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Abstract 

The Kohistan Arc Complex (KAC) of North-East Pakistan is a preserved Cretaceous 

island arc that constitutes the world’s most comprehensive cross section through 40 km 

of arc generated crust, providing unique insight into the formation of continental crust 

and deep crustal processes in island arc settings. Two models, based on the work of Miller 

et al. (1991) and Dhuime et al. (2009), outline the formation of the Kohistan Arc 

Complex. Miller et al. (1991) argue that each cumulate complex constituting the lower 

arc crust of the KAC, comprising the Jijal, Patan, Kayal and Dasu Complexes, correspond 

to consecutive episodes of accretion by dense magmas, whereby a younging downward 

age gradient should exist from the Dasu to Jijal Complex. In contrast, Dhuime et al. 

(2009) argues based on geochemical distinctions, a more complex 3-stage model of 

punctuated accretion is more likely. Significant uncertainty exists in both models as the 

four cumulate complexes constituting the lower arc crust lack precise geochronology. 

This lack of precise geochronology has hampered efforts to establish a robust model of 

formation for the lower cumulate complexes of the KAC. Therefore, U-Pb ID-TIMS 

analyses of zircons separated from the Patan, Kayal, Dasu and Chilas Complexes were 

carried out using a Thermo Scientific TRITON T1 TIMS to provide a geochronological 

framework with which to evaluate competing models. The Patan, Kayal and Dasu 

Complexes yielded precise ID-TIMS weighted-mean 206Pb/238U radio-isotopic ages of 

100.2 ± 0.4 Ma, 107.0 ± 0.2 Ma and 108.1 ± 0.3 Ma (2σ uncertainty level) respectively. 

The Chilas Complex contains zircons with 206Pb/238U ages ranging from 600 Ma to 1740 

Ma, and the resultant discordant ages do not produce a geologically meaningful age for 

this complex. The precise ID-TIMS U-Pb ages for the Dasu, Kayal and Patan Complexes 

determined by this study, taken in conjunction with previously reported geochronology 

for the KAC, demonstrate the presence of a downward younging age gradient from the 

Dasu Complex towards the Jijal Complex, collectively supporting the Miller et al. (1991) 

model, and providing the first geochronological evidence to support the consensus that 

crustal underplating and delamination is the predominate mechanism operating to 

produce continental crust in island arc settings. Proterozoic zircon ages derived from the 

Chilas Complex also challenge the accepted view that the KAC is a completely juvenile 

arc system, and may be built upon, or around, a rifted fragment of Proterozoic to Archean 

Gondwanan crust. These Proterozoic ages also suggests that the Kohistan Arc Complex 

is a potential westward extension of the Lhasa Terrane of Tibet. The new U-Pb ID-TIMS 
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ages have also constrained the minimum duration of island arc formation to ca. 10 Ma, 

with an upper duration of approximately 25-30 Ma.  
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1. Introduction  

There is a broad consensus that subduction-related processes are essential components in 

the production and formation of continental crust (Rudnick & Fountain, 1995; Barth et 

al., 2000; Jagoutz & Schmidt, 2012; Jagoutz & Kelemen, 2015). Magmatic rocks 

generated within subduction related volcanic arcs typically possess geochemical 

compositions akin to the accepted andesitic bulk continental crust composition (Taylor & 

McLennan, 1985; 1995; Kelemen, 1995; Rudnick, 1995; Gao et al., 1998a, b; Rudnick & 

Gao, 2004; 2014; Jagoutz & Schmidt, 2012; Jagoutz & Kelemen, 2015). However, the 

composition of the lower crust within subduction-related volcanic arcs, predominantly 

basaltic in composition, is significantly different to that of the andesitic upper arc crust, 

which possesses a composition reminiscent of bulk continental crust (Lee & Anderson, 

2015). This has led to debate regarding the mechanisms responsible for the differentiation 

of basaltic arc crust towards continental crust, as the andesitic composition of arc crust is 

too silicic to have been directly derived from the mantle. Initially lower arc crust was 

considered a residue following partial melting, or as a cumulate fraction of crystallisation 

processes that produced the andesitic upper crust (Taylor & McLennan, 1985). More 

recent models, such as Tatsumi et al. (2008), advocate the formation of a basaltic proto-

continental crust at subduction zones with subsequent refinement of the initial basaltic 

proto-crust by partial melting to generate the andesitic upper arc crust. Alternative studies 

emphasis crystal fractionation as the dominant crust-forming mechanism (Muntener et 

al., 2001; Davidson et al., 2007), whereas others favour models of delamination and 

foundering of dense ultramafic residuals which drives the composition of upper arc crust 

towards more andesitic compositions reminiscent of bulk continental crust (Turcotte, 

1989; Miller et al., 1991; Kay & Kay, 1993; Keleman, 1995; Tatsumi, 2000; Keleman et 

al., 2003; Yoshino & Okudaria, 2004; Garrido et al., 2006; 2007; Lee et al., 2006; Dhuime 

et al., 2009; Jagoutz, 2010; Jagoutz et al., 2009; 2011; DeBari & Greene, 2011; Jagoutz 

& Schmidt, 2012; Lee & Anderson, 2015; Keleman & Behn, 2016). Kelemen & Behn 

(2016) recently introduced a new model of combined delamination and relamination. 

Under this model plutons generated at arc subduction zones are subsequently subducted 

by the leading edge of the oceanic plate. As plutonic material is removed from the base 

of the arc crust and dragged down by the subducting oceanic plate, temperature and 

pressure increases allow the more buoyant fractions of subducted material to ascend and 

relaminate at the base of the overlying arc crust. Mechanisms of crustal formation in arc 
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settings are diverse and still debated due to the scarcity of exposed samples from the deep 

crust, which would provide a means of directly assessing competing hypotheses.  

Of interest to this issue of crustal formation is the Cretaceous Kohistan Arc Complex 

(KAC) of North-East Pakistan (Figures 1, 3 & 4). This arc complex, with the Jurassic 

Talkeetna Arc of South Central Alaska, represents the world’s most comprehensive cross-

section through arc generated crust (Miller et al., 1991; Miller & Christensen, 1994). 

