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Abstract

Ultrahigh-pressure (UHP) rocks in the NW Himalaya are some of the youngest on Earth, and allow testing of critical

questions of UHP formation and exhumation and the timing of the India–Asia collision. Initial collision of India with Asia is

widely cited as being at 55F1 Ma based on a paleomagnetically determined slowdown of India’s plate velocity, and as being at

ca. 51 Ma based on the termination of marine carbonate deposition. Even relatively small changes in this collision age force

large changes in tectonic reconstructions because of the rapid India–Asia convergence rate of 134 mm/a at the time of collision.

New U–Pb SHRIMP dating of zircon shows that Indian rocks of the Tso Morari Complex reached UHP depths at 53.3F0.7

Ma. Given the high rate of Indian subduction, this dating implies that Indian continental crust arrived at the Asian trench no

later than 57F1 Ma, providing a metamorphic age for comparison with previous paleomagnetic and stratigraphic estimates.

India’s collision with Asia may be compared to modern processes in the Timor region in which initiation of collision precedes

both the slowing of the convergence rate and the termination of marine carbonate deposition. The Indian UHP rocks must have

traveled rapidly along a short, hence steep, path into the mantle. Early continental subduction was at a steep angle, probably

vertical, comparable to modern continental subduction in the Hindu Kush, despite evidence for modern-day low-angle

subduction of India beneath Tibet. Oceanic slab break-off likely coincided with exhumation of UHP terranes in the western

Himalaya and led to the initiation of low-angle subduction and leucogranite generation.
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1. Introduction

Ultrahigh-pressure (UHP) metamorphism, demon-

strated by the index mineral coesite (a high-pressure

polymorph of quartz) that requires a minimum depth of

90 km for its formation, is now widely known from

continental collision zones [1–3]. The Tso Morari

Complex (TMC) (Fig. 1) underwent UHP metamor-
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[10] requires subduction of continental rocks to a depth

of at least 130 km. Previously published age estimates

for UHP metamorphism for the TMC are based on

Sm–Nd, Lu–Hf, and conventional U–Pballanite dating

and have significant errors (55F7 Ma, 55F12 Ma,

and 55F17 Ma, respectively [4]), and so do not allow

precise analysis of the geologic evolution in such a

young mountain belt. New U–Pb SHRIMP dating of

zircons from the TMC pinpoints the age of peak UHP

metamorphism, and helps resolve the timing of

subduction and collision in the northwest Himalaya

(Figs. 2 and 3, Table 1).

The observation of continental UHP rocks at the

Earth’s surface, returned there from depths of greater

than 90 km, challenges the perceived difficulty of

subducting buoyant continental crust to great depth in

the mantle. At present, India subducts beneath south-

ern Tibet at V 108 as defined by seismic profiling in

eastern Tibet [11,12]; presumably the buoyancy of the

subducting continent prevents steep subduction. The

essential uniformity of lithospheric structure along the

entire Himalayan arc, at least as far west as the TMC,

is demonstrated by multiple gravity [13] and magneto-

telluric profiles [14–17]. At subduction angles V 108,
rocks would have to travel z 600 km along the

subduction thrust (the Main Himalayan Thrust; Fig. 1)

to reach the depth of ca. 100 km that corresponds to

UHP metamorphism. In contrast, if the subducting

slab rapidly becomes vertical, rocks only need to travel

150–250 km to achieve UHP metamorphism, and

UHP metamorphism happens sooner after subduction.

The continent–continent collision is thought to

have begun in the northwest part of the Himalaya

based on biostratigraphy of collision-related sediments

on both sides of the Indus–Tsangpo suture zone and

on paleomagnetic data [5,18,19]. The onset of

collision of India with Asia is inferred to be at

55F1 Ma from paleomagnetic determination of an

abrupt slowdown in the northward velocity of the

Indian plate [5,18], and inferred, based on the

termination of marine carbonate deposition, to be as

recent as 50–51 Ma [19–21]. In contrast, our new

dating shows that Indian rocks attained UHP depths at

53.3F0.7 Ma. Even given the fast India–Asia

convergence rate of 69 mm/a [5], and assuming that

the UHP rocks traveled the shortest, hence steepest,

path into the mantle, the initial entry of continental

crust into the subduction trench must have pre-dated
55 Ma. The variability of estimates for the timing of

onset of the India–Asia collision from different data-

sets (e.g., paleomagnetically determined slowdown, or

stratigraphically determined transition from marine to

non-marine deposition) need not imply errors in these

datasets but rather that these datasets measure different

stages in a complex collision process. Here we provide

a new age for the entry of the leading edge of the

Indian continent into the Asian trench at 57F1 Ma

(we avoid the term bonset of continental collisionQ as
being imprecise), which, as might be expected,

precedes the detectable slowdown of the northward

motion of India by ca. 2 Myr, which in turn precedes

the end of marine carbonate deposition by ca. 4 Myr.

By inference, oceanic subduction and early continen-

tal subduction were at a steep angle, followed by

oceanic slab break-off, rapid exhumation of UHP

rocks into the crust, and resumption of continental

subduction at the modern low angle.

1.1. Previous estimates for timing and rate of the

initial India–Asia collision

Stratigraphic constraints have been used to suggest

that Himalayan collision began in the westernmost

Himalaya in northern Pakistan at about 52 Ma [19] to

55 Ma [22] and progressed eastward until collision

ended by 41 Ma [19] to 50 Ma [23] near the eastern

syntaxis. The best constrained estimates for the

western Himalaya are based on stratigraphy in the

Zanskar region near the TMC, where Early Eocene

(50–51 Ma) deltaic red beds contain ophiolitic

detritus; marine sedimentation ended by the early

Middle Eocene (49–46 Ma) [19,20]. The Lower

Eocene deposits contain clear evidence for their

source in the northern Himalayan thrust belt, implying

that orogenesis had already begun by the Early

Eocene ([23] and references therein).

