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ABSTRACT

The Khumbu region of Nepal is host to numerous large leucogranite bodies that comprise some of
the most iconic peaks in the Himalaya. These leucogranites occur throughout the high-
metamorphic grade rocks exposed there in the immediate footwall of the orogen-scale South
Tibetan detachment system. Previous work on leucogranites in the area has been limited spatially
but has yielded U-Th/Pb ages between ~23 and 16 Ma. The current study expands upon that work
with 522 new individual zircon, monazite and xenotime U-Th/Pb analyses across 10 leucogranite
specimens collected from across the Khumbu. The dates returned outline the episodic crystal-
lization of leucogranites at ~19 and 17 Ma, both of which contain significant inherited age
components presumably from their source rocks. “°Ar/*°Ar dating of muscovite from the same
leucogranite bodies indicate rapid cooling through Ar closure (~510 °C) on the scale of ~500 kyr.
The weighted mean of all *°Ar/*°Ar dates, 16.48 + 0.05 Ma, coincides with the timing of motion
along the normal-sense Qomolangma detachment indicating a potential genetic relationship
between the leucogranite cooling and extension. Finally, U(-Th)/He dating of apatite and zircon
show that cooling slowed significantly post argon closure and that the rapid cooling may have
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been ephemeral.

1. Introduction

Anatexis is often a consequence of orogenesis and as
such, it can serve as a record of the processes active
during the development of collisional systems. Past
researchers have linked the formation of anatextite to
crustal differentiation (e.g. Sawyer 1994; Sawyer et al.
2011), a variety of mineral reactions (e.g. Harris and
Inger 1992; Cottle et al. 2019; Dyck et al. 2020) and
pressure-temperature (P-T) histories (e.g. Zhang et al.
2017; Phukon et al. 2019) that, when interpreted in the
broader tectonic context, can be used to inform and
even test models for orogenic system development
(e.g. Annen et al. 2006; Groppo et al. 2012). In addition
to serving as a marker of orogenic processes, the pro-
duction, migration and accumulation of anatextite can
also have a significant effect on rheology where even
small volume percentages of melt can induce significant
weakening of the crust (Beaumont et al. 2004). If suffi-
cient melt can be retained within the rock, i.e. avoid
being drained through compaction/shearing mechan-
isms (e.g. Scaillet and Searle 2006), the resultant

rheological change can act as a feedback mechanism
that influences the active deformational processes. As
such, in large, hot orogenic systems, those with the
potential to generate significant volumes of melt, under-
standing the spatial and temporal distribution of anatex-
ite is a fundamental first-order baseline for
understanding the evolution of the system.

The Himalaya is the modern-day type-example for
continent-continent collisional systems. Previous work
has characterized substantial volumes of Cenozoic ana-
texite along the length of the orogen from Pakistan in
the west to Bhutan in the east (e.g. Scharer 1984; Schérer
et al. 1986; Searle et al. 1989, 1997, 2010; Harrison et al.
1995; Searle 1999a; Lee et al. 2004; Zhang et al. 2004 and
others; Streule et al. 2010; Visona et al. 2012; Gao et al.
2013; Lederer et al. 2013; Carosi et al. 2013; Zeiger et al.
2015; Faisal et al. 2016; Cottle et al. 2018, 2019; Fu et al.
2018; Hopkinson et al. 2020). These works, and many
others, have outlined the interdependent history of
metamorphism, anatexis and deformation during the
evolution of the orogen.
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Advances in analytical techniques in recent years now
enable paired collection of both geochronological and
geochemical data from laser ablation split stream (LASS)
inductively coupled plasma mass spectrometry (ICP-MS)
with laser spots approaching ~ 5 um diameter and
~3 pum depth (Kylander-Clark 2017). This type of analysis
has changed the scale at which studies are conducted
both in the spatial and analytical sense. Whereas, in the
recent past, detailed examination of the melt history of
an area might involve 75-80 highly precise, but time
consuming, isotope dilution thermal ionization mass
spectrometry (ID-TIMS) U/Pb analyses from a few speci-
mens (e.g. Viskupic et al. 2005), it is now possible to trade
analytical precision for spatial precision and number of
analyses. For example, a recent LASS-based investigation
of the Manaslu pluton in west-central Nepal and
a smaller, unnamed body in the Tama Kosi region of
east-central Nepal comprised 1407 individual U-Th/Pb
monazite spot analyses in 29 specimens and 337 com-
bined U(-Th)/Pb monazite, zircon and xenotime spot
analyses across 3 specimens, respectively (Cottle et al.
2018, 2019). This massive increase in the amount of
material examined can provide a more complete picture
of the characteristics of these melt systems. Moreover,
the ability to directly tie mineral chemistry to time allows
insight into the temporal evolution of magmatic sys-
tems, which can directly inform orogen-scale processes.

Herein we apply high-spatial resolution geochronol-
ogy to re-examine the role of anatexis during orogenesis
recorded in the Khumbu region of west-central Nepal
(Figure 1). The region provides critical exposure of, and
access to, different melt generations (e.g. Ferrara et al.
1983; Villa 1990; Pognante and Benna 1993; Weinberg
and Searle 1999; Searle 1999a; Viskupic et al. 2005;
Visona et al. 2012) at structural levels (close to the top
of the exhumed, former metamorphic core) that can be
significantly more difficult to access elsewhere along the
mountain range. Characterizing the petrochronologic
history of this iconic part of the Himalaya is an important
step in better understanding the timescales of melting
and its interrelationships with metamorphic and defor-
mational processes.

2. Geological Background

The Nepalese Himalaya is characterized by laterally con-
tinuous belts of different lithotectonic affinity separated
by large-scale north-dipping structures. From south to
north these include the imbricated foreland basin
deposits of the Siwaliks, which occupy the hanging
wall of the Main Frontal thrust (Lavé and Avouac 2000).
The top of the Siwaliks is marked by the Main Boundary
thrust, which carries the low-to-medium metamorphic

grade Lesser Himalayan sequence in its hanging wall
(Gansser 1981; Seeber et al. 1981). The Lesser
Himalayan sequence in Nepal consists dominantly of
Proterozoic passive margin deposits (Martin et al. 2011)
intercalated with various mid Proterozoic igneous rocks
(Kohn et al. 2010; Larson et al. 2019). Both the Lesser
Himalayan sequence and the structurally overlying
Greater Himalayan sequence, which comprises late
Proterozoic to Palaeozoic continental margin sediments
(Parrish and Hodges 1996) and orthogneiss (Godin et al.
2001), preserve an apparent inverted metamorphic field
gradient with metamorphic conditions generally
increasing structurally upward (Arita 1983; Pécher 1989;
Searle and Rex 1989). This apparent inverse meta-
morphic field gradient includes the Main Central thrust,
which marks the boundary between the two lithotec-
tonic units (Gansser 1964; Searle et al. 2008; Martin
2017). Metamorphism in the Greater Himalayan
sequence typically ranges from staurolite or kyanite-
bearing schists at lower structural levels to sillimanite
and K-feldspar-bearing migmatites and massive leuco-
granite plutons at the highest structural levels (Kohn
2014; Waters 2019). The South Tibetan detachment sys-
tem delineates the upper boundary of the Greater
Himalayan sequence (Kellett et al. 2019). It comprises
a series of down-to-the-north extensional structures
that can be mapped along almost the entire orogen
that were at least partially coeval with movement
along the Main Central thrust (Godin et al. 2006). The
South Tibetan detachment system places low meta-
morphic grade to unmetamorphosed sedimentary
rocks of the Tethyan sedimentary sequence adjacent to
the high-metamorphic grade rocks of the Greater
Himalayan sequence (Cottle et al. 2007).