Within the KAC rocks from the upper mantle to uppermost crust are exposed recording 

process of deep magmatic differentiation, whilst simultaneously providing geochemical 

records of arc inception, crustal evolution, crustal thickening, uplift and formation of 

continental crust (Miller et al., 1991; Yoshino & Okudaira, 2004; Dhuime et al., 2007; 

DeBari & Greene, 2011; Jagoutz & Schmidt, 2012; Jagoutz & Kelemen, 2015). The base 

of the KAC is constituted by the mafic-ultramafic Jijal Complex, which is subsequently 

overlain by the Kamila Amphibolite Belt, comprised by the Patan, Kayal and Dasu 

Complexes, the geology of each complex will be discussed in more detail below. Whilst 

models of continental crust formation have been debated and refined over the past three 

decades there is still significant disagreement regarding the mechanisms responsible for 

the formation of the KAC (e.g. Miller et al., 1991; Dhuime et al., 2009). Furthermore, the 

timeframes by which arc crust, and therefore continental crust, have formed within island 

arc settings since the Archean is uncertain. Current estimates infer that the process of 

crust formation in island arc settings ranges between 10-30 Ma (Dhuime et al., 2009; Lee 

& Anderson, 2015). 

A significant issue for the KAC that limits the evaluation of a single conclusive model 

for its formation and evolution is the current state of reported radio-isotopic ages. Much 

of the radio-isotopic data reported within the literature is constituted by low-precision, 

low resolution Sm-Nd, Ar-Ar, Rb-Sr and U-Pb ages (Table 1). Currently U-Pb ages do 

not exist for the Jijal Complex with all current ages reported for this cumulate complex 

based heavily on Sm-Nd radio-isotopic ages that have precision levels ranging from 2-

12% (Anczkiewicz & Vance, 1996; 2000; Yamamoto & Nakamura, 1996; 2000; 

Anczkiewicz et al., 2002; Dhuime et al., 2007). These Sm-Nd age uncertainties are far 

larger than the expected analytical errors and uncertainties associated with decay 

constants. U-Pb radio-isotopic ages currently reported for the Kamila Amphibolite belt, 

composed of the Patan, Kayal (Kiru) and Dasu (Kamila) Complexes, are constituted by 

low precision SIMS results on zircons with, on average 5.5% uncertainty. These U-Pb 

radio-isotopic ages have been used to date intrusive dykes across the KAC to constrain 
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the duration of ductile deformation during the Asia-Kohistan collision (Yamamoto et al., 

2005). Therefore, these dykes do not directly date the cumulate complexes and provide 

only minimum age constraints on the emplacement of these complexes. The remaining 

U-Pb ages for the Kamila Amphibolite Belt are reported by Schaltegger et al. (2002); this 

is the only prior study to report precise U-Pb ID-TIMS ages for the cumulate complexes 

of the Kamila Amphibolite Belt.  

The Kohistan Arc Complex therefore lacks well defined ages for each cumulate complex, 

hampering efforts to synthesise a robust geochronological history of arc formation and 

constrain the duration of crustal formation. The lack of accurate and precise radio-isotopic 

ages across the KAC has contributed to debate regarding the mechanisms responsible for 

the formation of the arc complex (e.g. Miller et al., 1991; Dhuime et al., 2009). Currently 

the favoured models in the formation of the Kohistan Arc Complex is by a process of 

crustal underplating and delamination of ultramafic residuals (e.g. Miller et al., 1991; 

Yoshino & Okudaria, 2004; DeBari & Greene, 2011; Jagoutz & Schmidt, 2012), however 

the addition of precise and accurate U-Pb ages will provide a more detailed understanding 

of arc formation. To address this current lack of precise, accurate and high-resolution U-

Pb geochronology across the Kohistan Arc Complex, we report the results of U-Pb ID-

TIMS analyses of zircons from the Patan, Kayal (Kiru), Dasu (Kamila) and Chilas 

Complexes. Utilising the U-Pb ages obtained in this study, in combination with previous 

radio-isotopic ages reported in the literature, we evaluate the formation models of Miller 

et al. (1991) and Dhuime et al. (2009). We demonstrate a younging age gradient from the 

Dasu to Jijal Complex providing the first comprehensive geochronological evidence for 

accretion and delamination operating in the production of continental crust in the 

Kohistan Arc Complex. Furthermore, U-Pb radio-isotopic ages of xenocrysts from the 

Chilas Complex imply that the KAC is not a completely juvenile intra-oceanic island arc 

as previously thought, and is a potential westward extension of the Lhasa Terrane of 

Tibet. The acquisition of high precision U-Pb ages from these cumulate complexes of the 

KAC have simultaneously provided further insight into the duration of crustal formation, 

whilst refining and integrating current models describing the formation of the Kohistan 

Arc Complex into a more robust framework.



 
 

10 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic diagram of the Indian subcontinent and southern Eurasia. The orange area situated between the two suture scale faults, also known as the 

Tethys Suture Zone, is the Kohistan-Ladakh Terrane. Kohistan is separated from the Ladakh Terrane to the east by the Nanga Parbat syntaxis, whereby 

anticlinal uplift and deep erosion have exposed rocks of the underthrusting Indian Plate. The Blue and Black suture scale faults correspond to the Main 

Karakoram Thrust and Indus Suture respectively. The black boxed area is enlarged in Figures 3 & 4 showing the distinct lithologies that constitute the 

Kohistan Arc Complex. (MFT= Main Frontal Thrust, MBT= Main Boundary Thrust, MCT= Main Central Thrust, KKF= Karakoram Fault) 
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2. Geological Setting and Background  

2.1 General Background 
The Kohistan Arc Complex (KAC) is situated within the Kohistan Terrane of northeast 

Pakistan occupying an area of ~30,000 km2, and corresponds to the most north-westerly 

extension of the Himalayan Mountain Range [Figure 1] (Khan et al., 2009; Petterson, 

2010). The KAC is recognised as a preserved island arc formed by northward subduction 

of the Neo-Tethys lithosphere beneath the Karakoram plate during the Upper Jurassic and 

Lower Cretaceous [Figure 2] (Tahirkheli, 1979; Tahirkheli et al., 1979; Bard et al., 1980; 

Bard, 1983; Coward et al., 1986; 1987; Khan et al., 1993; Burg et al., 1998; Schaltegger 

et al., 2002; Stampfli & Borel, 2002; Bignold & Treloar, 2003). The KAC is thought to 

have accreted to Karakoram between 100-85 Ma (Peterson & Windley, 1985; Treloar et 

al., 1989), transforming the KAC from an island arc setting into an Andean-style margin 

by ca. 85 Ma (Petterson & Windley, 1985; Beck et al., 1995; Treloar et al., 1996; 

Petterson & Treloar, 2004; Bignold et al., 2006), prior to underthrusting by the leading 

edge of the Indian plate at ca. 50 Ma (Beck et al., 1995; Rowley, 1996; Searle et al., 1999; 

Bouilhol et al., 2013). However, work by Khan et al. (2009) and Burg. (2011), utilising 

new paleomagnetic data, argue against this traditional view. New paleomagnetic analyses 

indicate that during the Cretaceous to early Paleocene the Kohistan-Ladakh island arc 

was situated close to the equator proximal to India, whereas the southern margin of 

Karakoram was approximately 3000 km north of Kohistan. Based on this data Khan et al. 

