archean ages are not 
plotted. The remaining 33 analyses do not define an interpretable intercept on 
a Tera-Wasserburg diagram (Fig. 5E), but outline a linear array on a Wetherill 
concordia plot (Fig. 5F). This array is characterized by an upper intercept of 
1863 ± 14 Ma (MSWD = 6.5). As discussed for TK54, the MSWD for the upper 
intercept indicates excess scatter in the data, but likely approximates the tim-
ing of zircon crystallization in this rock. The lower intercept is interpreted to 
reflect recent time-integrated radiogenic Pb loss.

Zircon grains from TK09A are generally euhedral with oscillatory-zoned 
rims surrounding mottled to cryptically zoned cores (Fig. 5G). We performed 15 
LA-MC-ICP-MS analyses on 8 grains. The zircon grains are high in U (average = 
~5300 ppm) with low Th/U ratios ranging from 0.0015 to 0.013 (Supplemental 
Table 1; footnote 2). On a Tera-Wasserburg diagram, analyses plot on a two-com-
ponent mixing line with an upper intercept of 1858 ± 18 Ma and a lower intercept 
of 6.3 ± 1.0 Ma (MSWD = 1.5; Fig. 5H). A similar mixing line also is apparent when 
the zircon data are plotted on a standard concordia diagram with an upper inter-
cept of 1839 ± 10 Ma and a lower intercept of 3.2 ± 3.7 Ma (MSWD = 10.6; Fig. 5I). 
Because the leucogranite dike is late kinematic with the main Himalayan-related 
tectonic foliation in the host rock, it is considered to be Cenozoic (Larson, 2012). 
Therefore, we interpret the upper intercept dates to reflect the crystallization age 
of zircon in the igneous protolith of the orthogneiss from which the leucogranite 
was derived. The upper intercepts of both the Tera-Wasserburg and concordia 
diagrams are within error of that derived directly from the orthogneiss body, 
TK09B. The lower intercept is interpreted to reflect time-integrated radiogenic 
Pb loss perhaps related to the emplacement of the dike.

Supplemental Table 1. Zircon U/Pb Geochronology Data

Specimen(_grain)_spot U (ppm) Th (ppm) Th/U 207Pb/206Pb 2SE % 207Pb/235U 2SE % 206Pb/238U 2SE % Rho 207Pb/206Pb 
date (Ma) 2SE  abs. 206Pb/238U date 

(Ma) 2SE  abs.

TK09A_3_1 3030 14 0.004 0.1122 2.14 0.4179 5.53 0.02689 5.09 0.99 1835 39 171 4
TK09A_3_2 3469 17 0.005 0.1128 2.07 0.3465 3.70 0.02226 3.08 0.93 1845 38 142 2
TK09A_6_1 6730 29 0.004 0.0942 2.27 0.0432 3.99 0.00332 3.27 0.94 1512 34 21 0
TK09A_7_1 5440 37 0.007 0.1087 2.16 0.3040 7.30 0.02006 6.97 0.99 1778 38 128 4
TK09A_9_1 7140 40 0.006 0.1035 2.15 0.0915 6.04 0.00644 5.65 0.99 1687 36 41 1
TK09A_10_1 3830 23 0.006 0.1035 2.06 0.5020 6.23 0.03257 5.88 0.99 1825 38 207 6
TK09A_10_2 6240 85 0.013 0.1092 2.10 0.1611 7.32 0.01071 7.01 1.00 1785 37 69 2
TK09A_12_1 6370 23 0.004 0.1091 2.04 0.3460 8.18 0.02296 7.92 1.00 1784 36 146 6
TK09A_12_2 10360 41 0.004 0.1053 2.05 0.1229 5.73 0.00847 5.35 1.00 1719 35 54 1
TK09A_13_1 3191 27 0.009 0.1116 2.08 0.9390 3.88 0.06095 3.27 0.98 1825 38 381 5
TK09A_13_2 5800 59 0.010 0.1071 2.04 0.2055 4.06 0.01387 3.51 0.99 1751 36 89 1
TK09A_15_1 6460 11 0.002 0.1144 2.10 0.8040 6.22 0.05090 5.85 0.99 1871 39 320 8
TK09A_15_2 6630 16 0.002 0.1123 2.07 0.7416 3.71 0.04784 3.08 0.98 1838 38 301 4
TK09A_15_3 2390 15 0.006 0.1115 2.02 2.1850 9.21 0.14150 8.99 1.00 1824 37 855 36
TK09A_15_4 2606 13 0.005 0.1120 2.01 1.8330 4.41 0.11860 3.92 1.00 1832 37 723 11

2Supplemental Table 1. Zircon U-Pb geochronology 
data. Please visit http://​dx​.doi​.org​/10​.1130​/GES01293​
.S2 or the full-text article on www​.gsapubs​.org to 
view Supplemental Table 1.

http://geosphere.gsapubs.org
http://dx.doi.org/10.1130/GES01293.S2
http://dx.doi.org/10.1130/GES01293.S2
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Figure 5. Laser ablation–inductively coupled plasma–mass spectrometry U-Pb geochronology data for zircon. (A–C) From TK54. (D–F) From TK09B. (G–I) From TK09A. The top row shows example zircon with 
spot location (numbers correspond to spot number in Supplemental Table 1; see footnote 2) for each specimen. The middle row shows the U-Pb data plotted on Tera-Wasserburg diagrams. The bottom row 
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PK199—Mahabharat Schist

PK199 is a locally migmatitic garnet and kyanite-bearing, quartz + biotite + 
K-feldspar + muscovite schist (Figs. 6A–6D) collected from the northern flank 
of the Mahabharat Range (Figs. 1 and 2). The assemblage is interpreted to 
comprise prograde garnet + kyanite + K-feldspar perhaps formed through the 
generalized melting reaction

	 Ms ± Bt + Pl + Qz → Als ± Grt ± Kfs + Liq (Brown, 2010)	 (1)

or the combination of

	 Ms + Pl + Qz → Kfs + Als + Liq	 (2)

and

	 Bt + Pl + Als + Qz → Kfs + Grt + Liq 	 (3) 
	 (Thompson, 1982; Le Breton and Thompson, 1988),

where Ms is muscovite, Bt is biotite, Pl is plagioclase, Qz is quartz, Als is 
aluminosilicate, Grt is garnet, Kfs is K-feldspar, and Liq is liquid (mineral ab-
breviations after Whitney and Evans, 2010).