In this paper, we adopt the recent comprehensive

analysis of the age of collision in the northwestern

Himalaya by Guillot et al. [5], noting that this is built

on much earlier work spanning discussions as diverse

as paleomagnetic data (e.g., [18]) and stratigraphy

(e.g., [19–21]). The initial continental collision of

India with Asia is recognized paleomagnetically as a

sudden slowing from 180F50 mm/a to 134F33 mm/

a of the northward motion of India no later than 55 Ma

[5,18]. We follow Guillot et al. [5] in asserting that the



Fig. 2. Cathodoluminescence images of Tso Morari zircons showing individual SHRIMP analysis spots. (A) Seven zircons used in weighted

average yielding 47.5F0.5 Ma age. (B) Five zircons used in weighted average yielding 50.0F0.6 Ma age. (C) Three zircons used in weighted

average yielding 53.3F0.7 Ma age.
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Table 1

Concordant Eocene SHRIMP U–Pb analyses of zircon from the Tso Morari Complex

Analysis

spot

U

(ppm)

Th

(ppm)

Th/U 204Pb
206Pb

Common
206Pb

(%)

238U/206Pba 207Pb/206Pba 207Pb/235Ub Metamorphic

facies

206Pb/238Uc

(Ma)

T38-5 1411 10 0.01 0.0006 0.7 17.2124F1.4711 0.0569F1.5485 0.0453F13.0028 Amphibolite 48.6F0.8

T38-9 408 5 0.01 0.0000 0.9 14.4942F2.4568 0.0578F6.2480 0.0552F7.0892 Amphibolite 47.0F1.0

T38-17 508 2 0.00 0.0025 2.2 18.5901F1.4025 0.0568F1.2363 0.0263F50.7294 Amphibolite 46.4F1.1

T38-22 493 4 0.01 0.0030 1.4 131.6984F2.1081 0.0567F10.0734 – UHP 53.3F1.2

T38-24 424 1 0.00 0.0000 1.2 8.1187F1.5489 0.0651F1.7870 0.0594F10.2917 Amphibolite 48.2F1.1

T38-25 507 3 0.01 0.0028 3.0 3.2254F1.4201 0.1051F0.5420 0.0301F55.9327 Eclogite 50.8F1.1

T38-29 370 2 0.01 0.0009 2.8 118.4879F2.1024 0.0705F5.5458 0.0620F10.1119 Eclogite 50.5F1.0

T38-30 599 3 0.00 0.0000 1.9 92.6446F1.9171 0.2682F2.8124 0.0629F6.4790 Amphibolite 46.2F1.0

T38-31 440 45 0.10 0.0028 3.0 14.1134F0.3652 0.0571F1.2060 0.0308F80.1297 UHP 52.6F1.2

T38-38 562 8 0.01 0.0039 7.0 15.6648F0.3388 0.0583F1.1535 0.0679F72.0415 Amphibolite 47.2F0.5

T38-41 961 2 0.00 0.0016 3.0 150.3122F0.9567 0.0628F3.8523 0.0404F19.4544 Eclogite 49.9F0.7

T38-44 336 1 0.00 0.0015 2.8 123.0497F0.9423 0.0961F3.0535 0.0532F21.1635 Eclogite 49.8F0.7

T38-45 419 2 0.00 0.0006 1.1 87.6734F0.8520 0.0584F3.4805 0.0446F12.1739 Amphibolite 47.8F0.5

T38-49 872 7 0.01 0.0067 12.2 69.1642F0.8252 0.0704F3.0476 – Eclogite 49.7F0.6

T38-59 836 5 0.01 0.0029 5.3 23.8414F1.2700 0.0566F1.3510 0.0220F57.5181 UHP 53.3F0.4

Note: 1r error, unless noted otherwise.
a Uncorrected; error given as percentage.
b Corrected for 204Pb; error given as percentage.
c Age corrected for 207Pb.
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termination of marine sedimentation is a delayed

response to the initial contact between the Indian and

Asian continents.

Guillot et al. [5] reviewed paleomagnetic data,

mass-balanced cross-sections, continental reconstruc-

tions, and tomographic data to derive a self-consistent

model in which, immediately after the first continental

contact from 55 to 50 Ma, a total India–Asia plate

convergence rate of 134 mm/a is comprised of a

continental subduction rate (including Himalayan

shortening) of 69 mm/a and an Asian shortening rate

of 65 mm/a. Given the error bounds on this estimate,

and the likelihood that these rates were all continu-

ously diminishing with time, we use their subduction

rate (69 mm/a) to estimate the time between initial

contact and UHP metamorphism (Table 2), even

though our estimated ages of first contact are in the

range 56–58 Ma.

1.2. The UHP Tso Morari Complex

The TMC is a 100�50 km UHP subduction zone

complex in eastern Ladakh near the western syntaxis

of the Himalaya, south of the Indus–Yarlung suture

zone (IYSZ) (Fig. 1). The TMC [24,25] is comprised

of dominantly Proterozoic to Paleozoic quartzofeld-
spathic orthogneiss and metasedimentary rocks, Pale-

ozoic intrusive granitoids, and rare, small eclogite

bodies and their retrogressed equivalents [5,6,26–28].

The eclogites have isotopic and geochemical affinities

to, and are thought to represent metamorphosed

equivalents of, the intracontinental Permian Panjal

traps [4,29]. The TMC forms an elongate NW-

plunging dome that is tectonically bound by the IYSZ

along its entire northeastern margin and by the Tethyan

Himalayan zone along its southwestern margin [6,30].

