
GEOLOGY | October 2013 | www.gsapubs.org 1

ABSTRACT
Gneiss domes in the Pamir (Central Asia) and the Himalaya pro-

vide key data on mid- to deep-crustal processes operating during the 
India-Asia collision. Laser ablation split-stream inductively coupled 
plasma–mass spectrometry (LASS-ICP-MS) data from monazite in 
these domes yield a time record from U/Th-Pb dates and a petrologic 
record from rare earth element (REE) abundances. Seven samples 
from the Pamir and six samples from the north Himalayan gneiss 
domes yield almost identical monazite dates of ca. 28–15 Ma. Most 
monazite has invariant heavy REE (HREE) abundances; two sam-
ples, however, have older monazite that records progressive HREE 
depletion and two samples have younger monazite that records pro-
gressive HREE enrichment. These variations in HREE are compat-
ible with increasing garnet abundance—prograde metamorphism—
until ca. 20 Ma, and decreasing garnet abundance thereafter. The 
change from HREE depletion to enrichment may record a transition 
from crustal thickening and heating to dome exhumation and cool-
ing. This documentation of synchronous Barrovian metamorphism 
within domes of Indian crust along the margin of the orogen (Hima-
laya) and within domes of Asian crust within the core of the orogen 
(Pamir) is best explained by a plate-scale driving force rather than 
by local events. We propose that widespread, synchronous thickening 
was initiated by the resumption of Indian subduction following slab 
breakoff and then terminated by a second slab-tearing event—both 
plate-scale events inferred from tomography.

INTRODUCTION
Tectonism in orogens can be driven by local differences (e.g., in cli-

mate, rheology, rock type, crustal heterogeneities) or external boundary 
conditions (e.g., plate velocity). For example, changes in density distri-
butions or thickness may give rise to buoyancy or gravitational potential 
energy (GPE), body forces that may drive ductile fl ow if they exceed rock 
strength. Changes in boundary forces may be linked to specifi c tectonic 
events, including crustal thickening, convective removal of lithosphere, or 
changes in plate dynamics (Forsyth and Uyeda, 1975).

Crustal thickening, foundering, and slab breakoff are widely invoked 
end-member processes occurring in orogens. Crustal thickening both 
directly increases and modifi es GPE via phase changes. Thickening of 
radiogenic crust also causes temperature to increase over ~107 m.y. (Eng-
land and Thompson, 1984), causing thermal weakening and potentially 
enabling fl ow (England and Houseman, 1989). Foundering of a gravita-
tionally unstable portion of the lithosphere can change GPE dramatically 
and lead to conductive or advective heat transfer into the crust. Slab break-
off may lead to comparable changes in the upper plate as well as change 
trench suction, colliding resistance, or slab resistance.

The India-Asia collision (Fig. 1) affords an opportunity to examine 
the interplay between far-fi eld and local causes of thickening and exhuma-
tion through examination of the middle to lower crustal chemical evolu-
tion of the orogen through time and space. Here we present new monazite 
petrochronology (Kylander-Clark et al., 2013, and references therein) that 
demonstrates that the burial and exhumation of widely separated—and ap-
parently unrelated—crustal sections in the Pamir and the north Himalaya 

were synchronous, and thus best ascribed to plate-scale forces rather than 
local processes.

GEOLOGIC SETTING
The Himalayan front includes two arcuate belts of high-grade meta-

morphic and igneous rocks: the Greater Himalayan Series (GHS) and the 
northern Himalayan gneiss domes (NHGD; Fig. 1). These two belts con-
tain underthrust Indian-plate schist, marble, paragneiss, and orthogneiss 
exhumed in the late Cenozoic (Lee and Whitehouse, 2007). Pressure-
temperature-time (P-T-t) data indicate Barrovian metamorphism from 
ca. 40 Ma until 16 Ma, with crustal melting from 24 to 12 Ma (Cottle et al., 
2009). Nelson et al. (1996) and others proposed that the GHS and NHGD 
were metamorphosed while being thrust beneath the Tibetan Plateau. The 
GHS was later extruded by mid-crustal fl ow in response to a north-south 
gradient in GPE, while the NHGD were exhumed by a combination of 
diapiric rise, transport over a thrust ramp, and upper-plate extension (e.g., 
Quigley et al., 2006).

