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Introduction

We would like to congratulate Sen and Collins (2012) for

producing a detailed study of the structural history of the

Ladakh Batholith according to new LA-ICPMS U/Pb

analyses of zircon and AMS measurements. This work

provides some significant findings to the evolution of this

part of the Himalaya. However, we wanted to draw the

author’s attention to the omission of a discussion of other

geochronological results from the region (White et al.

2012). This is because the results are particularly

important for understanding the India–Asia collision. We

also raise concerns about some of the conclusions that

were drawn from AMS measurement in regard to post-

crystallization deformation of the Ladakh Batholith

granitoids.

Switches between I- and S-type granites

during the Himalayan orogeny

One particularly interesting finding of Sen and Collins

(2012) was their discovery of 35.5 ± 0.5 Ma (MSWD =

5.4) S-type two-mica granites on the southern margin of the

Batholith. The age of these granites is similar (not the

same) to the 31.4 ± 0.4 Ma age that was obtained from a

hornblende-magnetite bearing I-type granite (according to

Chappell and White 1974, 1992, 2001) found at southern

margin of the Karakorum Batholith (or northern margin of

the Ladakh Batholith) (Fig. 1) (White et al. 2012). This

I-type granite was considered by White et al. (2012)

to represent the Pangong Granodiorite which was first

described by Sen et al. (2009).

The I-type Pangong Granodiorite of White et al. (2012)

and the S-type granite (Sample: LUS 2/3) of Sen and

Collins (2012) are within 40 km of one another at the

present day surface (Fig. 1). Interestingly, several zircon

rims of sample LUS 2/3 yielded ages between 33 and

31 Ma (see Sen and Collins 2012 Supplementary Table 1).

These rim ages might reflect the pulse of heat that was

associated with the emplacement of the 31.4 Ma Pangong

Granodiorite. Considering these points, it is odd that Sen

and Collins (2012) did not discuss their results in relation

to those of White et al. (2012).

We consider Sen and Collins’ (2012) new age data to be

important pieces of information that will potentially aid our

understanding of the history of the India–Asia collision. This

is because many workers consider that the timing of a change

in granitoid chemistry from the production of I-type grani-

toids to S-type granitoids in the Ladakh Batholith reflects the

timing of India–Asia collision (e.g. Searle et al. 1987, 1988).

This rationale was recently adopted for the Ladakh

Batholith by St-Onge et al. (2010). These workers stated
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that a change from I-type to S-type magmatism between

57.7 ± 0.2 Ma and 47.1 ± 0.1 Ma was observed near the

village of Chumatang, at the southern extent of the Ladakh

Batholith (Fig. 1). However, White et al. (2011) showed

that the younger crosscutting granites that St-Onge et al.

(2010) stated were S-types were in fact I-type granitoids

according to petrological classification scheme of Chappell

and White (1974, 1992, 2001). This meant that a change

from I-type to S-type magmatism during the Himalayan

orogeny must have occurred at a later time or was perhaps

recorded at another location.

A younger switch from I-type to S-type magmatism was

reported just north of the Ladakh Batholith (White et al.

2012) (Fig. 1). This work showed that a switch from the

31.4 ± 0.4 Ma I-type Pangong Granodiorite was crosscut

by the 18.0 ± 0.4 Ma S-type Tangtse Granite. White et al.

(2012) speculated that this switch from I- to S-type mag-

matism could constrain the timing of India–Asia collision

to between *31 Ma and *18 Ma.

Sen and Collins’ (2012) finding of true S-type granites

(according to Chappell and White 1974, 1992, 2001) in the

Ladakh Batholith is important should such changes in gran-

itoid chemistry be reflective of broader tectonic processes,

such as continental collision. If these changes indicate con-

tinental collision, it would mean that there was one collision/

accretion event between the *42 Ma I-type granitoids at

Chumatang (St-Onge et al. 2010; White et al. 2011) and the

nearby 35.5 ± 0.5 Ma S-granitoids (Sen and Collins 2012),

and another between the *31 Ma I-type Pangong Granodi-

orite and the *18 Ma S-type Tangtse Granite (Fig. 2).

