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G E O L O G Y

A modern pulse of ultrafast exhumation and 
diachronous crustal melting in the Nanga Parbat Massif
Victor E. Guevara1*, Andrew J. Smye2, Mark J. Caddick3, Michael P. Searle4,5, Telemak Olsen6, 
Lisa Whalen3, Andrew R. C. Kylander-Clark7, Michael J. Jercinovic8, David J. Waters4,5

We combine monazite petrochronology with thermal modeling to evaluate the relative roles of crustal melting, 
surface denudation, and tectonics in facilitating ultrafast exhumation of the Nanga Parbat Massif in the western 
Himalayan syntaxis. Our results reveal diachronous melting histories between samples and a pulse of ultrafast 
exhumation (9 to 13 mm/year) that began ~1 Ma and was preceded by several million years of slower, but still 
rapid, exhumation (2 to 5 mm/year). Recent studies show that an exhumation pulse of similar timing and magni-
tude occurred in the eastern Himalayan syntaxis. A synchronous exhumation pulse in both Himalayan syntaxes 
suggests that neither erosion by rivers and/or glaciers nor a pulse of crustal melting was a primary trigger for ac-
celerated exhumation. Rather, our results, combined with those of recent studies in the eastern syntaxis, imply 
that larger-scale tectonic processes impose the dominant control on the current tempo of rapid exhumation in 
the Himalayan syntaxes.

INTRODUCTION
The physical and thermal evolution of mountain belts is governed 
by the interplay between tectonic deformation, the production and 
transfer of heat, crustal metamorphism, and surface denudation. The 
extent to which surficial processes (e.g., climate and erosion) can 
modulate deep crustal metamorphic and tectonic processes is poorly 
known (1–3). The places on Earth where surface denudation is most 
likely to exert control on deeper crustal processes are the syntaxial 
massifs of the Himalaya—the Namche Barwa massif (NBM) in the 
east and the Nanga Parbat massif (NPM) in the west (Fig. 1). These 
fault-bounded, antiformal massifs are characterized by extreme 
topographic relief (~7000 m) and contain the youngest exposed migma-
tites and granites on Earth, with metamorphic and melt crystalliza-
tion ages as young as 0.7 million years (Ma) (4–6). These ages imply 
exhumation rates up to 8 to 13 mm/year (4, 7, 8)—the fastest known 
intracontinental exhumation rates on the modern Earth.

Competing hypotheses have been proposed to explain ultrafast 
exhumation in these massifs (Fig. 2). In the “Tectonic Aneurysm” 
paradigm, extreme surface denudation—driven by fluvial incision 
of the powerful Indus and Tsangpo Rivers and augmented by glacial 
erosion—induces rock uplift and exhumation, enhanced by crustal 
weakening due to decompression melting (3, 9). However, more re-
cent studies suggest a “bottom-up” driver for rapid exhumation, in 
which tectonic and/or rheologically controlled crustal flow and rock 
uplift dictate the loci of enhanced surface denudation and crustal 
exhumation (4, 8, 10–13). Such bottom-up mechanisms include (i) 
crustal weakening in response to partial melting (4) and (ii) changes 

in far-field tectonic stresses and structural geometry of the orogen 
that direct crustal flow to the syntaxes, driving localized deforma-
tion and uplift (11, 12, 14). Distinguishing whether initiation of ultra-
fast exhumation in the Himalayan syntaxes is dominantly driven by 
changes in surficial, deep crustal, or far-field tectonic processes is 
central to understanding the extent to which these processes can 
modulate each other.

Here, we present a petrochronologic study of the NPM in which 
we assess the temporal relationships between metamorphism, crustal 
melting, and ultrafast exhumation. Although robust constraints have 
been placed on the timing of melt crystallization in the NPM, the 
timing and duration of partial melting of migmatites now exposed 
at the surface are less well constrained because of ambiguity in the 
reactions and pressure-temperature (P-T) conditions from which 
dated minerals grew. Such petrochronologic constraints are neces-
sary to deduce the exhumation and cooling paths experienced by 
these rocks, and to evaluate the relative roles of crustal melting, sur-
face denudation, and tectonics in the development of the syntaxial 
massifs in the Himalaya.

We present data from two rock samples from the core of the 
NPM, in which radiometric dates from monazite are linked to the 
petrologic evolution of the studied samples. We use our data in con-
junction with previously published P-T and geochronologic constraints 
(4), as well as new thermobarometric calculations, to reconstruct the 
pressure-temperature-time (P-T-t) path and melting and crystalliza-
tion histories of the studied samples. Using a one-dimensional (1D) 
thermal model, these P-T-t data are used to constrain a permissible 
range of exhumation histories. We discuss the implications of our 
results for the relative roles of surface denudation, crustal melting, 
and structural and tectonic forcing in dictating the tempo of rapid 
exhumation in the NPM.

RESULTS
Sample descriptions and petrology
We analyzed two rock samples that were collected as float from the 
Rakhiot glacier, immediately below the summit cliffs of Nanga 
Parbat and Rakhiot summit (~4500-m elevation; see sample locality 
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map reported in fig. S1), near Nanga Parbat Base Camp. Local topog-
raphy restricts the bedrock origin of the samples to the summit cliffs of 
Nanga Parbat that define the core of the NPM, where the highest–
metamorphic grade, cordierite-K-feldspar-sillimanite–bearing rocks 
are exposed (Fig. 1B and fig. S1).

Sample K-94-30 is a restitic pelite characterized by porphyroblastic 
garnet and K-feldspar. Aligned and elongated biotite, sillimanite, spinel, 
apatite, corundum, and plagioclase feldspar define a folded foliation 
(Fig. 3, A and B, and figs. S2 and S3). The presence of corundum 
and lack of quartz and muscovite suggest that this rock may have 
undergone complete muscovite breakdown melting with subsequent 
melt loss, resulting in a silica-undersaturated composition (15). Rims 
of K-feldspar on resorbed biotite, apatite, plagioclase, spinel, and 
sillimanite (Fig. 3A), and the inclusion of those minerals in porphyro-
blastic K-feldspar and garnet (Fig. 3B), and in garnet rims enriched 
in Cr (Fig. 3C), suggest the growth of garnet and K-feldspar during 
biotite breakdown melting (16). Randomly oriented biotite and pla-
gioclase surrounding resorbed garnet and K-feldspar likely grew 
during cooling and retrograde reaction between garnet, K-feldspar, 
and melt. Garnet is strongly zoned in major elements: Garnet cores 
are enriched in Ca and Mn, garnet mantles have lower Ca and high-
er Mg than the cores, and garnet rims have higher Ca and Fe than 
the mantles. Zones of high Cr concentrations correlate with high Ca 
rims and suggest that high-Ca rims may have grown during mica 

breakdown melting, as discussed above (Fig. 3C). Garnet edges are 
enriched in Mn and Mg. The strong Mn enrichment in garnet cores 
suggests that the original growth compositions of garnet have not 
experienced substantial diffusional modification (17, 18).

Monazite grains in K-94-30 occur as inclusions in high-Ca garnet 
rims, high-Ca plagioclase rims, K-feldspar, and retrograde biotite. 
In all textural locations, monazite is located proximal to or in con-
tact with rounded and resorbed apatite and plagioclase (Fig. 3, D to F). 
The shapes of monazite included in high-Ca plagioclase overgrowths 
mimic the outlines of the irregular boundaries between low-Ca 
cores and high-Ca rims (Fig. 3G). Most grains exhibit high-Y, low-
Th cores surrounded by low-Y, high-Th overgrowths (Fig. 3G and 
fig. S3). Some grains exhibit thin (<5-m-thick) high-Y rims that 
surround the low-Y mantles.