The dominant foliation, which strikes 075° and dips 25°S, is defined by 
retrograde biotite and muscovite laths and dynamically recrystallized quartz 
grains (Figs. 6A, 6B). Biotite and quartz also occur as inclusions within prekine-
matic garnet grains (Fig. 6C). A grain-shape lineation that plunges 20° toward 
175° was also observed. The mica and quartz grains define a compound struc-
tural fabric with a through-going C plane that is deflected locally into S planes 
and cut by C’ extensional shear bands that indicate top-to-the-south shear 
(Figs. 6B, 6D). Both the metamorphic grade and preserved microstructural fab-
ric in PK199 are similar to those preserved farther north in the main Himalayan 
range (e.g., Ishida, 1969; Schelling, 1992; Larson, 2012; Larson et al., 2013; From 
and Larson, 2014; From et al., 2014). To investigate the potential correlation of 
rocks from the High Himalaya to those in the Mahabharat Range, monazite in 
specimen PK199 was analyzed to compare its petrochronologic characteris-
tics with published data from High Himalaya HMC rocks. Full geochronoloigc 
results are reported in Supplemental Table 2 (footnote 3), while trace element 
results are reported in Supplemental Table 3 (footnote 4).

Monazite displays chemical zoning patterns that typically consist of low-Y 
cores and high-Y rims (Fig. 7A; Supplemental Fig. 2; footnote 1). The 34 
spot analyses using LASS-MC-ICP-MS on 12 matrix grains (Fig. 6A) yielded 
208Pb/232Th dates that range from 35 to 19 Ma and broadly correlate with chem-
ical zoning patterns (Fig. 7A). Older dates, ca. 35–28 Ma, coincide with low-Y 
domains, whereas younger dates, ca. 22–19 Ma, coincide with high-Y domains 
(Fig. 7A). The Gd/Yb ratios also correlate with age, with older dates generally 
associated with higher ratios and younger dates with lower ratios (Fig. 7B). 
Intermediate dates, Y concentrations, and Gd/Yb ratios between the two main 
populations may reflect protracted crystallization and/or recrystallization of 
monazite under changing geochemical conditions, or apparent dates resulting 
from mixed sampling of distinct domains (e.g., Larson et al., 2013).

40Ar/39Ar STEP-HEATING METHODS AND RESULTS

Two specimens from the footwall of the lower discontinuity (TK15 and 
TK46), one specimen from within the lower discontinuity (TK56), and one 
specimen from the hanging wall of the lower discontinuity (TK40) were col-
lected for 40Ar/39Ar analysis. Specimens were chosen based on the occurrence 
of macroscopic white mica and structural position to help elucidate what role 
the structure might have played in the exhumation history of the region. Thin 
sections from the selected specimens were examined in plane-polarized light 
(Fig. 8) and imaged using backscattered electrons in a scanning electron micro
scope. They appear to be chemically homogeneous, with little to no internal 
deformation and no indication of recrystallization (Supplemental Fig. 4 in the  
Supplemental File; footnote 1). See the Supplemental File for a complete de-
scription of the applied methodologies. Full results are recorded in Supple-
mental Table 4 (footnote 5) and plotted in Figures 9 and 10. Plateau ages were 
calculated using MassSpec (Deino, 2001) software using the decay constant 
of Min et al. (2000), and defined using the following criteria: at least 3 con-
tiguous heating steps that are within 2s error and that compose ≥50% of 39Ar 
released. Table 2 displays a summary of the results and our interpretations of 
the 40Ar/39Ar ages based on those results. All calculated age results are quoted 
at 2s and uncertainties on measurements are 1s.

The specimen suite yielded interpreted 40Ar/39Ar ages ranging from 14.25 
to 8.3 Ma (Table 2). Where data yielded statistical plateau ages (TK56, TK40), 
these are interpreted as the 40Ar/39Ar white mica cooling age of the speci-
mens; otherwise, we interpret the integrated ages of relatively homogeneous 
spectra, or indicated portions thereof, to approximately reflect the same (TK15, 
TK46). All four specimens displayed some degree of heterogeneity in 40Ar/39Ar 
composition. We discuss this heterogeneity in the following, but in all cases, a 
dominant 40Ar/39Ar apparent age was reflected in multiple aliquots, and coin-
cides with our interpreted ages.

Specimen TK15 is from the base of the Melung-Salleri orthogneiss in the 
footwall of the lower discontinuity (Figs. 1 and 2); it yielded three hetero
geneous age spectra (Fig. 9). Aliquot 1 yielded age steps ranging from ca. 
35 to 10 Ma, and the inverse isochron plot (Supplemental Fig. 3; footnote 1) 
forms two arrays toward nonatmospheric 40Ar components. Aliquot 2 yielded 
a more consistent release spectrum with integrated age 9.8 ± 0.2 Ma, and plot-
ted on an inverse isochron diagram forms a mixing line with an atmospheric 
40Ar component, yielding an isochron age of 9.4 ± 0.2 Ma (MSWD = 0.9, n = 6, 
40Ar/36Ar intercept = 302 ± 9), which is our interpreted age for this specimen. 
Aliquot 3 yielded age steps ranging between ca. 800 and 12.6 Ma, and the 
inverse isochron diagram indicates a significant nonatmospheric 40Ar compo-
nent (Supplemental Fig. 3; footnote 1). The Ca/K ratios for all three aliquots 
correlate with age and suggest contamination of the white mica, possibly via 
fluid or solid inclusions. Thus the older dates obtained in several heating steps 
of these aliquots reflect extraneous Ar, excess and/or inherited, while we in-
terpret those heating steps forming a mixing line with an atmospheric 40Ar 
component to reflect the Ar cooling age for white mica.

Supplemental Table 2. Monazite U-Th/Pb Geochronology Data

Specimen_grain_spot U (ppm) Th (ppm) Th/U 207Pb/206Pb 2SE % 207Pb/235U 2SE % 206Pb/238U 2SE % Rho 208Pb/232Th 2SE % 206Pb/238U date 
(Ma) 2SE  abs. 208Pb/232Th date 

(Ma) 2SE  abs.