(2009) argue that the northern collision of Karakoram with the KAC post-dates the 

collision of the KAC with India, casting doubt on the proposal that the KAC was ever an 

Andean style margin. Following intracrustal extension at ca. 85 Ma (Khan et al., 1989; 

Schaltegger et al., 2002; Burg et al., 2006), the India-Asia collision at ca. 50 Ma caused 

the KAC to be obducted onto Indian continental lithosphere (Garzanti et al., 1987; Beck 

et al., 1995; Rowley, 1996; Bouilhol et al., 2013). The resulting collision between the 

Indian plate and southern margin of Asia sandwiched the KAC between Karakoram to 

the north and India to the south in the Tethys Suture Zone. The KAC is bounded by two 

suture scale faults that separate the distinctly different lithologies of Karakoram, the KAC 

and the Indian plate. Firstly, Kohistan is separated from the Palaeozoic metasediments of 

the Karakoram plate by the Main Karakoram Thrust to the north; and secondly, from the 

Late Precambrian-Cambrian granites and Palaeozoic-Mesozoic sediments of the Indian 

plate by the Indus Suture to the south [Figure 3 & 4] (Le Fort et al., 1980; Coward et al., 

1986; 1987; Burg, 2011). The collision between India and Karakoram has resulted in 
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partial subduction of the KAC underneath the Karakoram plate and obduction on to the 

Indian plate. Due to both partial subduction and obduction the KAC has been deformed, 

tilted to the north, turned edge up, uplifted and eroded to expose the world’s most 

complete oblique cross-section through ~50 km of arc-generated crust (Miller et al., 1991; 

Miller & Christensen, 1994). Exposed rocks from the upper mantle to uppermost crust 

provide unique insight into deep crustal processes and the formation of continental crust 

in island arc settings (Miller et al., 1991; Yoshino & Okudaria, 2004; DeBari & Greene, 

2011; Jagoutz & Schmidt, 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic diagram denoting the approximate location of the Kohistan Arc in 

the Tethys Ocean ca. 130 Ma. Black line indicate subduction, blue indicate areas of 

extension with dashed blue lines indicating the hanging wall (Burg, 2011 after Stampfli 

& Borel, 2002). 

2.2 Lithology of Kohistan Arc  
The Kohistan Arc Complex can be categorised into six broad groups. These include the 

Jijal Complex, Kamila Amphibolite Belt, Chilas Complex, Kohistan Batholith, Chalt 

group and Jaglot Oceanic Series and Yasin group (Figures 3 & 4).
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Figure 3. Geological and structural map of the Kohistan Arc Complex according to Dhuime et al., 2009.
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Figure 4. Geological and structural map of the Kohistan Arc Complex according to Miller et al. 1991 based on six separate transects along the 

Indus River and associated tributaries. Transect 3 (T3) corresponds to the sampled zone transect in figure 3 along the Karakoram Highway (After 

Coward et al., 1986 & Miller et al., 1991)



 
 

15 
 

2.2.1 Jijal Complex 

The Jijal Cumulate Complex is the most southerly unit of the KAC situated in the hanging 

wall and north of the Indus suture. The Jijal complex occupies an area of some 200 km2, 

is ~11 km in total stratigraphic thickness and is bounded to the north by the Patan Fault 

which denotes the transition from the mafic-ultramafic Jijal Complex to the Kamila 

Amphibolite Belt (Miller et al., 1991; Miller & Christensen, 1994; Coward et al., 1986; 

1987). The Jijal Complex is subdivided into two distinct sections: firstly, the lowermost 

ultramafic section, and secondly an upper mafic section which together collectively 

constitute the root of the Island Arc Complex. The ultramafic sequence of the Jijal 

complex is a ~4 km thick section composed predominately of dunites, harzburgites, 

wehrlites, websterites and pyroxenites (Jan, 1979; Jan & Howie, 1980; 1981; Bard 1983; 

Miller et al., 1991; Burg et al., 1998; Dhuime et al., 2007; 2009; Garrido et al., 2007). 

The upper 1 km of the ultramafic sequence is constituted by garnet-hornblende-

clinopyroxenite that is underlain by hornblende clinopyroxenite and websterites. The 

lower 3 km of the Jijal ultramafic sequence comprises a system of multiple cyclic units 

consisting of chiefly olivine pyroxenites, wehrlite and dunite that possess chromite 

interlayers, lenses and schlieren at the base of each cyclic unit (Miller et al., 1991). The 

Jijal ultramafics are truncated at the base by the Indus suture, also known as the Main 

Mantle Thrust. More recently, Dhuime et al. (2007; 2009) has subdivided the ultramafic 

sequence of the Jijal Complex into three sub-units based on mineralogy. The basal unit 

of the ultramafic section is defined as a Peridotite Zone composed of spinel-bearing 

dunites and wehrlites interlayered with pyroxenites (Figure 5). The transition from 

Peridotite Zone to Pyroxenite Zone is defined by replacement of dunite by wehrlite or 

chromium rich websterite, coincident with increasing pyroxene to olivine ratios. The 

uppermost zone in the ultramafic section of the Jijal Complex is a ~700 m wide garnet 

bearing pyroxenite and hornblende zone (Dhuime et al., 2007; 2009).   

