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Abstract

A modern orogenic system represents the culmination of tectonic and surface processes over
geological time, posing challenges in isolating direct mechanisms and associated timing of relief
formation. Modern relief-forming processes are typically dominated by more recent, low-
magnitude erosion/exhumation events (<1 — 2 km), which are difficult to resolve with established
low-temperature thermochronology and cosmochemistry methods. Monazite fission-track
(MzFT) is a relatively new low-temperature thermochronometer with a laboratory assessed
partial annealing zone of 140 —-70 °C. Field based estimates, however, have found MzFT to be a
useful proxy for cooling through <50 — 25 °C and related to exhumation in the upper 1 — 2 km of
the crust. Given the uncertainties between laboratory- and field-based estimates, interpreting a
M2zFT age can be challenging due to the relative contributions of fault-driven denudation, surface
processes and surface temperatures. To assess the applicability of MzFT to resolving upper
crustal exhumation, we apply MzFT to the Nepalese Himalaya, an actively uplifting and highly
erosive orogenic system associated with a cool subtropical to temperate climate. We focus on the
well-studied Kali Gandaki River in central Nepal, which has been previously targeted by a range
of established low-temperature thermochronometers. We collected four MzFT samples, with
three samples being part of an elevation profile (2498 — 2966 m) and two apatite fission-track
(AFT) samples from within the Greater Himalayan Sequence across the Ramgarh Thrust, Main
Central Thrust and South Tibetan Detachment. We integrate MzFT data with existing low-
temperature thermochronology data and single-grain monazite and apatite geochemistry to
isolate incision and/or faulting processes as the driver of rock cooling. MzFT data yield ages of
~0.4 — 0.09 Ma, which we interpret to correlate with recent movement of the Main Frontal

Thrust since at least ~280 k.y., and concurrent river incision of the Kali Gandaki drainage.

vii



Introduction

The modern topography is a function of tectonic and surface processes interacting across
geologic time. Tectonic processes create rock uplift, which couples with the hydroclimate to
drive erosion and modulate exhumation (e.g., Molnar & England, 1990; Sobel et al., 2003). As a
result, the relative influence of tectonic and surface processes on the modern topography are
inherently coupled with changes in one (e.g., increased uplift) balanced by a corresponding
change in the other (e.g., increased erosion). It is the interplay among climate, tectonics and
erosion that complicates the relationship between geologic processes and the (paleo)topography.
This issue is heightened in regions like the Himalaya, which hosts some of the highest shortening
rates (e.g., ~20-25 mm/yr in Eastern Himalaya (Long et al., 2012) and intense, seasonal
precipitation (up to 4300 mm/yr; e.g., Burbank et al., 2003).
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Figure 1. Geologic Map of Nepal, modified from DeCelles et al., (2020) and Sherpa et al., (2023). Red line shows the Kali Gandaki
River and the red rectangle outlines the study area.

The Nepalese Himalaya provides a unique study area to examine the interplay between
climatic surface processes and shallow crustal tectonic mechanisms, as it is tectonically active,
young, and a highly erosive. This region hosts some of the world’s most prominent and active
river drainages, creating a distinct pattern of incision during the rapid uplift of the Greater
Himalayas (Lavé and Avouac, 2001). Connections between incision and uplift have been an
ongoing focus of research including how erosional asymmetry correlates with near-surface
variations in rock uplift (Beaumont et al., 2001; Whipple, 2009). To investigate this question, we
work in the northern Kali Gandaki River in Central Nepal, because there is a tightly coupled



relationship between river incision and exhumation along major thrust systems, including the
Main Frontal Thrust (MFT), the Main Boundary Thrust (MBT), the Ramgarh Thrust (RT), the
Main Central Thrust (MCT), the Dadeldhura Thrust (DT), and the South Tibetan Detachment
(STD) (Pye et al., 2022). The Kali Gandaki River flows along a NNE-SSW axis, sculpting one of
the deepest gorges on earth (Pye et al., 2022). The Kali Gandaki River has been central to the
discussion of the relative contribution of tectonic and climate processes on exhumation of the
Himalaya (DeCelles et al., 2020; Pye et al., 2022, 2023).

Our understanding of how exhumation changes through geologic time has been shaped
by low-temperature thermochronology (Braun et al., 2006). Low-temperature thermochronology
tracks cooling through the upper-crust (~12-3 km) and is widely used in the Himalaya to
understand shortening and erosive processes (Robinson et al., 2006; Thiede and Ehlers, 2013).
Despite low temperature sensitivity of modern thermochronometers down to ~40°C (~2 km),
most thermochronometers record passage through closure temperatures that are too high to
record significant relief forming events (~120 — 40°C; Jepson et al., 2025). To isolate the relative
contribution of tectonic and surface processes on the modern relief, we require a system which
can resolve cooling through the upper ~1-2 km of Earth’s crust. Monazite fission track (MzFT) is
a new low temperature thermochronometer with a documented partial annealing zone
(temperature sensitivity) of 143 —-71 °C (Weise et al., 2009; Jones et al., 2021). However,
applied studies have identified that MzFT likely records cooling through temperatures of < 50-
25 °C or 2 — 1 km in the Earth’s crust (Jones et al., 2023; Jepson et al., 2025). As a result, MzFT
can be used to understand the timing of exhumation and erosion through the uppermost crust
(Jepson et al., 2025). Here, we look at the relative roles of faulting and river incision in the Kali
Gandaki to bridge the gap between tectonic and relief forming processes.

Geologic Background

The Himalaya formed as a result of the Cenozoic accretion of Indian continent with the
Eurasian continent. The timing of collision between the Indian and Eurasian continents, caused
by subduction of the Neo-Tethyan Ocean in the late Cretaceous, is often debated, but generally
accepted to have occured between ~60 Ma and ~45 Ma (DeCelles et al., 2014; Kapp and
DecCelles, 2019). Regardless of the precise timing, the India-Asia collision caused significant
shortening accommodated by north Indian Proterozoic to Mesozoic igneous, metamorphic and
sedimentary rocks ( e.g., Gaetani and Garzanti, 1991; Cawood et al., 2007; Hodges, 2000). In
Nepal, these rocks form longitudinal belts of rocks which are separated by major faults and shear
zones (e.g., DeCelles et al., 2020).