However, White et al. (2012) also questioned whether

such changes in granitoid chemistry were indicative of

continental collision as similar back-and-forth switches

from I- to S- to I-type (or S- to I- to S-type depending on

the chemistry of the oldest granitoid that you look at) have

been observed in other parts of the world that are not

considered to have involved continental collision (e.g. the

Lachlan Orogen: Ickert and Williams 2011). The switches

in granitoid chemistry observed in the Ladakh and

Karakorum batholiths might therefore reflect some other

tectonic process, such as phases of melts of different

chemistry being emplaced above a subduction zone when

phases of hinge-retreat/slab rollback drive crustal extension

and phases of hinge-advance/slab push drive crustal

shortening (Lister and Forster 2009) (Fig. 2). Such mech-

anisms have at least been put forward to explain such

changes between I- and S-type granitoids in the Lachlan

Orogen (Collins 2002; Collins and Richards 2008).

In either scenario, it seems that subduction of oceanic

lithosphere was still possible until at least *31 Ma to

enable the production of the I-type Pangong Granodiorite

(e.g. White et al. 2012), with the final collision/suturing of

India and Asia occurring after this point. In this case, the

different orientation of AMS that Sen and Collins (2012)

obtained from the 35 Ma granitoids relative to the older

granitoids could be explained by an accretion event/phase

of crustal shortening occurring between the emplacement

of the 35 Ma S-type Ladakh Batholith granitoid and the

*31 Ma I-type Pangong Granodiorite. This phase of

crustal shortening is supported by their being a change

from marine to continental sedimentation in the Indus

Suture Zone at 34 Ma (Aitchison et al. 2007) (Fig. 2).

While these tectonic scenarios differ from the dominant

paradigm whereby India–Asia collision occurred at *55 to

50 Ma, the observational data obtained from igneous and

sedimentary rocks (Aitchison et al. 2007; Sen and Collins

2012; White et al. 2011, 2012) indicate that this cannot be

so, especially when we consider that Searle et al. (1987,

1988) stated that a change from marine to continental

sedimentation in the Indus-Tsangpo Suture Zone and a

Fig. 1 Simplified geological

map showing the position of the

Ladakh and Karakorum

batholiths as well as the

Himalayan Terrane (comprised

of the Tethyan, Greater and

Lesser Himalayan sequences).

The location of the *31.4 Ma

I-type Pangong Granodiorite

(White et al. 2012) and the

*35.5 Ma S-type Granite

(Sample: LUS 2/3) of Sen and

Collins (2012) is also shown.

The two sample sites being

approximately 40 km apart
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change from I- to S-type chemistry are indications of when

the two continents collided.

We therefore consider the discovery of *35 Ma S-type

granitoids along the southern margin of the Ladakh Batholith

(Sen and Collins 2012), an important component in under-

standing the history of the Himalayan orogen. However, these

results need to be considered in relation to those obtained

from nearby outcrops, especially those of similar age.

AMS results

Sen and Collins (2012) show the results of many AMS

measurements from across the Ladakh batholith, with the

view that the magnetic fabric within the granitoids preserves

a signature of the paleostress conditions in the orogen.

However, Paterson et al. (1998) stated that paleostress could

be inferred provided that the magma was rheologically

homogeneous, near Newtonian and the granite did not

undergo any post-emplacement deformation/re-mobilization.

Sen and Collins (2012) proposed that the Ladakh Batholith

had not undergone significant deformation after emplace-

ment, or if deformation was present, it was only localized.

They therefore inferred that the magnetic fabric that they

measured represented a primary fabric that was indicative of

the granitoids being emplaced in a transpressional setting.