Sample K-94-29 was originally studied in (4). It comprises the 
leucosome of a migmatitic orthogneiss and contains garnet, quartz, 
sillimanite, biotite, plagioclase, K-feldspar, and cordierite. Garnet 
and K-feldspar in this rock were interpreted to have grown during 
biotite breakdown melting that occurred during exhumation through 
a very narrow depth window, as the rocks underwent a reaction that 
produced melt, along with peritectic garnet and cordierite, starting 
at ~0.5 to 0.6 GPa (18- to 22-km depth, assuming a crustal density 
of 2.8 g/cm3), 720° to 730°C (4). Further decompression to ~0.35 GPa 
(exhumation to ~13-km depth), 700° to 730°C, led to additional 
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Fig. 1. Geologic setting. (A) Simplified geologic map of the Himalaya showing the dominant lithologic units (grouped here according to structural definition) and large-
scale structures. Modified after (78), with permission from Canadian Science Publishing or its licensors. (B) Simplified geologic map of the NPM showing metamorphic iso-
grad zones, leucogranites, major faults and shear zones (SZ), notable mountain summits (NP, Nanga Parbat; RP, Rakhiot Peak; C, Chongra), and sample locations (indicated 
by white stars; the K-94- prefix to sample numbers referred to in the text has been omitted). Modified after (63) with permission from the Geological Society of London, with 
interpretations from (4). Thick white lines indicate known neotectonic faults. List of mineral isograd abbreviations: Afs, K-feldspar; Cld, chloritoid; Crd, cordierite; Ky, kyanite; 
Ms, muscovite; Sil, sillimanite; St, staurolite. (C) Schematic cross section of the NPM modified after (66) with permission from Cambridge University Press. Location of the 
cross section is shown in (B) ( lines X and X′). White stars indicate approximate sample locations. PSZ, Phuparash Shear Zone. See (63) for details.
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cordierite growth, garnet resorption, and melt crystallization (4). We 
recalculated previously published phase equilibria for this sample, 
testing the sensitivity of the inferred P-T path, and the pressures and 
temperatures of the melting and crystallization reactions discussed 
above, to input parameters such as the specific thermodynamic data 
and bulk-rock MnO content, obtaining similar results in all cases 
(fig. S4). Final melt crystallization occurred at 0.25 to 0.35 GPa (~9- to 
13-km depth) at 0.988 ± 0.003 Ma, based on high-precision isotope dilu-
tion thermal ionization mass spectrometry (ID-TIMS) 207Pb/235U dates 
from oscillatory-zoned xenotime (4), implying a time-averaged exhuma-
tion rate of 9 to 13 mm/year for the past ~1 Ma (Fig. 4B and fig. S4).

Monazite grains in K-94-29 generally exhibit resorbed, low-Y, 
high-Th cores surrounded by higher-Y, lower-Th rims. Some grains ex-
hibit multistage overgrowths marked by sharp changes in trace element 
content, with successive domains exhibiting progressively higher Y 
and lower Th. Monazite grains are found as inclusions in cordierite 
patches surrounding garnet and in plagioclase, K-feldspar, and quartz 
(Fig. 4C and fig. S5). Some grains exhibit zoning indicative of multi-
stage growth, with decreasing Th and increasing Y with each succes-
sive growth zone outward from the grain core (Fig. 4C and fig. S5).

Monazite petrochronology
In K-94-30, fifty-eight laser-ablation split-stream (see Materials and 
Methods) spot analyses from eighteen monazite grains were performed. 
Six analyses yield large date uncertainties (>1.0 Ma) and anomalously low 

208Pb/204Pb ratios and are not considered further in our interpreta-
tions. Common Pb–corrected 208Pb/232Th dates from the fifty-two 
remaining analyses range from 2.9 ± 0.6 Ma to 0.9 ± 0.2 Ma (data 
S1). In K-94-29, thirty-two spot analyses from nine monazite grains 
(see Materials and Methods) were performed. Eleven analyses yielded 
large date uncertainties (>1.0 Ma) and are excluded from further 
consideration. Of the remaining nineteen analyses, most give com-
mon Pb–corrected 208Pb/232Th dates ranging from 4.1 ± 0.5 Ma to 
1.5 ± 0.1 Ma, with two older dates at 5.7 ± 0.4 Ma and 7.1 ± 0.2 Ma 
(data S2). In both samples, the trace element composition of monazite 
varies systematically with monazite spot date (see Supplementary 
Text and figs. S6 and S7). To constrain the petrologic processes re-
sponsible for temporal variations in monazite chemistry, we reduced 
the dimensionality of the monazite age and trace element dataset 
with a principal components analysis (PCA; Fig. 5), which we dis-
cuss below. Details of the statistical methods used are presented in 
Materials and Methods.

In both samples, the PCA revealed two principal components 
that collectively explain ~90% of the total variance of the dataset. 
The dominant principal component, X1, accounts for ~83% of the 
total variance in K-94-30 and ~69% of the total variance of monazite 
composition in K-94-29. Factor loadings of the chondrite-normalized 
rare earth element (REE) concentrations for X1 show that monazite 
analyses with positive X1 scores are correlated with higher Y + 
medium and heavy REE (M-HREE) concentrations, whereas analyses 
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Fig. 2. Schematic cartoons of proposed end-member driving mechanisms for ultrafast exhumation in the Himalayan syntaxes from (3, 4, 11, 12). (A) Modified 
after (3) with permission from Geological Society of America. (B) Modified after (71), with structures from (66). (C and D) Modified after (12) with structures from (66). (B to 
D) Modified and reused with permission from American Geophysical Union.
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Fig. 3. Mineral textures of sample K-94-30. (A and B) Plane polarized light photomicrographs of mineral textures showing evidence of biotite breakdown melting. 
(C) X-ray maps of garnet showing the distribution of Ca and Cr in garnet. Inset for the Cr map is indicated in the Ca map. (D to F) Phase maps showing microstructural 
locations of monazite. (G) X-ray maps of Y, Th, and Ca zonation in monazite.

Fig. 4. Mineral textures and P-T-t history of sample K-94-29. (A) Mg x-ray map of resorbed garnet (gt) replaced by cordierite (crd) and quartz (qz). (B) Pressure-​
temperature plot showing the summary of thermobarometric and petrochronologic constraints for sample K-94-29 from both (4) and this study. (C) X-ray maps of 
Y and Th for selected monazite grains from different textural settings.
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with negative X1 scores are correlated with lower Y + M-HREE con-
centrations (Fig. 5, A and B, and fig. S8). These elemental groupings 
likely describe a dominant influence of garnet on the Y + M-HREE 
concentrations during monazite growth (19). In K-94-30, lower X1 

scores are correlated with lower Eu concentrations, and Eu/Eu* is 
not correlated with Sr (figs. S6 and S8); these patterns likely reflect 
the influence of K-feldspar on X1 in K-94-30 such that lower X1 scores 
(and thus lower Eu concentrations) indicate monazite crystallization 

B

A

D

 C

Fig. 5. Results of monazite petrochronology and principal components analysis. (A) Chondrite-normalized rare earth element plot showing trace element variation 
of monazite in sample K-94-30, with each analysis color-shaded according to its principal component (X1 and X2) scores. (B) The same as in (A) for sample K-94-29. (C) Plot 
of 208Pb/232Th date versus principal component (X1 and X2) scores for sample K-94-30. Horizontal dashed line indicates where principal component scores equal zero. Gray 
arrows illuminate temporal trends in principal component scores, with gray text showing our interpretations. 2 error bars for 208Pb/232Th date are shown for each anal-
ysis in each plot. (D) Same as in (C) for sample K-94-29. Mineral abbreviations are the same as in Figs. 2 and 3. Lines emanating from Panel D show correspondence with 
208Pb/232Th date range for sample K-94-30 in (C).
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during K-feldspar growth (19). This is not the case for K-94-29, for 
which Eu does not influence X1 (i.e., loading factors are close to 
zero; fig. S8).