The geology of study area examined herein, the
Khumbu region of Nepal (Figure 1), contains migmatitic
orthogneiss and sillimanite-bearing paragneiss and leu-
cogranite of uppermost portion of the Greater
Himalayan sequence (Pognante and Benna 1993; Searle
et al. 2003). Those rocks are juxtaposed, in peaks of Cho
Oyu, Mt. Everest, Lhotse, and others against Tethyan
sedimentary sequence rocks by the South Tibetan
detachment system (Figure 1; Searle 1999b).

Geological research in the Khumbu region has a long
history. Much of the early work focused around Mt.
Everest in collaboration with climbing expeditions
(Heron 1922; Odell 1925; Wager 1933). More traditional
geological investigation in the Khumbu followed with
detailed reports of geological units, preliminary meta-
morphic pressure-temperature (P-T) estimates and
radiogenic dating (e.g. Bordet 1961; Ferrara et al. 1983;
Brunel and Kienast 1986; Lombardo et al. 1993). This
early work helped set the context for later studies that
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Figure 1. A) General location map showing the political boundary of Nepal with >8000 m peaks located. The present study area is
marked by a yellow and black dashed trapezoid. Leucogranite locations after Pearson and DeCelles (2005). Regional digital elevation
map after Searle et al. (2008). B) Isometric view of the study area with geology drawn from (Pertusati et al., pers. comm; Weinberg and
Searle 1999; Carosi et al. 1999a, 1999b; Searle 1999a, 1999b; Searle et al. 2003; Hubbard et al. 2021). Background image from Google
Earth with data ©2021 CNES/Airbus, ©2021 Maxar Technologies.
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reported further detailed metamorphic P-T conditions
(Hubbard 1989; Searle et al. 2003; Jessup et al. 2008),
and timing and duration of melting (Scharer 1984; Villa
1990; Simpson et al. 2000; Catlos et al. 2002; Viskupic
et al. 2005; Cottle et al. 2009, 2015; Streule et al. 2010).
Collectively, these studies have outlined a complex geo-
logical history comprising early metamorphism during
late Eocene time reaching peak conditions of ~625-725
°C and ~3-7 kbar in the early Miocene epoch.
Temperatures are generally lower and pressures gener-
ally higher at lower structural levels with the inverse
characteristic for rocks at higher structural levels, which
also host abundant leucogranite anatextite (Searle et al.
2003).

The timing, duration, process of anatexis and melt
emplacement mechanisms of plutons in the Khumbu
and adjacent parts of Tibet have all been reported on
in a variety of works (e.g. Searle 1999a; Simpson et al.
2000; Viskupic et al. 2005; Cottle et al. 2009, 2015; Visona
et al. 2012; Schultz et al. 2017) that, together, outline
a melt crystallization history with broad peaks at ca. 16,
21 and 23 Ma (n = 41 specimens) (Figure 2). The genera-
tion of melts in the Khumbu and environs has been
attributed to either fluid present or fluid absent partial
melting of muscovite and/or biotite bearing metasedi-
mentary rocks during heating and/or decompression
(Searle 1999a; Groppo et al. 2012; Visona et al. 2012).
Emplacement of km-scale leucogranite bodies in the
region has been explained through injection via giant
feeder sill and dyke networks (Searle 1999a), whereas
smaller scale dykes have been interpreted to reflect fluid
assisted brittle-ductile shearing along discrete structures
(Musumeci 2002).

The present study builds upon previous work and
employs new methodologies (outlined below) to not only
quantify the spatial and temporal distribution of melt in the
Khumbu, but also enable further insight into 1) the
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Figure 2. Kernel density estimation of previously published
leucogranite dates from the Khumbu region. Data are from
Searle (1999a), Simpson et al. (2000), Viskupic et al. (2005),
Cottle et al. (2009), (2015)), Visona et al. (2012) and Schultz
et al. (2017)

longevity of individual bodies and the mode of pluton
assembly - discrete pulse versus protracted melting
through examination of the dates extracted from the
bodies, 2) potential correlation of spatially disparate mag-
matic bodies based on geochronology and geochemistry,
and 3) timing of emplacement/crystallization/cooling with
respect to large-scale, first-order orogenic structures
through comparison the data presented herein and pre-
viously published data.

3. Methods

A suite of specimens was collected from the Khumbu
region (Figure 1) during fieldwork arranged with the
support of the Department of Geology, Tri-Chandra
College and the Department of Mines and Geology,
Government of Nepal. The sampling location coordi-
nates are included in Supp. Table 1. The results of
whole rock geochemistry, U(-Th)/Pb zircon, monazite
and xenotime geochronology, “°Ar/*°Ar thermochro-
nology, and U-Th-He thermochronology from subsets
of the suite collected are presented in the following
sections.

3.1. Whole rock geochemistry

Rock specimens selected for whole rock geochemistry
were analysed in two batches using two different
methods (data available in Supp.Table 2). Specimens
KHO02A, KH03, KH11 and KH12 were crushed, powdered,
and fused into glass beads at the University of
California, Santa Barbara. Major element analysis of
those beads was carried out via X-ray fluorescence
(XRF) at Pomona College at Pomona, California using
a PanAnalytical Axios wave-length dispersive instru-
ment. Calibration and specimen measurement proto-
cols were modelled after those employed by the
Washington State University Geoanalytical Laboratory
(Johnson et al. 1999). Pieces of the beads used for XRF
analyses were flaked off, embedded in epoxy, polished
and analysed for trace element compositions via laser
ablation ICP-MS. A Photon Machines Analyte excimer
laser source was used with a 100 um spot to introduce
specimen material from the glass bead into a Agilent
8900 triple quadrupole ICP-MS housed in the Fipke
Laboratory for Trace Element Research at the
University of British Columbia, Okanagan. Glass refer-
ence materials NIST610 (primary) and NIST612 (second-
ary) were measured throughout the analytical session.
Trace element concentrations of unknowns were
reduced using lolite v.4 (Paton et al. 2010) with Si
used as the internal elemental standard. Elemental
abundances are within 10% of accepted values for



NIST610 (GeoReM database, application version 27,
http://georem.mpch-mainz.gwdg.de) (Jochum et al.
2005).

Specimens KHK100C, 101A, 101B, 102B, 102 C, 102D,
200, 201A and 201B were analysed for whole rock and
trace element abundances at the Saskatchewan
Research Council. Specimens were crushed and pow-
dered in an agate mill following standard procedures
before lithium borate fusion and analysis by both ICP-
MS (trace elements) and ICP-OES (major elements).

3.2. U(-Th)/Pb Geochronology

Zircon, monazite and xenotime grains were separated
from nine specimens via standard crushing and heavy
mineral separation techniques. These specimens were
analysed for U, Th, and Pb isotopes at the University of
California, Santa Barbara across multiple analytical ses-
sions following the methods outlined in Kylander-Clark
et al. (2013) with modifications presented in McKinney
et al. (2015). The data are available in Supp.Table 3.