The northernmost tectonostratigraphic package in Nepal is the Tethyan Himalayan
Sequence (Fig 1a; DeCelles et al., 2020). The Tethyan Himalayan Sequence is Ordovician to
Cretaceous in age (510 - 470 Ma; DeCelles et al., 2020), consisting of an older, upper-
greenschist to lower-amphibolite facies, siliciclastic group and a younger, unmetamorphosed,
carbonite-rich group (Garzanti, 1999; DeCelles et al., 2020). The Tethyan Himalaya is bounded
to the north by the Indus Tsangpo Suture, the suture between India and Asia (Kellett et al.,
2019), and to the south by the South Tibetan Detachment (STD) system. The STD is a zone of
low-angle, parallel, continuous, top-to-the-NE, normal-sense faults tracing ~2000 km along the
Himalayas (Soucy La Roche et al., 2018; Kellett et al., 2019; DeCelles et al., 2020). This shear
zone separates the Tethyan Himalayan Sequence from the Greater Himalayan Sequence.
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Figure 2. A) Simplified geologic map of the study area, modified from DeCelles et al., 2020
B) Inset map of samples 24KG12, 24KG11 and 24KG10 locations
The Greater Himalayan Sequence (GHS) is Neoproterozoic to Cambrian in age and

consists of an upper-amphibolite facies package and an upper-greenschist to lower-amphibolite
facies package (DeCelles et al., 2020). Units in this sequence include a schist and gneiss with
minor quartzite unit (Unit I), a calc-gneiss (Unit II) and an Ordovician augen gneiss (Unit I1I)
(Soucy La Roche et al., 2018; DeCelles et al., 2020). The GHS is bounded to the north by the
STD and the south by the Main Central Thrust (MCT). The MCT is a top-to-the-SW, >1km thick
shear zone (Soucy La Roche et al., 2018; DeCelles et al., 2020). The precise extent of the MCT
across the Himalaya is controversial (DeCelles et al., 2020). The MCT is the boundary between
the Greater Himalayan Sequence and the Lesser Himalayan Sequence.

The Lesser Himalayan Sequence (LHS) has an approximate age of ~1912 — 1300 Ma,
and can be divided into two packages: the Lower LHS and Upper LHS (Gehrels et al., 2011;
DecCelles et al., 2020). The Lower LHS includes the Kuncha/Ranimata, Kushma and Fafog



Formations, and the Ulleri Gneiss, which are mainly composed of quartzite and phyllite. The
Upper LHS includes the Galyang Formation, the Syangia Formation, and the Lakharpata Group,
which are mainly composed of a phyllite, quartzite and dolostone (DeCelles et al., 2020). In this
region of study, the LHS is bounded to the north by the Main Central Thrust, and the Ramgarh
Thrust (RT) to the south (DeCelles et al., 2020). The RT is ~1.5 — 3.1 km thick and has
displacement on the order of ~100 km, carrying the Kuncha, Ranimata, Kushma and Fafog
Formations (Robinson et al., 2006; DeCelles et al., 2020). Exposures of the RT are variably
folded into large synforms and antiforms, including the prominent Dadeldhura and Jajarkot
Klippen (Robinson et al., 2006; DeCelles et al., 2020). South of the RT, still within the Lesser
Himalayan Zone is the Main Boundary Thrust (MBT). The MBT is the bounding thrust between
the LHS and the southern-most Siwalik Group (DeCelles et al., 2020).

The Siwalik Group, ~14 — 2 Ma, consists of an upward-coarsening arrangement of fluvial
siltstone, sandstone and conglomerate, that are divided into the lower, middle and upper Siwalik
Group (Robinson et al., 2006; DeCelles et al., 2020). South of the Siwalik Group is the
prominent topographic front of the Himalayan thrust belt, the Main Frontal Thrust (MFT) (Lavé
and Avouac, 2001; DeCelles et al., 2020). The MFT is made of made of multiple laterally
overlapping, top-to-the-south faults (Robinson et al., 2006; Soucy La Roche et al., 2018;
DeCelles et al., 2020). Robinson et al., (2006) provides evidence for ~485 — 743 km of
shortening from the Main Frontal Thrust at the base of the Sub-Himalaya to the South Tibetan
Detachment north of the THS. This young, basal thrust system carries much of the Himalayan
strata in its hanging wall, accommodating least ~60% of total Himalayan convergence since at
least ~200 ka (Bouscary et al., 2024).

Methods

Low Temperature Thermochronology Background

Fission-track thermochronology is a form of radiometric dating which involves analyzing
damage tracks in a mineral lattice produced by spontaneous fission of 2*U and its rate of decay.
The preservation of fission damage is dependent on temperature (Naeser, 1967). Naeser (1967),
Naeser & Fleischer (1975), and Price & Walker (1963) published some of the first conclusions
about track etching and density, and how these values correlate to time and temperature of
certain minerals. Most often applied to apatite and zircon, fission track thermochronology can
indicate the thermal history of the examined sample based on the accumulation, habit, and
density of fission tracks in the minerals (Tagami, 2005). The density of tracks suggests the time
elapsed since spontaneous fission decay of 2*U is preserved in the mineral lattice (Tagami,
2005).

Sample Collection

We collected nine samples from three elevation profiles along the Kali Gandaki River in
Central Nepal. Samples 24KG07 (1830 m), 24K GOS8 (2033 _m), and 24K G09 (2230 m) were
collected from the Greater Himalayan Sequence in the hanging wall of the MCT (Fig 2A).
Samples 24K G07 and 24K GOS8 are medium grained gneisses with visible gneissic banding in
hand sample, and sample 24K G09 is a medium grained mylonite with sheared plagioclase clasts,
showing top to the south sense of shear. Samples 24KG10 (2498m), 24KG11 (2753m), and
24K G12 (2966m) were collected in the Greater Himalayan Sequence between the MCT and the
STD (Fig 2A, 2B). Samples 24KG10 and 24KG12 have a similar medium-coarse grained
mylonitic fabric, whereas sample 24K G11 is a medium-coarse grained gneiss. Finally, samples



24KGO5 (1434m) and 24KGO06 (1540m) were collected from a fine-grained schist with local
gneissic banding (24K G05) and a fine-grained interbedded quartzite and schist (24KG06) in the
hanging wall of the MCT. Sample 24K GO05 is a fine-grained schist with local gneissic banding,
and sample 24K G06 is a medium-fine grained interbedded quartzite and schist. Sample 24K G04
was collected in the hanging wall of the Ramgarh Thrust, and it is a fine-grained schist in the
Lesser Himalayan Sequence. Monazite and apatite grains were extracted following standard
mineral separation procedures after Kohn et al, (2018).