The second principal component, X2, accounts for ~8% of the 
total variance in K-94-30 and ~20% in K-94-29. Monazite with high 
X2 scores is associated with MREE depletion; lower X2 scores are 
associated with MREE enrichment (Fig.  5,  A  and  B, and fig. S8). 
These patterns likely show the dominant influence of apatite on X2 
such that negative X2 scores correspond to monazite crystallization 
during apatite breakdown; positive scores correspond to monazite 
crystallization during apatite growth (20).

The dominant principal components identified indicate similar 
petrogenetic controls on the composition of monazite in both sam-
ples (growth and breakdown of garnet ± K-feldspar and apatite). 
However, those processes appear to have occurred at different times. 
In K-94-30, X1 scores have similar positive values (~1 and 2) between 
2.5 and 2.2 Ma, indicating garnet breakdown at this time (Fig. 5C). 
After 2.2 Ma, analyses show negative X1 scores, implying garnet and 
K-feldspar growth, which trend toward progressively lower values 
through time and reach a minimum value of −3.5 at 1.3 Ma (Fig. 5C). 
Thus, monazite likely records garnet and K-feldspar growth be-
tween 2.2 and 1.3 Ma, coincident with an increase in monazite Th 
concentration (fig. S6). Analyses younger than 1.3 Ma have higher 
X1 scores, with the youngest analysis of 0.9 Ma having a positive X1 
score (1.1), suggestive of garnet ± K-feldspar breakdown at this 
time. X2 scores for K-94-30 show no systematic variation with age, 
with scores showing both positive and negative values throughout 
the range of 208Pb/232Th dates (Fig. 5C).

In K-94-29, the two oldest spot analyses show X1 scores around 0. 
The analysis with the lowest X1 score has a 208Pb/232Th date of 4.1 Ma, 
suggestive of garnet growth at this time. X1 scores are positive from 
3.9 Ma and show a general increase with progressively younger spot 
dates (Fig. 5D), consistent with progressive garnet breakdown be-
tween 4.1 and 1.5 Ma. This trend is coincident with decreasing Th 
starting at ~4 Ma (fig. S7). X2 shows positive scores beginning at 4.1 Ma, 
also generally increasing with progressively younger analyses (Fig. 5D), 
reflecting progressive apatite growth during this interval.

DISCUSSION
Petrologic evolution: K-94-30 (restitic pelite)
The trace element compositions, internal textures, and textural set-
tings of the dated monazite grains allow us to interpret isotopic 
dates in the context of the petrologic and P-T evolution of the sam-
ples. Although we cannot exclude the influence of unmapped struc-
tures within the massif that may separate the original outcrops of the 
samples, we emphasize that the sampling localities of these rocks 
and the lack of known internal structures within the massif are both 
consistent with our assumption that each sample experienced a 
common P-T-t history. The temporal trends in monazite chemistry 
allow us to reconstruct their divergent reaction histories through-
out this P-T-t history.

In K-94-30, we interpret the cluster of analyses with dates of ~2.5 
to 2.2  Ma and high X1 scores (corresponding to high Y, low-Th 
monazite cores) to record the growth of high-Y monazite cores 
during garnet and apatite recrystallization. This is consistent with 
expected Y + M-HREE partitioning from Pyle et al. (21) in a pro-
grade reaction in which Y-rich garnet reacts with apatite to produce 
Ca-rich garnet, Ca-rich plagioclase feldspar, and Y-rich monazite. 

This interpretation draws support from textural observations of 
monazite growing in close proximity to resorbed apatite and low-Ca 
plagioclase cores, and inclusion of monazite in high-Ca plagioclase 
rims (Fig. 3). From 2.2 to 1.3 Ma, decreasing X1 scores (correspond-
ing to low-Y, high-Th monazite overgrowths) and increasing Th 
(fig. S6) are interpreted to record monazite (re)crystallization during 
peritectic garnet and K-feldspar growth and partial melting, consistent 
with textures indicative of biotite breakdown melting (Fig. 3). The 
negative correlation of Th and total REE concentrations (fig. S6) is 
consistent with elemental exchange between monazite and silicate 
melt (22). The data therefore suggest a period of biotite breakdown 
melting between 2.2 and 1.3 Ma, in which peritectic K-feldspar and 
high-Ca and Cr garnet rims grew. This brief duration of garnet growth 
is consistent with the preservation of original, prograde chemical 
zonation in the cores of millimeter-sized garnet (17). The youngest 
datum of 0.9 Ma suggests a return to high Y, low Th, and Sr concen-
trations, and positive X1 scores by 0.9 Ma, recording monazite growth 
during garnet breakdown and melt crystallization—consistent with 
the thin, outermost high-Y rims observed on some monazite grains 
(Figs. 3 and 5).

In summary, we interpret monazite in K-94-30 to record the fol-
lowing petrologic evolution: (i) Between ~2.5 and 2.2 Ma, partial 
garnet and apatite breakdown resulted in the initial growth of high-Y 
monazite cores and high-Ca garnet and plagioclase rims; (ii) between 
2.2 and 1.3 Ma, partial melting, K-feldspar growth, and continued 
growth of high Ca garnet rims were accompanied by the develop-
ment of low-Y monazite rims; (iii) melt crystallization and garnet 
breakdown were underway by 0.9 Ma (Fig. 5C).

Petrologic evolution: K-94-29 (migmatitic orthogneiss)
In K-94-29, a drop in X1 scores (lower Y + HREE) and a concomitant 
increase in Th (Fig. 5D and fig. S7) between 5.7 and 4.1 Ma are 
interpreted to record monazite (re)crystallization during biotite 
breakdown melting, involving garnet growth and feldspar decom-
position. According to phase equilibria calculations (fig. S4) (4), 
such partial melting occurred as the rock decompressed through 0.5 
to 0.6 GPa at 720° to 730°C. The progressive enrichment in Y 
and HREE in monazite beginning ~4 Ma is interpreted to record 
monazite crystallization during subsequent garnet breakdown. This is 
confirmed by the increasing X1 scores after 4.1 Ma, with analyses 
yielding positive X1 scores after 3.9 Ma (Fig. 5D). A concomitant 
decrease in Th in monazite is consistent with growth during pro-
gressive melt crystallization and fractionation of Th from the melt 
by monazite (23). Decreasing Sr and Eu/Eu* in monazite through this 
time interval are interpreted to track coeval feldspar growth (24). The 
positive and increasing X2 scores through this time interval suggest 
coeval apatite growth. The temporal trends in monazite chemistry 
in K-94-29 are consistent with the textural settings of monazite 
(occurring as inclusions in cordierite, quartz, and feldspar) as well 
as the internal chemical zonation in some monazite grains, which 
indicate multistage growth of increasingly higher-Y and lower-Th 
monazite (Fig. 4C).