PK199_m001_01 15170 70700 4.7 0.04935 1.87 0.0318 2.86 0.00468 2.16 0.76 0.00146 2.28 30.1 0.7 29.5 0.7
PK199_m001_02 14650 65100 4.4 0.05421 1.91 0.0372 2.87 0.00498 2.14 0.75 0.00158 2.05 32.0 0.7 31.9 0.7
PK199_m002_01 14040 54950 3.9 0.05033 2.10 0.0260 3.05 0.00375 2.21 0.73 0.00120 2.07 24.1 0.5 24.2 0.5
PK199_m002_02 15090 60040 4.0 0.05315 2.09 0.0284 2.91 0.00387 2.03 0.70 0.00122 2.11 24.9 0.5 24.6 0.5
PK199_m002_03 9940 42980 4.3 0.05341 2.27 0.0326 3.11 0.00443 2.13 0.68 0.00142 2.16 28.5 0.6 28.7 0.6
PK199_m002_04 11600 56530 4.9 0.05176 1.88 0.0391 2.86 0.00548 2.16 0.75 0.00172 2.09 35.2 0.8 34.8 0.7
PK199_m003_01 15290 67100 4.4 0.04923 1.97 0.0324 2.91 0.00478 2.14 0.74 0.00148 2.26 30.7 0.7 29.9 0.7
PK199_m003_02 16120 74100 4.6 0.04858 1.97 0.0312 2.86 0.00466 2.08 0.73 0.00144 2.09 30.0 0.6 29.1 0.6
PK199_m003_03 15880 66200 4.2 0.04925 2.17 0.0240 3.02 0.00354 2.10 0.70 0.00110 2.16 22.8 0.5 22.2 0.5
PK199_m003_04 12950 62420 4.8 0.05268 2.23 0.0293 3.07 0.00403 2.11 0.69 0.00124 2.14 25.9 0.5 25.1 0.5
PK199_m004_01 10370 77380 7.5 0.05550 1.59 0.2566 2.92 0.03355 2.45 0.84 0.01097 2.80 212.7 5.2 220.5 6.2
PK199_m004_02 14430 73800 5.1 0.04861 1.92 0.0347 2.97 0.00519 2.27 0.76 0.00163 2.24 33.3 0.8 32.9 0.7
PK199_m005a_01 15120 43100 2.9 0.05617 1.55 0.3453 5.80 0.04460 5.59 0.96 0.00689 9.84 281.3 15.7 138.8 13.7
PK199_m005a_02 12540 80100 6.4 0.05268 1.76 0.0689 3.43 0.00949 2.94 0.86 0.00201 2.41 60.9 1.8 40.6 1.0
PK199_m005b_01 14240 78400 5.5 0.04910 2.06 0.0284 3.18 0.00419 2.43 0.76 0.00132 2.42 27.0 0.7 26.6 0.6
PK199_m005b_02 13220 79100 6.0 0.04905 2.00 0.0339 2.98 0.00501 2.21 0.74 0.00152 2.22 32.2 0.7 30.7 0.7
PK199_m005b_03 4030 27550 6.8 0.09760 4.27 0.0376 4.92 0.00279 2.45 0.50 0.00089 2.52 18.0 0.4 17.9 0.5
PK199_m005b_04 7300 41900 5.7 0.05790 3.61 0.0359 4.21 0.00450 2.18 0.52 0.00150 2.45 28.9 0.6 30.3 0.7
PK199_m006_01 9540 67900 7.1 0.05154 2.14 0.0506 3.27 0.00712 2.47 0.76 0.00353 3.21 45.7 1.1 71.2 2.3
PK199_m006_02 9940 63500 6.4 0.05213 2.30 0.0371 4.14 0.00517 3.44 0.83 0.00201 4.21 33.2 1.1 40.5 1.7
PK199_m007_01 11980 63200 5.3 0.05024 2.28 0.0252 3.34 0.00364 2.44 0.73 0.00118 2.53 23.4 0.6 23.8 0.6
PK199_m007_02 10920 72500 6.6 0.04993 2.21 0.0329 3.38 0.00479 2.56 0.76 0.00148 2.31 30.8 0.8 29.9 0.7
PK199_m008_01 13740 66510 4.8 0.05145 2.03 0.0237 3.08 0.00334 2.32 0.75 0.00103 2.31 21.5 0.5 20.7 0.5
PK199_m008_02 11160 53200 4.8 0.05516 2.16 0.0258 3.05 0.00340 2.14 0.70 0.00107 2.19 21.9 0.5 21.6 0.5
PK199_m009_01 8300 59500 7.2 0.05638 2.15 0.0387 3.16 0.00499 2.32 0.73 0.00150 2.29 32.1 0.7 30.4 0.7
PK199_m009_02 11860 76800 6.5 0.04952 2.20 0.0336 3.13 0.00492 2.23 0.71 0.00152 2.13 31.7 0.7 30.6 0.7
PK199_m009_03 12520 79400 6.3 0.04886 1.99 0.0302 3.00 0.00448 2.25 0.75 0.00136 2.26 28.8 0.6 27.4 0.6
PK199_m010_01 8900 76700 8.6 0.05790 2.29 0.0429 3.21 0.00537 2.25 0.70 0.00160 2.17 34.5 0.8 32.3 0.7
PK199_m010_02 9260 79200 8.6 0.05291 2.16 0.0384 3.01 0.00527 2.09 0.70 0.00164 2.09 33.9 0.7 33.2 0.7
PK199_m010_03 9320 75300 8.1 0.05011 2.04 0.0360 3.14 0.00521 2.39 0.76 0.00163 2.28 33.5 0.8 32.8 0.7
PK199_m011_01 11540 78500 6.8 0.04810 1.90 0.0338 2.74 0.00510 1.97 0.72 0.00158 2.00 32.8 0.6 32.0 0.6
PK199_m011_02 13850 68100 4.9 0.04989 2.36 0.0233 3.10 0.00338 2.00 0.65 0.00108 1.92 21.8 0.4 21.8 0.4
PK199_m012_01 14690 104900 7.1 0.05075 1.96 0.0362 2.80 0.00518 2.01 0.72 0.00157 2.01 33.3 0.7 31.8 0.6
PK199_m012_02 15260 104300 6.8 0.05011 1.86 0.0338 2.83 0.00489 2.13 0.75 0.00146 1.98 31.4 0.7 29.5 0.6
PK199_m012_03 14210 54040 3.8 0.04957 2.10 0.0219 2.88 0.00321 1.97 0.68 0.00101 2.12 20.6 0.4 20.3 0.4
PK199_m012_04 13320 69400 5.2 0.04875 2.02 0.0295 2.92 0.00439 2.11 0.72 0.00137 2.04 28.2 0.6 27.6 0.6
PK199_m012_05 15280 92200 6.0 0.05127 1.89 0.0318 3.02 0.00450 2.36 0.78 0.00137 2.20 29.0 0.7 27.7 0.6
PK199_m012_06 7110 53600 7.5 0.05528 1.72 0.1432 5.59 0.01880 5.32 0.95 0.00800 3.92 120.1 6.4 161.1 6.3
PK199_m013_01 16970 74200 4.4 0.04883 1.99 0.0233 2.84 0.00346 2.02 0.71 0.00109 2.16 22.3 0.5 22.0 0.5
PK199_m013_02 14540 66800 4.6 0.05066 2.09 0.0216 3.06 0.00309 2.23 0.73 0.00097 2.23 19.9 0.4 19.5 0.4
PK199_m013_03 14930 66800 4.5 0.05120 2.21 0.0235 3.11 0.00333 2.19 0.70 0.00105 2.21 21.4 0.5 21.2 0.5
PK199_m013_04 15170 65700 4.3 0.04899 2.06 0.0217 2.92 0.00321 2.08 0.71 0.00101 2.12 20.6 0.4 20.3 0.4