Monazite from specimens KHKLO1B and KHO2A were
analysed with an 8 micron spot using monazite 44069
(426 + 3 Ma; Aleinikoff et al. 2006) as the primary reference
material. Repeat analyses of the secondary reference mate-
rial ‘Stern’ returned a 2°’Pb corrected *°°Pb/?*8U age of
507.0 + 2.6 (MSWD = 0.7, n = 26/26) and a *°®Pb/**’Th
age of 505.1 £ 3.2 (MSWD = 0.8 n = 23/26). Those dates
compare with expected ages of 507.8+ 1 Maor511.9+ 1.5
Ma for the 2%°Pb/?*8U system (Kylander-Clark et al. 2013;
Horstwood et al. 2016) and 4966 + 1.6 Ma for the
208pp,/232Th system (Kylander-Clark et al. 2013), well within
the 2% typical reproducibility of the method.

Monazite and xenotime from specimens KHK200,
102B, 201B, 201A were analysed in a single analytical
session; monazite 44069 was used as the primary refer-
ence material. Twenty-one repeat analyses of Stern refer-
ence material yielded a ?°’Pb corrected 2°°Pb/?*8U age
of 515 + 3 Ma (MSWD = 5, n = 21/21), while 19 of 21
analyses define a °®Pb/**Th age of 493 + 3 Ma
(MSWD = 1.71). Those ages overlap with the age
expected as outlined above. In addition, monazite ‘FC1’
was also analysed yielding a 2%Pb corrected
206pp/238 age of 58.0 + 0.4 Ma (MSWD = 2.31, n = 10/
11) and a *°®Pb/**?Th age of 56.8 + 0.9 Ma (MSWD = 1.3,
n = 11/11). Those ages are in general agreement with
expected 2°°Pb/?*8U ages of 55.6 + 0.3 to 56.2 + 0.2 Ma
(Horstwood et al. 2003; Kylander-Clark et al. 2013) and a
208pK/232Th age of 54.3 + 0.2 Ma (Kylander-Clark et al.
2013).

Zircon were analysed in two different sessions. The
first, which included KH03, KH11 and KH12 was run with
a spot size of 10 microns using the ‘91500 reference

INTERNATIONAL GEOLOGY REVIEW e 5

zircon for primary calibration and ‘GJ-1’ as the secondary
reference zircon. Twenty-four repeat analyses of GJ-1
yielded a **’Pb-corrected *°°Pb/***U age of 606 + 2
(MSWD = 0.6). Specimens KHK201A, KHK201B and KHK
101B were analysed in the second session. As before,
91500 was used as the primary reference material with
GJ-1 as the secondary. Forty-one analyses of GJ-1 outline
a ”Pb-corrected *°°Pb/**®U age of 601 + 3 Ma
(MSWD = 0.3, n = 41/41). The secondary analyses from
both analytical sessions are within 2% of the
accepted age.

When collected, trace element data for the minerals
was analysed from the same analytical spot/ablated
volume as the age information via the ‘split stream’
approach as outlined in Kylander-Clark et al. (2013).
Typical trace element reproducibility following this
method is 3-5% Cottle et al. (2019).

Monazite dates reported in this contribution are
based on the 2°®Pb/?*?Th system to avoid potential
complications of excess 2°°Pb from unsupported **°Th
(Schéarer 1984). All zircon and xenotime dates reported
are derived from ?°’Pb-corrected *°°Pb/?*8U ratios. Data
was not filtered for discordance prior to plotting. All
dates are reported at two standard errors (SE).

3.3. “%Ar/*°Ar Geochronology

Muscovite and biotite mica were hand-picked directly
from hand specimens or from post-crushing separates
during processing of specimens for U-Th-Pb geochronol-
ogy. Care was taken to select optically pristine crystals,
free of inclusions. After irradiation, single crystals from
each specimen were irradiated analysed at the
University of Manitoba using laser step heating as out-
lined in Brubacher et al. (2020). Uncertainties associated
with *°Ar/>°Ar dates in the text and figures are reported
at 2SE, while individual steps in the table are shown at
1SE. The full dataset is available in Supp.Table 4.

3.4. U-(Th)/He Geochronology

Apatites and zircons for (U-Th)/He analyses were manu-
ally selected under high-magnification stereoscopic
microscope. Preference was given to the euhedral, trans-
parent, inclusion- and cracks-free grains with a smallest
dimension being not less than 70 m (Supp. Figures S1,
S2). All selected grains were packed in Nb tubes. Before
packing grains were measured and photographed.
These measurements were used to calculate an a-
ejection correction (Farley et al. 1996).

Helium measurements were completed at
Dalhousie University on an in-house built He extrac-
tion line equipped with 45 W diode laser and Pfeiffer
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Vacuum Prisma quadrupole mass-spectrometer. Each
Nb packet was heated using a laser to release He.
Apatites were heated to 1050°C for 5 minutes,
whereas zircons were heated to 1250°C for 15 minutes.
After He extraction a precisely measured aliquot of
3He was added to the sample and 3He/*He ratio was
measured using quadrupole mass-spectrometer. This
procedure was repeated once for apatites to make
sure no He is left in the grain. Since zircon retains He
better than apatite, He extraction was repeated up to
3-4 or more times until the amount of He in the last
re-extraction was less than 1% of total He extracted
from this grain. Typical errors are in the range of 1.5-
2% (10) for both zircons and apatites. Samples were
analysed in groups of 36, each group included 2
Durango apatite standards for apatite analyses, or 2
Fish Canyon tuff zircon standards in case of zircon
analyses. These standards went through the same
analytical procedures as unknown samples to ensure
accuracy, reproducibility, and reliability of the data.
Eighty-five analyses of the Durango apatite (32.0 + 1
Ma; Farley 2002) yielded a date of 31.4 + 1.8 Ma (o),
while 83 analyses of Fish Canyon tuff zircon
(28.3 + 2.6 Ma; Reiners 2005), gave an age of
28.1 = 1.9 Ma (10).

After He extraction, both apatites and zircons were
dissolved following standard dissolution protocol for
these minerals. Apatite grains were dissolved in 7 N
HNO;3 at 80°C for 1.5 hour, whereas zircon grains were
dissolved in high-pressure dissolution vessels in mixture
of concentrated HF and HNO3 at 200°C for 96 hours.
Prior to dissolution all samples were spiked with a mixed
2354, 23°Th, and "*°Sm spike. Isotopic ratios were mea-
sured using iCAP Q ICP-MS.

All raw data were reduced using the Helios software
package developed by R. Kislitsyn and D. Stockli specifi-
cally for (U-Th)/He data reduction. a-ejection correction
was calculated based on surface to volume ratio (Farley
et al. 1996). Final data are presented in Supp. Table 5.

4, Results
4.1. Overview of Specimens

A total of 13 specimens collected from across the
Khumbu region of Nepal (Figure 1) were analysed
using the U-Th-Pb, *°Ar/>**Ar and/or U-Th-He methods.
Ten of the plutonic specimens are granite while one,
KHK102D, is a granodiorite (Supp. Figure 3); specimens
KHO1C and KHO4B are meta-pelite.