Above the ultramafic sequence of the Jijal Complex is a mafic sequence ~7 km in 

thickness, composed principally of garnet gabbro, also commonly described as “garnet 

granulites” (e.g. Jan & Howie, 1980; 1981; Yamamoto & Nakamura, 1996; 2000; Dhuime 

et al., 2009). The basal component of the mafic unit is constituted by garnet-pyroxenite, 

garnet-hornblendite and hornblende-garnetites, with garnet gabbros predominately 

localised to the upper sections of the mafic sequence (Figure 5). These garnet gabbros 

have equilibrated at high temperature and pressure conditions of 700-950°C and >1 GPa 

respectively (Yamamoto & Nakamura, 1996; 2000). The stark contrast of garnet gabbros 
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overlying a thick ultramafic succession is interpreted to represent the petrological Moho, 

indicating the transition from upper mantle to lower crust (Bard, 1983; Miller et al., 1991; 

Miller & Christensen, 1994; Burg et al., 1998; Schaltegger et al., 2002). The mafic 

section, and Jijal Complex, terminates at the Patan Fault transitioning to the Kamila 

Amphibolite Belt. 

2.2.2 Kamila Amphibolite Belt  

The Kamila Amphibolite Belt is often used to describe a thick unit of undifferentiated 

metaplutonic rocks that extend ~250 km east-west, with a variable thickness of 10-45 km 

across the Kohistan Terrane (Figures 3 &4) (Jan, 1988; Petterson, 2010). The Kamila 

Amphibolite Belt is bounded to the north and south by the Chilas and Jijal Complexes 

respectively (Coward et al., 1986). This unit is also situated within the hanging wall of 

the Indus Suture where layered intrusions, such as the Jijal Complex, are absent (Burg, 

2011). Rocks of the Kamila Amphibolites have been subjected to deformation in the 

Kamila Shear Zone, a deep crustal structure which developed prior to the Himalayan 

Orogeny between 105-80 Ma, possibly during the accretion of Kohistan to Karakoram 

(Coward et al., 1986; 1987; Treloar et al., 1989; 1990; Wartho et al., 1996; Yamamoto & 

Nakamura, 1996; 2000; Anczkiewicz & Vance, 2000; Schaltegger et al., 2002; 

Yamamoto et al., 2005). Deformation of these metaplutonic rocks has resulted in regional 

epidote-amphibolite facies metamorphism throughout the Kamila Amphibolite Belt, with 

P-T conditions of 0.9-1.0 GPa and 550-680°C respectively (Burg, 2011).  

Dhuime et al. (2009) has separated the traditional Kamila Amphibolite Belt into three 

categories termed the Patan, Kiru and Kamila Sequences (Figures 6, 8 & 9). Dhuime et 

al. (2009) has not adhered to the priority naming of units in Kohistan previously 

established by Miller et al. (1991) and Miller & Christensen (1994). Variations in field 

mapping between these two studies (Figures 3 & 4) has led to discrepancies in the naming 

of sequences in the literature. Dhuime et al. (2009) has therefore given new names to units 

previously documented by prior authors. For clarity, this research is based on samples 

collected by Miller et al. (1991) and will follow the naming of units outlined by their 

study as the descriptions of Dhuime et al. (2009) do not supersede those of Miller et al. 

(1991), although the descriptions of Dhuime et al. (2009) will also be discussed here in 

the context of Miller et al. (1991) for completeness. 
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Figure 5. Geological cross section of the ultramafic-mafic Jijal Cumulate Complex of the Kohistan Arc (modified from Dhuime et al., 2007) 
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Figure 6. Geological cross sections through the Patan Sequence of the Kohistan Arc Complex. Red star denotes the location of the Patan tonalite 

sample analysed in this study (modified from Dhuime et al., 2009) 
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The Patan Sequence, or Patan Complex, described by Miller et al. (1991) and Dhuime et 

al. (2009) is the lowermost unit of the Kamila Amphibolite Belt, situated north of the 

Patan Fault forming a 5-7 km thick unit of intercalated metagabbros and metadiorites 

which are heterogeneously deformed along anastomosing shear zones. The Patan 

Sequence can be subdivided into two sections, the basal component immediately north of 

the Patan Fault, known as the Sangara Gabbro, constitutes ~50% of the Patan Sequence 

and is defined as a thick coarse grained metagabbro preserving both modal layering and 

crossbedding. The upper portion, which accounts for the remaining 50% of the sequence, 

is defined as a separate metagabbro, which contains an abundance of metadiorites and 

hornblendite sills throughout its stratigraphy. The contact between the Sangara Gabbro 

and overlying metagabbros of the upper Patan Sequence is defined by the presence of a 

~100 m thick magmatic breccia [Figure 6] (Dhuime et al., 2009). Miller et al. (1991) and 

Miller & Christensen (1994) characterise the Sangara Gabbro as consisting of 

hornblende-augite gabbro, weakly metamorphosed, that grades upwards into metadiorites 

towards a roof zone of unfoliated tonalite capped by a magmatic breccia that defines the 

upper limit of the Patan Sequence or Complex (Figure 7).  

The Patan Sequence and Patan Complex described by Dhuime et al. (2009) and Miller et 

al. (1991) respectively, are effectively the same unit. However, the following descriptions 

detailing sequences overlying the Patan Complex differ substantially between both 

studies. To clarify the discrepancies between each study in naming of sequences and 

complexes, figure 10 has been provided to deliver a visual comparison. Based on field 

mapping Dhuime et al. (2009) infers that overlying the Patan Sequence is the Kiru 

Sequence. The contact between each unit is unclear, but is commonly defined by 

asymmetric interfingered slices of each formation (Zeilinger, 2002). The Kiru Sequence 

is roughly 7 km of strongly deformed and imbricated sills ranging in composition from 

gabbroic to dioritic. The lowermost portion of the Kiru sequence is composed of fine 

grained, layered gabbroic to dioritic facies intruded by hornblende-rich metadiorites with 

increasing amphibolitisation and deformation up section. The upper section of the Kiru 

sequence contains medium to coarse grained metagabbros and metadiorites interlayered 

with hornblende rich units (Figure 8). Overlying the Kiru Sequence is the Kamila 

Sequence, the uppermost unit of the Kamila Amphibolite Belt. The Kamila Sequence is 

a ~10 km thick unit composed predominately by fine grained amphibolites intruded by 

amphibolitised gabbros and granites (Figure 9).  
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Figure 7. Agmatite intrusive breccia situated at the roof of the Patan Complex indicating 

the transition from the Patan Complex to Kayal Complex (Miller et al, 1991 

unpublished data) 
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Whilst Dhuime et al. (2009) and Miller et al. (1991) agree with respect to the 

metagabbroic Patan Complex, the overlying sequences of the Kamila Amphibolite Belt 

defined by both studies are substantially different. Between these two studies there are 

large discrepancies in the location and extent of various cumulate complexes, and these 

differences are apparent in figure 10. The base of the Kiru Sequence described by Dhuime 

et al. (2009) corresponds to the Kayal Complex described by Miller et al. (1991). The 