Supplemental Table 3. Monazite Trace Element Data
Specimen_grain_spot Y (ppm) La (ppm) Ce (ppm) Pr (ppm) Nd (ppm) Sm (ppm) Eu (ppm) Gd (ppm) Tb (ppm) Dy (ppm) Ho (ppm) Er (ppm) Tm (ppm) Yb (ppm) Lu (ppm)
PK199_m001_01 6080 65300 131100 14300 52800 7760 951 6660 637 1620 124 120 5.94 17.9 1.18
PK199_m001_02 5490 55900 111500 12930 42800 7030 848 5940 570 1561 125 123 7.19 20.7 1.65
PK199_m002_01 13100 53100 106500 12220 44100 7530 808 6330 715 2450 264 378 31 90.4 7.06
PK199_m002_02 10660 56000 112900 13560 48100 7770 843 6300 692 2160 251 344 26.4 82.4 6.22
PK199_m002_03 5570 42700 79900 8980 35100 5510 630 4440 444 1179 123 141 9.8 33.3 2.44
PK199_m002_04 4960 54000 125300 12800 44400 7560 875 5840 556 1340 100 94 4.37 13.3 0.98
PK199_m003_01 5840 64500 115100 13800 47700 7780 935 6190 603 1613 115 114 5.27 17.1 1.12
PK199_m003_02 5730 60700 125300 14100 50300 7750 926 6550 648 1610 124 126 6.18 17.2 1.05
PK199_m003_03 15100 59300 117200 12200 48200 7850 931 6830 819 2810 330 517 38.5 118.3 8.30
PK199_m003_04 9750 57900 111900 12500 44400 7700 980 6280 681 2070 221 276 20.2 64.1 4.63
PK199_m004_01 7680 56200 114100 12620 43800 7400 846 5880 602 1722 214 271 20.4 66.4 4.75
PK199_m004_02 3480 56400 113800 12890 45800 7150 802 5900 509 1076 78 84 4.59 14.9 1.14
PK199_m005a_01 9540 63600 115200 12880 48100 8950 766 7420 720 2240 227 248 16.3 47.0 2.89
PK199_m005a_02 5610 55900 115000 12730 48100 7480 843 6140 584 1430 120 120 6.01 19.1 0.99
PK199_m005b_01 9090 58800 111600 12800 46600 7120 865 6320 703 2126 226 305 22.6 63.0 4.43
PK199_m005b_02 5440 60500 111700 12380 43700 6980 878 5780 600 1496 119 112 5.6 15.7 0.88
PK199_m005b_03 5230 19500 41700 4720 16900 2950 391 2460 283 1060 135 175 13.4 39.2 2.47
PK199_m005b_04 4040 27300 56000 6100 22300 3530 460 2820 307 910 88 112 8.5 25.0 1.71
PK199_m006_01 5300 51500 99970 10170 38400 6330 760 5250 534 1470 112 116 6.8 20.3 1.41
PK199_m006_02 12580 46800 98800 10520 41800 6360 731 5670 652 2260 268 343 24.2 66.6 4.58
PK199_m007_01 11500 54000 105300 12200 44200 6960 806 6560 736 2420 270 327 19.8 56.4 3.82
PK199_m007_02 3680 57100 111900 12000 46400 6620 803 6070 577 1260 73 54 2.72 8.2 0.58
PK199_m008_01 16100 57800 107000 12080 48800 7490 835 6940 805 2850 337 408 27.1 69.6 4.57
PK199_m008_02 13500 45100 92100 10500 39700 6480 673 5950 717 2460 294 367 24.9 66.8 4.24
PK199_m009_01 3250 47300 103000 10030 38400 5630 667 5090 471 1140 70 65 3.01 8.9 0.64
PK199_m009_02 3320 60700 130000 12630 48500 7220 890 6520 579 1309 67 47 1.94 6.5 0.58
PK199_m009_03 3830 57900 124000 12700 50200 7070 853 5630 597 1255 73 58 2.75 9.4 0.71
PK199_m010_01 3630 62100 117500 12500 44100 6930 872 5940 608 1309 68 48 1.75 6.5 0.58
PK199_m010_02 3840 59300 113300 12490 46300 7260 864 6010 610 1351 68 50 1.82 7.0 0.52
PK199_m010_03 4560 58700 133300 13070 49800 7120 852 6270 594 1510 85 63 2.08 7.1 0.48
PK199_m011_01 4710 60600 122000 12510 49400 7190 829 6110 574 1348 98 94 4.7 14.7 1.12
PK199_m011_02 20600 56400 113500 12210 47400 7780 880 7100 863 3260 447 721 56.9 176.5 13.23
PK199_m012_01 5360 50100 97700 11000 39200 6610 798 5750 549 1374 113 121 7.61 27.4 2.89
PK199_m012_02 5150 50500 104800 11520 43500 6760 812 6390 575 1377 110 112 6.14 15.8 1.29
PK199_m012_03 23300 52300 108700 11860 49200 7890 873 7650 947 3470 514 834 67.6 198.0 15.80
PK199_m012_04 5100 55100 111500 12810 47200 6980 840 6210 580 1330 118 119 6.32 17.7 1.34
PK199_m012_05 6980 50000 104800 11650 45500 7080 912 7040 659 1732 158 196 13.4 55.9 5.20
PK199_m012_06 15600 50900 110500 12330 47700 7760 856 6860 764 2680 371 550 42.1 142.1 10.51
PK199_m013_01 17730 56500 122600 12730 46700 7950 913 7460 835 3000 381 542 40.1 119.1 9.09
PK199_m013_02 20900 57300 115300 13070 48800 8130 982 7740 969 3620 488 768 64 201.0 15.04
PK199_m013_03 19400 55900 115000 12840 46300 8020 902 7530 897 3260 434 685 54.7 168.0 12.80
PK199_m013_04 23600 58300 121700 12340 46700 8010 922 8380 1032 3720 557 855 71.8 226.4 17.26