Monaczite Fission Track, U-Th-Pb and Trace Element Analysis

Monazite grains were hand-picked and mounted in epoxy, followed by grinding
with 1000 and 2500 grit paper and lapping film. Grains were further polished in 0.3 pm alumina
paste. Following monazite fission-track etching protocols outlined by Jones et al, (2019) and
Nakajima et al., (2024) samples 24K G04, -05, -07, -10, -11, and —12 were etched in 6 M HCL
for 60 minutes at ~90° C, and samples 24K G08 and —09 were etched in 6 M HCL for 90 minutes
at ~90° C. Monazite fission-tracks were counted in crystals that were approximately oriented on
their (100) face and measured using a Zeiss Axio Imager 2 microscope and Fijjontrack Image J
plugin (Lang et al., 2023) at the University of Oklahoma (OU) at the Structure, Tectonics, OU
Thermochronology (STOUT) laboratory.

Monazite isotopic and trace element data were collected using a Photon Machines
Analyte 193 excimer laser ablation system connected to a PlasmaQuant MS Elite inductively
couples plasma mass spectrometer (Shaulis et al., 2010) at the University of Houston (UH). A
laser energy density of ~5.6 j/cm?, a repetition rate of 7 hz and a spot diameter of 4 mm were
used. Along with U, 22Th and ***?*Pb, major elements »Si and *'P, trace elements *Sr and ¥Y
and rare elements (REE: '*La, '*Ce, “Nd, '¥Sm, '**Eu, '¥Gd, '**Tb, '**Dy, 'Ho, '*Er, '“Tm, '*Yb,
and '"Lu) were measured. Monazite standard 44069 was used as a primary standard for Th-Pb
ratios and trace element concentrations and monazite standard 554 was used as a secondary
standard to check accuracy (Grove and Mark Harrison, 1999; Liu et al., 2012). Mass
concentration (X Trace Elements IS) and isotope ratio (U-Pb Geochronology) determination
were performed using lolite v4 (Paton et al., 2011; Barla et al., 2023).

Monazite fission track ages were calculated using a modified laser ablation fission-track
equation after (Gleadow et al., 2015; Vermeesch, 2017) using an initial track-length of 10.6 um
(Weise et al., 2009; Jones et al., 2019) and a monazite density of 5.22 g/cm* (Nasdala et al.,
2020; Jones et al., 2023). The fission-track parent >*U concentration was determined using LA-
ICP-MS as described above. The *Th isotope also undergoes spontaneous fission, but this is
usually not considered an issue in apatite, titanite and zircon due to the relatively low
concentration and long spontaneous fission decay constant of Th. Monazite contains significant
(~8.0 wt%) concentrations of Th (Rapp and Watson, 1986) however, given the relatively young
rock crystallization age (Paleogene-Eocene) and the extremely long #2Th spontaneous fission
decay constant of 1.2 x 10-21 yr, particularly relative to that of **U (~7.0 — 8.7 x 10 — 17 yr*;
Guedes et al., (2003) we consider the influence of possible 22Th tracks to be negligible (Holden
and Hoffman, 1993). Due to the absence of a suitably characterized monazite fission-track
standard, single-grain ages were calculated using the absolute method (Gleadow et al., 2015;
Vermeesch, 2017). Monazite fission-track central ages were determined using Radialplotter
(Galbraith, 2005; Vermeesch, 2009).

Apatite Fission Track, U-Pb and Trace Element Analysis



Within apatite, the damage caused by spontaneous fission is annealed on geologic
timescales at temperatures typically >120°C and remain relatively stable at temperatures <60°C
(e.g., Green et al., 1986; Stephenson et al., 2006). Apatite grains were mounted in epoxy,
polished to reveal an internal section and etched in 5.5M HNOs at 20 + 1 °C for 20 + 1s
following the protocol of Donelick, (2005). Fission-tracks were counted and measured at the
STOUT Laboratory on a Zeiss Axio Imager 2 using the Fijjiontrack ImagelJ plugin for fission-
track analysis (Lang et al., 2023).

Apatite 238U concentrations and trace element concentrations for this study were collected
using a Photon Machines Analyte 193 excimer laser ablation system connected to a PlasmaQuant
MS Elite Inductively couples plasma mass spectrometer (Shaulis et al., 2010) at the University of
Houston (UH). A laser energy density was ~3.9 j/cm?, a repetition rate of 7 hz, a spot diameter of
30 mm and an ablation was run for 210 shots. Along with >*U, 2Th and 2*?*Pb, major element
#(Ca, trace elements **Sr and *Y, and rare earth elements (REE: '**La, 'Ce, '“Nd, '“’Sm, '*Eu,
157Gd, **Tb, '©Dy, '**Ho, 'Er, '“Tm, '">Yb, and '"Lu) were measured. Apatite standard McClure
was used as a primary standard for U-Pb ratios (Schoene and Bowring, 2006), NIST612 was
used as the primary standard for trace element concentrations (Barla et al., 2023) and Durango
apatite (McDowell et al., 2005) was run as a secondary standard to check accuracy and perform a
session-zeta correction (Vermeesch, 2017). Apatite fission-track ages were calculated using a
modified fission-track equation after Hasebe et al., (2004), Gleadow et al., (2015), and
Vermeesch, (2017). Durango apatite was used as a session-zeta to normalize single-grain fission-
track ages and correct for instrumental drift (Vermeesch, 2017). Central ages were determined
using Radialplotter (Galbraith, 2005; Vermeesch, 2009).