Coesite occurs in the TMC as inclusions in garnet

in eclogite [31]. Peak P–T conditions for the UHP

eclogite and eclogite-facies gneisses in the TMC were

750–850 8C and a minimum of 2.7–3.9 GPa based on

conventional thermobarometric calculations, Thermo-

calc estimates [32], the minimum pressure for coesite

formation ([6] and references therein), and the

presence of co-existing coesite and carbonate phases

[10]. Retrograde HP eclogite-facies (2.0 GPa, 600 8C)
and amphibolite-facies metamorphism (1.3 GPa, 600

8C) were followed by greenschist-facies metamor-

phism (0.4 GPa, 350 8C) and final exhumation to the

upper crust [4,6,33]. As in other UHP complexes, the

P–T–t paths for Tso Morari host gneisses and

eclogites are similar, indicating that they experienced

the same tectonometamorphic history [1,3,26]; hence



Table 2

Parameters used in calculations based on the geometry detailed in Fig. 5

Model R

(km)

Z1

(km)

Z2

(km)

Z3

(km)

Z4

(km)

h1

(8)
h1+h2

(8)
L1

(km)

L2

(km)

L1+L2

(km)

T

(Myr)

Collision age

using 53.3 Ma

UHPM date

(Ma)

Collision age using

minimum UHPM

age of 52.6 Ma

(Ma)

Collision age using

maximum UHPM

age of 54.0 Ma

(Ma)

Preferred model based on most likely geometric assumptions

1 350 15 2 100 1 6.0 41 37 211 248 3.1 56.4 55.7 57.1

Preferred model assuming subduction to 130 km (~3.9 GPa)

2 350 15 2 130 1 6.0 48 37 254 291 3.7 57.0 56.3 57.7

Model based on bending radius of oceanic crust—minimum possible time to UHP depths

3 150 20 3 90 2 10.8 57 28 121 149 1.7 55.0 54.3 55.7

Geometric assumptions chosen to give a minimum likely subduction time and distance

4 250 20 3 90 2 8.5 43 37 152 189 2.2 55.5 54.8 56.2

Geometric assumptions chosen to maximize subduction time and distance

5 450 5 1 130 1 3.8 44 30 312 342 4.5 57.8 57.1 58.5

R, radius of curvature; Z1, TMC depth in the Indian crust; Z2, trench depth; Z3, minimum depth of UHP metamorphism; Z4, Asian topography;

h1, dip of subducting slab at trench; h1+h2, dip of subducting slab at UHP depth; L1, distance from horizontal to trench; L2, amount of

subducted Indian crust from trench to UHP depth; T, time to minimum UHP depth from entry into the subduction trench using 69 mm/a

convergence rate; UHP metamorphism (UHPM) ages are based on our 53.3F0.7 Ma date.
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the eclogites are not exotic tectonic slices added to the

TMC during convergence and/or exhumation.
2. New U–Pb zircon SHRIMP data

The 78 zircons dated in this study come from a

quartzofeldspathic gneiss (sample T38 [78821V33WE,
3389V5WN]) from host quartzofeldspathic gneiss to

eclogite. Zircons were separated and mounted using

standard sample preparation methods for ion micro-

probe analysis [34], and U–Pb SHRIMP analyses and

data reduction using Isoplot following standard techni-

ques [34,35]. Zircons include both sub-rounded and

irregular-shaped grains that display clear core/rim

zoning relationships under cathodoluminescence (CL)

(Fig. 2). Some zircon cores yield Proterozoic ages

(748F11 to 1744F24 Ma), but most cores and

mantles yield Ordovician ages (462F9 to 477F10

Ma). Analyses that yielded Eocene ages (Figs. 2 and 3,

Table 1) were from light-colored rims with darker

mantles/cores with distinctive igneous oscillatory

zoning; these metamorphic rims had very low Th/U

ratios (b 0.14 with most b 0.02).

A trimodal distribution of the concordant meta-

morphic rim ages from 15 zircons (Fig. 2) indicates
three separate events in the Early Eocene between

about 46 and 53 Ma (Fig. 3). Weighted mean

averages of zircon rim analyses for the oldest and

youngest events yield 53.3F0.7 Ma (three spots) for

the UHP event and 47.5F0.5 Ma (seven spots)

corresponding to the amphibolite-facies retrograde

event (Fig. 3). These two new U–Pb SHRIMP ages

correspond well to two groups of existing thermo-

chronometric data for the UHP and amphibolite-

facies events in the TMC at ca. 55F11 Ma (Sm–Nd,

Lu–Hf, and U–Pballanite) and 47F3 Ma (Ar–Ar, Sm–

Nd, and Rb–Sr), respectively [4], further supporting

our interpretation. The intermediate peak at

50.0F0.6 Ma (five spots) likely records an HP

eclogite-facies event that is reflected in thermobaro-

metric calculations (see [4,6,27]) and falls on the

exhumation path between the UHP and amphibolite-

facies events. A thorough discussion of this new U–

Pb dating appears in Leech et al. [36]. The TMC was

rapidly exhumed from z 90 km at 53.3 Ma to paleo-

depths V 66 km by 50.0 Ma and V 43 km by 47.5

Ma, as documented by these SHRIMP ages, and

thermobarometry and isotopic system closure tem-

peratures [4,6]. The exhumed UHP slices returned

buoyant continental crust to the surface along the

subduction zone.
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3. Previous estimates of subduction dip

Other authors have attempted to calculate the dip of the Indian slab based on older geochronologic data in the

western Himalaya [8,37] but have done so using oversimplified models of uniform slab dip that lack predictive

value because they are physically unrealistic and because they require that one assumes the age of initial collision

(Fig. 4A). Thus, Kaneko et al. [8] dated UHP metamorphism of the Kaghan eclogites at 46 Ma then assumed that

India collided with Asia at 55–53 Ma, subducted at 45 mm/a, and was metamorphosed at 100 km depth. Permitting
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infinitely sharp bending of continental crust and using a planar subduction geometry, Kaneko et al. used the simple

equation:

Slab dip ¼ sin�1 Depth of UHP metamorphism

Age of collision� Age of UHP metamorphismð Þ � Convergence rate

��

to infer a slab dip of 14–198. Similarly, Guillot et al. [37] took an age of 54 Ma (presumably based on 55F11 Ma

in [4]) for the UHP metamorphism of the TMC, then assumed that India collided with Asia at 57 Ma, subducted at

70 mm/a, and was metamorphosed at 100 km depth, to infer a slab dip of 288. These simplistic models (1) assume

that continental crust can bend infinitely sharply (has zero strength); (2) assume a fixed time for the initial

collision; (3) under-predict the dip angle of subducting Indian continental crust at the time of UHP metamorphism;

and (4) under-predict the maximum dip angle of the preceding subducting oceanic crust. Error (2) above may

perpetuate an incorrect date for initial India–Asia collision. Error (3) provides an incorrect dip angle for

comparison with other models of subduction, slab break-off, and exhumation (e.g., [38]). Error (4) provides an

incorrect slab angle for comparison with tomographic images inferred to represent subducted Tethyan crust (e.g.,