Supplemental Table 4. 40Ar/39Ar Thermochonology Data

Lab ID# Watts

TK15, GSC irradiation #67, tube A, J = 0.003539 ± 0.00001 (1 )
Aliquot 1
3164-01A 0.10 113935 69.721 1301.3 6.104 71.777 1.5021 -1.23 4.9525 299.09 3.4288 8465 24 17.9 0.85 17.206 0.55 74.86 1.2 69.54 1.2
3164-01B 0.20 77123 52.397 13686 18.908 188.92 2.5166 53.968 5.7355 141.22 2.5517 8465 24 17.9 0.85 17.206 0.55 74.86 1.2 69.54 1.2
3164-01C 0.30 146157 88.902 60415 47.86 725.01 6.4905 75.894 5.2416 78.261 2.3083 8465 24 17.9 0.85 17.206 0.55 74.86 1.2 69.54 1.2
3164-01D 0.35 30132 41.186 17653 21.431 219.35 3.0334 35.018 6.0041 6.4729 2.2061 8504.2 25 19.35 1 18.66 0.58 76.62 1.2 75.02 1.4
3164-01E 0.40 11799 36.385 6053.3 12.632 75.231 1.5268 1.6091 5.2233 1.4224 2.5935 8504.2 25 19.35 1 18.66 0.58 76.62 1.2 75.02 1.4
3164-01F 0.50 41631 153.12 20750 22.689 247.59 3.0214 4.6697 5.495 8.5346 2.3996 8504.2 25 19.35 1 18.66 0.58 76.62 1.2 75.02 1.4
3164-01G 0.60 29714 38.98 11197 17.678 134.16 2.4278 31.98 5.6276 5.8663 2.1847 8434 23 14.12 1.3 19.645 0.74 75.94 1.1 75.9 1.2
3164-01H 0.80 83717 67.013 14276 20.19 172.54 2.9074 142.99 6.2417 10.957 2.1836 8434 23 14.12 1.3 19.645 0.74 75.94 1.1 75.9 1.2
3164-01I 1.50 38749 50.821 9773.3 20.19 118.64 2.1649 75.019 5.8953 0.8304 2.2798 8434 23 14.12 1.3 19.645 0.74 75.94 1.1 75.9 1.2
3164-01J 6.00 28309 43.148 13339 18.934 163.42 2.3113 12.888 5.3134 10.189 2.1803 8434 23 14.12 1.3 19.645 0.74 75.94 1.1 75.9 1.2
Integrated age: 16.5 ± 0.4 Ma

Aliquot 2
3164-02A 0.10 44272 85.229 1286.3 5.3179 46.688 2.0458 32.178 11.097 140.06 2.6643 7547 19 21.85 1.7 31.567 0.83 78.37 1.1 70.51 1.1
3164-02B 0.20 55599 51.111 13813 18.908 189.31 2.7044 80.318 10.568 119.56 2.6935 7392.1 18 16.488 0.72 31.818 0.83 80.29 1.1 65.76 1.3
3164-02C 0.30 62886 177.16 39497 32.758 466.38 3.7196 117.95 12.304 22.35 2.2358 7392.1 18 16.488 0.72 31.818 0.83 80.29 1.1 65.76 1.3
3164-02D 0.35 61150 277.53 24736 21.426 307.69 3.5298 83.689 10.612 73.041 2.454 7392.1 18 16.488 0.72 31.818 0.83 80.29 1.1 65.76 1.3
3164-02E 0.40 24901 39.578 14960 17.649 176.29 2.3989 73.664 11.196 13.402 1.9553 7392.1 18 16.488 0.72 31.818 0.83 80.29 1.1 65.76 1.3
3164-02F 0.50 16966 34.756 9263.3 13.908 111.45 2.2236 70.239 12.492 6.8885 1.8743 7394.9 21 14.68 1.2 34.153 0.75 86.49 1.1 70.26 1.3
3164-02G 0.60 10022 36.794 4050.6 10.273 41.764 1.8109 261.19 15.115 6.9666 2.0488 7394.9 21 14.68 1.2 34.153 0.75 86.49 1.1 70.26 1.3
3164-02H 0.80 20919 45.428 12520 18.933 141.99 2.9186 211.8 12.601 6.9259 2.1358 7394.9 21 14.68 1.2 34.153 0.75 86.49 1.1 70.26 1.3
3164-02I 1.50 17848 35.69 10491 18.914 131.91 2.4041 88.235 11.21 8.3328 2.0693 7244.3 19 13.774 0.86 29.921 0.69 81.83 1.1 67.39 1.2
3164-02J 6.00 36124 38.939 15727 21.431 194.97 2.6956 55.897 11.732 23.922 2.1703 7244.3 19 13.774 0.86 29.921 0.69 81.83 1.1 67.39 1.2
Isochron age: 9.4 ± 0.3 Ma (MSWD = 13, steps A-J, n = 10, 40Ar/36Ar intercept = 310 ± 30)
Integrated age: 9.8 ± 0.3 Ma

37Ar Bkgd40Ar Bkgd 39Ar Bkgd 38Ar Bkgd
Background Isotopic Abundances

36Ar Bkgd
Isotopic Abundances

37Ar

±1s

36Ar40Ar 38Ar39Ar

±1s ±1s ±1s±1s ±1s±1s ±1s±1s ±1s

3Supplemental Table 2. Monazite U-Th-Pb geochro
nology data. Please visit http://​dx​.doi​.org​/10​.1130​
/GES01293​.S3 or the full-text article on www​.gsapubs​
.org to view Supplemental Table 2.

4Supplemental Table 3. Monazite trace element data. 
Please visit http://​dx​.doi​.org​/10​.1130​/GES01293​.S4 
or the full-text article on www​.gsapubs​.org to view 
Supplemental Table 3.

5Supplemental Table 4. 40Ar/39Ar thermochronology 
data. Please visit http://​dx​.doi​.org​/10​.1130​/GES01293​
.S5 or the full-text article on www​.gsapubs​.org to 
view Supplemental Table 4.
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Figure 6. Photomicrographs of speci-
men PK199. All photos are oriented with 
north to the left and south to the right (as 
marked). (A) Full thin section photomi-
crograph of PK199 with the locations of 
more detailed photomicrographs shown. 
The left half of the thin section is shown 
in cross-polarized light (XPL) and the 
right half is shown in plane-polarized 
light (PPL). Yellow circles indicate the lo-
cation of monazite (M) grains analyzed. 
(B) Photomicrograph depicting C/S/C′ 
fabric indicating top-to-the-south sense 
shear shown in both PPL (above) and XPL 
(below) as marked. (C) Photomicrograph 
in XPL showing the detailed relationships 
between the major mineral phases. See 
text for discussion. (D) Photomicrograph, 
half XPL (top), half PPL (bottom) show-
ing a compound C/S/C′ fabric indicating 
top-to-the-south shear sense. All mineral 
abbreviations are after Whitney and Evans 
(2010).
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Figure 7. Laser ablation split stream–
inductively coupled plasma–mass 
spectrometry (LASS-ICP-MS) U-Pb 
geochronology and rare earth element 
concentration data for monazite from 
PK199. Data plots shown in A and B 
were generated using a modified ver-
sion of Redux (Bowring et al. [2011]). 
(A) U-Th-Pb concordia plot colored by 
Y (ppm). (B) Plot of monazite dates 
from youngest (left) to oldest (right), 
colored by Gdn/Ybn ratios. (C) Kernal 
density estimate (KDE) plot generated 
using DensityPlotter v.7.0 (Vermeesch, 
2012). Peaks in the KDE plot are col-
ored for approximate Y (in ppm) as 
in A. Full data set and complete X-ray 
maps are available in Supplemental 
Table 2 (footnote 3) and Supplemental 
Figure 2 (footnote 1), respectively.