Kayal Complex is defined by Miller et al. (1991) as a cumulate complex that grades from 

garnet amphibolite at its base to a banded metadiorite gneiss towards the top of the unit, 

with the boundary of the Kayal and Dasu Complexes inferred by the presence of a 

deformed agmatite intrusive breccia (Figure 10). Overlying the Kayal Complex is the 

Dasu Complex, the Dasu Complex corresponds to the uppermost of four northward 

dipping cumulate complexes in the KAC. This complex is defined by Miller et al. (1991) 

as a polymetamorphosed, banded augen gneiss that grades from garnet amphibolite at its 

base to metatonalite at the top of the unit. Effectively the Kayal Complex corresponds to 

the base of the Kiru Sequence with the Dasu Complex encompassing the upper portion 

of the Kiru Sequence and the entire Kamila Sequence described by Dhuime et al. (2009). 

The Dasu Complex terminates at the Chilas Complex where there is a distinct transition 

from amphibolites to gabbronorites. 



 
 

22 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Geological cross sections through the Patan Sequence of the Kohistan Arc Complex. Red stars indicate locations of samples J3-28800 

(Patan Tonalite), J3-31030 (Kayal Granodiorite) and J3-36800 (Amphibolite Gneiss) analysed in this study. The area between J3-28800 and J3-

31030 denotes the approximate location of the Kayal Complex, with everything above J3-31030 denoting the Dasu Complex according to Miller 

et al. (1991) (Modified from Dhuime et al., 2009) 

 



23 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Geological cross sections through the Patan Sequence of the Kohistan Arc Complex (Dhuime et al., 2009) 
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Figure 8. Deformed agmatitic breccia defining the roof of the Kayal Complex, overlying 

this breccia is the Dasu Complex (Miller et al., 1991 unpublished data) 
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2.2.3 Chilas Complex 

The Chilas Complex is a large, 300 km long by 40 km wide, calc-alkaline plutonic body 

composed primarily by modally layered to homogeneous gabbronorite, accounting for 

roughly 85% of the entire unit. These gabbronorites enclose a series of ultramafic-mafic-

anorthosite lenses, composed of dunites, peridotites and pyroxenites, which account for 

the remaining 15% of the unit [Figure 9] (Jan & Howie, 1981; Bard, 1983; Khan et al., 

1989; Treloar et al., 1996; Petterson, 2010). Initially the Chilas Complex was interpreted 

to be a remnant fragment of a gabbroic to ultramafic cumulate sequence of oceanic crust 

(Butt et al., 1980; Chaudhry et al., 1983) or a layered intrusion (Bard, 1983; Jan et al., 

1984; Coward et al., 1986). However, geochemical analyses of the Chilas Complex 

indicate a sub-alkaline island arc geochemical signature (Khan et al., 1989; Jagoutz et al., 

2006). There is a consensus that the Chilas Complex is an intrusive body emplaced into 

the Kohistan Batholith and Kamila Amphibolite Belt during back arc spreading at ca. 85 

Ma by mantle diapirism (Zeitler et al., 1980; Khan et al., 1989; 1996; Burg et al., 1998; 

2006; Schaltegger et al., 2002). However, this interpretation is controversial as the Chilas 

Complex is moderately hydrous and potassic calc-alkaline (Khan et al., 1989; Miller et 

al., 1991; Loucks, 1996; Jagoutz et al., 2006; 2011), whilst back arc rifted magmas are 

generally dry and follow a tholeiitic differentiation trend. Furthermore, Miller et al. 

(1991) argues that their field mapping (Figure 4) and geobarometric work indicates that 

the Kayal Complex (lower portion of Dhuime et al., 2009 Kiru Sequence; Figure 10) was 

emplaced at the same structural level as, and may be laterally continuous with, the Chilas 

Complex which outcrops along the north side of the Kamila syncline (Figure 15). 

Therefore, the Chilas Complex is more likely a deep-crustal, early crystallisation product 

of hydrous basaltic magmas that differentiated to produce the granite intrusions of the 

overlying Kohistan Batholith (Miller et al., 1991; Loucks, 1996). Initially the ultramafic 

units that intrude the gabbronorite sequences of the Chilas Complex were interpreted as 

picritic melts emplaced into a crystallising magma chamber (Khan et al., 1985; 1996). 

However, Jagoutz et al. (2007) suggests that both the ultramafic-mafic and gabbronorite 

sequence were derived from a common hydrous mantle melt. Based on mineral chemistry 

and petrology Jagoutz et al. (2007) concluded that each unit was produced at different 

pressures [ultramafics formed at ~0.7 GPa, gabbronorites formed at 0.6-0.7 GPa] by 

different crystallisation mechanisms [ultramafics formed by fractional crystallisation, 

gabbronorites formed by in situ crystallisation] (Jagoutz et al., 2006; 2007). 

Geobarometry of the same ultramafic sequences of the Chilas Complex by Loucks (1996) 

yield pressures of 7.5 kbar.  
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Figure 9. Geological cross section of the Chilas Complex showing gabbronorite enclosing a string of ultramafic-mafic units (Modified from 

Jagoutz et al., 2007). 
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2.2.4 Kohistan Batholith 

The Kohistan Batholith is a large plutonic body occupying a large central region of the 

Kohistan Arc Complex (Figures 3 & 4). The Batholith itself extends some 270 km across 

the Kohistan Arc Complex and possesses a variable width of 40-60 km. The Kohistan 

Batholith constitutes a small segment of the ~2700 km long Trans-Himalayan batholith, 

and corresponds to the middle to upper crust of the KAC (Jagoutz et al., 2009; 2013; 

Petterson, 2010). Composed predominately of I-Type granites (Jagoutz et al., 2009; 

2013), the granitic rocks of the Kohistan Batholith are discordantly overlain by and 

intrude into the volcano-sedimentary units of the Jaglot Oceanic Series and Chalt 