In the Pamir, Barrovian metamorphic rocks and associated igneous 
rocks also crop out in a series of domes that were exhumed by north-
south extension. Like the NHGD, the Pamir domes are built of paragneiss, 
schist, orthogneiss, and marble and intruded by calc-alkaline igneous rock 
(Schwab et al., 2004). In contrast, the domes of the Pamir crop out within 
the orogen interior far north of the Indus-Yarlung suture and represent 
crust of the Asian plate (Schwab et al., 2004). These Barrovian metamor-
phic rocks also experienced metamorphic conditions typical of the middle 
to lower crust (Fig. 1).
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Figure 1. Geologic-topographic map, highlighting locations of north 
Himalayan and Pamir gneiss domes within the Cenozoic India-Asia 
orogen. North Himalayan gneiss domes are part of the Indian plate 
(blue) south of Indus-Yarlung suture, and Pamir domes formed 
within the Asian plate (red). Domes (those discussed in this paper 
are shown in white): a—Yazgulom; b—Sarez; c—Muzkol-Shatput; 
d—Shakhdara; e—Muztagh Ata–Kongur Shan; f—Mabja; g—Kang-
mar. Pressure-temperature determinations for the Pamir and the Hi-
malaya: Greater Himalayan Series (GHS) (e.g., Simpson et al., 2000), 
northern Himalayan gneiss domes (NHGD) (Lee et al., 2000, 2004), 
and Pamir (Grew et al., 1994; Schmidt et al., 2011).
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Thus, the eastern segment of the orogen exposes two arcuate belts of 
Cenozoic Indian plate–derived metamorphic rocks along the southern lim-
it of the orogen, whereas the western segment of the orogen has Cenozoic, 
Asian plate–derived metamorphic domes in its interior (Fig. 1). Here we 
present new monazite petrochronology (Fig. 2) for the NHGD and Pamir 
domes to show that, in spite of these profound differences, rocks within 
these domes experienced peak metamorphic conditions synchronously. 
This fi nding suggests that the driving force(s) for these events were not 
different, local phenomenon specifi c to the Himalaya and the Pamir, but 
plate-scale dynamics capable of driving synchronous response of the en-
tire India-Asia collision.

MONAZITE GEOCHRONOLOGY BY LASS
Monazite is an ideal phase for dating the P-T-t–deformation paths 

of metapelitic rocks because it readily reacts with major phases such as 
garnet, enabling one to link dates to P-T–dependent metamorphic reac-
tions (e.g., Foster et al., 2000). Monazite formed at different times may 
have distinct chemical zones refl ecting growth or recrystallization in the 
presence or absence of other phases (Williams et al., 1999). For example, 
heavy rare earth elements (HREE) and yttrium (Y) strongly partition into 
garnet (or xenotime), potentially enabling the use of HREE concentrations 
in monazite to monitor the participation of those minerals in monazite-
forming reactions (Hermann and Rubatto, 2003); below we report Yb/Gd 
ratios as a metric of HREE depletion or enrichment.

Recent advances in laser ablation–inductively coupled plasma–mass 
spectrometry (LA-ICP-MS) allow more robust interpretation of dates us-
ing chemical information collected simultaneously with isotopic age data 
(Kylander-Clark et al., 2013). Laser ablation split-stream (LASS) ICP-
MS enables determination of in situ U/Th-Pb dates and REE abundances 
from the same ablated material sent simultaneously to a multi-collector 
ICP-MS (for U/Th-Pb isotopes) and a single-collector ICP-MS (for REE).

We used LASS to measure U/Th-Pb dates (Fig. 2A) and REE con-
centrations (Fig. 2B; see the GSA Data Repository1) in monazite from 
seven samples from three Pamir domes, and six samples from two NHGD 
(Fig. 1). All the samples are pelitic to semipelitic gt + bt ± st ± ky ± sil 
(garnet ± biotite ± staurolite ± kyanite ± sillimanite) schists. Garnets in 
these samples typically have prograde zoning and are partially resorbed; 
a minority are neither zoned nor resorbed. Pseudosections indicate that 
garnet growth in these rocks was driven partly by increasing temperature 
and pressure (e.g., Schmidt et al., 2011). Textures indicate that monazite in 
most samples was produced by reaction between biotite and apatite (Bin-
gen et al., 1996); monazite associated with staurolite may have been gen-
erated by breakdown of gt + chl (chlorite ) + ms (muscovite) (Kohn and 
Malloy, 2004). Monazite grains exhibit several types of zoning patterns 
(Fig. 3; see the Data Repository): most have partially recrystallized, sub-
hedral to anhedral low-Y cores overgrown by high-Y rims, but a minor-
ity have oscillatory zoning or are homogeneous. Different compositional 
zones were targeted for dating and boundaries were avoided by careful 
laser spot (7–10 µm) placement (Fig. 3; see the Data Repository).