[39]). A more physically correct model, in which the lithosphere has a finite bending radius, provides a more

realistic subduction geometry and predicts (instead of assuming) the age of initial collision (Fig. 4B). This model

makes very different predictions from the simplistic planar-slab model: for the 3 Myr delay between collision and

metamorphism assumed by Guillot et al. [37], the planar-slab model predicts a dip of 288 everywhere (Fig. 4A); in
contrast, the curved-slab model predicts a dip of ca. 418 at the point of UHP metamorphism and 908 (vertical) at
great depth (Fig. 4B).
4. From collision to UHP metamorphism

Our precise date for UHP metamorphism in the

TMC (53.3F0.7 Ma) is surprisingly close to the

widely cited paleomagnetic age of collision of India

with Asia (55F1 Ma). We calculate the minimum

time possible between the first entry of Indian

continental crust into the subduction zone and the

onset of UHP metamorphism in the TMC. For all

reasonable assumptions, oceanic crust at the leading

edge of India must have been subducting near-

vertically, and the leading edge of the Indian

continent must have been bent into the tightest

possible radius of curvature in this steeply dipping

subduction zone.

4.1. Model parameters

The TMC represents continental crust as attested

by the Paleozoic quartzofeldspathic gneisses contain-

ing inherited Proterozoic zircons. The time between

collision and UHP metamorphism is minimized if the

TMC represents the leading edge of continental

India. The minimum pressure at which UHP meta-

morphism can occur is 2.7 GPa [42] based on the
quartz–coesite transition (equivalent to a minimum

90 km depth). It is likely that the TMC was

subducted beyond this minimum depth for UHP

metamorphism (at least to 100 km) because large

coesite grains are preserved, suggesting that the

rocks were well within the coesite stability field;

there is also mineralogical evidence for even deeper

subduction to ca. 130 km based on coexisting coesite

and carbonate phases [10].

A likely initial depth for the TMC protolith is 15

km, in the mid-crust; a likely minimum depth of the

subduction trench below sea level is 2 km based on

the Timor trough where the leading edge of Australia

has been overridden by the Banda forearc [43]; and a

likely maximum topography above the site of UHP

metamorphism is 1 km during early stages of

collision [44] (Fig. 4B). Another key parameter is

the radius of curvature of the Indian lithosphere

bending into the subduction zone. The most sharply

curved modern Benioff zones have radii of curvature

of 150–200 km where dense, cold oceanic crust is

subducting (e.g., New Hebrides [45] and Marianas

[46]). Continental lithosphere is thicker and has a

larger bending radius (e.g., ca. 350 km in the Pamirs/

Hindu Kush [40,41,47]).
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4.2. Amounts of subducted Indian lithosphere and

time to UHP metamorphism

The geometry of the subduction zone and the rate of

convergence (69 mm/a immediately following colli-

sion) can be used to calculate the time between the

initial collision and UHP metamorphism (Figs. 4B and

5, Table 2). Models (1)–(5) (Table 2) test parameter

configurations to show the likely minimum and

maximum time from collision to UHP metamorphism.

Models (1) and (2) use different metamorphic depths

(100 km and 130 km) for the preferred model, with the

most likely values for all other variables, and require

211 km and 254 km of convergence taking 3–4 Myr

(Fig. 4B, Table 2). The time from collision to UHP

metamorphism can be decreased by choosing the

smallest possible radius of curvature (150 km for

oceanic crust), increasing the initial depth of the TMC

protolith, and using the minimum depth for UHP

metamorphism (90 km); model (3) shows that it would

take a minimum of 1.7 Myr to reach UHP depths.

Model (4) maintains the parameters of model (3) but

uses the smallest likely radius of curvature for

continental crust, this giving us a more likely minimum

time (2.2 Myr) to UHP depths. Any radius of bending
Trench
Asian

R
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L 2

Z2

Z1{

θ1 θ2

topography
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L   =1
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Fig. 5. Geometry of the India–Asia paleo-subduction zone. Bull’s-eye fo

horizontal (A) to the onset of collision between India and Asia (B) to UH
greater than 150 km, or subduction to depths greater

than the absolute minimum of 90 km [42], increases

the required amount of convergence and requires more

time from the initial collision of India with Asia to

UHP metamorphism. Model (5) increases the time to

UHP metamorphism to 4.5 Myr by increasing the

radius of curvature to 450 km, decreasing the initial

depth of the TMC protolith, and increasing the depth of

UHP metamorphism to 130 km.

Preferred models (1) and (2) require 3–4 Myr to

subduct the TMC to UHP depths (Table 2). Because

UHP metamorphism occurred at 53.3F0.7 Ma (Fig.

3), we infer that initial contact of Indian continental

crust with Asian forearc crust occurred between 56

and 58 Ma. This best estimate for the age of collision

is 2–5 Myr older than previously inferred strati-

graphically [19,22] and 1–3 Myr older than previously

inferred paleomagnetically [18]. Every 1 Myr added to

the collision age requires Greater India and Asia to

each have been ca. 65–70 km broader to accommodate

the greater convergence achieved in the longer time

since collision. Even these significant differences are

less than the uncertainties in the paleomagnetically

determined positions of the leading edges of India and

Asia at the time of collision (e.g., [22]). The size of
Z4}

 L   = R(θ   + θ   )2 1 2

 Rθ1

cos    -1[R + Z   - Z  1 2

R + Z1
]

 θ   = cos    2
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tions used in Table 2 based on this diagram:

   /(69 km/Ma)2

llows the TMC protolith at 15 km depth in the Indian crust from

P metamorphism at 100 km depth (C).
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Greater India and Asia would be reduced if one were

to postulate that the peak UHP event represents

subduction of the TMC beneath an arc or marginal

ocean south of the Asian continent (as opposed to the

Asian continent itself, cf. the origin of HP eclogites

beneath the Semail ophiolite in Oman [48]), but the

only plausible candidate arc and ophiolite in the

Ladakh region (Spong arc, Spontang ophiolite) are

the wrong ages, having completed obduction prior to

65 Ma [49]. Instead in our model, in order to subduct

the TMC as rapidly as possible and to have Indian

continental crust arrive at the subduction zone only ca.