Results

Monazite U-Th-Pb and Trace Element Analysis

Four samples yielded monazite U-Th-Pb dates between ~ 500 and 20 Ma. Sample
24K G07 yielded a concordia age of 41.0 + 3.3 Ma (n = 6; MSWD = 9.5; Fig 3A, Fig 4A).
24K GO07 displays a steeply deepening REE pattern, yielding relatively enriched in light rare earth
element (LREE) (La/Smen = 4.65 £ 0.41), variably depleted in heavy rare earth elements (HREE;
Dy/Yben = 14.52 + 12.36) and a relatively elevated Eu anomaly of 0.589 + 0.087.

Sample 24KG10 yielded a concordia age of 30.6 = 1.7 Ma (n = 29; MSWD = 1.1; Fig
3B, Fig 4B). 24KG10 displays a steeply deepening REE pattern, yielding relatively enriched in
LREEs (La/Smen = 4.45 + 0.91) relatively depleted in HREE (Dy/Yben = 7.57 £ 0.82) and a
significant Eu anomaly of 0.08 = 0.01.
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Figure 3. A) Sample 24KG07 Monazite U-Th-Pb Concordia plot.B) Sample 24KG10 Monazite U-Th-Pb
Concordia plot. C) Sample 24KG11 Monazite U-Th-Pb Concordia plot. D) Sample 24KG12 Monazite U-Th-Pb
Concordia plot. Figures made with IsoplotR software (Vermeesch).

Sample 24K G11 yielded a concordia age of 30.8 £ 1.9 Ma (n=23; MSWD = 0.1; Fig
3C, Fig 4C). 24KG11 displays a steeply deepening REE pattern, yielding relatively enriched in
LREE (La/Smen = 3.99 £ 0.59), relatively depleted in HREE (Dy/Yben = 5.33 = 1.38) and a
significant Eu anomaly of 0.073 + 0.012.

Sample 24K G12 yielded a concordia age of 39.0 £ 1.9 Ma (n = 30; MSWD = 640; Fig
3D, Fig 4D). 24KG12 displays a steeply deepening REE pattern, yielding relatively enriched in
LREE (La/Smen = 4.48 £+ 1.05), relatively depleted in HREE (Dy/Yben = 9.96 + 1.58) and a
significant Eu anomaly of 0.072 + 0.019.
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Figure 4. A) Sample 24KG07 REE spider plot plot.B) Sample 24KG10 REE spider plot. C) Sample 24KG11 REE spider plot. D)
Sample 24KG12 REE spider plot. Figures made with IsoplotR software (Vermeesch, 2018).

Apatite Fission-Track Analysis

Samples 4,5,8,9,10,11, and 12 yielded anomalously low >3®U concentrations < 0.5 ppm.
Thus, were excluded from AFT analysis as they yielded ages that were geologically
unreasonably (>>100 Ma). Two samples yielded apatite with sufficient 2**U concentrations for
AFT analysis. Sample 24K GO06 yielded a central age of 9.5 = 4.4 Ma (n = 6; Fig 5A) and a
dispersion of 92%. This sample fails the %> test (P(y?) = 0.0) suggesting that there is more
uncertainty than what is captured by the central age. Sample 24KGO07 yielded a central age of
3.03 £ 0.44 Ma (n = 25; Fig 5B) and a relatively high dispersion of 30%. However, it passed the
v test (P(y?) = 0.16), suggesting a single population.




24KG06 (n=6)

Central value =9.5+4.4 (10)
Dispersion = 92 %

P(x?) = 0.00

24KG07 (n=25)
Central value = 3.03 £ 0.44 (10)

Dispersion = 37 %
P(x?) =0.16

Figure 5. A) Sample 24KGO06 Apatite Fission-Track radial plot. B)
Sample 24KG07 Apatite Fission-Track radial plot. Figures made
with RadialPlotter (Galbraith, 2005; Vermeesch, 2007). eU is
effective uranium

Monaczite Fission-Track Analysis

Samples 24KG12, 24KG11 and 24KG10 were collected along a vertical elevation profile
and sample 24K G07 was collected at a lower elevation along the Kali Gandaki River. Sample
24KG12 (n=24) (2966 m) yielded an over-dispersed MzFT distribution (68%). Recent studies
using monazite fission-track from basement rocks have observed multiple populations (e.g.,
(Galbraith, 2005; Vermeesch, 2009). Here, we subdivided sample 24KG12 into two populations



with an older peak age of 0.336 = 0.028 Ma (70% of the single-grain data) and a younger peak
age of 0.087 = 0.012 Ma (30% of the single-grain data). Sample 24KG10 (n = 25; 2498 m; Fig
6B) yielded single MFT central age of 0.246 £ 0.018 Ma and a dispersion value of 7.3%. Sample
24KG11 (n=16; 2753 m; Fig 6C) yielded a single MzFT central age of 0.395 + 0.041 Ma and a
dispersion value of 19%. Sample 24KGO07 (n = 5; 1830 m; Fig 6A) single MzFT central age of
0.094 £ 0.024 Ma and a dispersion value of 0%.
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Figure 6. A) Sample 24KG07 Monazite Fission-Track radial plot. B) Sample 24KG10 Monazite Fission-
Track radial plot. C) Sample 24KG11 Monazite Fission-Track radial plot. D) Sample 24KG12 Monazite
Fission-Track radial plot. Peaks 1 and 2 represent two age populations. Plots made with RadialPlotter
(Galbraith, 2005; Vermeesch, 2007)
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Thermal History Modelling

Thermal history modeling was performed using single-grain MzFT ages and confined
track lengths from this study. We used QTQt software (version 5.9.0) to determine the thermal
history of samples 24K G10 and 24KGl11, representative of the Kali Gandaki elevation profile.
QTQt implements a Bayesian trans-dimensional Markov Chain Monte Carlo approach
(Gallagher, 2012) to adequately predict time-temperature paths based on the data for a sample
(Jepson et al., 2025). The model was based on two samples (24KG10, 24KG11) as part of an
elevation profile (vertical separation of ~255 m between two samples) in the Kali Gandaki river
valley in central Nepal (Figure 1). This combined thermal history model was run excluding He
data from Pye et al., (2023), and used the Jones et al. (2022) fanning annealing model. We placed
an initial temperature constrain of 80°C +40°C 0.7 £ 0.3 Ma based on the apatite (U-Th-Sm)/he
(AHe) results from the Kali Gandaki (Pye et al., 2023; Fig 2).