All but one of the plutonic specimens collected have
no apparent discernible evidence of deformation (see
KHK102B below). Moreover, none of the outcrops

investigated contained any deformation that could be
attributed to the movement along any single structure.
The specimens can be broadly separated into two cate-
gories. Specimens KH03, KH11, KH12 and KHK101B pre-
serve a generally equigranular two mica-assemblage of
quartz + plagioclase + muscovite + K-feldspar + tourma-
line + biotite with accessory zircon (Supp. Figures 4, 5).
A key feature of these granites, which differentiates
them from the others, is the presence of cm-scale skele-
tal tourmaline (Figure 3A, Supp. Figures 4, 5). Searle et al.
(2003; their Figure 6) noted the occurrence of the same
tourmaline ‘ghosts’ in leucogranite at Ama Dablam (simi-
lar to KH12) and above Everest base camp (Figure 1).

Specimens KHKLO1B, KHK200, KHK201A and KHK201B
were all collected from outcrops interpreted to be asso-
ciated with the Nuptse granite (Figure 3B). The speci-
mens contain the equigranular mineral assemblage of
quartz + plagioclase + muscovite + K-feldspar + tourma-
line and accessory monazite + zircon + xenotime (Supp.
Figure 6). Biotite is observed occasionally in specimen
KHK200, while KHK201A records locally pervasive mus-
covite alteration of plagioclase.

Specimens KHK102B, C and D were collected north of
the village of Gokyo in the northwest part of the
Khumbu (Figure 1), from one of the outcrops examined
in detail by Viskupic et al. (2005; their Figure 2). KHK102B
is equivalent to their specimen 00SK09 and KHK102C is
equivalent to their 00SK10. Specimen KHK102B is from
a sill, parallel to the main foliation in outcrop, and
appears to be partially boudinaged (Figure 4A), but is
little deformed in thin section (Supp. Figure 5).
Moreover, the sill morphologies, including a bulbous
protrusion along the top (Figure 4A) and apparent inter-
fingering within the ‘neck zone’ (Figure 4B), are consis-
tent with primary intrusive structures (Bons et al. 2004). It
is possible that KHK102B represents a finger-style intru-
sion (Pollard et al. 1975; Spacapan et al. 2017). The
mineral assemblage in KHK102B is quartz + plagioclase
+ muscovite + tourmaline + K-feldspar (Supp. Figure 5)
with accessory xenotime + monazite + zircon. Specimen
KHK102D is a thin sill also parallel to the main foliation
(Figure 4Q). It is granodioritic in composition (Supp.
Figure 3), significantly more melanocratic than the
other specimens collected as part of this study, with
dominant plagioclase + quartz + biotite with no appar-
ent tourmaline or muscovite (Supp. Figure 5). The dyke
associated with specimen KHK102C, a quartz +
K-feldspar + plagioclase + muscovite + biotite granite,
cuts across the foliation (Figure 4A, C) and KHK102D, and
thus is the youngest phase sampled in the outcrop.

Specimen KHO2A was collected from an undeformed
granite dyke that crosscuts the main foliation just north
of the village of Chukhung (Figure 1, Supp. Figure 7B). It
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Figure 3. A) Field photographs of cm-scale, skeletal tourmaline bearing leucogranite rocks. Hammer head is approximately 15 cm
long. B) Panorama photograph looking north at the Lhotse/Nuptse wall showing the Nuptse leucogranite (labelled) and the sampling

location for specimen KHKLO1B.

contains the assemblage of quartz + K-feldspar + plagi-
oclase + muscovite + tourmaline (Supp. Figure 4A) with
accessory monazite and locally contains xenoliths of the
country rock. Localized alteration of feldspar is evident in
thin section. The country rock it cuts, KH0O1C, contains
a well-developed foliation marked by biotite and mus-
covite laths separating thin quartz + plagioclase aggre-
gates (Supp. Figure 7C). Similar mineralogy is observed
in specimen KHO04B collected farther north along the
Chukhung ridge (Supp. Figure 7D). In that specimen
aligned muscovite + biotite intergrowths also mark the
main foliation and separate equigranular quartz and
feldspar-rich aggregates.

4.2. Whole rock geochemistry

Major, trace, and rare earth elements were used to classify
and evaluate the geochemical characteristics of the pluto-
nic rocks. With the exception of KHK102D, which has inter-
mediate SiO, content, all specimens have elevated SiO,
(>70 wt%) (Figure 5A), which makes classification difficult
(e.g. Frost et al. 2001). Eleven of the specimens cluster at
high K,O and low Na,O (>4 and >3 wt %, respectively) with

two specimens containing elevated Na,O and lower K,
O (KHK102B; KHK102D; Figure 5B). In total alkalis versus
silica space (Figure 5C) most specimens occupy the alkali
granite/subalkalic granite fields while KHK102D has an
alkalic syeno-diorite affinity. Further separation between
specimens is apparent in Nb/Y-Zr/Y space, where speci-
mens KHK102D, KHK200, KHK201A, B have a Nb/Y < 0.7
(subalkaline) (Winchester and Floyd 1977) and a generally
lower (<5) Zr/Y relative to the other specimens (Figure 5D).
All specimens plot proximal to the upper crustal line in
upper crust normalized La-Sm space (Figure 5E).

N-MORB normalized multi-element plots are illustrated
in Figure 5G. KHK102D, the low SiO, specimen, has a light
REE (LREE)-enriched pattern (high La/Yb) with distinctive
negative Nb and Ti anomalies, common of rocks derived
from upper crustal sources (e.g. calc-alkalic-like crust)
(Figure 5G). Most other specimens have patterns indicative
of moderate LREE-enriched patterns with negative Nb and
Ti anomalies (Figure 5G). The features present in these
rocks are similar to those from rocks derived or partly
influenced by continental crust/continental arc crust and
are partly echoed by the Ta-Yb systematics of the rocks,
where most rocks cluster within and around the syn-
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Figure 4. A) Photograph (view-to-the-west) of the outcrop from which KHK102B, KHK102C and KHK102D were sampled showing their
field relationships. The same outcrop was photographed and investigated in Viskupic et al. (2005). B) Close-up photograph of the
location from which KHK102B was collected. The outcrop location is shown in A. C) Crosscutting relationships between KHK102C and

KHK102D. Outcrop is shown in A.

collisional granite field, with one occurring within the vol-
canic arc granite field (Figure 5F). Given the leucogranitic
nature of these materials and their setting, these tectono-
magmatic discrimination signatures are not surprising.

Zirconium concentrations in the specimens that
yielded zircon for U/Pb dating (see below) range
between 36 and 76 ppm (Supp. Table 2). Those concen-
trations correspond to zirconium saturation tempera-
tures between 690 °C and 753 °C (Watson and Harrison
1983; Hanchar and Watson 2003).

4.3. U-Th/Pb Geochronology

Eleven specimens were analysed for U(-Th)/Pb geo-
chronology, 6 of which yielded zircon separates, 7 con-
tained monazite separates and 3 yielded xenotime.
Those that yielded only zircon (see below) tend to be
more alkaline (Figure 5D) than those that contain mon-
azite. Two specimens, KHK102C and KHK102D, that
were processed for mineral separation did not yield
any datable material.