Figure 8. Photomicrographs of white 
mica grains in thin section for each 
specimen. Photomicrographs are pre-
sented as half plane-polarized light 
and half cross-polarized light. Plane-
polarized light halves are on the right 
for TK40 and TK56 and on the left for 
TK46 and TK15. See text for discussion. 
Qz—quartz; Bt—biotite.
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Figure 9. White mica step-heating plots 
for TK15 and TK46. All data and results are 
presented at 2σ. All aliquots run for each 
specimen are shown. Each step is labeled 
as corresponds to data in Supplemental 
Table 4 (footnote 5). Integrated (Int.) ages 
are reported for each aliquot. For TK46, the 
integrated ages reported in the plots were 
calculated using only the steps in black 
(i.e., red steps were excluded) and reflect 
the dominant 40Ar/39Ar age group (see text 
for discussion).
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Figure 10. White mica step-heating plots 
for TK40 and TK56. All data and results are 
presented at 2σ. All aliquots run for each 
specimen are shown. Each step is labeled 
as corresponds to data in Supplemental 
Table 4 (footnote 5). The integrated (Int.) 
ages reported in the plots were calculated 
using only the steps in black (i.e., red steps 
were excluded) and reflect the dominant 
40Ar/39Ar age group (see text for discus-
sion). MSWD—mean square of weighted 
deviates.
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Specimen TK46 is from near the top of the Melung-Salleri orthogneiss (Figs. 
1 and 2) in the interpreted footwall of the lower discontinuity; it also yielded 
heterogeneous spectra (Fig. 9). Aliquot 1 yielded age steps ranging from 17.5 
to 6.3 Ma, with the intermediate portion of the release spectrum yielding a 
modified integrated age of 14.3 ± 0.3 Ma (n = 6, steps D–I). Aliquot 2 yielded a 
smaller range of ages, from 15.6 to 10.9 Ma, and an integrated age (steps C–J) 
of 14.25 ± 0.12 Ma. The inverse isochron plot for this aliquot (Supplemental 
Fig. 3; footnote 1) forms a poorly defined two-component mixing array with 
atmospheric Ar, yielding an isochron age of 14.3 ± 0.3 Ma (MSWD = 16, n = 8, 
40Ar/36Ar intercept = 299 ± 11). The integrated and isochron ages of aliquot 2 are 
statistically identical and provide the interpreted age for this specimen.

Aliquot 1 from TK56, a quartzite in which the foliation is marked by musco-
vite (Fig. 8) from just structurally above the Melung-Salleri orthogneiss (Figs. 1 
and 2), yielded a heterogeneous spectrum with step ages ranging from ca. 34 
to 6.3 Ma, although ~60% of 39Ar released yielded ca. 11–10 Ma ages (Fig. 10). 
The second aliquot analyzed yielded a plateau age of 10.1 ± 0.2 Ma (MSWD = 
1.0, n = 10, steps A–J, 100% 39Ar released), which provides the interpreted age 
for this sample. A third aliquot provided a similar result, with a plateau age of 
10.7  ± 0.4  Ma (MSWD  = 0.9, n  = 5, steps E–I, 52.1% 39Ar released). Inverse 
isochron plots for all three samples indicate mixing with a dominantly atmo-
spheric 40Ar component (Supplemental Fig. 3; footnote 1).

Specimen TK40 is a kyanite-grade anatexite-bearing paragneiss collected 
from the hanging wall of the lower discontinuity (Figs. 1 and 2). Muscovite 
from the specimen yielded downward-stepping staircase spectra, with aliquot 
1 providing a plateau age of 8.3 ± 0.2 Ma (MSWD = 0.5, n = 6, steps E–J, 63% 
39Ar released), which is our preferred age for this sample (Fig. 10). Aliquot 2 
yielded a similar integrated age of 8.06 ± 0.11 Ma for steps D–J (60.2% 39Ar 

released), while aliquot 3 yielded a relatively flat spectrum with integrated age 
7.97 ± 0.11 Ma (all steps). Inverse isochron plots for all three samples indicate 
mixing with a dominantly atmospheric 40Ar component (Supplemental Fig. 3; 
footnote 1).

Several of the spectra exhibit either a younging staircase geometry for the 
initial heating steps (e.g., TK46–1, TK40–1, TK40–2), or a partial saddle spec-
trum (e.g., TK15–1, TK56–1), indicating a deviation from the dominant radio-
genic Ar component toward older ages in each specimen. The old ages ob-
tained from these initial or intermediate steps approach and exceed 20 Ma, the 
timing of peak metamorphism, which occurred at peak T conditions ranging 
from ~720 °C (TK40) to 625 °C (TK15) (Larson et al. 2013; Larson and Cottle, 
2014), well above the theoretical temperature range for thermal diffusion of 
Ar in white mica (discussed in the following). We interpret these old ages to 
reflect an excess 40Ar component that diffused into white mica from metamor-
phic fluids before and/or as the rocks cooled below their Ar closure tempera-
ture, and/or was trapped in fluid inclusions (e.g., Kelley, 2002). This interpre-
tation is favored over inherited 40Ar as the high metamorphic temperatures of 
these samples should have allowed for complete degassing of inherited 40Ar, 
and also because this 40Ar component, locally defining a 40Ar/36Ar of ~4000 
(TK15 in Supplemental Fig. 3; footnote 1), was commonly released from sites 
of low Ar retentivity (i.e., lowest T heating steps) and never from sites of great-
est Ar retentivity (i.e., highest T heating steps). The interpreted ages we report 
reflect the dominant 40Ar/39Ar components in each sample, and are interpreted 
to reflect the thermal diffusion-controlled Ar component of the white mica, 
yielding the 40Ar/39Ar cooling age.