In summary, we interpret monazite in K-94-29 to record (i) biotite 
breakdown melting beginning sometime between 5.7 and 4.1 Ma 
and (ii) progressive garnet breakdown, cordierite growth, and melt 
crystallization from ~4 to 1.5 Ma (Fig. 5D). Previous high-precision 
ID-TIMS xenotime dates from this sample from Crowley et al. 
(4) suggest that melt crystallization was probably complete by 
0.99 Ma.
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Melting, crystallization, and exhumation histories
Our petrochronologic analysis shows that Plio-Pleistocene partial 
melting in the core of the NPM was not synchronous in the two 
samples considered: Progressive crystallization of melt produced by 
biotite breakdown melting in sample K-94-29 occurred during ex-
humation, which began between 5.7 and 4.1 Ma, before the onset of 
biotite breakdown melting in K-94-30, which began ~2.2 Ma and 
continued to ~1.3 Ma. In situ melt crystallization in K-94-29 began 
at ~4 Ma and was nearly finished at 0.99 Ma, at which point melt 
crystallization in K-94-30 had likely only begun. The observed dis-
parate timing of melting can be explained by likely prior melt loss 
that led to the restitic (muscovite and quartz-free) mineral assem-
blage observed in K-94-30. Because of positive Clapeyron slopes of 
biotite breakdown melting reactions (15), this would result in crossing 
of the biotite breakdown melting reaction at lower pressures during 
near isothermal decompression than in more fertile rocks.

The data presented here, in combination with previous geochro-
nology and P-T constraints on the onset and termination of garnet 
breakdown, cordierite growth, and melt crystallization in K-94-29 
from (4), allow us to reconstruct the time-averaged Plio-Pleistocene 
exhumation rates of the NPM. Garnet breakdown, cordierite growth, 
and melt crystallization began ~4 Ma at depths of 18-22 km 
(assuming a crustal density of 2.8 g/cm3). Final melt crystallization 
occurred by 0.99 Ma at 9- to 13-km depth, indicated by the coinci-
dence between the predicted composition of cordierite rims and 
crossing of the P-T path through the solidus (4). Collectively, these 
data suggest that exhumation from depths of 18-22 km to 9-13 km 
(i.e., 5 to 13 km of total exhumation) occurred over a duration of 
~3 Ma, resulting in time-averaged exhumation rates of ~2 to 4 mm/
year before 0.99 Ma. Since at least 0.99 Ma, exhumation rates have 
been 9 to 13 mm/year—similar to estimates of modern surface de-
nudation rates in the NPM (25). This implies that exhumation ac-
celerated considerably ~1 Ma.

The validity of our interpretations can be tested by assessing the 
magnitudes of potential sources of uncertainty in our data and their 
effects on the inferred exhumation rates. The petrologically derived 
exhumation rates calculated here require precise quantification of 
(i) the pressure (depth) at which replacement of garnet by cordierite 
began in K-94-29, (ii) the pressure at which final equilibration and 
melt crystallization occurred, and (iii) the timing of these petrologic 
events. The pressures at which reactions occurred are constrained 
by phase equilibria modeling calculations, for which uncertainties 
arise from the thermodynamic data, activity-composition models, 
and bulk composition used for modeling. The uncertainties associated 
with phase equilibria modeling are difficult to quantify precisely, 
although maximum uncertainties on pressure on any calculation are 
considered to be ±0.1 GPa (26). The modeling presented in (4) used 
thermodynamic data and activity-composition models that have 
since been updated. It also excluded MnO from the bulk-rock com-
position, which has the effect of potentially reducing the apparent 
stability of garnet at lower pressures, thus affecting the interpreted 
exhumation history. Our calculations, which incorporate MnO and 
up-to-date activity-composition models, show that the range of 
pressures deduced for key reactions varies by ±0.05 GPa when con-
sidering different combinations of thermodynamic data and activity-​
composition models, as well as subtly different bulk-rock MnO 
contents (fig. S4). However, the total interpreted pressure differ-
ence between initial and final cordierite growth and melt crystalli-
zation is nearly identical regardless of the thermodynamic data and 

activity-composition models used, or amount of MnO in the bulk-
rock composition.

The timing of final melt crystallization is well constrained, with 
the youngest oscillatory-zoned xenotime in (4) giving a precise date 
of 0.988  ±  0.003  Ma. The timing of initial cordierite growth and 
garnet resorption is less well constrained, although our monazite data 
place a minimum bound of 4.1 ± 0.5 Ma, as analyses younger than 
this give progressively increasing and dominantly positive X1 scores, 
indicating monazite growth during garnet breakdown. Propagation 
of uncertainties on the bounding dates and pressures (assuming 
0.1 GPa uncertainty and crustal density of 2.8 kg/m3) yields a de-
compression rate of 0.06 ± 0.04 GPa/Ma, or a 2.3 ± 1.7 mm/year 
exhumation rate, between 4.1 and 0.99 Ma. According to this anal-
ysis, the maximum time-averaged exhumation rate during this time 
span is 4 mm/year. If the timing of initial cordierite growth and 
garnet resorption is older than 4.1 Ma, exhumation rates during this 
period would be lower. Between 1 and 0 Ma, our analysis indicates 
that the minimum time-averaged exhumation rate was 9 mm/year. 
We therefore interpret our data to record a substantial acceleration 
in exhumation of the NPM at around 1 Ma, from 2 to 4 mm/year to 
9 to 13 mm/year. A similar acceleration was hypothesized in (4) to 
have begun 1.7 Ma, but the lack of textural and chemical context of 
dated mineral grains prevented their ability to link isotopic dates to 
metamorphic reactions and thus resolve the exact timing of the ac-
celeration. Our data confirm their hypothesis and better constrain 
both the timing of accelerated exhumation and the rates of exhuma-
tion before the onset of ultrafast exhumation.

Modern exhumation rates throughout the rest of the Himalaya 
have been estimated by low-temperature thermochronologic studies 
(27, 28); however, the depths and time scales over which these tech-
niques can quantify exhumation rates (and any changes thereof) are 
limited by the elevated near-surface thermal gradient in the NPM 
(>100°C/km) (29, 30). Therefore, the exhumation rates—and any 
changes in exhumation rate—when rocks of the NPM were still 
>700°C may be most robustly constrained by linking the timing and 
P-T conditions of high-temperature metamorphic mineral growth, 
as demonstrated here.

Constraints on NPM exhumation from thermal modeling
A simple thermal model was constructed to examine whether the 
petrologically constrained P-T-t path discussed above is consistent 
with exhumation at various rates and to investigate the permissible 
geologic conditions necessary to reproduce the P-T-t path. For sim-
plicity, we modeled a 1D, 22-km-thick vertical column, assuming a 
constant basal temperature of 750°C, intended to simulate a constant 
flow of migmatitic rock in the middle crust beneath the NPM. This 
geometric simplicity can be justified by the high exhumation rates 
at Nanga Parbat, which yield Peclet numbers > 1 (Pe = Lu/, where 
L is the characteristic length scale, u is the flow velocity, and  is 
the thermal diffusivity) for plausible parameter ranges and imply an 
advection-dominated thermal field (e.g., Pe ~2 or ~5 for 5 mm/year 
flow velocity, 1 × 10−6 m2/s thermal diffusivity, and 10- or 30-km 
length scale, respectively; Pe ~3 or ~10 for the same conditions but 
at 10 mm/year flow). The thermal effects of horizontal or shallowly 
inclined flow were not considered and potentially limit the applica-
bility of our model, although we note that the deep crustal velocity 
field below Nanga Parbat is currently poorly known. In the absence 
of such constraints, we assumed that any subhorizontal crustal flow 
delivers hot, partially molten crust to the base of a steeply exhuming 
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column, maintaining a constant temperature at 22-km depth. Radio-
genic heat production was set to 3 W/m3 throughout the column, 
consistent with high U and Th contents of NPM gneisses (31).