Volcanics (Petterson & Windley 1985; 1986; Petterson & Treloar, 2004). Initially 

Petterson & Windley (1985) and Petterson et al. (1991) defined three stages of plutonic 

emplacement based on regional mapping, petrology, Rb-Sr radio-isotopic ages and the 

presence or absence of gneissic fabrics: The first stage of plutons, composed of foliated 

gabbro-diorites and quartz-monzodiorite, is suggested to have intruded during the oceanic 

island arc building phase between 102-85 Ma, prior to the collision of Kohistan and 

Karakoram; stage 2 plutons are more acidic, undeformed gabbros, diorites and granites 

which are suggested to have intruded between 85-40 Ma following the suturing of 

Kohistan and Karakoram; the final third stage of granitic emplacement corresponds to the 

formation of peraluminous leucogranite dike swarms between 34-29 Ma. These 

peraluminous leucogranite dike swarms are likely the result of crustal melting due to 

crustal thickening following the Himalayan Orogeny (Bouilhol et al., 2013). However 

recently compiled U-Pb radio-isotopic ages from ID-TIMS, LA-ICP-MS and SIMS 

methods on sample from across the Kohistan Batholith (Jagoutz et al., 2013) indicate that 

calc-alkaline magmatism occurred in a steady state process of intrusion from 120-38 Ma 

(Schaltegger et al., 2002; 2003; Yamamoto et al., 2005; Heuberger et al., 2007; Jagoutz 

et al., 2013). Jagoutz et al. (2009; 2013) concluded that age gaps led to misleading 

conclusions of punctuated magmatic stages in the development of the Kohistan Batholith, 

meaning that granitoid formation in the Kohistan Batholith is unrelated to tectonic events. 

Using Al-in-hornblende barometry in combination with MREE and HREE patterns 

Jagoutz et al. (2009) suggests that the dominant mechanism controlling the formation of 

the Kohistan Batholith was hydrous fractional crystallisation of mantle melts (Jagoutz et 

al., 2009; 2010; 2013). 
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2.2.5 Volcano-sedimentary Units (Jaglot, Chalt & Yasin Groups) 

Much of the volcano-sedimentary package of the Kohistan Arc Complex, including the 

Jaglot Oceanic Series, Chalt Volcanics and Yasin Group, is exposed along the Main 

Karakoram Thrust in the north of the KAC. However, these volcano-sedimentary units 

are also exposed in central regions of the Kohistan Batholith near the villages of Dir, 

Kalam and Giglit (Figure 3 & 4). The oldest of the three main sedimentary units within 

the KAC is the Jaglot Oceanic Series, a semi-continuous unit overlain by the Chalt 

Volcanic Group (Figure 3 & 4). The Jaglot Group, a metasedimentary unit, is 

predominately composed by amphibolite grade schist, metasandstones, carbonates, 

siltstones, mudstones and deep sea turbidites with locally preserved metabasalt, andesite 

and rhyolite (Tahirkheli, 1982; Treloar et al., 1996; Bignold et al., 2006; Khan et al., 

2007). Conformably overlying the Jaglot Group is the Chalt Volcanic Group, composed 

of pillowed and non-pillowed basalts, andesite and rhyolites intercalated with thin 

ignimbrites, agglomerates and tuffs. These volcanoclastic sediments of the Chalt 

Volcanic Group conformably grade into the Yasin Group, the youngest and uppermost 

sedimentary unit of the Kohistan Arc Complex. The Yasin Group is episodically exposed 

along the Main Karakoram Thrust and is composed interlayered volcaniclastics. These 

volcaniclastics are constituted by mainly andesitic lavas and tuffs, but possesses a variety 

of non-volcaniclastics including turbidites, sandstones, siltstone, mudstone and 

conglomerates (Tahirkheli, 1982; Pudsey et al., 1985; Pudsey, 1986; Robertson & 

Collins, 2002; Burg, 2011). 

2.3 Current Geochronology  

One of knowledge gaps associated with the KAC that inhibits the evaluation of a single 

conclusive model outlining the development and history of the arc complex is the current 

state of reported radio-isotopic ages within the literature. Table 1 compiles all published 

ages from the Kohistan Arc Complex, whilst figure 10 defines both the localities of 

analysed samples and studies reporting isotopic ages for the Jijal Complex and Kamila 

Amphibolite Belt. The Jijal Complex and units that constitute the Kamila Amphibolite 

Belt, including the Patan, Kayal and Dasu Complexes, are of interest because each of 

these units corresponds to the lower to middle arc crust, recording discrete periods of 

crustal growth and arc formation by successive episodes of underplating by dense 

magmas (Miller et al., 1991; Yoshino & Okudaira, 2004; Dhuime et al., 2007; 2009; 

DeBari & Greene, 2011; Jagoutz & Schmidt, 2012). Most reported radio-isotopic ages 

(Table 1) from the units of the lower arc crust, the Jijal and Kamila Amphibolite Belt, are 
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constituted by predominantly low precision, low resolution U-Pb and Sm-Nd radio-

isotopic ages. Furthermore, Sm-Nd ages reported for the Jijal Complex possess 

accompanying uncertainties of 5-10%, more than would be expected for routine analytical 

uncertainty. A proposed explanation for this large uncertainty is the effect of cryptic 

metasomatism by post collisional fluids seeping up from the Indus Suture off the 

underthrusting Indian plate (Loucks, 1996). Furthermore, the clear majority of U-Pb ages 

reported for the Kamila Amphibolite Belt by Yamamoto et al. (2005) are low precision, 

SIMS results. Additionally, the U-Pb radio-isotopic ages reported by Yamamoto et al. 

(2005) were used to constrain the duration of ductile deformation throughout the Kohistan 

Arc Complex during the Asia-Kohistan collision. Therefore, these U-Pb SIMS ages do 

not accurately reflect the age of emplacement for these cumulate complexes that 

constitute the lower arc crust of the KAC, and only provide a minimum constraint on the 

emplacement of these complexes. High precision U-Pb age analyses for cumulate 

complexes of the Kamila Amphibolite Belt are reported by Schaltegger et al. (2002), these 

ages are currently the only precise U-Pb ages that exist for the Kamila Amphibolite Belt. 