Interpretation
Monazite U-Th-Pb and Trace Elements Analysis

Four monazite samples yielded U-Th-Pb ages of ~500 — 30 Ma, with two main
populations, one of ~500 — 300 Ma and a second of 40-30 Ma (Fig 3). The older population,
~500 — 400 Ma signal correlates with significant Paleozoic metamorphism in the Greater
Himalayan Sequence, supporting DeCelles et al., (2020) and Soucy La Roche & Godin, (2019).
Whereas the younger, ~40-30 Ma signal correlates with a period of prograde metamorphism in
the Greater Himalayan Sequence during the Middle Eocene. Soucy La Roche & Godin, (2019)
report peak garnet-grade metamorphism in the GHS to be between 35 and 30 Ma, and the start of
garnet growth at ~40 Ma (Fig 7). Therefore, this younger signal likely occurs between stage 2
and 3 of garnet growth (Soucy La Roche and Godin, 2019). Finally, several monazites yield U-
Th-Pb ages between 400 Ma and 200 Ma. We suggest that these ages reflect variable
overprinting of Paleozoic metamorphism by Eocene prograde metamorphic conditions.

Dadeldhura Klippe

P (MPa)
1200

Pre-garnet growth

1000 Start of garnet growth

800 Peak metamorphism

Well

constrained
600

= = = = Approximate

400

Time (Ma)

Figure 7. P-T-t diagram showing garnet growth in the Dadeldhura Klippe (Greater Himalayan Sequence). Figure modified from Soucy
La Roche and Godin (2019).

Three monazite samples (24KG10, 24KG11 and 24KG12) are enriched in LREE and are
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depleted in HREEs. These three samples also show a major europium anomaly (e.g., ~0.08 —
0.07; Fig 4). Large Eu anomalies are typically correlated to the cogenetic growth of monazite
and plagioclase (Puchelt and Emmermann, 1976). Sample 24KG07 similarly shows enriched
LREE (La/Smen =4.65 + 0.41), however, it yields variably depleted HREE ratio (Dy/Yben =
14.52 + 12.36; Fig 4). The depletion of HREEs in accessory phases (e.g., zircon and monazite) is
commonly associated with cogenetic garnet growth (Rubatto et al., 2001; Warren et al., 2019).
Thus, we suggest that the variable HREE depletion observed occurs as a function of monazite
growth during garnet-in metamorphic conditions (Pyle, 2001; Kylander-Clark et al., 2013; Soucy
La Roche and Godin, 2019).

Apatite Fission-Track Analysis

Out of the nine samples analyzed, only two (24KG06 and 24KG07) yielded AFT ages
younger than the rocks corresponding crystallization age. This was due to the extremely low
uranium concentrations (Donelick, 2005; Vermeesch, 2017). Sample 24K GO06 yielded a central
age of 9.5 Ma + 4.4 Ma (n = 6) and a dispersion of 92% (Fig 5). These ages are within
uncertainty with a previous apatite and zircon (U-Th-Sm)/He study from along the Kali Gandaki
valley (Pye et al., 2023), who identified cooling ages of ~4.50 — 0.70 (Figs 2 and 8).

Age vs Elevation

24KG12

24KG12

Method

24KG11 D . ADHB

@ OJ @ mzFT

24KG10

Figure 8. Age-Elevation plot including monazite fission-track( MzFT; this paper) apatite (U-Th-Sm)/He (ApHe;
Pye et al., 2023) and zircon (U-Th)/He (ZrnHe; Pye et al., 2023) results. Samples from Pye et al., 2023 were
collected along the Kali Gandaki river. Sample 24KG07 was removed for this plot.
In the adjacent Marsyandi River, Blythe et al., (2007) collected an extensive profile of
AFT data which yielded ages of ~4-0 Ma. Sample 24KG06 was over-dispersed with one single-
grain age with a U concentration above 2 ppm (e.g., Donelick, 2005; Vermeesch, 2017) which
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yielded an age of ~9.5 Ma. As a result of low uranium concentrations, the central age likely
reflects a spurious event. However, the presence of a young grain (~3 Ma) suggests that this
sample still records some processes related to upper crustal exhumation (e.g., Blythe et al.,
2007).

Sample 24KG07 yielded a central age of 3.03 & 0.44 Ma (n = 25; Fig 5) and a dispersion
of 30%. This sample yielded relatively high U concentrations (i.e., 59.5 ppm) and passed the 2
test (P(x%)= 0.16), suggesting a single population. These data are in close agreement with the
AHe results from Pye et al., (2023) in close-proximity samples from the Kali Gandaki valley
(2.44£ 0.078 — 0.70+ 0.70 Ma) and the adjacent Blythe et al., (2007) AFT results in the adjacent
Marsyandi valley (4 —0 Ma). We suggest these AFT ages correlate to a period of exhumation in
the Pliocene (e.g., Pye et al., 2023).

Monaczite Fission-Track Analysis

Three samples (24KG12, 24KG11 and 24KG10) were collected along an elevation profile
(Aelevation = 468 m, Fig 8). The lower two samples, 24KG10 and 24KG11, yielded ages of
~0.25 and ~0.4 Ma, respectively, while the highest elevation sample, 24KG12, yielded a bimodal
age population with an older population of ~0.34 Ma and a younger population of 0.087 Ma.

24KG12MzFTvs Y

—0—

03 0.6
MzFT age (Ma)

Figure 9. Sample 24KG12 Monazite fission-track ages vs Yttrium concentration.
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In more well-established fission track thermochronology methods (e.g., apatite fission-
track and zircon fission-track), it is unusual for an igneous or metamorphic sample to preserve
multiple age populations. Over-dispersed basement samples traditionally interpreted as reflecting
partial annealing of a prior cooling event (e.g.,Gleadow et al., 2002). However, AFT samples
with elevated Cl concentrations have been found to correspond to higher annealing temperatures
and potentially multip yulations or cooling events (e.g., Green et al., 1986; Issler et al., 2022)
In monazite, fission-track ages have been found to correlate with major and trace element
geochemistry (Jones et al., 2023; Jepson et al., 2025). Jones et al., (2023) applied MzFT to four
granitoid plutons in SW Japan and find multiple distinct age populations strongly correlated with
eU content within the samples. In addition, Jones et al., (2023) identified that monazites with
higher Si concentrations were more resistant to annealing. Similarly, Jepson et al., (2025)
observes a trend where metamorphic and igneous derived monazites yield multiple age
populations as defined by the yttrium concentration. Therefore, we divide 24KG12 MzFT ages

Mz U-Th-Pb vs Y

40000

30000

20000

10000

sample

24KG07
24KG10
24KG11
24KG12

Figure 10. Allmonazite U-Th-Pb data vs Yttrium concentration.

based on high Y and low Y concentrations (Fig 9). We suggest that Y concentration may play a
role, either as a mechanism or a proxy, for a geochemical control on annealing.