We considered various combinations of exhumation rate over 
the past 10 Ma, with exhumation at or below 2 mm/year yielding 
P-T paths much cooler than the petrologic constraints (solid and 
dotted gray curves in Fig. 6). Exhumation at a constant 5 mm/year 
(the time-averaged exhumation rate derived from our data) pro-
duces a P-T path that is characterized by similar isobaric decom-
pression to the petrologic constraints but would result in samples 
that were at least 5 km shallower and 200°C cooler than our results 
by 1 Ma (dashed gray curve; Fig. 6)—far outside the bounds of thermo-
barometric uncertainties. Models that simulate 10-mm/year exhu-
mation since 1 Ma and 2 to 4 mm/year in the interval between 4 and 
1 Ma are generally too cold if exhumation either began 4 Ma or was 
slow before that (green curves in Fig. 6). It thus appears that the 
onset of exhumation at rates ≥5 mm/year predated 4 Ma.

Models that simulate 5 mm/year exhumation between 10 and 4 Ma 
(i.e., before our samples arrived at the base of the modeled column) 
result in early heating of the crustal column at shallower depths and 
can produce P-T-t paths that broadly agree with petrologic and geo-
chronologic constraints from this study and in (4). In these cases, 
we explored a range of exhumation rates after 4 Ma, with all experi-
encing at least 10 mm/year exhumation in the past 1 Ma (yellow 
curves in Fig. 6). Although it is difficult to assess the relative merits 
of each of these models (given the uncertainty on petrologic and 
geochronologic constraints and the simplicity of the 1D model), it is 
clear that a simulation for exhumation rates estimated directly from 
the available constraints (13 mm/year since 1 Ma and 2 to 4 mm/year 
before then) produces a reasonable fit to the petrologically con-
strained P-T-t path (blue curve; Fig. 6). All model results also show 
reasonable agreement to geologically constrained estimates of the 
modern near-surface geothermal gradient in the core of the NPM 

(>100°C/km) (29), although our 1D thermal model is too simple to 
accurately model thermal gradients in mountain belts in which to-
pography may strongly influence isothermal structure.

Our modeling suggests that continual, rapid (5 mm/year) extru-
sion of hot (~750°C) crust from 22-km depth in the NPM starting at 
~10 Ma advected heat and deflected crustal isotherms toward the 
surface (29, 32). This elevated the near-surface thermal gradient and 
produced near-isothermal conditions in the middle crust before 
4 Ma, required by the P-T-t path of our samples. High near-surface 
geothermal gradients before 4 Ma could be achieved by other mech-
anisms not explored by our thermal model, such as increased basal 
heat flow from the mantle or continuous melt migration and em-
placement at shallow depths before ~4 Ma (33). There is no evidence 
for thermal erosion of the lithospheric mantle beneath the NPM (34), 
discounting the role of increased mantle heat flow. Although leu-
cogranite intrusions in the NPM have been emplaced from Miocene 
to Pleistocene time (discussed below), the relative volume of leucogranite 
in the NPM is thought to be minor (Fig. 1), and the solidus tempera-
tures of leucogranite intrusions were not higher than the peak tem-
peratures of the rocks in which they were emplaced. Therefore, melt 
migration likely did not exert a dominant control on the heat budget 
of the NPM during exhumation. These observations, in concert with 
our thermal modeling, suggest that our petrochronologic results re-
quire antecedent flow of hot middle crust into, and extrusion out of, 
the NPM. The same process has been proposed to occur in the eastern 
Himalayan Syntaxis based on magnetotelluric imaging of the lower 
crust beneath the NBM (35). Below, we discuss potential roles of 
different exhumation mechanisms that could have driven the pulse 
of rapid exhumation in the NPM recorded by our samples.

A modern pulse of ultrafast syntaxial exhumation
The total, time-averaged exhumation rate implied by our data is be-
tween 4.5 and 5.5 mm/year, consistent with previous long-term esti-
mations of exhumation rates in the NPM since the Miocene (5, 9). 
However, we show here that exhumation in the NPM may be pulsed, 
with periods of slower, but still rapid exhumation (~2 to 4 mm/year) 
punctuated by a phase of ultrafast exhumation (9 to 13 mm/year) in 
the past 1 Ma. Petrologic studies suggest that the former midcrustal 
channel preserved in the exposed Greater Himalayan Sequence in the 
central Himalaya (Fig.  1) underwent brief periods of anomalously 
rapid exhumation approaching plate tectonic rates (6 to 10 mm/year) 
in Oligo-Miocene time, themselves thought to represent pulses of ac-
celerated midcrustal flow (36–38). The syntaxial massifs of the oro-
gen are currently the sites of the highest intracontinental exhumation 
rates on the modern Earth. However, our data reveal that ultrafast 
exhumation in the NPM has only operated for ~1 Ma and was pre-
ceded by several million years of slower exhumation (Figs. 6 and 7). 
Recent studies have documented a similar acceleration of exhuma-
tion to ultrafast rates (from ~1 to 4 mm/year to 9 to 10 mm/year) in 
the eastern Himalayan syntaxis—the NBM, which also began ~1 Ma 
(Fig.  7) (12, 13). Thus, the ultrafast exhumation rates observed in 
both syntaxial massifs are a geologically recent phenomenon and 
may represent a modern exhumation “pulse” against a background 
of slower, but still anomalously rapid, exhumation rates (Fig. 7). The 
synchroneity of this pulse in both syntaxes—but not in Greater 
Himalayan Sequence in the central Himalaya (Fig. 7)—implies that a 
common process was responsible for localized accelerated exhuma-
tion in the syntaxes; below, we discuss possible geodynamic mecha-
nisms for this acceleration (Fig. 2).

Fig. 6. Results of 1D thermal model. P-T-t paths calculated for various combina-
tions of exhumation rates, assuming a constant temperature of 750°C at 22-km 
depth (gray, green, yellow, and blue curves). Legend panel identifies the exhuma-
tion rate at 10 to 4 Ma, 4 to 1 Ma, and after 1 Ma for each curve. Large gray arrow 
and light gray dashed curve represent petrologic constraints on the P-T path and 
the position of the solidus, respectively (both as in Fig. 4B).
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Onset of ultrafast exhumation: The role of surficial processes
A current paradigm for the initiation of rapid exhumation in the 
syntaxial massifs is the Tectonic Aneurysm model, in which spatially 
focused surface denudation driven by the Indus River locally accel-
erates rock uplift and exhumation of hot mid and lower crust at the 
syntaxes (3, 32). The Indus River likely formed ~40 Ma when the 
Tibetan plateau rose to near its present height (39). It was definitely 
set in course before 20 Ma, when the dextral strike-slip Karakoram 
fault diverted it by ~120 km (40, 41). The Indus River cuts diagonally 
across the north-south (N-S) trending NPM before turning south 
along the western margin of NPM roughly coincident with the 
Rakhiot fault (Fig. 1B). Our data do not specifically address the role 
of the Indus River in driving initial exhumation of the NPM, which 
is thought to have begun ~10 to 13 Ma (42, 43). However, the ante-
cedence of the Indus River relative to the Pleistocene acceleration in 
exhumation, as well as evidence for a stable drainage configuration 
(i.e., no major stream capture events) in the western Himalaya since 
the late Miocene (44) preclude the role of fluvial erosion in trigger-
ing accelerated exhumation at ~1 Ma.