Zircon grains from specimens KHO03, KH11, KH12,
KHK101B, KHK201A and KHK201B are commonly char-
acterized by prismatic shapes. Under cathodolumines-
cence, grains have variably dark or bright, rounded
cores, either bright well-zoned mantles or darker

metamict mantles and typically medium to dark rims
(Supp. Figure 8). Zircon rims were generally targeted
for spot analyses (Supp. Figure 8) in an effort to avoid
complication from inherited material common in these
leucogranite (e.g. Copeland et al. 1988; Harrison et al.
1995). Grain interiors were not entirely avoided, how-
ever, to ensure representation of different age
components.

Analysis of 138 zircon grains across all specimens
yielded 334 2°’Pb-corrected 2°°Pb/?*®U dates that
range in age from Paleoproterzoic to Cenozoic (Supp.
Table 1) with dominant middle Miocene and Early
Ordovician populations (Figure 6A). Because the focus
of this study is on Himalayan anatexis we will restrict our
discussion to <60 Ma dates (Figure 7). Two hundred and
twenty-two <60 Ma dates comprise two main peaks, one
at 24 Ma and a second at 17 Ma (Figure 6B). The young
population is dominated by results from specimens
KHO03, KH11, KH12 and KHK101B (Figure 8), whereas the
late Oligocene age population is broadly contributed to
from nearly all specimens.

Titanium concentrations were measured with age
information in specimens KHK101B, KHK201A and
KHK201B. Titanium in zircon thermometry (e.g. Ferry
and Watson 2007) from KHK201A yields an average
temperature of 624 + 32 °C, in grains from KHK201B Ti



INTERNATIONAL GEOLOGY REVIEW e 9

8 6
alo b]
—~ 7F —~ 5F )
£ DL
S 6F ° £ 4F °
o F © .F
2 f 2 3F
o °F o F
S F Q 2k
2 af op x °
[ F 0]
3 e e 1Z.|.|.|.|.|
60 65 70 75 80 2 3 4 5 6 7 8
SiO, (weight %) Na,O (weight %)
20
S ﬂ o2
£ F § gle
=) 151 S x| £
o) syemle".“\. L T ®©| ©
2 alkali . > N < 'g _c—: é%) o
o i S 10 I S &
2 N @ SFFS X &
x - STSFFEE & o
+ - vSH Eo 9
o 5r lé‘(fr"ik (%()S ¢ e
& . f«fo*’ S
z . oL A L. L
80 0 0.5 1 1.5 2
SiO, (weight %) Nb/Y
2.5 6) B
e f " within-plate
e] woff | ge e
2F & F syn-coliisional .C) . &anon‘:gg:?s;ﬂi:an ridge
n Qexd granites .O g
z 1.5F A E 1F
2] 1 \,"“@l |(_U o ocean ridge
[ 0 1 | volcanic arc granites
F . granites
0.5 ® .8
[ @ 5}
0'. PRI BT 1 | P L 001 1 il L
0 0.5 1 1.5 2 2.5 0.1 1 10 100
Layen Yb ppm
1000
100}
m E
m -
o 10k
=
= o
2 1k
3] E
o E
0.1E
Th Nb La Ce Pr Nd Sm Zr Hf Eu Ti Gd Tb Dy Y Ho Er Tm Yb Lu
-@ KHO02A -@ KH11 O KHK101A O KHK102B © KHK102D -@ KHK201A
-@ KHO03 O KH12 O KHK101B O KHK102C -© KHK200 -@ KHK201B

Figure 5. Geochemical data shown in various plots. See D and G for symbol legends. A) Na,O vs SiO, — see text for discussion. Symbols
are defined in parts D and G. B) Na,O vs SiO, — see text for discussion. C) Total alkalis versus SiO, diagram of .Cox et al. (1979). D) Nb/
Y-Zr/Y plot with alkalinity boundaries as per Winchester and Floyd (1977). E) Upper crust normalized La-Sm plot. Upper crustal values
from McLennan (2001). F) Ta-Yb granite discrimination diagram from Pearce et al. (1984). G) N-MORB normalized multi-element plot.

Values from Sun and McDonough (1989)

concentrations define an average temperature of
645 + 8 °C and finally in KHK101B zircon, Ti indicates
an average temperature of 710 + 4 °C.

Monazite dates from grain separates of KHO02A,
KHK100C, KHK102B, KHK200, KHK201A, KHK201B,
KHKLO1B (Supp. Figure 9) are dominantly Cenozoic
with only two of the 247 dates returned being
>60 Ma. Spot analyses were located to obtain

representative analyses from the different chemical
zones identified in element maps (Supp. Figure 9).
The monazite 2°Pb/?*?Th ages are generally between
~30 and 17 Ma (Figure 10) with a significant peak ca.
25 Ma and less well-defined peak ca. 19 Ma
(Figure 6C). The record of these two populations is
variable across the specimens analysed (Figure 11)
with most specimens contributing dominantly to
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one population. Specimen KHK201A is the exemption
as it records well-defined ca. 25 and 19 Ma monazite
sub-populations (Figure 11).

Monazite trace element data from KHK200, 201A and
201B show consistent trends across specimens in which
the Gd/Lu ratio increases with younger age. This pattern

is driven mainly by decreasing HREE through time (Supp.

Figure 10). In addition, while there is a pronounced
negative Eu anomaly across nearly all specimens,
KHK201A and B show a decrease in the anomaly with
younger ages (Supp. Figure 10).

Analysis of xenotime from KHK102B, 200 and 201B
(Supp. Figure 9) yields only Cenozoic ages with 55 of 56
dates being <60 Ma (Figure 7D). Those dates outline
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two main sub-populations (Figure 12) with the same
age as those defined by monazite; ca. 25 and 19 Ma.
Similar populations are delineated by 2°’Pb-corrected
206p/238) weighted mean ages in specimens KHK102B
and 200.

Trace element data collected with isotopic age data in
xenotime record decreasing HREE concentrations with
younger ages (Supp. Figure 10B). Furthermore, KHK102B
shows an increase in negative Eu anomaly with younger
ages, whereas this is not apparent in KHK200 (Supp.
Figure 10B).

4.4. “°Ar/*°Ar Geochronology

Seven specimens from across the Khumbu were analysed
by the *°Ar/*Ar method producing seven muscovite and
two biotite dates. All *°Ar/*°Ar dates quoted below are
reported at 2SE (see Supp. Table 2 for full analytical data).

Specimens KHO1C and KHO4B are muscovite bearing
schist and paragneiss, respectively, collected from the
same ridge north of Chukhung (Figure 1). Single grain
step-heating analyses from these specimens yield indis-
tinguishable plateau ages of 16.6 + 0.1 Ma (KH01C) and
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16.8 £ 0.3 (KH04B) Ma (Figure 13). The remaining speci-
mens analysed, KH11, KH12, KHK101A, KHK200 and
KHK201A are all undeformed muscovite + tourmaline +
biotite bearing granites. All five specimens yield nearly
indistinguishable muscovite ages ranging between
16.4 £ 0.1 Ma and 16.9 = 0.1 Ma (Figure 13).

The biotite date measured in KHK101A, 17.0 = 0.1 Ma,
is within uncertainty of the muscovite date, 16.6 + 0.5 Ma
from the same specimen (Figure 13). Similarly, the bio-
tite date returned from KHK200, 16.4 £ 0.1 Ma, overlaps
with the muscovite age from that specimen,
16.5 £ 0.1 Ma (Figure 13).