The overall lack of high precision geochronology for the lower arc crust complexes of the 

Kohistan Arc Complex is an important issue to resolve. As the KAC is a rare example of 

a complete cross-section through arc-generated crust, establishing precise and accurate 

U-Pb geochronology for each constituent complex is essential for assessing the current 

models for arc formation.  
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Table 1. Summary table of the absolute radio-isotopic and paleontological age 

constraints from across the Kohistan Arc Complex. All U-Pb ages are derived from 

zircon analyses (After Petterson, 2010) 

Geological Unit Dating Method Age (Ma) Reference 

Jijal Complex Sm-Nd 

Clinopyroxene 

117 ± 7 Dhuime et al., 2007 

 Sm-Nd Garnet 118 ± 12 Yamamoto & 

Nakamura, 2000 

 Sm-Nd Garnet 94 ± 4.7 Yamamoto & 

Nakamura, 2000 

 Sm-Nd Garnet 91 ± 6.3 Yamamoto & 

Nakamura, 1996 

 Sm-Nd Garnet 95.9 ± 2.6 Anczkiewicz et al., 2002 

 Sm-Nd & Rb-Sr 

Garnet 

95-100 Anczkiewicz & Vance, 

2000 

 Sm-Nd Garnet 95.7 ± 2.7 Anczkiewicz & Vance, 

1997 

Kamila 

Amphibolites 

U-Pb SIMS 82.0 ± 2.0 Yamamoto et al., 2005 

 U-Pb SIMS 107.7 ± 2.0 Yamamoto et al., 2005 
 U-Pb SIMS 94.0 ± 1.9 Yamamoto et al., 2005 

 U-Pb SIMS 75.7 ± 1.4 Yamamoto et al., 2005 
 U-Pb SIMS 81.0 ± 1.6 Yamamoto et al., 2005 

 U-Pb SIMS 89.5 ± 3.3 Yamamoto et al., 2005 
 U-Pb SIMS 75.8 ± 1.7 Yamamoto et al., 2005 
 U-Pb SIMS 80.6 ± 4.5 Yamamoto et al., 2005 

Patan Sequence  U-Pb ID-TIMS 98.9 ± 0.4 Schaltegger et al., 2002 

Kiru Sequence  U-Pb ID-TIMS 91.8 ±1.4 Schaltegger et al., 2002 
Kamila Sequence U-Pb ID-TIMS 97.1 ± 0.2 Schaltegger et al., 2002 
Patan Complex U-Pb LA-ICP-MS 93 ± 4 Lu et al., 2016 

Chilas Complex U-Pb ID-TIMS 85.73 ± 0.15 Schaltegger et al., 2002 
 U-Pb ID-TIMS 82.8 ± 1.1 Schaltegger et al., 2002 
 U-Pb SHRIMP 84.0 ± 0.5 Zeitler & Chamberlain, 

1991 

 U-Pb TIMS 84 Zeitler, 1985 

 Sm-Nd 69.5 ± 9.3 Yamamoto & 

Nakamura, 1996 

 Rb-Sr Whole Rock 111 ± 24 Mikoshiba et al., 1999 

 Ar-Ar Biotite & 

Hornblende 

85-80 Treloar et al., 1989 

Kohistan Batholith U-Pb ID-TIMS 111.52 ± 0.40 Heuberger et al., 2007 

 U-Pb ID-TIMS 49.80 ± 0.15 Heuberger et al., 2007 
 U-Pb ID-TIMS 47.4 ± 0.5 Heuberger et al., 2007 

 U-Pb ID-TIMS 64.5 ± 0.5 Khan et al., 2009 

 U-Pb ID-TIMS 41.0 ± 0.5 Khan et al., 2009 

 U-Pb LA-ICP-MS 79.34 ± 0.34 Jagoutz et al., 2009 

 U-Pb LA-ICP-MS 67.4 ± 5.8 Jagoutz et al., 2009 
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Table 1. Continued 

Kohistan Batholith U-Pb LA-ICP-MS 70.3 ± 5.0 Jagoutz et al., 2009 
 U-Pb LA-ICP-MS 72.3 ± 5.1 Jagoutz et al., 2009 
 U-Pb LA-ICP-MS 62.1 ± 4.9 Jagoutz et al., 2009 

 U-Pb LA-ICP-MS 57.3 ± 5.3 Jagoutz et al., 2009 
 U-Pb LA-ICP-MS 42.1 ± 3.7 Jagoutz et al., 2009 
 U-Pb LA-ICP-MS 75.1 ± 4.5 Jagoutz et al., 2009 
 Ar-Ar Hornblende 75 Treloar et al., 1989 

 Ar-Ar Hornblende 54.1 ± 1 Treloar et al., 1989 

 Ar-Ar Hornblende 63 ± 1 Treloar et al., 1989 
 Ar-Ar Hornblende 65 ± 1 Treloar et al., 1989 
 Rb-Sr Whole Rock 102 ± 12 Petterson & Windley, 

1985 

 Rb-Sr Whole Rock 54 ± 4 Petterson & Windley, 

1985 
 Rb-Sr Whole Rock 40 ± 6 Petterson & Windley, 

1985 

 Rb-Sr Whole Rock 34 ± 14 Petterson & Windley, 

1985 
 Rb-Sr Whole Rock 26 ± 6 Petterson & Windley, 

1985 
 Rb-Sr Whole Rock 26.2 ± 1.2 George et al., 1993 

 Rb-Sr Whole Rock 49.1 ± 11 George et al., 1993 

Chalt Volcanics 

 

- - - 

Yasin Group Orbitolina fossil Albian-Aptian 

(99-125) 

Pusdey et al., 1986 

Dir Group Miscellanea 

miscella fossils 

Thanetian (60-

55) 

Sullivan et al., 1993 

Teru/Shamran 

Volcanics 

U-Pb ID-TIMS 64.9-63.1 ± 

0.9-2.5 

Khan et al., 2009 

 Ar-Ar Biotite 58 ± 1 Treloar et al., 1989 

 Ar-Ar Hornblende  43.8 ± 0.5 Khan et al., 2004 

 Ar-Ar Hornblende 32.5 ± 0.4 Khan et al., 2004 
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Figure 10. Simplified geological map across the Jijal-Patan-Kayal (Kiru)-Dasu (Kamila) Complexes of the Kohistan Arc Complex denoting the subdivision of 

classifications described by Dhuime et al. (2009) and Miller et al. (1991). Map corresponding to sampled transect and transect 3 in Figures 3 & 4. Red dashed 

line corresponds to the upper limit of the Kayal Complex. (1) Yamamoto & Nakamura (1996); (2) Anczkiewicz & Vance (1997); (3) Yamamoto & Nakamura 

(2000); (4) Anczkiewicz et al. (2002); (5) Schaltegger et al. (2002); (6) Yamamoto et al. (2005); (7) Dhuime et al. (2007) (Modified from Dhuime et al., 2009) 
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2.4 Models of Formation   

There are two predominant models currently describing the formation of the Kohistan 

Arc Complex, described by studies conducted by Miller et al. (1991) and Dhuime et al. 