The older population of 24KG12 (0.336 Ma) is consistent with a period of relatively
rapid cooling between ~0.4 - 0.2 Ma yielded from the lower elevation samples 24KG11 and
24KG10. Sample 24K G07 was collected at a lower elevation (1830 m) further down in the Kali
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Gandaki valley (~12 km) and yields a single MzFT age population of ~0.09 Ma. The 0.09 Ma
age is consistent with the young population (0.087 Ma) identified in 24KG12. The presence of
multiple MzFT age populations as discriminated by Y within a single sample suggests that the

24KG10 and 24KG11 Combined MzFT
Time (Ma)
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Figure 11. Thermal history model made with QTQt software (Gallagher, 2012) of samples 24KG10 and 24KG11.
Dashed line represents the over-estimated initial heating produced by the model.

monazite geochemistry plays a significant control on the precise temperature required for
annealing.

Thermal History Modeling

Initially, the model displays a period of heating from the initial constraints (0.7 + 0.3 Ma,
80°C £40°C) to ~140°C — 100°C at 0.28 Ma (Fig. 11). This initial period of reheating is
inconsistent with published data from Pye et al, (2023) which shows that these rocks cooled
through the apatite partial retention zone (~80 — 40 °C) by at least 0.7 Ma. An early period of
reheating would overprint these published data and even younger AHe ages. Thus, we suggest
that the MzFT annealing model may be over-estimating the magnitude of heating required to
anneal the MzFT system (Jones et al., 2021; Jepson et al., 2025). However, given the large range
of uncertainty shown by the youngest AHe age, we cannot be certain that some degree of
reheating did not occur (Pye et al., 2023). This initial heating is followed by a period of rapid
cooling from ~140 — 80 °C to ~30 — 0°C between 0.25 and 0.15 Ma (Fig 11). The timing of this
rapid cooling is consistent with our qualitative estimates which show 5.2 + 0.27 mm/yr of
apparent exhumation (Fig 8). Lastly, the model yields a period of slower cooling from ~30°C - -
10°C between 0.13 — 0 Ma (Fig 11). This period of cooling is consistent with the lower elevation
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MZzFT sample (24K GO07; 1830 m) which yielded a central age of ~0.09 Ma (Fig 8 and 6a). In
general, after 0.25 Ma, model adequately describes our tT predictions for the cooling history of
MZzFT in the sampled region.

Discussion
Paleozoic Magmatism:

We observe a minor population of ~400 Ma monazite U-Th-Pb ages preserved in sample
24KG12 (Fig 3D). The Greater Himalayan Sequence broadly consists of Neoproterozoic to
Cambrian sedimentary and metasedimentary rocks (DeCelles et al., 2020). An extensive
compilation of detrital zircon U-Pb ages spectra (n = 1399) from the metasedimentary rocks find
that the protolith age of the GHS is likely > 500 Ma (Parrish and Hodges, 1996; Gehrels et al.,
2011). Within the GHS, Cambrian to Silurian monazite and zircon U-Th-Pb ages have been
reported from mylonitic orthogneisses (Catlos et al., 2002; Gehrels et al., 2011). The
(meta)sedimentary GHS protoliths are interpreted to represent sediments derived from the
Gondwana orogen (~570 — 480 Ma), east African orogen (~650 — 620 Ma), Grenvillian orogenic
belts (~1350 — 900 Ma), and Archean-Paleoproterozoic cratons (Cawood et al., 2007; Myrow et
al., 2010). The Cambrian to Silurian orthogneiss ages, however, are interpreted to represent a
period of magmatic intrusion associated with convergent margin magmatism/terrane accretion
along the northern margin of Gondwana (e.g., Cawood et al., 2007). Here, we suggest that our
~400 Ma monazite U-Th-Pb ages correspond to the timing of magmatic emplacement of the
orthogneiss protolith.

Eocene Prograde Metamorphism:

Our Cenozoic monazite U-Th-Pb data record two age populations; one at ~40 — 30 Ma
and a second at ~20 Ma. The Eocene — Oligocene monazite U-Th-Pb ages (40-30 Ma) are widely
reported throughout the GHS but are typically restricted to the structurally highest sections
(Corrie and Kohn, 2011; Kohn, 2014). Kohn (2014) explains this boundary with monazite
geochemical and geochronologic analyses in the Modi Khola transect (east of Kali Gandaki).
They determine the main phase of movement along the MCT to occur between ~20 — 15 Ma,
structurally dividing the lower GHS and upper LHS (Kohn, 2014; DeCelles et al., 2020; Pye et
al., 2023). Similarly, Pye et al, (2022) uses U-Th-Pb age of monazites from leucogranites in the
Kali Gandaki valley to suggest slip on the STD ceased by 22 Ma. Our late Eocene ages are older
than the proposed timing of the MCT and STD (DeCelles et al., 2020; Pye et al., 2022, 2023).
Detrital thermochronologic and geochronologic signatures from the Dumri and Bhainskati
Formations (part of the Foreland Basin Sequence) in northern Nepal yield Eocene ages of ~40
Ma, suggesting crustal growth and erosion of the Tethyan Himalayan region during this time
(Najman et al., 2005; Stickroth et al., 2019; DeCelles et al., 2020). Our data support the
interpretation that crustal thickening, uplift and erosion of the Tethyan Himalayan Zone
adequately explains the Eocene — Oligocene signal in the GHS, and ultimately metamorphism
prior to STD and MCT exhumation.