4.5. U(-Th)/He Geochronology

Four specimens (KHO3, KH12, KHKLO1B; KHK201A) were
targeted for zircon U-(Th)-He analyses. Apatite separated
from three of those same four specimens (KHO03,
KHKLO1B, KHK201A) was also analysed. Below we report
the analytical uncertainties for each date. The long-term
reproducibility of the U(-Th)/He ages for Durango apatite
and Fish Canyon zircon in the Dalhousie University
Noble Gas Laboroatory are 6.4% and 4.8%, respectively.

Three zircon grains from KHO3 yielded dates that
range between 2.3 + 0.01 Ma and 3.2 + 0.02 Ma (Supp.
Table 5). Three apatite grains from the same sample yield
older ages: 11.0 = 0.04 Ma, 16.7 = 0.06 Ma and
11.0 £ 0.05 Ma (Supp. Table 5).
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Three zircon grains from the specimen yielded dates
of 3.10 + 0.02 Ma, 2.70 + 0.01 Ma, and 2.50 + 0.01 Ma
(Supp. Table 5). No suitable apatite was separated from
specimen KH12.

Analysis of 5 zircon grains from specimen KHKLO1B
returned dates of 630 + 0.03 Ma, 6.70 £ 0.03 Ma,
790 = 0.04 Ma, 9.10 + 0.05 Ma and 10.50 + 0.04 Ma.
Anomalously high Ue, Th, '*Sm and Th/U for the oldest
date indicates that it may be from a partially reset/inher-
ited grain (Supp. Table 5) and as such it is not considered
further. Apatite grains from the same specimen yield dates
of 2.30 = 0.01 Ma, 9.00 + 0.04 Ma, and 2.80 + 0.01 Ma.

Finally, 5 zircon grains were analysed from KHK201A
yielding dates of 540 = 0.03 Ma, 6.60 + 0.03 Ma,
6.90 = 0.04 Ma, 7.50 = 0.03 Ma and 9.00 + 0.05 Ma.
Anomalously high Ue, Th, "*Sm and Th/U for the ~
7.5 Ma grain indicates it may be a contaminant and as
such is not considered further (Supp. Table 5). Three
apatite dates from the same specimen indicate ages of
195.90 + 0.85 Ma, 21.90 £ 0.09 Ma, and 4.90 + 0.02 Ma.
The first two dates are older than the youngest monazite
crystallization population for the same specimen. As
such, they are interpreted to be not geologically mean-
ingful and are not considered further.

5. Discussion
5.1. U-Th/Pb Geochronology

Uranium(-Th)/Pb geochronology of zircon, monazite and
xenotime outline distinct pulses of anatexis and crystal-
lization. Plotting the weighted mean age of the young-
est discernible population versus median Cenozoic age
of the specimen can provide an indication of inheritance
in individual specimens (Figure 14; Cottle et al. 2019).
Most specimens plot away from the 1:1 line, indicating
significant inheritance. The main inherited components
in each specimen are interpreted to define the older age
peaks of ~24-25 Ma. These dates likely reflect mineral
growth (metamorphism?) within the source region from
which the anatexite that formed the leucogranite was
extracted (e.g. Cottle et al. 2018).

The older magmatic pulse is generally recorded in
monazite, xenotime and zircon from 4 leucogranite speci-
mens (KHKLO1B, KHK200, KHK201A, KHK201B) interpreted
to be associated with the Nuptse pluton. Jessup et al.
(2008) reported the results of 8 analyses on 4 monazite
grains from a medium-grained leucogranite interpreted
to be an isolated portion of the Nuptse pluton along the
ridge to the north of the village of Chukhung. Those
monazite analyses define a weighted mean *°*Pb/***Th
age of 23.6 + 0.7 Ma (MSWD = 1.1, n = 6). The results of
Jessup et al. (2008) overlap with the older population of
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Figure 10. 2°°Pb/?8U vs 2°®Pb/?*?Th concordia plots of monazite data. Ellipses coloured according to measured Y ppm. Plots
generated using the ChrontouR package for the open R platform (Larson 2020).

the Nuptse pluton reported in the present study. The lack
of a younger component in that study may reflect the
amount of material analysed, as both age populations
were not necessarily well represented in each specimen
analysed as part of this work.

The younger, ca. 17 Ma zircon age data from leu-
cogranite specimens all contain cm-scale skeletal
tourmaline. The similarity in mineral texture, geo-
chemistry and geochronology in these specimens
(KHO3, KH11, KH12, KHK101B) is consistent with

them comprising a 10s of kilometre-scale sill or sill
network that extends across the Khumbu as originally
suggested by Searle (1999b).

Ti-in-zircon thermometry and zirconium saturation
thermometry can be used to extract information
about the temperature of zircon crystallization and
magma generation, respectively (Watson and
Harrison 1983; Ferry and Watson 2007). Rutile was
not observed in any of the specimens analysed and
as such the Ti-in-zircon temperatures are regarded as
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Figure 11. ?°Pb/?*2Th monazite dates with weighted mean ages of identifiable populations shown. Plots generated using the

ChrontouR package for the open R platform (Larson 2020).

minimums. These minimums range from 624 + 32 °C
in KHK201A to 710 + 4 °C in KHK101B (Figure 9).
Those temperatures generally overlap with zirconium
saturation thermometry for the same rocks (Figure 9).
The zirconium saturation temperatures are considered
maximums as all specimens dated have inherited

zircon components and, therefore, the leucogranites
are likely over-saturated with respect to zirconium
(e.g. Hanchar and Watson 2003).

Combining the minimum and maximum temperature
estimates  indicates  crystallization =~ temperatures
between ~645 °C and 690 °C for specimens associated
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Figure 12. °’Pb/?%Pb versus 228U/ 2%Pb Tera-Wasserburg concordia plots of xenotime data with associated 2*’Pb corrected
(following Stacey and Kramers 1975) °°Ph/?*8U date plots with weighted means of identifiable populations marked. Plots generated
using the ChrontouR package for the open R platform (Larson 2020).

with the Nuptse granite (KHK201A and KHK201B) with
a final crystallization age of ca. 19 Ma and between ~710
°C and 722 °C for KHK101B, one of the specimens char-
acterized by large, skeletal tourmaline, with a final crys-
tallization age of ca 17 Ma. While more, detailed data are

required to draw meaningful conclusions, the results
presented herein are consistent with pulsed magmatism
and leucogranites with younger minimum crystallization
ages forming at higher temperatures.
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Figure 13. *°Ar/*°Ar age spectra plots for muscovite and biotite analysed.

5.2. “°Ar/*Ar Thermochronology

The present work reports nearly identical “°Ar/>°Ar dates
from across the Khumbu (Figures 1; 13). When combined,
6 of 7 muscovite “°Ar/>*°Ar dates yield a weighted mean
age of 16.5 £ 0.1 Ma with an MSWD of 3.05, which is
slightly more dispersed than expected from a single
population. Considering the spatial separation of the spe-
cimens, and the varying rock types, this is not unexpected.