The NHGD monazite dates indicate nearly continuous (re)crys-
tallization from 29 to 14 Ma (Figs. 2A and 2B, blue data). Monazite in 
two Mabja dome samples shows no change in Yb/Gd from 29 to 19 Ma, 
whereas monazite in a third sample shows increasing depletion (decreas-
ing Yb/Gd) from 29 to 24 Ma. Some older Mabja monazites are includ-
ed in garnet, kyanite, or staurolite, whereas most of the younger dates 
(younger than 20 Ma) are from matrix grains. Monazite in three Kangmar 
dome samples ranges from 20 to 14 Ma. Two Kangmar samples exhibit no 

1GSA Data Repository item 2013297, Figures DR1 and DR2 (U/Th-Pb 
monazite concordia plots and REE spider diagrams), Figure DR3 (X-ray intensity 
element maps of monazite grains with analysis spots), and Table DR1 (sample 
descriptions and petrochronology data), is available online at www.geosociety
.org/pubs/ft2013.htm, or on request from editing@geosociety.org or Documents 
Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 2. A: U/Th-Pb monazite dates from Pamir (red) and north Hima-
layan (blue) gneiss domes show similar periods of monazite (re)crys-
tallization at ca. 28–17 Ma and ca. 29–14 Ma, respectively. B: Normal-
ized Yb/Gd ratio versus 208Pb/232Th age. Mean Yb/Gd ratio of the fi ve 
oldest spots per sample are normalized to zero to track enrichment or 
depletion through time. Most samples have invariant heavy rare earth 
element (HREE) slope. HREEs decrease over time (downward arrows) 
in older monazite in two samples, compatible with garnet growth. 
HREEs increase over time (upward arrows) in younger monazites in 
two other samples, compatible with garnet breakdown.
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Figure 3. X-ray maps of characteristic monazites from Pamir (A) and 
north Himalayan (B) domes. Grains with yttrium (Y)-depleted cores 
and Y-enriched rims are most abundant (n = 40); oscillatory zoning or 
embayed cores/irregular zoning textures are less common. Y is simi-
lar in ionic radius to Ho, a heavy rare earth element (HREE) (Shannon, 
1976), such that these Y maps are a proxy for HREE maps. Spots in 
some grains are laser holes. Total number of grains mapped is n = 85.
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change in Yb/Gd over time, whereas a third sample became progressively 
enriched in HREE (increasing Yb/Gd).

Monazite dates from the Pamir domes indicate growth or recrystalli-
zation from 28 to 18 Ma (Figs. 2A and 2B, red data). No sample spans the 
entire age range; rather, each shows a limited episode of (re)crystalliza-
tion. Yazgulom dome monazite ranges from 23 to 21 Ma and has constant 
Yb/Gd. Monazite from the Sarez dome ranging from 21 to 17 Ma has 
variable Yb/Gd with no coherent pattern. Monazite in the Muzkol-Shatput 
dome has dates of 28–18 Ma; monazite in one sample became more de-
pleted (decreasing Yb/Gd) from 28 to 19 Ma whereas another sample be-
came more enriched (increasing Yb/Gd) from 24 to 17 Ma. In summary, 
although most Pamir monazite has invariant Yb/Gd values, samples that 
exhibit variation have older monazite that became progressively more de-
pleted and younger monazite that became more enriched (Fig. 2B).

DISCUSSION
Monazite U/Th-Pb dates from the Pamir and NHGD span a nearly 

identical range: 28–16 Ma in the Pamir and 29–14 Ma in the NHGD 
(Fig. 2). Moreover, the age-related changes in monazite composition 
(Fig. 2B) are consistent with synchronous peak metamorphism. Older 
monazite in the Pamir became progressively HREE depleted from 28 to 
19 Ma, and NHGD monazite (re)crystallized at this same time followed 
the same trend. Pamir monazite younger than 23 Ma became enriched in 
HREE, and NHGD monazite behaved similarly.

We interpret monazite that is HREE + Y depleted, and included 
within peak assemblage minerals, to record prograde metamorphism in 
the presence of garnet and/or xenotime (e.g., Foster et al., 2004). Some el-
emental zoning within monazite does not correlate with age, perhaps due 
to the relative immobility of REE relative to Pb (Cherniak et al., 2004). 
HREE depletion in monazite is compatible with increasing garnet mode 
or Rayleigh fractionation by phases that partition HREE, but in any case, 
incompatible with garnet breakdown. We interpret matrix monazite that is 
HREE + Y enriched to record the breakdown of garnet. HREE-enriched 
monazite could have crystallized from a melt, but the absence of melt tex-
tures in the central Pamir domes supports a decompression and/or cooling 
interpretation. This long-term pattern of monazite (re)crystallization—
early HREE depletion of grains followed by younger HREE enrichment 
of grains—is most simply interpreted as the result of garnet growth fol-
lowed by garnet breakdown. The tectonic implication is that crustal thick-
ening produced the heating necessary for garnet growth and exhumation 
enabled cooling and/or decompression that drove garnet decomposition.