2 Myr before the paleomagnetically determined slow-

down of India (to avoid forcing the initial collision age

back further), the Indian slab must become vertical at

depth. Note, however, that the subduction angle of

Indian continental crust at the depth of earliest possible

UHP metamorphism (Fig. 4B; h1�h2 in Fig. 5; Table

2) was only ca. 40–508; this is the dip of the

subducting slab when the UHP slice broke off and

began its exhumation to the surface.

4.3. Sequence of events at the onset of continental

collision

The interaction of two continents must be a

complex process in space and time. Even the events

termed by different authors as bthe onset of collisionQ
may span millions of years. The first event that might

reasonably be termed continental collision is the first

entry of continental crust into the subduction zone,

which marks the first physical contact between

subducting continental crust and the overriding plate.

Inevitably, it then takes some time—based on the

chronology presented above, as much as 2 Myr—for

the entry of continental crust into the subduction zone

to be manifested by a detectable slowdown in

convergence velocity, used by some authors to mark

the bonset of continental collision.Q Also inevitably, it

takes time before sufficient continental crust has

subducted for sufficient compression or buoyancy

forces to develop to uplift the overriding shelf

sufficiently to end marine sedimentation, and to

replace it with syncollisional, sub-aerial sedimentation,

the stratigraphic marker used by other authors to mark

the bonset of continental collisionQ (e.g., [19–21]).
A comparison with the modern-day analogue of the

collision of Australia with Indonesia provides valuable
insight. The main continental margin of Australia

entered the Banda Trench (eastern Java Trench) by

about 3 Ma (e.g., [43,50]), and complex structural and

tectonic features regarded as marking the Australia–

Asia collision include both uplift and subsidence in

different parts of the Australian shelf [51]. Despite the

record of 3 Myr of continental subduction, shallow

marine carbonate deposition continued through the

Quaternary and continues today on the Sahul Shelf

north of Australia [52]. Thus, the stratigraphic marker

taken by Rowley [19] and others to represent the bonset
of continental collisionQ in the India–Asia collision will
post-date the arrival of continental crust at the Java

Trench by more than 3 Myr in the Timor region.
5. Two-stage development of Tibet and the

Himalaya

Some geodynamic reconstructions of the India–

Asia collision show early, steep subduction of litho-

sphere [5,22], arguing from tomographic data [39] and

analog experiments [38]. It has also been claimed that

UHP metamorphism requires steep subduction [47,53]

to permit the rapid return of UHP rocks to the surface,

thereby preserving their high-pressure/low-temper-

ature mineralogy. Our model attempts to quantify the

timing and dip angle of this early, steep subduction of

India. Because the modern subduction angle of Indian

crust beneath southern Tibet is V 108 as demonstrated

by seismic profiling [11,12], the India–Asia collision

involved two distinct stages: early, steep subduction

followed by shallow-angle continental subduction.

To constrain the timing of the transition from steep

to shallow subduction, we follow Kohn and Parkinson

[54] in ascribing exhumation of the TMC complex to

break off of the Tethyan oceanic slab. Because the

Kaghan UHP rocks, 450 km west of the TMC, are

dated at 46 Ma [8], we believe steep subduction was

ongoing until at least 46 Ma, and that oceanic slab

break-off and the end of the steep subduction phase

occurred after 46 Ma when Kaghan rocks began

exhumation. Kohn and Parkinson [54] argue that

oceanic slab break-off occurred at ca. 45 Ma in order

to generate potassic volcanism in Tibet by 40 Ma; in

contrast, Maheo et al. [55] suggested that break-off

did not start until 25 Ma to explain Neogene granitic

intrusion in south Tibet.
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It has been suggested that the well-known belt of

leucogranites in the Greater Himalayan Zone [56] was

formed by partial melting within the double-thickness

crust of southern Tibet and southward extrusion in a

ductile mid-crustal layer [11,57–60]. In this channel

flow model, shallow subduction starts before the age

of the oldest leucogranites, so the onset of shallow-

angle subduction may be dated by the presence of the

oldest leucogranites. Although most Himalayan leu-

cogranites are early to middle Miocene, the oldest

known crystallized at 32 Ma [56]. In the channel flow

model, these leucogranites formed ca. 200–300 km

north of their present location [59,60], where seismic

and magnetotelluric observations [11,17], heat-flow

observations [61,62], and thermal modeling [56] place

modern melting. At the plate convergence rate of 69

mm/a immediately after collision [5], it would take 3–

4 Myr to underthrust Indian crust 200–300 km from

the MCT to the modern location of melting; at more

reasonable average convergence rates of 20 mm/a for

the period from collision to the present [5,63], it

would take 10–15 Myr to reach this same location. We

therefore suggest that shallow subduction initiated ca.

10 Myr before the oldest crystallization ages of

leucogranites, or by 42 Ma.
6. Discussion

In our models, the TMC represents the extreme

leading edge of the Indian continent and was never

subducted below ca. 130 km, and the India–Asia

collision was underway by 57F1 Ma. If the TMC was

not the leading edge, or if it was subducted to N 130

km, then the India–Asia collision would have to be

significantly earlier than currently believed. Because

the Kaghan UHP eclogites are 7 Myr younger than the

TMC UHP eclogites, multiple break-off and exhuma-

tion events may have occurred. The distance between

the TMC and Kaghan (ca. 450 km; Fig. 1) may give a

length scale separating such break-off events, and

hence the likely lateral dimension of UHP terranes.