5.2.1. Regional Comparisons

Previous geochronological work around the Everest mas-
sif was carried out by Ferrara et al. (1983) who reported: 1)
a 4 point, whole-rock Rb/Sr isochron age of 13.7 + 7.0 Ma

from four specimens collected from a similar location to
our specimens KHK201A and B. This date has a large
uncertainty and consequently, is not precise enough for
meaningful comparison, but overlaps with the muscovite
“OAr/*°Ar age of 16.4 + 01 Ma for KHK201A; and 2) whole-
rock -mineral isochron Rb/Sr date of 16.5 + 0.5 Ma from
a specimen collected at the same location as our KHO3
and is consistent with the mica ages we report from
across the region.

Villa (1990) analysed, using the K/Ar method, mica in
the same specimens studied by Ferrara et al. (1983).
Biotite date of 15.9 + 0.4 and 15.4 + 0.4 Ma and muscovite
dates of 15.7 + 0.4 and 15.3 £ 0.4 Ma were reported for
specimens collected near the toes of the Lhotse-Nup and
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various specimens analysed in this study. Specimens that plot
above the 1:1 line have an inherited component (see Cottle et al.
2019).

Lhotse glaciers, respectively (Figure 1). These dates are
similar to the results presented herein and any apparent
differences are attributed to differences in the methods
(single crystal for *°Ar/*’Ar vs mg sized aliquots for K-Ar).
The same issues around mixed aliquots and methodolo-
gical differences preclude incorporation of biotite K-Ar
dates from metamorphic rocks and leucogranites in the
Khumbu region published by Krummenacher et al. (1978),
which ranged widely from >47 Ma near Everest base
camp to as young as 16.0 = 0.9 Ma from just south of
the village of Pangboche.

Further *°Ar/*°Ar and Rb/Sr data from the region
comes from above the Lhotse (Sakai et al. 2005) and
Qomolangma (Corthouts et al. 2016) detachments.
These studies outline late Eocene to late Oligocene mus-
covite Rb/Sr and *°Ar/*°Ar dates from the Yellow Band
(Figure 1) and a late Oligocene to early Miocene stair-
stepping muscovite “°Ar/>°Ar spectrum from just above
the Qomolangma detachment. These data are generally
older than that quantified herein, consistent with their
positions in the hanging walls of normal-sense structures.

Finally, Viskupic et al. (2005) reported a series of
biotite *°Ar/>°Ar dates from just north of the town of
Gokyo (Figure 1). Unfortunately, like many such dates
from the Himalaya (e.g. Stlibner et al. 2017), nearly all of
the data suffered from issues related to excess Ar and
were interpreted as unreliable.

5.3. U(-Th)/He Thermochronology

Analysis of both apatite and zircon was carried out for
three specimens. In KHO3, two apatite grains yield an
average age of ~ 11 Ma, which is significantly older than
the ~2.6 Ma average age of three zircon grains.
Specimen KHK201A yielded only one meaningful apatite
date (see results section) ca. 4.9 Ma, which is younger
than its average zircon age of ca. 7 Ma. The U(-Th)/He
data from KHKLO1B follows the same basic pattern with
apatite analyses that average ca. 2.6 Ma (excluding
a lone date of ca. 9 Ma) and zircon grains that yield an
average age of ca. 7.5 Ma. Finally, the zircon date
returned from KH12 average ca. 2.8 Ma.

Some of the zircon aliquots show a positive correla-
tion between date and eU (where eU = U + 0.235Th in
ppm; Supp. Figure 11), a proxy for radiation damage
(Shuster et al. 2006; Guenthner et al. 2013), and as such
should be viewed with caution. The apatite aliquots do
not show the same correlation between eU and date
(Supp. Figure 11). Date-eU correlations may form when
grains that experienced the same thermal history are re-
heated or when grains with variable eU undergo slow
cooling through the partial retention zone (Guenthner
et al. 2013). Given the monotonic “°Ar/>°Ar dates from
across the Khumbu, and the lack of significant younger
leucogranite intrusion that could have caused a thermal
pulse, the later explanation is favoured.

The effects of eU on age may help explain the appar-
ent discrepancy between zircon and apatite dates in
KHO03, where the apatite dates are significantly older
(Supp. Table 5)(Guenthner et al. 2013). Given the size of
the U(-Th)/He dataset, the limited spatial distribution
and complicating factors such as positive eU-date corre-
lations, it is not reasonable to use these data to recon-
struct temperature time paths with forward or inverse
modelling approaches.

5.3.1. Regional Comparisons

Studies by Sakai et al. (2005) and Streule et al. (2012)
report apatite fission track dates from locales that over-
lap with the present study area. Streule et al. (2012)
determined the cooling histories of metamorphic rocks
that crop out above/north of Pangboche and below the
Lhotse detachment; apatite typically yields dates of ~ 2
to 3 Ma, while the two zircon fission track dates reported
of ca 6.6 £ 0.4 and 16.3 + 0.8 Ma are widely different.
Structurally higher, at and above the Lhotse detachment
on the south side of Mt. Everest, apatite fission track
dates increase with elevation from ~7 Ma at 6500 m to
~ 22 Ma at 7860 m and finally ~31 Ma at 8848 m (Streule
et al. 2012). Apatite and zircon fission track ages have



also been reported from the north side of Mt. Everest,
near the base of the Yellow Band (8360 m); both chron-
ometers give dates of ~ 14.5 Ma (Sakai et al. 2005).

The spatial distribution of the previously published data
indicates distinct cooling histories between the rocks of the
metamorphic core and those within the hanging walls of
the Lhotse and Qomolangma detachment faults with per-
haps an overall general increase in cooling ages with eleva-
tion below the detachments (Figure 15A).

5.4. Cooling and Exhumation of the Khumbu

The remarkable similarity in muscovite and biotite *°Ar/>*°Ar
dates from specimens collected across the Khumbu,
regardless of the inferred crystallization age, determined
by U(-Th)/Pb, indicates the leucogranites share a similar
post-emplacement thermal history through Ar closure in
mica. The closure temperatures of the mica analysed were
calculated using the equations of Dodson (1973) with the
diffusion parameters for muscovite and biotite as outlined
in Harrison et al. (2009) and Grove and Harrison (1996),
respectively. The cooling rates used in closure temperature
calculations were determined iteratively between the last
crystallization age of the most proximal specimen (the
same specimen where available) and interpreted crystal-
lization temperature (see above) and the age yielded by
the mica of interest and the calculated closure temperature
(initial closure temperatures were guesses based on litera-
ture data). The closure temperature and cooling rate typi-
cally converged after ~3 or 4 iterations. The temperatures
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calculated are summarized in Supp. Table 6 with all mus-
covite closure temperatures yielding an average value of
507 £ 11 °C.

Combining mica dates and closure temperatures with
youngest leucogranite crystallization ages and asso-
ciated temperatures indicates rapid cooling immediately
after intrusion (Supp. Table 6; Figure 15B). This cooling
may reflect either: 1) intrusion of the youngest leucogra-
nites into relatively cold country rocks, likely at a high
structural level, or 2) tectonically controlled exhumation.