Glacial erosion has also been postulated to cause intense local-
ized erosion, crustal deformation, and uplift during orogenesis (45, 46). 
The ~1-Ma acceleration in exhumation coincides with the mid-
Pleistocene transition, a period between 1.2 and 0.7 Ma in which the 
duration of glacial-interglacial cycles increased from 41 to 100 ka. 
The effect of longer glacial cycles could enhance the efficacy of gla-
ciers as agents of surface erosion (45). Glacial erosivity is expected 
to scale with glacier mass (47); thus, longer glacial-interglacial 
cycles allow glaciers to build greater mass and hence erode more. 
Enhanced erosivity of glaciers as a result of the mid-Pleistocene 
transition has been suggested to locally accelerate exhumation in 
glaciated areas where rapid, tectonically driven exhumation is al-
ready occurring (45, 48). Models suggest that enhanced surface heat 
flux in tectonically active regions may promote development of 
warm-based glaciers and thus induce more effective, localized 
glacial erosion in areas where the near-surface thermal gradient, 
dictated by tectonic processes, is high (49). The NPM has an en-
hanced near-surface geothermal gradient due to upward bowing of 

isotherms in the core of the massif, driven by antecedent upward 
flow of hot middle crust (29, 30). Thus, the NPM may have been 
primed for rapid exhumation by increased glacial erosion at the 
mid-Pleistocene transition.

Despite this, several observations suggest that glacial erosion was 
not solely responsible for the acceleration in exhumation and rock 
uplift. First, the high-surface topography of the NPM compared to 
its surroundings shows that erosion rates have not kept pace with 
rock uplift over at least the past 1 Ma. The N-S trend and antiformal 
nature of the massif is opposite to the arcuate, mainly east-west (E-W) 
trend of high-glacial coverage along the Himalaya, and the highest 
rates of exhumation are observed in the southern part of the NPM, 
around the core zone of the highest-grade metamorphic rocks. If 
glacial erosion exerted the primary control on the location of rapid 
exhumation of midcrustal rocks in the massif, we expect the massif 
to have a dominantly E-W trend, and/or exhumation rates to be 
similarly high in the northern part of the massif, which is also glaciated. 
Furthermore, the adjacent Karakoram range, which has a uniformly 
greater glacial coverage (and thus likely more glacial erosion poten-
tial) than the NPM (50), has not undergone uniformly extreme rates 
of mid-Pleistocene exhumation (51). Last, the NBM in the eastern 
syntaxis appears to have undergone a similar acceleration in exhu-
mation rates ~1 Ma (7, 8, 52), in a much wetter climate, in which we 
would expect more effective glacial erosion.

These observations suggest that surface processes and tectonic 
uplift may engage in a positive feedback at the syntaxes, but that 
surface erosion responds to rock uplift rather than vice versa, at least 
over the 105 to 106 Ma time scales considered here. The accelerated 
exhumation at ~1 Ma must therefore be primarily driven from the 
bottom-up as a manifestation of (i) a change in the rheology of the 
Himalayan middle crust driven by, for example, an episode of 
partial melting, (ii) a structurally dictated change in mass flux 
in the syntaxes, (iii) a change in tectonic forcing or plate geometry 
that increased mass flux to and in the syntaxes, or (iv) a combina-
tion of these processes. We discuss below the plausibility of these 
processes in the context of the new petrochronologic data pre-
sented here.

Fig. 7. Temporal correlation of study results to previous work. This compilation illuminates relationships between the timing of (from left to right) (i) different petro-
logic events in the studied samples; (ii) magnitudes of changes in exhumation rates in Nanga Parbat (based on our data) and Namche Barwa, based on data from (7) and 
(8); and (iii) magnitudes of, and changes in, exhumation rates in the Greater Himalayan Sequence from other parts of the Himalaya (27, 28, 79, 80).
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Onset of ultrafast exhumation: The role of crustal weakening 
and buoyancy upon melting
Partial melting, even to small extents of just a few volume percent 
melt, can decrease rock strength by at least one order of magnitude 
(53). Thus, partial melting and associated crustal weakening may trig-
ger and/or accelerate ductile midcrustal flow and rapid exhumation 
in active orogenic belts. Moreover, the buoyancy increase associated 
with partial melting may assist exhumation (54). Oligo-Miocene 
pulses of rapid exhumation in the Greater Himalayan Sequence are 
thought to have been triggered by partial melting that occurred just 
before, or coeval with, the period of rapid exhumation (36–38, 55). 
This was suggested to explain ultrafast exhumation in the NPM in 
(4), which proposed that the biotite breakdown melting reaction, 
crossed during decompression through ~0.5 GPa, sufficiently weak-
ened the crust to trigger the onset of extremely rapid exhumation. 
However, we show that the onset of biotite breakdown melting in 
the studied samples (~4 Ma in K-94-29 and ~2.1 Ma in K-94-30) 
and the acceleration of their exhumation (1 Ma) were diachronous: 
In situ melt crystallization in some rocks may have been complete, 
while others may have been melting at the onset of accelerated ex-
humation (Fig. 7). This makes it difficult to conclusively attribute 
bulk crustal weakening in the NPM core due to in situ, late-stage 
biotite breakdown melting as the dominant trigger for its exhuma-
tion at extreme rates.

Could an episode of partial melting at deeper crustal levels have 
weakened an already-deforming and flowing crust sufficiently to 
accelerate crustal flow and exhumation at ~1 Ma? Throughout the 
entire span of monazite dates recorded here (7.1 to 0.9 Ma), granitic 
magmas were being emplaced into the rocks now exposed in the core 
of the NPM, crystallizing into tourmaline leucogranites (4–6, 42, 56). 
Rb-Sr isotopic analysis of these leucogranite bodies shows that they 
were derived from muscovite breakdown melting of rocks at greater 
depth than the current exposure (15). Thermodynamic modeling 
suggests that fertile lithologies (e.g., water-saturated metapelites) 
may produce 4 to 5 mole percent (mol %) melt through muscovite 
breakdown melting upon reaching 730°C (57): sufficient to sub-
stantially weaken the crust (53) but not enough to induce buoyancy-
driven diapiric flow (54). Several leucogranite bodies were emplaced/
crystallized just before the onset of and during the accelerated exhu-
mation shown here. These include the 1.4-Ma Mazeno Pass pluton, 
the 1.8- to 1.1-Ma Rupal dikes, and 0.7-Ma dikes in the outer mar-
gins of the massif (4–6, 42, 56). Seismic and magnetotelluric studies 
suggest the presence of water-undersaturated middle and lower 
crust under the NPM and the absence of large connected volumes of 
melt (58).