In addition to TMC and Kaghan in the western

Himalaya, two additional eclogite localities in Nepal

and Tibet [64], not yet thoroughly studied, indicate

early, steep subduction in the eastern Himalaya as well

and, by inference, along the entire Himalayan arc. The

leucogranite belt also spans the Himalayan arc from
Ladakh to the eastern Himalaya [56]. Finally, four

widely separated magnetotelluric transects show that

high electrical conductivity, interpreted as requiring

modern partial melts [14–17], extends over 1500 km

along the Himalayan arc. This substantial uniformity of

geologic and geophysical indicators along the orogen

suggests that the model of early, steep subduction

followed by shallow subduction has widespread

applicability in the Himalaya. Break-off of the oceanic

lithosphere happened after 46 Ma, but by about 42 Ma

the continental crust was being subducted at a shallow-

angle beneath Asia, leading to thickening and partial

melting of Tibetan crust, and southward extrusion of

the leucogranites that date back to 32 Ma [59,60]. Our

new, precise U–Pb SHRIMP ages help demonstrate the

requirement for this two-stage development of the

Himalaya, and provide new dates for the timing of

UHPmetamorphism in the TMC (53Ma) and hence for

the initial India–Asia contact (57F1 Ma).
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Abstract

Leech et al. [Mary L. Leech, S. Singh, A.K. Jain, Simon L. Klemperer and R.M. Manickavasagam, Earth and Planetary Science
Letters 234 (2005) 83–97], present 3 clusters of ages for growth stages in zircon from quartzo-feldspathic gneisses hosting coesite-
bearing eclogite from the Tso Morari Complex, NW India. These age clusters, from oldest to youngest, are interpreted to represent
the age of ultrahigh-pressure metamorphism, a subsequent eclogite facies overprint and a later amphibolite facies retrogression and
require subduction of Indian crust to have started earlier than previously accepted. However, no petrographic evidence, such as
inclusions in the zircons relating to particular metamorphic events, is presented to substantiate the proposed sequence of
metamorphic stages. Previously published data from eclogites of the same area indicate that coesite–eclogite is not the first but at
least the second eclogite facies stage. In addition, the newly proposed time interval between coesite–eclogite and the amphibolite
facies overprint is longer than previously indicated by diffusion modelling of natural garnet–garnet couples in eclogite. Neither the
age of ultrahigh-pressure metamorphism nor the timing of initiation of subduction is reliably constrained by the presented data.
© 2006 Elsevier B.V. All rights reserved.
on dating
Keywords: Himalaya; subduction; collision; UHP metamorphism; zirc
The discovery of ultrahigh-pressure metamorphic
rocks in the Himalaya [1] has forced a significant re-
evaluation of tectono-metamorphic models to explain this
most impressive of all collision belts. As clearly pointed
out at this time [1,2] “A further implication, based on
interpretations of deep seismic data, is that the present-day
shallow angle of subduction of the Indian plate lithosphere
beneath Tibet represents a significant change from an
initially much steeper angle.” This important difference to
⁎ Fax: +49 331 977 5060.
E-mail address: obrien@geo.uni-potsdam.de.

0012-821X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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previous interpretations of the Himalayan evolution was
followed up in review papers [3,4] and models incorpo-
rating the finding of coesite, and the necessity for a change
between steep and shallow subduction angle, appeared
soon after [5]. However, speculative tectonic models for
continent-arc collision in the Himalaya proposing deep
(100 km), steep, continental subduction already existed
[6] before the discovery of coesite. Thus, the concept of
steep continental subduction [7] is in itself not new (al-
though uninitiated readers may not realise this). What is
new is that the timing of this steep subduction is proposed
to be much earlier than previously supposed [7]. The
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timing of the change from a steep to a shallow subduction
angle is a critical factor in our understanding of the
collision process especially in the light of recently
published thermo-mechanical models [8,9] purporting to
explain the temporal and spatial development of the
Tertiary metamorphism and magmatism in the Himalaya.
These models are constructed for a shallow subduction
angle of India below Asia and cannot explain the for-
mation of ultrahigh-pressure (UHP) eclogites. However,
the models may well be valid for the post-UHP eclogite
evolution but the possible duration of this post-eclogite
stage requires knowledge of the timing of subduction and
exhumation of the eclogite-bearing units. I suggest that the
interpretation of the new geochronological data [7] for the
timing of deep continental subduction is inconsistent with
petrological evidence and that the early start to subduc-
tion, as present in the title, is not substantiated.

Leech et al. [7] concern themselves with the eclogite-
bearing Tso Morari Complex in NW India. I will not
comment on the quality of the isotopic data, the statistical
significance of the presented age clusters or the possibility
that SHRIMP analysis points overlap different zones in
zircon but will concentrate on the interpretation of the
metamorphic history. The dated zircons were extracted
from quartzo-feldspathic gneisses hosting eclogites. No
petrological or geothermobarometric data are presented
for these gneisses so all the assumptions made about
linking ages tometamorphic pressure–temperature (P–T)
stages experienced by the rocks must be based on
published results. The proposed metamorphic history for
the dated rocks [7] comprises an initial UHP eclogite
facies stage followed by a lower pressure eclogite facies
overprint and then subsequently by an amphibolite facies
retrogression. The reported ages of 52.3±0.7 and 47.5
±0.5 Ma are interpreted as corresponding to the UHP
eclogite and retrograde amphibolite facies stages, respec-
tively. The newly reported ages are not from eclogites but
from the host quartzo-feldspathic rocks which, from field
relationships, were certainly also subducted but for
which, so far, no proof of actual reaction at UHP
conditions exists. Identifying reaction stages would allow
recognition of potential zircon-forming stages. In the
absence of such information only the results from Tso
Morari eclogites can be utilised to determine the P–T
evolution of the subducted Indian plate. The interpreta-
tion [7] of the sequence of metamorphic stages
experienced by the Tso Morari UHP rocks, unsupported
by any petrologic evidence, is in stark contrast to the
reaction sequence already outlined by numerous other
authors. When the already published petrological data are
combined with the new geochronological results the
resulting depth–time path is also markedly different from
that presented [7] and has important consequences for the
conclusions reached by these authors.