The presence of garnet in samples 24KG07, 24KG10, 24KG11 and 24KG12 suggests that
the ~40-30 Ma signal represents peak and prograde metamorphism in the GHS. Similarly, Zhu
and O’Nions, (1999) review the REE distribution in monazite from the Lewisian complex of NW
Scotland. They find a trend in garnet growth as it effects Y and HREE concentration, where
those monazite-bearing samples containing garnet yield depleted Y and HREE values, and
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monazite in rocks without garnet present yield higher Y and HREE (Zhu and O’Nions, 1999).
Here, we find that 40 — 30 Ma ages covary with a relatively depleted HREE value (Fig 4) and a
relatively depleted Y value (Figure 10). Samples 24KG10, 24KG11 and 24KG12 may reflect
prograde metamorphism, given their relatively high HREE and Y values. However, 24KG07
yields relatively enriched HREE and Y (Fig 10.) Thus, we suggest that there was cogenetic
growth of garnet and monazite in sample 24K G07, and all four GHS samples grew during
prograde to peak metamorphic conditions from 40 — 30 Ma (Zhu and O’Nions, 1999; Soucy La
Roche and Godin, 2019).

Miocene Metamorphism:

The youngest monazite U-Th-Pb ages are Miocene (~20 Ma; Fig 3). Miocene
metamorphism (~20 Ma) is well documented throughout the Himalaya, suggested to represent
retrograde metamorphism due to exhumation along both the MCT and STD (Catlos et al., 2002;
Corrie and Kohn, 2011; Kohn, 2014; Pye et al., 2022). Corrie and Kohn, (2011) provide
evidence for initial cooling of the MCT at ~22 Ma, most notably that GHS samples taken along
the Modi Khola at the MCT record late prograde monazite growth at 23 — 21 Ma, and cooling
from 20 — 16 Ma. Similarly, Pye et al, (2022) suggests that activity on the STD continued from
the late Oligocene into the middle Miocene (22.5 Ma — 14.8 Ma), determined from monazite U-
Th-Pb in the Kali Gandaki valley. These U-Th-Pb ages are likely a result of Miocene N-S
extension on the STD, supported by Pye et al, (2022).

Pliocene - Pleistocene Exhumation:

Our study area is dominated by three major structures; the RT, MCT and the STD
(DeCelles et al., 2020; Fig 1A). The MCT is reported to begin activity at ~20 Ma (detrital
muscovite “°Ar/*°Ar, basement muscovite “°Ar/3°Ar; Hodges et al., 1996; DeCelles et al., 2001;
Robinson et al., 2006). The RT is reported to begin activity at ~14 Ma (Monazite U-Th-Pb, white
mica *°Ar/*°Ar; Robinson et al., 2006; Braden et al., 2017; DeCelles et al., 2020). Together, the
MCT and the RT caused considerable thickening and associated exhumation of the Himalaya.
Exhumation along the MCT and RT is coeval with ductile slip along the STD. The STD was
active from ~22 to as young as ~12 Ma as recorded through monazite U-Th-Pb from leucogranite
bodies and muscovite Ar-Ar dating of mylonite (Pye et al., 2022). The STD accommodated
significant N-S extension in the Himalaya and caused the development of a mylonite within the
GHS (Pye et al., 2022). Despite the extensive Miocene (~22 — 12 Ma) deformation and
exhumation accommodated along these structures, established low-temperature
thermochronology methods (~250 — 40°C) yield ages which are consistently far younger (<10
Myr) than the corresponding timing of movement along each structure respectively. Published
data from the Kali Gandaki and adjacent valleys correlate with our AFT results (24KGO07; 3.03 +
0.44 Ma), including AFT ages from ~3.8 — 0 Ma, AHe ages from 0.9-0.3 Ma (Marsyandi
drainage; Blythe et al., 2007), AHe ages from 2.4 — 0.5 Ma (Kali Gandaki; Pye et al., 2023), and
AFT ages from 14.3 — 6.7 Ma (Tila River; Sherpa et al., 2022). Based on the widespread
preservation of Pliocene cooling ages, we suggest that a minimum estimate of ~10 km of
exhumation would be required to remove thermochronological ages associated with fault
movement along the STD, MCT, and RT. This suggests that exhumation in this region of the
Himalaya is dominated by surface processes, rather than directly related to structural
deformation during initial fault activity.
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Pliocene — Pleistocene AHe ages (~2.4 — 0.5 Ma) from the northern Kali Gandaki valley
presented by Pye et al, (2023) are interpreted to be a result of topographic changes due to basal
ramp and duplex activity over the Main Himalayan Thrust (MHT) in the late Cenozoic (DeCelles
et al., 2001; Robert et al., 2009; Ghoshal et al., 2023; Pye et al., 2023) or major climatic shifts in
South and East Asia, including the intensification of the East Asian winter monsoon. Both
hypotheses can be used to explain a significant increase in exhumation rate (1.5 mm/yr) in the
Pliocene (Pye et al., 2023). Similarly, Blythe et al, (2007) collected a series of AFT ages from
along the adjacent Marsyandi drainage, which range from >3.8 — 0 Ma. They generally infer this
recent exhumation to be from increased activity along the MCT during the last ~1 Ma, or a
change in climatic conditions (e.g., glacial-interglacial shift). However, they see no correlation
between present day precipitation and increased Pleistocene exhumation because, despite the
drastic northward decrease in monsoonal rainfall in the Himalayas, they find no major decrease
in exhumation throughout their transects (Blythe et al., 2007). Finally, Sherpa et al, (2022)
obtained a series of Miocene — Pliocene AFT ages (15 — 7 Ma) along the Tila River, a drainage
west of the Kali Gandaki. They suggest that activity on the Ramgarh thrust in the late Miocene
drove LHS uplift, and increase the rate of incision on the Tila River, removing surface rock
(Sherpa et al., 2022). Localized basal ramp uplift, major monsoonal shifts, renewed activity of
the MCT or increased river incision are all hypothesis that may explain our AFT age of ~3 Ma,
as they are all capable of producing Miocene to Pliocene exhumation ages.
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Figure 12. Schematic tectonic model of the Kali Gandaki. Red shows the active basal MFT at 280