Muscovite breakdown melting at depth was clearly occurring 
near the onset of accelerated exhumation in the NPM and is likely 
ongoing today, but whether such melting was sufficiently volumi-
nous and occurred episodically to trigger accelerated exhumation 
is unknown. The synchroneity in accelerated exhumation in both 
syntaxes suggests a common driving mechanism for ultrafast exhu-
mation. Thus, if attainment of some critical melt fraction was essen-
tial to trigger a pulse of exhumation in the syntaxes, a pulse of 
abundant leucogranite generation at ~1 Ma should also be seen in 
the NBM. While zircon rims in granitic glacial float from the NBM 
as young as ~1 Ma have been dated, the volumes of such granites 
and the petrological significance of such dates are unknown (59). 
Existing petrochronology of migmatites from the NBM does not 
show evidence of Pleistocene metamorphism and melting (60–62). 

Further mapping, geochronology, and quantification of leucogran-
ite volumes in both syntaxes and constraints on the modal abun-
dance of muscovite in the source rocks for these melts (15) are 
necessary. Regardless, a synchronous partial melting “event” would 
require the crust beneath both syntaxes to have similar melt fertility 
(governed by the distribution of melting reactants, fluid availability, 
and melt loss history during previous episodes of metamorphism) 
and thermal histories—a seemingly unlikely coincidence (63).

Onset of ultrafast exhumation: The role of structural control 
and tectonic forcing
Rock uplift in the NPM is accommodated by active faults/shear 
zones on its eastern and western margins that accommodate E-W 
contraction indicated by field and geodetic studies (Fig. 1) (63–67): 
a west-vergent thrust fault on the west (Rakhiot-Liachar thrust) and 
a steeply dipping east-side down fault on the east (Stak fault). The 
Stak fault has not been studied in detail; modern slip rates are un-
known, although neotectonic displacement is thought to be relatively 
minor (Fig. 1C) (64, 66). Geodetic studies reveal dominantly westward 
movement of the NPM (relative to the adjacent Kohistan terrane) 
and an asymmetric present-day velocity field, with the highest ve-
locities recorded on the western margin of the massif (65, 67). This 
suggests that the Rakhiot-Liachar thrust, which slips between 5 and 
20 mm/year (65, 67), combined with distributed deformation in the 
core of the massif (68), is responsible for active uplift of the NPM 
(Fig. 1) and enables exhumation of hot middle crust (66, 69). Although 
ambiguity remains regarding which structures of the NPM played a 
role in its exhumation and at what points in its evolution different 
structures were active (63), existing constraints suggest that the 
Rakhiot-Liachar thrust may have been active in uplifting partially 
molten crust since Miocene time (42, 63). If accelerated uplift due to 
movement on the Rakhiot-Liachar thrust played a role in the ~1-Ma 
acceleration of exhumation, then such movement should be linked to 
increased E-W contraction, uplift, and, ultimately, mass influx to 
the base of the NPM. Uplift of the NBM in the eastern syntaxis ap-
pears to be accommodated by northwest-directed thrust faults on 
its northwestern margin based on earthquake focal mechanisms 
(59, 70). The nearly synchronous timing of accelerated exhumation 
of young, hot middle crust in both syntaxial massifs (Fig. 7) may 
therefore reflect (i) a plate-scale geometric change in the orogen that 
accelerated mass input into the syntaxes and/or (ii) a structural con-
trol on mass input into the syntaxes.

Recent geodynamic and geophysical modeling studies suggest that 
uplift and mass influx to the base of the massif may be linked to the 
3D geometry of the plate margin, specifically as a consequence of 
the development of the arcuate shape of the Himalaya. Geometric 
stiffening at the corners of a curved down-going plate in an arcuate 
convergent boundary (such as the Himalaya) is a natural conse-
quence of its geometry, that is, geometric stiffening at the plate 
corners produces an orogen-normal, antiformal asperity on the 
down-going plate (12). Geodynamic models show that underthrusting 
of such a rigid asperity can induce localized uplift and ultrafast ex-
humation of the upper plate (12). However, this model fails to ac-
count for the exhumation of lower-plate (Indian plate) crust in the 
syntaxes (63).

Another mechanism proposed to drive mass input and uplift in 
the syntaxes is orogen-parallel crustal flow (11, 71). In this mecha-
nism, strain partitioning that originates from along-strike changes 
in convergence obliquity due to the curvature of the orogen causes 
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orogen-parallel crustal flow and vertical extrusion in the syntaxes. 
Thus, changes in convergence obliquity due to changes in the 3D 
orientation of the orogen may accelerate orogen-parallel crustal 
flow, triggering localized ultrafast exhumation in the syntaxes.

Alternatively, an acceleration of exhumation at 1 Ma in the syn-
taxes may simply be a consequence of structurally controlled crustal 
velocity during orogen-parallel crustal flow. The Rakhiot-Liachar thrust 
is steeply dipping, and its geometry below ~10 km is unknown. If 
connected to a shallow-dipping basal detachment, then the phase of 
slower exhumation from 4 to 1 Ma (~2 to 4 mm/year) revealed by 
our data could be interpreted to track crustal flow along the shallow-
dipping basal detachment. A change from flow along this detach-
ment to nearly vertical flow along the Rakhiot-Liachar thrust in the 
NPM would manifest in the rock record as acceleration to ultrafast 
exhumation without any change in the rate of crustal flow. Thus, 
the 1-Ma acceleration in exhumation may track a change from pre-
dominantly horizontal flow at midcrustal depths to nearly vertical 
flow along the Rakhiot-Liachar thrust in the NPM. An implication 
of this structural control is that earlier-exhumed rocks in the outer 
margins of the NPM would all have experienced a late-stage accel-
eration in exhumation during their ascent to the surface throughout 
the evolution of the NPM; whether or not this would be preserved 
in the rock record is unclear. Our petrochronologic data cannot dis-
tinguish between orogen-scale geometric changes or structurally 
controlled crustal flow as the main reason for the observed ~1-Ma 
pulse of exhumation in the NPM. However, the broader geologic 
constraints discussed above and in the preceding sections suggest 
that this modern pulse of accelerated exhumation was dominantly 
influenced by tectonics.

In summary, our study reveals diachronous melting and crystal-
lization histories between different rocks in the NPM, as well as a 
pulse of ultrafast (9 to 13 mm/year) exhumation that began ~1 Ma, 
which was preceded by slower exhumation (2 to 4 mm/year). Our 
data, combined with results of studies that show a similar pulse of 
ultrafast exhumation in the NBM, suggest that neither surficial pro-
cesses (fluvial and/or glacial erosion) nor crustal melting was the 
dominant trigger for accelerated exhumation at ~1 Ma. Results from 
1D thermal modeling are consistent with slower, but still rapid, 
crustal extrusion in the NPM preceding the ~1-Ma ultrafast exhu-
mation by several million years. The data do not indicate whether 
or not the Tectonic Aneurysm mechanism was responsible for ini-
tial exhumation of the NPM. Rather, our study, combined with re-
sults of recent studies, collectively suggests that the current tempo 
of rapid exhumation in the Himalayan syntaxes is relatively insensi-
tive to changes in the efficacy of surface denudation and is ultimately 
dictated by tectonic or structural forcing.