The discovery of coesite in a Tso Morari eclogite [10]
and its recognition as another UHP area, was not really a
surprise as garnet–phengite–pyroxene geothermobaro-
metry had already shown some of these rocks to have
formation conditions within the coesite field [2,11].
Based on the previous published reports of the mineral
assemblages in the eclogites [4,10–13], several impor-
tant features emerge. Firstly, garnet is in many cases
strongly zoned with respect to its chemical composition
and the pattern of inclusion phases. Cores of eclogite
garnet contain minerals typical for low-temperature ec-
logites (epidote, paragonite, aegirine-rich omphacite,
barroisitic hornblende): coesite is not found in this zone.
The low-Mg, high-Ca nature of this garnet interior is
also perfectly consistent with a low-temperature eclogite
stage. This initial garnet is sharply bounded by an
overgrowth, irregular in width, with a markedly higher
Mg and concomitantly lower Ca content. Inclusions in
this zone are scarcer but aegirine-poor omphacite (as in
the matrix), high-Si phengite (as in the matrix) and
coesite occur in this zone. No coesite has been identified
in the low-Mg, high-Ca part of garnet: it only occurs in
the Mg-rich zone. Such breaks in garnet growth in
eclogites are not unusual [e.g. 14]. The boundary bet-
ween the garnet core and the overgrowth is extremely
sharp and possible temperature–time scenarios deduced
from diffusion modelling attempts [4,12] indicate a very
short timescale (under 1.5 Ma even assuming a peak
temperature of 570 °C – conservatively low compared
to the real peak temperature – and incorporating the
heating and cooling path). This short time represents the
whole of the metamorphic history from the beginning
of garnet overgrowth to cooling below a temperature
(about 450 °C) where measurable diffusion in garnet no
longer occurs. If this time ‘window’ is integrated into the
previously existing age–depth information [15] then it is
apparent [4: Fig. 17], within the error range of the geo-
chronological information, that the whole of the UHP
stage and subsequent exhumation took place in the time
period 45–48 Ma — a range directly comparable with
that deduced for the coesite–eclogite in Pakistan [e.g.
16]). Leech et al. [7] bemoan the fact that previous
attempts to date the Tso Morari rocks [15] yielded ages
with large errors. However, these methods attempted to
date major minerals of the rocks (e.g. garnet, glauco-
phane, phengite, rutile) that could be definitely linked
to metamorphic stages in the evolution of the eclogite
rather than zircon which, although more robust to dif-
fusive resetting than these other methods, is more dif-
ficult to tie to any particular metamorphic stage.
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In summary, the Tso Morari eclogite did not firstly
undergo UHP metamorphism as suggested [7] but, as
in many other eclogite terranes, experienced an initial
lower grade eclogite facies stage before a subsequent
short-lived UHP stage. Also, published petrologic evi-
dence [4,10,15] suggests a very short time between
UHP metamorphism and a return to conditions below
those required for diffusion in garnet. So, what do the
new zircon ages [7] actually represent? They certainly
represent episodes of zircon growth but absolutely no
evidence is given to support the attributing of deduced
ages to particular metamorphic stages in the quartzo-
feldspathic rocks. The ability to successfully link age
and metamorphic stage requires identifying possible
stages of zircon growth and/or recrystallisation linked
by inclusion patterns or reaction textures: not a simple
task. In the comparable Kaghan coesite–eclogites (Pa-
kistan Himalaya), SHRIMP dating of coesite-bearing
zircons from felsic gneisses hosting the eclogites [17]
provide a clear link between a metamorphic event (in
this case the UHP stage) and its age. As the Tso Morari
UHP eclogites show a well established initial low-
temperature eclogite facies stage, with numerous hy-
drous minerals, it may be that this corresponds to one of
the zircon growth stages in the surrounding gneisses.
However, it is also possible that the zircon growth cor-
responds to low grade processes resetting metamict
zircons before deep subduction even started. These new
precise data [7] are an important addition to our know-
ledge of processes involved in the Himalaya but until
they are properly integrated into the metamorphic evo-
lution any conclusions about the initiation of crustal
subduction are highly speculative.
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1. Comment

We thank O'Brien for directing our attention to his
recent publication on modeling of diffusion in
garnets, including one garnet from the Tso Morari
Complex [1], and allowing us to show how our data
and existing interpretation are consistent with his
model. It seems O'Brien wants the timing of
ultrahigh-pressure metamorphism (UHPM) in the
Tso Morari Complex to be the same as the well-
established 46 Ma UHPM event in Kaghan over
500 km to the northwest (e.g., [2]), and is attempting
to reinterpret our U–Pb zircon dating from the Tso
Morari Complex to fit his notion. But rather than
fight the age data, why not develop a model that fits
the data? Guillot et al. [3] describe a warped
⁎ Corresponding author. Tel.: +1 415 338 1144; fax: +1 415 338
7705.
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geometry of the Indian subduction plane that places
the Tso Morari Complex and Kaghan at different
depths based on their ages of UHPM; this model
allows for a 55–54 Ma UHP event in the Tso Morari
Complex and a 46 Ma event in Kaghan [4].

In his numerous previous publications [5–8],
O'Brien has reiterated the intuitively obvious require-
ment for steep subduction in order to achieve high-P,
low-T eclogite-facies metamorphic conditions. In fact,
in our paper [9] we cited multiple publications from the
many workers who have discussed a variety of evidence
for an earlier steep subduction period in the India–Asia
collision [7,10–14]. But our subduction model [9] goes
beyond simply describing early subduction as steep—in
order to reconcile the short period of time available for
Tso Morari protolith to enter the subduction zone and
then to metamorphose at UHP conditions at 53.3±
0.5 Ma, subduction must ultimately be vertical. The
subduction model we present quantifies the timing and
angle of subduction, and considers the geometry of a
subduction zone accounting for the strength of

mailto:leech@sfsu.edu
http://dx.doi.org/10.1016/j.epsl.2006.03.032


818 M.L. Leech et al. / Earth and Planetary Science Letters 245 (2006) 817–820
continental lithosphere; further, we use our model to
calculate and revise the timing of the initial collision
between continental India and Asia from 55 Ma to
57 Ma.