In addition, two aliquots (TK46–01 and TK56–01) yielded one anoma-
lously young age step each, both ca. 6.3 Ma. These data may reflect minor 

TABLE 2. SUMMARY OF 40Ar/39Ar STEP-HEATING RESULTS AND INTERPRETATIONS

Sample
GSC
Ar# aliquot

Plateau 
age
(Ma)

2σ
abs. MSWD n Steps

%39Ar 
released

Integrated 
age*
(Ma)

2σ
abs

Isochron 
age
(Ma)

2σ
abs MSWD n

40Ar/36Ar
intercept

Interpreted 
age ± 2σ

(Ma)

TK15 3164 1 16.5 0.4
TK15 3164 2 9.8 0.3 9.4 0.2 0.9 6 302 ± 9 9.4 ± 0.2
TK15 3164 3 35.3 0.3
TK46 3165 1 14.3* 0.3
TK46 3165 2 14.25* 0.12 14.3 0.3 16 8 299 ± 11 14.25 ± 0.12
TK56 3166 1 10.3* 0.4 10.9 0.3 0.5 6 280 ± 30
TK56 3166 2 10.1 0.2 0.97 10 A–J 100.0 10.2 0.3 10.1 0.5 1 10 310 ± 30 10.2 ± 0.2
TK56 3166 3 10.7 0.4 0.94 5 E–I 52.1 10.6 0.3 10.8 0.5 1.3 7 310 ± 30
TK40 3167 1 8.3 0.2 0.53 6 E–J 63.2 9.1 0.2 8.4 0.3 0.7 6 300 ± 50 8.3 ± 0.2
TK40 3167 2 8.06* 0.11
TK40 3167 3 7.97 0.11 7.9 0.2 4.2 8 314 ± 12

Note: The quoted interpreted ages discussed in the text are listed in the final column and correspond to the plateau age or in the absence of a plateau age, the preferred age 
(see text for discussion). GSC Ar—Geological Survey of Canada; MSWD—mean square of weighted deviates; abs—absolute.

*Denotes that the integrated age is modified to exclude obvious old and young age outliers; steps used to calculate integrated ages for these aliquots are indicated in 
Supplemental Table 4 (see footnote 5).
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40Ar loss, perhaps due to deformation below the closure temperature, but 
because the data were not reproducible, it is difficult to definitively interpret 
their potential significance.

DISCUSSION

Suri Dobhan and Melung-Salleri Orthogneisses

Both geochemical and geochronologic data indicate that the Suri Dobhan 
and Melung-Salleri orthogneisses originated as distinct plutonic bodies. The 
Melung-Salleri protolith appears to be significantly older than Suri Dobhan 
protolith, with crystallization ca. 1940 ± 16 Ma versus ca. 1863 ± 14 Ma. More-
over, the units record different melting conditions; the Melung-Salleri speci-
mens indicate vapor-absent processes, in contrast to the vapor-present melt-
ing indicated in the Suri Dobhan specimen. These differences indicate that 
structural duplication is not required to explain their close spatial association.

Timing of Metamorphism in the Mahabharat Range

The monazite ages extracted from the Mahabharat schist examined in this 
study (PK199) range from 35 to 19 Ma, broadly separable into an early 35–
27 Ma population and a later 22–19 Ma population with a few dates in between 
(Fig. 7). These groups are spatially associated with low-Y (high Gd/Yb) cores, 
consistent with the sequestration of Y into garnet during prograde metamor-
phism (Foster et al., 2004; Gibson et al., 2004; Kohn et al., 2005; Pyle et al., 2001) 
in the late Eocene–early Oligocene, and high-Y (low Gd/Yb) rims, indicative of 
garnet breakdown and/or melt crystallization freeing Y during retrograde pro-
cesses (e.g., Kohn et al., 2005; Larson et al., 2011; Yakymchuk and Brown, 2014) 
in the early Miocene. This pattern is common in monazite age and REE data 
patterns reported from HMC rocks across the orogen; low-Y cores typically 
yield late Eocene to early Miocene ages and high-Y rims yield early to middle 
Miocene ages (Larson and Cottle, 2015; e.g., Cottle et al., 2009; Lederer et al., 
2013; Rubatto et  al., 2013; Mottram et  al., 2014; From et  al., 2014; Ambrose 
et al., 2015; Larson et al., 2013; Kellett et al., 2010). These preliminary results 
are therefore consistent with models that correlate the metamorphic rocks ex-
posed in the Mahabharat Range with those of similar or higher metamorphic 
grade in the HMC in the High Himalaya. This has important implications for the 
kinematics of the orogen, as explored in the following.

Variation in 40Ar/39Ar Dates

The 40Ar/39Ar dates obtained from specimens in the study area span 6 m.y. 
Regional variation in 40Ar/39Ar cooling dates of metamorphic white mica may 
be the result of differences in grain size, and/or differences in cooling rate or 
history, the latter implying a tectonic control. To assess the potential contribu-
tion of these various controls, a set of diffusion experiments was performed 
using the diffusion modeling program Diffarg (Wheeler, 1996; Warren et al., 

2011) and white mica diffusion parameters from Harrison et al. (2009) to con-
strain closure temperatures for idealized white mica grains. These experiments 
explored the range of expected dates that could result from variations in grain 
size (radii of 0.15, 0.25, 0.375, and 0.75 mm) for a range of geologically plau-
sible linear cooling rates (60, 35, and 20 °C/m.y.; Fig. 11). The grain sizes con-
sidered bracket the observed characteristics of the specimens analyzed, while 
the cooling rates were selected to bracket the known geological history of the 
region, for which rocks cooled from peak T of ~700 °C ca. 20 Ma or ~625 °C 
ca. 10 Ma (Larson et al., 2013). Considering these scenarios, a cooling rate of 
20 °C/m.y. must be outside the range of possible linear cooling histories for 
these rocks (it requires the rocks to be at 300–400 °C at the present time), but 
was included as an extreme case. Linear cooling histories may be unrealistic 
and represent an oversimplification, but they are applied here in the absence 
of more detailed information on cooling paths of the HMC in this region.

The range of ideal Dodson (1973) closure temperatures spans ~435  °C 
(0.15-mm-radius grain cooling at 20  °C/m.y.) to ~516  °C (0.75-mm-radius 
grain cooling at 60  °C/m.y.). Those temperatures are at or below estimates 
of deformation temperatures along the same transect (Larson and Cottle, 
2014), indicating that the dates likely reflect cooling and are not affected by 
later deformation. The maximum difference in 40Ar/39Ar date attributable to 
grain size differences is ~3 m.y., and requires an unrealistically slow cooling 
rate of 20 °C/m.y. (Fig. 11). This compares to an observed difference of ~6 m.y. 
between TK46 (ca. 14 Ma) and TK40 (ca. 8 Ma). The unexplained variation be-
tween the maximum experimental and observed age differences indicates 
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that the rocks did not cool as a single package, and therefore different cooling 
paths (different in time and/or geometry) are required. Like the monazite petro
chronology from the Mahabharat Range, this provides important constraints 
on the kinematics of the region.