The matching ca. 28–15 Ma records of monazite (re)crystallization 
in the Pamir and Himalayan domes is surprising in light of the disparate 
locations and genesis of the domes: to recap, the NHGD are once-buried 
Indian crust at the southern margin of the orogen, and the Pamir domes are 
exhumed Asian crust in the center of the orogen. These new data suggest 
an orogen-scale process that simultaneously buried and partially exhumed 
both Indian and Asian crust along the margin and core of the orogen.

Synchronous Pamir and Himalaya Tectonism Driven by Plate 
Tectonics

The synchronous monazite (re)crystallization histories of the Pamir 
and Himalaya deep crust are most easily explained as the result of changes 
in large-scale plate dynamics (see the Data Repository). Local changes in 
stress state, rheology, or GPE in the Pamir and the Himalaya could only 
have produced synchronous changes by coincidence. Following the initial 
subduction of Indian continental crust at ca. 50 Ma (e.g., van Hinsber-
gen et al., 2011), the subducted Indian slab is inferred to have broken off 
on the basis of tomographic images beneath both the Pamir (Negredo et 
al., 2007) and Tibet (Replumaz et al., 2010), and on changes in the style 
and location of volcanism in Tibet (Kohn and Parkinson, 2002; Chung 
et al., 2003, 2005). At ca. 35 ± 5 Ma, subduction of India is inferred to 
have recommenced, with a buoyant lower plate forcing the upper plate 

to contract (Chung et al., 2003; Replumaz et al., 2010). We propose that 
this thickening is refl ected in the ca. 28 Ma initiation of garnet-present 
monazite (re)crystallization in the Pamir and in the Himalaya. Monazite 
and zircon dates as old as ca. 39 Ma have been documented in the GHS 
and NHGD (Lee and Whitehouse, 2007; Cottle et al., 2009; Streule et al., 
2010). Regional Barrovian metamorphism likely began at least by this 
time and possibly persisted for ~20 m.y. Our monazite data suggest that 
orogen-scale thickening then continued until ca. 20 Ma, when a second 
major event initiated or permitted exhumation.

It seems unlikely that the NHGD and Pamir fortuitously thickened 
in such a way that internal heating alone precipitated simultaneous exten-
sion. Similarly, it seems improbable that the Himalaya and the Pamir—
quite different in their GPE gradients today—both reached GPE gradients 
conducive to north-south extension at the same time. More plausible is 
that the Pamir and the Himalaya were both undergoing thickening before 
28 Ma and that both reached a suffi ciently high GPE and a weak middle to 
lower crust by 20 Ma that a change in a system-wide boundary condition 
was able to trigger extension. That change might have been the second 
slab-tearing event that has been postulated—on the basis of tomography 
and magmatism—to have begun at ca. 25–20 Ma (Replumaz et al., 2010; 
DeCelles et al., 2011). We propose the monazite dates may refl ect this 
switch, with the youngest HREE-depleted (i.e., prograde or peak meta-
morphic), 23–20 Ma monazite in both the Pamir and the Himalaya track-
ing slab tear-off and the initiation of north-south extension.

CONCLUSIONS
Monazite dates record protracted high-grade metamorphism from 

ca. 28–15 Ma in both the north Himalayan gneiss domes and the Pamir 
gneiss domes. Middle- to lower-crustal rocks in signifi cantly different parts 
of the orogen experienced at least 8 m.y. of burial beginning by at least 
ca. 28 Ma, transitioned to exhumation by north-south crustal extension at 
ca. 20 Ma, and saw the end of monazite recrystallization at ca. 15 Ma. The 
beginning and end of Barrovian metamorphism in the Pamir and Himala-
yan domes relative to other signifi cant tectonic events such as the collision 
of India and the transition to intra-plateau extension suggest that a com-
mon orogen-wide change in plate dynamics drove the evolution of these 
spatially distinct gneiss domes. This orogen-scale perspective—linking the 
synchronous evolution of the Pamir and north Himalayan gneiss domes—
implies local processes were subordinate to larger, plate-scale processes.
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