To assess the potential of rapid cooling of young leu-
cogranite bodies, those with skeletal tourmaline, as
a consequence of conductive heat loss, we developed
simple thermal models using the equations of Jaeger
(1964, 1968). Given the widespread spatial distribution
of the similar “°Ar/*>°Ar ages across different rock types
with varying U(-Th)/Pb ages it appears that the country
rocks were at temperatures >510 °C (Supp. Table 6) at
17 Ma, the time of intrusion of the youngest leucogra-
nites. As such, we set the background temperature for our
model at 510 °C and use a thermal diffusivity of
0.7 mm?s™" (Whittington et al. 2009). Finally, we approx-
imate the geometry of the leucogranites sills as infinite
tabular bodies with a thickness of 2 km (see Ama Dablam
leucogranite thickness in Figure 3 of Searle 1999b) and
a starting temperature of 700 °C (see discussion about
intrusion temperature above). Given those conditions, the
Jaeger (1964, 1968) model predicts that after 500 ka, the
sill cools down to 542-540 °C. These temperatures are
slightly higher than the average Ar closure temperature of
507 = 11 °C (Supp. Table 4), however, given the
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Figure 15. A) Plot of age versus sampling elevation for apatite and zircon fission track and U(-Th)/He ages reported in the present
work, Streule et al. (2012) and Sakai et al. (2005). The approximate locations of the Lhotse and Qomolangma detachments are shown.
B) Temperature versus time plots of data presented in the present study. See text for discussion of temperature quantification for
“OAr/3°Ar and U-Th/Pb data. Closure temperatures of 170-220 °C was used for zircon U(-Th)/He, while 55-90 °C was used for apatite U
(-Th)/He, covering a broad range of grain sizes, cooling rate and potential effects of radiation damage (Reiners 2005).
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assumptions inherent in these simple conductive model-
ling and closure temperature calculations it is possible
that cooling of the 17 Ma leucogranite bodies was
conductive.

Beyond just the 17 Ma leucogranite bodies, the regio-
nal nature of synchronous, often rapid cooling across
different rock types of varying crystallization ages may
reflect large-scale tectonic processes. Past work has
mapped high-angle normal sense faults, some with
motion coeval with sillimanite growth (Musumeci
2002), in the central portion of the study area
(Figure 1). The total displacement on these structures,
however, is largely unconstrained, though it does not
appear to be substantial (see Figure 3 in Hubbard et al.
2021). Moreover, the mapped structures do not seem to
extend into the areas of the Khumbu that were sampled,
potentially limiting their effect on the specimens exam-
ined, and there is no detailed information available
about when movement occurred only minimum ages
from thermochronology (see Musumeci 2002).

In contrast, recent work on specimens collected from the
Qomolangma detachment on the Mt. Everest massif indi-
cates that ductile movement across that normal-sense duc-
tile shear zone occurred at 16.3 £ 5 Ma (Larson et al. 2020),
coincident with the widespread cooling recognized herein
across the region. Farther north, in the Rongbuk valley of
Tibet (Figure 1), Cottle et al. (2015) documented ductile
deformation along the same detachment at ca. 15.6 Ma
that transitioned to brittle deformation shortly thereafter
(<15.4 Ma). The results of that work are compatible with ca.
15.3 and 14.6 Ma synkinematic muscovite and biotite ages
(Gébelin et al. 2017), ca. 14-17 Ma U(-Th)/He zircon ages
(Orme et al. 2015) and rapid cooling/tectonic exhumation
associated with brittle-ductile slip between ca.15.4 and
13.0 Ma (Schultz et al. 2017) from the same area. These
geochronological datasets are compatible with tectonically
driven exhumation and cooling of the Khumbu region, in
the footwall of the Qomolangma detachment (Figure 16).

The lower temperature thermochronometer data
from the Khumbu show that rapid cooling likely ceased
prior to ca. 8 Ma, the oldest zircon U(-Th)/He ages. If
a Streule et al. (2012) zircon fission track date of
16.3 + 0.8 Ma from Kala Pattar, the same location as
KH11, is reliable, it would extend rapid cooling through
zircon fission track annealing closure, ~210 to 365 °C
depending on cooling rate and amount of radiation
damage (Tagami et al. 1998; Brandon et al. 1998; Rahn
et al. 2004). Rapid cooling immediately following pluton
intrusion in middle Miocene time is supported by both
overlapping muscovite and biotite dates from KHK200
and KHK101A and muscovite and biotite outlining
a single isochron in the Rb-Sr data of Ferrara et al.

(1983) from near Chukhung indicating a date that over-
laps with the youngest U-Pb data presented herein.
Slowing of cooling/exhumation of the Khumbu after
middle Miocene time, is consistent with cessation of
movement along the Qomolangma detachment and
a transition away from tectonic exhumation to erosion-
controlled exhumation.

5.5. Magmatic Emplacement and Rheological
Implications

The intrusion of leucogranite in the Khumbu, develop-
ment of migmatites notwithstanding, appears to have
occurred in at least two distinct pulses, ca. 19 and 17 Ma.
Previously published U(-Th)/Pb geochronological data
from the Khumbu outline age peaks at ~18, 21 and
perhaps 24 Ma, though data are few. If expanded to
include data from the Rongbuk and Kangshung valleys
to the north and west, respectively, the younger popula-
tion becomes better defined and slightly younger at
17 Ma, while the older potential populations remain.
What is not clear, however, is whether the ~21 and
24 Ma populations are inherited as the similar age popu-
lations are interpreted here. Quantifying the amount of
anatexite present through time is an important assess-
ment of the rheological strength of the mid-crust as
a few percent partial melt can significantly weaken
rocks (Beaumont et al. 2004). Though more, detailed
work needs to be carried out, it appears that there is
little record for early Miocene age anatexis preserved in
the Khumbu. Moreover, the younger melting pulse coin-
cides temporally with movement along at least the
Qomolangma detachment (timing of movement along
the Lhotse detachment is not well known) perhaps indi-
cating a genetic relationship between the normal sense
structures that bound the middle crust and anatexis of
the rocks structurally below (e.g. Kellett et al. 2019).

6. Conclusions

The new U(-Th)/Pb geochronological data presented in
this work outline episodic, ca. 19 and ca 17 Ma, intru-
sion of the dominant leucogranite phases in the
Khumbu region of Nepal. When combined with
“OAr/>*°Ar and U(-Th)/He dates from the same speci-
mens or adjacent rocks, this new dataset demonstrates
rapid cooling of the entire region at ca. 16.5 Ma, coeval
with movement along the normal-sense Qomolangma
detachment, followed by slower cooling. While the
detailed rheological consequences of melt coalescence
in the Khumbu region remain uncertain, the temporal
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Figure 16. Schematic evolution of the Khumbu Himal. Line of topographic section is shown in Figure 1. The dashed, bold black lines in

the diagrams show the relative schematic position of the surface

at each interval. Note that the diagram is not drawn to vertical scale

in parts A and B; it is diagrammatic. Approximate depths are marked and interpreted based on chronometer closure temperatures and
a geothermal gradient of 40°C/km. A) The Khumbu at ca. 19 Ma with the Nuptse granite emplaced. Its approximate structural position
is projected into the diagram. The Qomolangma detachment is not yet active. B) The ca. 17 Ma leucogranite has been emplaced and

movement along the Qomolangma detachment is ongoing facil
day configuration of the Khumbu Himal.

association with major structures may indicate
a kinematic relationship.
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Highlights

® New U(-Th)-Pb geochronological data documents two main
pulses of anatexis in the Khumbu

e ““Ar/*9Ar geochronological data from the same specimens
show rapid cooling after emplacement

® Rapid cooling coincides with movement along the South
Tibetan detachment system

e U(-Th)/He geochronological data indicate slower cooling
post-Ar closure in mica
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