Kinematic Model

In Figure 12 we present a kinematic model that is consistent with the data 
presented here as well as constraints previously extracted from the Tama Kosi 
and nearby regions (From et al., 2014; From and Larson, 2014; Larson, 2012; 
Larson et al., 2013; Larson and Cottle, 2014). Late Oligocene to early Miocene 
prograde monazite growth within kyanite- and sillimanite-grade rocks of the 
High Himalaya in the field area indicates that the exhumed Himalayan middle 
crust was already at high metamorphic grade at this time (Larson et al., 2013; 
Larson and Cottle, 2014; From et al., 2014). This overlaps with late Eocene to 
late Oligocene prograde monazite ages from the Mahabharat Range presented 
in this study, indicating a coeval metamorphic history. Evidence of similar tim-
ing for metamorphism across the orogen at this time outlines a widespread 
thermal and metamorphic pulse (e.g., Hodges et al., 1996; Hildebrand et al., 
1998; Godin et al., 2001; Kohn et al., 2005; Cottle et al., 2009; Kellett et al., 2010; 
Larson et al., 2011; Lederer et al., 2013; Mottram et al., 2014; Faisal et al., 2014). 
Moreover, coeval displacement across the structures that bound the top and 
bottom of the now exhumed mid-crust (the Main Central thrust and South 
Tibetan detachment system, respectively) indicates lateral extrusion of mid-
crustal material at this time (Godin et al., 2006) perhaps as a ductile channel 
(Beaumont et al., 2004, 2001; Jamieson et al., 2004). South-directed translation 
of the mid-crust toward the orogenic wedge tip (paired with erosion) facilitated 
the decompression of the high-grade rocks in the Mahabharat Range in the 
early Miocene (Figs. 12B, 12C), followed by those of the High Himalaya in the 
study area in the middle Miocene (Fig. 12C; Larson et al., 2013; From et al., 
2014). This continued convergence and southward translation of material over 
the Indian craton buried rocks in the footwall (Fig. 12C). The 40Ar/39Ar white 
mica cooling age of 14 Ma from the Paleoproterozoic Melung-Salleri ortho
gneiss indicates pre–14 Ma peak metamorphism (Fig. 12D). The 4 m.y. dispar-
ity in 40Ar/39Ar white mica ages from the Melung-Salleri orthogneiss specimens 
TK46 (ca. 14 Ma) and TK15 (ca. 10 Ma) may reflect large variability in thermal 
structure within the rock unit. Specimen TK46, which now is at the top of the 
rock unit, also occupies a more forelandward position. This may have allowed 
it to cool earlier than the structurally lower and more hinterlandward TK15. 
A possible explanation for the significant difference in cooling ages is that after 
TK46 cooled sufficiently to retain Ar, foreland translation along the basal thrust 
stalled, leaving TK15 to cool later through isothermal relaxation and/or ero-
sional exhumation. Alternatively, it could reflect perturbation of isotherms in 
the immediate footwall of a thrust (see following) maintaining TK15 above its 
Ar retention temperature for significantly longer than TK46.

Staurolite-grade rocks found structurally above the Melung-Salleri ortho
gneiss, but below kyanite-bearing rocks of the HMC, were metamorphosed 
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and deformed at 10–8 Ma (Larson et  al., 2013), at least partially coeval with 
cooling of TK15. In addition, 40Ar/39Ar dating of muscovite from the kyanite- 
and sillimanite-bearing rocks structurally above the staurolite-grade rocks yield 
late Miocene (9–8 Ma) cooling ages. This juxtaposition of rocks with distinct 
histories may be explained through the underthrusting and metamorphism of 
the protolith to the staurolite-grade rocks (Fig. 12D) and their subsequent incor-
poration into the hanging wall of an out-of-sequence thrust (Fig. 12E). Under-
thrusting and/or overriding of the staurolite-grade rocks would have juxtaposed 
them subjacent to higher grade material already well along its retrograde path. 
The out-of-sequence thrust may have initiated in response to stalling of fore-
land propagation in the middle Miocene, as perhaps reflected in the variation in 
cooling ages within the Melung-Salleri orthogneiss. The final structural geom
etry of the region is interpreted to reflect folding of the exhumed HMC during 
the migration of deformation toward the foreland and development of the 
Lesser Himalayan duplex (e.g., McQuarrie et al., 2014; Robinson, 2008).

The position of an out-of-sequence thrust structure that exposes middle 
to late Miocene metamorphic rocks in its hanging wall and juxtaposes them 
atop rocks with a different metamorphic history in its footwall is consistent 
with a reinterpretation of the quartz crystallographic fabric temperature data 
of Larson and Cottle (2014). These data outline a sharp break in temperature 
between specimens TK46 (640 ± 50 °C) and TK56 (515 ± 50 °C; Figs. 1, 2, and 
13). As previously outlined, this break was originally interpreted to mark a tec-
tonometamorphic discontinuity between kyanite-grade and staurolite-grade 
rocks with different metamorphic histories (Larson and Cottle, 2014). While 
such a discontinuity does exist, it was active at temperatures of 610–640 °C 
(Larson et  al., 2013), consistent with deformation temperatures from TK46. 
The significantly lower deformation temperatures (i.e., TK56) from structurally 

higher specimens are herein reinterpreted to reflect later, lower temperature 
deformation and dynamic recrystallization of quartz in the immediate hanging 
wall of the out-of-sequence thrust as it evolved (Fig. 13).

A similar upward increase in deformation temperatures in the hanging wall 
of the interpreted late thrust also occurs in the footwall (Fig. 13). At the lowest 
structural level exposed in the mapped area, which notably contains evidence 
of anatexis (TK09A), deformation temperatures are estimated as 505 ± 50 °C 
and increase near linearly toward TK46 at 640 ± 50  °C (Fig. 13; Larson and 
Cottle, 2014). Given the similarity of this pattern to the pattern that marks the 
occurrence of a thrust higher in the structural section, it could indicate an addi-
tional thrust just below the level of exposure in the field.

CONCLUSIONS

The results of this study indicate the following.
1. The similar Suri Dobhan and Melung-Salleri orthogneiss units are two 

distinct bodies within the same structural panel/sheet and do not reflect struc-
tural duplication.

2. HMC rocks of the Mahabharat Range have monazite petrochronologic 
records indistinguishable from HMC rocks observed in the High Himalaya, indi
cating that they share a similar history.

3. The 40Ar/39Ar data from across a previously identified tectonometamor-
phic discontinuity in the Tama Kosi region may indicate a late out-of-sequence 
structure compatible with a distinct, though higher temperature break than 
reported in previously published quartz deformation temperature data.

This kinematic framework accounts for all available geological data for the 
Tama Kosi region. The construction of such models can provide the basis for 
increasingly realistic estimates of ductile shortening across the orogen and 
large-scale strain rate analysis. It also provides insight into how the deforma-
tion style of the mid-crust of an orogen may evolve from convergence accom-
modation via distributed deformation at mid-crustal levels through to discrete 
localized deformation in the upper crust.
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