Late Pleistocene
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We sampled along the Kali Gandaki valley in an elevation profile across ~500 m,
yielding MzFT ages of ~0.4-0.2 Ma. Laboratory analysis of MzFT annealing identified a broad
window of annealing temperatures (~140- -70 °C; Weise et al., 2009; Jones et al., 2022).
However, field-based studies suggest that MzFT ages more reasonably record to temperatures of
<50 — 25 °C corresponding to exhumation in the upper 1 — 2 km of the crust (Jones et al., 2022;
Jepson et al., 2025). The higher elevation sample (24KG12) is over-dispersed and therefore
divided into two populations based on Y concentration of <~20000 ppm and > ~20000 ppm (Fig
6D). The lower samples (24KG11 and 24KG10) both pass the P(y?) test and yield cooling ages
of 0.39 and 0.25, respectively. Combined with the oldest population of 24KG12 (0.34 Ma) our
M2zFT data suggest a period of rapid cooling at ~0.4 — 0.2 Ma. As samples were collected across
an elevation of 468 m with a relatively short horizontal separation, we leverage the age-elevation
trend to produce an apparent exhumation rate (Fitzgerald et al., 1995; Gallagher, 2005). We
calculate an apparent exhumation rate of 5.2 + 0.27 mm/yr from ~0.4 — 0.2 Ma. This period of
rapid exhumation is consistent with thermal history model for samples 24KG10 and 24KG11,
which show a single period of rapid cooling at 0.4 — 0.2 Ma (Fig 11).

An apparent exhumation rate of ~5 mm/yr is relatively high when compared to other
exhumation rates in the area, including 1.5 mm/yr since ~3 Ma in the Kali Gandaki (AHe; Pye et
al., 2023) and 1.5 mm/yr from 2 — 0.8 Ma in the Marsyandi catchment (AFT; Blythe et al.,
2007). Our primary hypothesis for rapid exhumation between 0.4 Ma and 0.2 Ma is activity
along the MFT. Significant climate fluctuations (monsoon, glacial cycles, etc.), increased river
incision, and movement of the MCT may be valuable evidence for relatively young exhumation
along the Kali Gandaki. However, there has been a reported mean exhumation rate for Sub-
Himalayan samples along the MFT of 6.2 mm/yr over the past ~280 k.y., implying that there has
been movement along the MFT since < 280 (Bouscary et al., 2024). The timing of movement
along the MFT is consistent with our exhumation rate and MzFT age of the primary elevation
profile (5.2 mm/yr; ~0.4-0.2 Ma), suggesting that the MFT was carrying the GHS northward
since the middle Pleistocene (Fig. 12). Further, geophysical images of Himalayan subsurface
structures suggest that the MFT is forming a duplex beneath the central Himalaya (~100 km
north of the MFT; Lindsey et al., 2018). Thus, we suggest that the duplex is causing topographic
uplift at 0.4 — 0.2 Ma which, coupled with incision by the Kali Gandaki, is exhuming our
samples through the upper ~1 — 2 km of the crust (Fig. 12). Our lowest elevation sample,
24KGO07, has a MzFT central age of ~0.09 Ma, and was collected outside of the primary
elevation profile. We correlate this age with the younger population of 24KG12 (~0.09 Ma),
proving that within the Kali Gandaki drainage, MzFT age decreases with elevation. The ~0.09
Ma MzFT ages are consistent with thermal history modelling which suggest continued cooling
between 0.13 — 0 Ma (Fig. 11). Sherpa et al, (2022) explains that in order for rock uplift to
coincide with progressive strike-perpendicular erosion in a drainage, higher elevation samples
would yield relatively older ages. Based on our MzFT results, we suggest a relatively
synchronous relationship between basal movement along the MFT and incision of the Kali
Gandaki drainage since the Pliocene.

Conclusion

We present AFT, Mz U-Th-Pb and MFT data to interpret thrust activity and surface
incision relationships in the Kali Gandaki valley in central Nepal. ~500-30 Ma Mz U-Th-Pb ages
represent two metamorphic events in the Greater Himalayan Sequence during the Paleozoic
(~500-400 Ma) and Eocene (~40-30 Ma) and Miocene (~20 Ma). HREE analysis suggests
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cogenetic growth of garnet and monazite in these samples. AFT results represent a period of
exhumation in the Pliocene, supported by published literature in adjacent drainages. Lastly,
MZzFT analysis yields ages of 0.4 — 0.2 Ma, while 24K G12 yielded a bimodal age population
with an older population of 0.34 Ma and a younger population of 0.087 Ma, as defined by Y
concentrations. We propose these relatively young MzFT to represent ~280 k.y. movement along
the basal Main Frontal Thrust during the continuous sculpting of the Kali Gandaki. MzFT allows
for new opportunities to accurately explain modern surface processes and subsurface
mechanisms from the upper 1-2 km of the crust.
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Supplemental Tables

Sample | Latitude | Longitude |Elevation(m)|  Unit Lithology |Age (ma)[StdDev| Method
24KG12 | 28.642 83.588 2966 GHS mylonite | 0.087| 0.012 | MzFT
24KG12 | 28.642 83.588 2966 GHS mylonite | 0.336|0.028 | MzFT
24KG11 | 28.643 83.593 2753 GHS gneiss 0.395| 0.042 | MzFT
24KG10 | 28.647 83.594 2498 GHS mylonite | 0.246|0.018 | MzFT
24KG07 | 28.545 83.638 1830 GHS gneiss 0.094| 0.024 | MzFT
24KG07 | 28.545 83.638 1830 GHS gneiss 3.03| 0.44 | AFT

24KG06 | 28.541 83.646 1540 GHS schist 9.09| 4.4 | AFT

Table 1. Sample locations, elevations, lithologies, and reported ages. MzFT indicates Monazite Fission-Track age, and AFT
indicates Apatite Fission-Track age.

Density of
Number Tracks MzFT Age
Sample of Grains Ns  Area (cmz) Counted (Ma)
24KGO07 10 3 1.11E-05 3.85E+05 0.094
24KG10 30 8.5 1.12E-05 6.40E+05 0.246
24KG11 24 10 7.86E-06 7.54E+05 0.395
24KG12 31 13,5 1.56E-05 8.71E+05 0.79-0.03

Table 2. Monazite Fission-Track data. Number of grains per sample analyzed, number of
spontaneous track counted (Ns), median grain area in cm?, median density of tracks per grain,
and MzFT age are listed. Sample 24KG12 yielded two populations of 0.34 - 0.09 Ma.
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