MATERIALS AND METHODS
Samples, petrography, and imaging
Both of the studied samples were collected as float from the upper 
reaches of the Rakhiot glacier by M. P. Searle in 1994. Polished thin 
sections were made and used for petrographic and electron beam 
analysis and imaging. Two thin sections for sample K-94-30 and 
one thin section for sample K-94-29 were used for this study. Mineral 
textures and assemblages in each thin section were characterized 
using optical and electron microscopy. Full thin section element 
maps of Ca, Mg, Mn, K, Na, P, Si, Ti, Y, and Zr, as well as element 
maps of Ca, Mg, Fe, Mn, and Cr of individual garnet crystals in both 

samples were made using a combination of energy-dispersive spec-
trometry (EDS hypermapping) and wavelength-dispersive spectros-
copy (WDS) with the CAMECA SXfive-TACTIS at University of 
Massachusetts, Amherst. These maps were done at 15 kV, 200 nA, 
and 35 m beam diameter using a stage step size of 35 m and a 
pixel dwell time of 25 ms. Garnet grains in both samples were mapped 
for major elements (Ca, Fe, Mg, and Mn) by integrated EDS (extracted 
from hypermaps) and Cr by WDS on the CAMECA SXfive-TACTIS 
at University of Massachusetts, Amherst. These garnet maps were 
done at 15 kV and 300 nA with 200 ms/pixel. Cr was collected on 
two spectrometers, and counts were integrated in a final map. Using 
full thin section element maps and back-scattered electron images, 
monazite grains were located and mapped for Y, Th, and Ca zoning 
using WDS on a combination of the following electron microprobes: 
(i) CAMECA SX-50 at Virginia Tech with an accelerating voltage 
of 15 kV, a current of 200 nA, and a dwell time of 30 ms/pixel; (ii) 
CAMECA SX-100 at Rensselaer Polytechnic Institute with an ac-
celerating voltage of 15 kV, a current of 200 nA, and a dwell time 
of 30 ms/pixel; and (iii) CAMECA SXfive-TACTIS at University of 
Massachusetts, Amherst at 15 kV, 200 nA (focused beam), 100 ms/
pixel, and 05-m step size. In addition, monazite and garnet x-ray 
maps were processed in ImageJ. Phase maps of various textures 
were made by combining and processing EDS major element maps 
collected on a Zeiss Evo 50 scanning electron microscope outfitted 
with an Oxford Instruments X-MAX EDS detector in the software 
AZtec (Oxford Instruments) at Amherst College.

Phase equilibria modeling
The exhumation rates determined from monazite petrochronology 
are dependent on the amount of decompression recorded by the 
studied samples. We tested the sensitivity of calculated phase equi-
libria (and thus the inferred pressures of different reactions and amount 
of decompression of the inferred P-T path) presented in (4) to (i) 
the use of different thermodynamic datasets and solution models 
and (ii) addition of MnO to the bulk composition, as this would be 
expected to stabilize garnet to lower pressures and temperatures (72). 
We recalculated phase equilibria for the bulk composition of sample 
K-94-29 from (4) in the system Na2O-CaO-K2O-FeO-MgO-Al2O3-
SiO2-H2O ± MnO in Perple_X version 6.8.3 (39, 40). To assess the 
sensitivity of calculated phase equilibria to different thermodynamic 
data and solution models, we performed calculations using three 
different combinations of thermodynamic datasets and solution 
models (table S1). The pseudosections presented in (7) were calcu-
lated in an MnO-free system. No constraints on the bulk-rock MnO 
composition for sample K-94-29 currently exist. To assess the sen-
sitivity of calculated phase equilibria to the addition of MnO to the 
system, pseudosections were made for the bulk composition of 
K-94-29: (i) without MnO and (ii) with addition of MnO in two 
amounts: 0.1 and 0.5 mol %, with the latter value being a likely maxi-
mum bulk-rock MnO concentration (72). The results of our recal-
culated phase equilibria models are shown in fig. S4.

Monazite petrochronology
Analyses of U, Th, and Pb isotopes and trace elements in monazite 
were carried out via laser-ablation split-stream inductively coupled 
mass spectrometry (ICP-MS) at the University of California, Santa 
Barbara following the methodology in (41). Laser ablation was done 
on a Photon Machines Excite 193 excimer ArF laser-ablation sys-
tem with a HeLex sample cell. The aerosol stream was split; part of 
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it was directed to a Nu plasma high-resolution multicollector ICP-
MS for U, Th, and Pb isotopic analyses, while the other part was 
directed to an Agilent 7700 quadrupole ICP-MS for trace element 
analyses. Spot diameters were 8 m and were ablated during a 15-s 
analysis at 4 Hz and ~1 J/cm2. Sample analyses involved a 15-s base-
line measurement approximately every 8 to 10 analyses. Monazite 
reference materials (RMs) were analyzed every 8 to 10 analyses. 
44069 (424 Ma) (73) was used as a primary RM to correct for mass 
bias and downhole fractionation; FC-1 (74) (55.7 Ma) (74) and 
Bananeira (512 Ma) (73) were used to monitor the accuracy of iso-
topic data. All RMs in the analytical session gave weighted mean 
ages that are within ~2% of their published ages. Repeat analyses of 
44069 gave a weighted mean age of 425 ± 4.7 Ma (n = 25), those of 
FC-1 gave a weighted mean age of 56.9 ± 0.5 Ma (n = 8), and those 
of Bananeira gave a weighted mean age of 510 ± 2.8 Ma (n = 24). 
Bananeira was used as the primary trace element RM; P was used as 
the internal standard and assumed to be 12.9% in unknowns. Data 
reduction was carried out using Iolite version 2.5, and age versus 
trace element concentration plots were made in MATLAB. All un-
certainties are given at 2.

In young (younger than Miocene) rocks, 206Pb/238U dates give 
apparently older crystallization ages due to secular isotopic disequi-
librium induced by short-lived 230Th in the 238U decay chain (75). 
Moreover, low concentrations of radiogenic 207Pb result in impre-
cise 207Pb/235U dates, and high Th concentrations of monazite result 
in relatively high concentrations of radiogenic 208Pb compared to 
background or common Pb. Because of the exceptional youth of the 
samples analyzed in this study (and thus low accumulated radio-
genic 208Pb), we applied a 204Pb-based blanket common Pb correc-
tion to all analyses and used the common Pb–corrected 208Pb/232Th 
dates for petrochronologic interpretation.

To reduce the dimensionality of the monazite trace element data 
and identify critical compositional vectors, we performed a PCA 
[e.g., (76)]. For each sample, all monazite trace element concentra-
tions were transformed using a centered log-ratio transformation 
(77) that accords equal status to each of the trace elements consid-
ered. Before normalization, a constant-sum constraint was imposed 
on each spot analysis through the addition of a residual variable. All 
PCA calculations were implemented using the princomp function 
in MATLAB. Factor loadings are displayed in fig. S8.

Thermal modeling
A simple, 1D thermal model was used to examine the evolving ther-
mal structure of the sub-NPM crust over the past 10 Ma. The fully 
explicit finite difference conduction model used a discretized 
22-km-thick column of crust with a node spacing of 0.05 km and 
time steps of 20 years. The temperatures of the top and base of the 
model were fixed at 0° and 750°C, respectively, and heat was added 
to the column assuming a constant radiogenic heat production of 
3 W/m3, density of 2.8 g cm−3, and heat capacity of 1000 J kg−1 K−1 
throughout. The thermal field was advected upward at imposed ex-
humation rates, with conduction of heat throughout the column 
also calculated at each time step. We considered a series of exhuma-
tion rates for each of three time intervals (10 to 4, 4 to 1, and 1 to 
0 Ma), calculating how the thermal field would evolve in response 
to each. In each model, we calculated a P-T path for a rock that 
would appear at the bottom of the model crustal column (22-km 
depth) at a time that would result in it reaching 0-km depth at the 
end of the simulation.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm2689

View/request a protocol for this paper from Bio-protocol.
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