As we are not experts in the field of AMS, we are unsure

as to how much deformation is required to disturb the ori-

ginal alignment of magnetic minerals. However, we thought

is prudent to discuss the evidence for deformation near to

where Sen and Collins (2012) collected their samples. The

most concentrated area of deformation is the Thanglasgo

Shear Zone, a [2-km-wide zone of strongly deformed

granite that crosscuts the batholith where deformation took

place between *52 and 22 Ma (Weinberg and Dunlap

2000). Sen and Collins (2012) recognized this structure and

stated that the associated deformation might have caused

local disturbances to the primary magmatic foliation.

However, there is other evidence that indicates that the

granitoids of the Ladakh Batholith underwent at least some

post-emplacement strain. For instance, in addition to the

Thanglasgo Shear Zone, Weinberg and Dunlap (2000) also

discuss a wide zone of diffuse deformation around Leh (see

Figure 2 of Weinberg and Dunlap 2000). White et al. (2011)

showed that quartz and feldspars in the Chang La grano-

diorite and granite, the Chumatang granodiorite, leucogra-

nite and pegmatite and the Hundar Granite were deformed,

if only enough to produce undulose extinction and defor-

mation lamellae in quartz and minor deformation of feld-

spar, indicating that there are several areas across the

batholith that were deformed post-crystallization.

Furthermore, Forster et al. (2011) show that the Indus

Molasse, which was deposited after the exhumation of the

batholith underwent enough deformation to produce folds

with axial planar cleavage within the matrix and clasts of the

molasse. These observations indicate that the Ladakh region

was deformed after the granites crystallized. This could mean

that the orientation of magnetic minerals obtained from AMS

analyses as obtained by Sen and Collins (2012) do not nec-

essarily represent the primary magmatic fabric.

Changes in the angle of convergence between India

and Asia

Sen and Collins (2012) also discuss how variations in

India’s rate and angle of convergence relative to Eurasia

Fig. 2 Plot showing the age of known I- and S-type granitoids

(according to Chappell and White 1974, 1992, 2001) from the Ladakh

and Karakorum batholiths. According to the geological criteria that

are used to define the timing of India–Asia collision (Searle et al.

1987, 1988), a change from I- to S-type magmatism indicates the

timing of collision. The combination of the data presented in Sen and

Collins (2012) and White et al. (2012) indicates that there were at

least two switches from I- to S-type magmatism. This perhaps means

that there was a collision event between 45 and 35 Ma and another

between 31 and 18 Ma. If the idea where orogens develop due to

tectonic mode switches between hinge push and hinge-pull/slab

rollback (Lister and Forster 2009), such changes might mean that a

change from S- to I-type magmatism reflect crustal extension (e.g.

Collins (2002; Collins and Richards 2008; White et al. 2012)
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had an impact on the orientation of the magnetic fabric in

the Ladakh Batholith. This is because the Ladakh Batholith

is considered to have formed as an intra-oceanic arc within

Tethys, with the more easterly Gangdese batholith being

an Andean type continental margin batholith: Raz and

Honegger (1989), Rolland et al. (2002). So, changes in the

orientation of India’s position with respect to Eurasia will

not necessarily reflect the variation in India’s position with

respect to the intra-oceanic arc. So, such comparisons

about paleostress conditions at the broader plate scale are

irrelevant in this case.

Conclusion

Sen and Collins (2012) have presented important results

that help to advance our knowledge of the Ladakh Batho-

lith and our understanding of the India–Asia collision. For

example, their observation of a previously unrecognized

phase of S-type magmatism is an important observation

that is relevant to establishing the timing of India and Asia

(or India and an island arc) collision if the current set of

geological criteria that are used to define ‘‘collision’’ are

correct.

We are unsure as to whether the AMS results that were

reported by Sen and Collins (2012) infer the paleostress

conditions at the time when the Ladakh Batholith granites

were emplaced, as these many of these granitoids have

been deformed (if only slightly) after they crystallized. We

are also unsure if the plate tectonic evidence that was

presented can be used to support Sen and Collins’ (2012)

interpretation of AMS data as the tectonic model that was

presented referred to changes in the angle of convergence

between India and Asia, not India and an island arc within

Tethys.
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