The main result of the new model [1] for diffusion in
garnet as it pertains to the Tso Morari Complex is to
limit the period from UHP to amphibolite-facies
Fig. 1. Depth/pressure vs. time graph showing results of various radiometric
those methods (modified after Fig. 17 in [8]). The exhumation P–T–t path s
recent discovery of coesite and other mineralogical evidence for UHP metam
diffusion modeling of Konrad-Schmolke et al. [1]; one path fits our interpreta
path shows O'Brien's interpretation of our dating based on diffusion modeling
to retrograde metamorphism between 48 and 45 Ma (1) requires all reported a
error younger than the original author's interpretation; (2) requires low-temp
39Ar phengite dates cooling >450 °C, his stated closure temperature for his ga
apatite; bt, biotite; FT, fission-track; gln, glaucophane; grt, garnet; phe, phen
metamorphism to no more than 3 Ma, ending with
garnets cooling below about 450 °C (“where measurable
diffusion in garnet no longer occurs” [15]). O'Brien
states that the results of dating from the multiple
intermediate- to high-temperature geochronometers
given by de Sigoyer et al. [16] all fit, within error, a
3 Ma period from 48 to 45 Ma that brackets the age of
dating methods [9,16,17] plotted in appropriate temperature ranges for
hown is modified from de Sigoyer et al. [16] to account for the more
orphism [18,19]. Two 3-Ma-wide paths are shown following the garnet
tion of U–Pb zircon SHRIMP dating from Leech et al. [9] and the other
in garnet [15]. Note that O'Brien's preferred exhumation path for UHP
ges from high-temperature geochronometers to be half to one standard
erature prograde zircon growth; and (3) incorrectly presumes that 40Ar/
rnet diffusion model. Abbreviations: aln, allanite; amp, amphibole; ap,
gite; WR, whole rock; zrn, zircon.
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UHPM in Kaghan. Because our U–Pb zircon SHRIMP
dates of 50.0±0.6 Ma and 53.3±0.7 Ma precede this
3 Ma period, O'Brien insists our zircons must record
low temperature prograde zircon growth (Fig. 1, black
symbols) and ignores de Sigoyer's [16] c. 55 Ma dates
from eclogite.

It is widely accepted by those working in UHP
terranes that the host rocks to eclogites which contain
UHP index minerals such as coesite and diamond
experienced the same P–T–t path as the eclogite (e.g.,
[20–23]); the presence of coesite in quartzofeldspathic
host rocks to eclogite testifies to this fact [24]. To imply
that the gneisses we dated did not experience UHPM
because they lack coesite is misleading. It is always
difficult to assess metamorphic P–T conditions in
quartzofeldspathic gneisses as they typically do not
contain the appropriate mineral assemblages to make
thermobarometric calculations. We did not report
detailed petrology of the dated samples because the
main purpose of our recent paper [9] was to apply new
U–Pb dating of zircons from Tso Morari gneisses to the
tectonics of continental collision; additional details of
the petrology and U–Pb dating are presented in Leech et
al. [25].

The U–Pb, Lu–Hf and Sm–Nd ages in de Sigoyer et
al. [16] correspond to P–T conditions above the closure
of diffusion in garnet (≥450 °C); we interpret their c.
55 Ma ages to be in agreement with our new data and
show that the rapid exhumation period occurred 53–
50 Ma (Fig. 1, white symbols). O'Brien focuses on his
preconceived 48–45 Ma exhumation period which also
encompasses the 40Ar/39Ar phengite ages at 48±2 Ma
[16]; in fact, 40Ar/39Ar in phengite records a well-
established closure temperature of 400±50 °C [26]
tracking cooling after the cessation of diffusion in garnet
(Fig. 1).

The 3 Ma period that O'Brien chooses (48 to 45 Ma)
for UHP to amphibolite-facies metamorphism in the Tso
Morari Complex spans the time for UHPM in Kaghan
(46 Ma). In order to fit the chronometric data between
48 and 45 Ma, O'Brien must use an extreme inter-
pretation of de Sigoyer's dating: that 55±17 Ma (U–
Pbaln), 55±12 Ma (Lu–Hf), 55±7 Ma (Sm–Nd), 48±
2 Ma (Ar/Arphe), 47±11 Ma (Sm–Nd), and 45±4 Ma
(Rb–Sr) all fall within the same 3-Ma-long period (Fig.
1). Though technically permissible, O'Brien's interpre-
tation requires large errors on all three c. 55 Ma ages
(previously interpreted to record peak metamorphism)
and ignores the significance of those ages (e.g., closure
temperatures in three different radiometric systems).

The most extensively dated UHP terrane is the
Dabie–Sulu belt in eastern China. In the Sulu region,
coesite-bearing zircon domains (cores and mantles)
unquestionably yield the timing for UHPM while
younger quartz-bearing zircon rims record retrograde
zircon growth [27]; in these UHP rocks, no prograde
zircon growth is seen. Leech et al. [28] demonstrate that
U–Pb ages on different zircons from the same area, but
lacking coesite inclusions, record the same span of ages
for peak and retrograde zircon growth as described by
Liu et al. [27] and 40Ar/39Ar dating recording retrograde
metamorphism in the same rocks [29].

Although existing data are not yet sufficient to refute
O'Brien's unconventional interpretation of prograde
zircon growth, our reading of the geochronologic data
satisfies (with a higher probability) all published ages as
well as O'Brien's garnet diffusion model. Our interpre-
tation places the rapid exhumation period between 53
and 50 Ma, followed by continued cooling below the
closure of diffusion in garnet (at ca. 450 °C) to yield the
reliable 40Ar/39Ar phengite age at 48±2 Ma and 40Ar/
39Ar biotite andmuscovite ages at ca. 30Ma (Fig. 1). Not
only does our model satisfy all published radiometric
dating for the Tso Morari Complex, it also avoids the
implication of O'Brien's model that U–Pb zircon dating
interpreted to record peak metamorphism in all UHP
terranes is wrong. Zircon is extraordinarily useful in
interpreting long crustal histories [30] and is widely used
to date peak metamorphism in UHP terranes.

We are continuing to work to link the petrology and
the geochronology of these rocks; interpretations will
always remain somewhat speculative until multiple
zircon growth domains in the same grains are dated and/
or indisputable index mineral inclusions are found
within dated zircon domains.
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