(2009). Miller et al. (1991) based their model on field mapping along the Indus River and 

its associated tributaries and concluded that the Kohistan Arc Complex was formed by 

successive episodes of accretion and delamination. Dhuime et al. (2009) proposed a more 

complex multistage formation process based on extensive geochemical analyses from 

across the KAC in combination with existing geochronology for the region.  

Miller et al. (1991) argued that the various cumulate complexes which constitute the 

lower arc crust of the KAC consist of plutonic material that accreted to the base of an 

evolving island arc throughout the Lower Cretaceous. Based on various traverses 

throughout the Kohistan Terrane, Miller et al. (1991) identified four northward dipping 

cumulate complexes, the Jijal, Patan, Kayal and Dasu Complexes, (the latter three 

complexes comprising the Kamila Amphibolite Belt), that formed by crystallisation of 

subduction generated, hydrous, low K, picritic, high Mg tholeiitic magmas along the 

frontal component of the arc (Loucks, 1990; Miller et al., 1991). Each complex, per Miller 

et al. (1991), corresponds to consecutive episodes of crustal underplating, or accretion, 

by dense magmas. As these magmas underplated the pre-existing crust they stalled at the 

Moho fractionating ultramafic-mafic cumulates, with the residual liquids being 

sufficiently buoyant to ascend to higher level magma chambers producing the granitic 

and granitoid plutons of the overlying Kohistan Batholith. The successive emplacement 

of ultramafic-mafic cumulates results in the down-stepping of the Moho from the pre-

existing ultramafic-mafic contact to the ultramafic-mafic contact of the newest intrusion, 

resulting in dynamic metamorphism of the overlying stack of cumulates. The eventual 

removal of the dense ultramafic cumulates from the base of the crust occurs mainly 

through accumulation of the dense, mantle derived magmas along the ultramafic-mafic 

contact of a pre-existing intrusion. Accumulation of dense material results in the eventual 

foundering of the gravitationally unstable ultramafics, as the ultramafic material is denser 

than the surrounding mantle, and delamination and recycling of these ultramafics back 

into the mantle (Figure 11). Based on these relationships and interpretations, Miller et al. 

(1991) argued that the Jijal Complex is the youngest and least metamorphosed cumulate 

complex within KAC. The overlying stack of complexes increases in both age and 

metamorphic deformation intensity, with the Dasu Complex considered the oldest, most 

metamorphosed unit of the KAC.  
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Figure 11. Schematic diagram of the Miller et al. (1991) model describing the accretion 

of dense magmas along the base of the crust (A), with accompanying fractionation of 

ultramafic-mafic cumulates once stalling at the Moho, with down-stepping of the Moho 

from the pre-existing mafic-ultramafic contact to the ultramafic-mafic contact of the 

newest intrusion (B). Followed by delamination of the denser ultramafic residuals due to 

gravitational instability (C).  

Therefore, per the Miller et al. (1991) model there should be a younging trend from the 

Dasu Complex downwards towards the ultramafic Jijal Complex. Current geochronology 

that has been reported for the Kohistan Arc Complex (Table 1) indicate ages of ca. 110 

Ma for the Dasu Complex (Yamamoto et al., 2005), zircon ages of 98-95 Ma for the Patan 

Complex (Schaltegger et al., 2003; Yamamoto et al., 2005) and Sm-Nd ages of 95-91 Ma 

for the Jijal Complex (Anczkiewicz & Vance, 1996; 2000; Yamamoto & Nakamura, 
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1996; 2000; Anczkiewicz et al., 2002; Dhuime et al., 2007). These ages do not refute the 

argument of Miller et al. (1991), though the scatter of ages obscures any definitive trend.   

Dhuime et al. (2009) agreed with Miller et al. (1991) that accretion and delamination of 

the dense ultramafic residuals from the base of the crust is an integral component of 

crustal formation and the formation of the KAC. However, the model of Dhuime et al. 

(2009) differs substantially from that of Miller et al. (1991) in describing the formation 

of the Kohistan Arc Complex. Dhuime et al. (2007; 2009) reports a comprehensively 

detailed geochemical analysis of both trace elements and stable and radiogenic isotopes, 

including Pb, Sr, and Nd, from samples across the Kohistan Arc Complex, differentiating 

two distinctive geochemical suites within the Jijal Complex and Kamila Amphibolite 

Belt. These geochemical groups are classified as either Type A suites, defined by elevated 

207Pb, decreasing 143Nd/144Nd and increasing LaN/SmN, or as Type B suites which are 

classified by elevated 207Pb/204Pb, reduced 143Nd/144Nd with constant LaN/SmN. Both 

Type A and B suites can be subdivided into five “types”, from type 1 to 5, based upon 

their trace element and isotopic compositions (Figure 12). Using these criteria, Dhuime 

et al. (2009) demonstrated an increased input from a subduction related component as the 

arc evolves with time, whilst defining a complex three-stage formation process in the 

Kohistan Arc Complex based on geochemical analyses and U-Pb and Sm-Nd 

geochronology (Figure 13). Stage 1, ca. 117-105 Ma, corresponds to the initiation of 

subduction followed by volcanic arc building with Type A suites first emplaced. These 

suites include the Jijal ultramafics and subsequent emplacement of various sequences of 

the Kamila Amphibolite Belt. Stage 2, 105-99 Ma to 96-91 Ma, is characterised by 

extensive magmatic underplating of B Type suites including the Sangara Gabbros of the 

Patan Complex and Jijal garnet gabbros, with subsequent granulite metamorphism and 

delamination at the base of the arc. Stage 3, 95-85 Ma, corresponds to a timeframe of low 

magmatic activity with back arc rifting at ca. 85 Ma resulting in intrusion of the Chilas 

Complex. Based on the Dhuime et al. (2009) model the cumulate complexes of the KAC, 

specifically the Jijal Complex and Kamila Amphibolite Belt, have no discernible spatial 

order of emplacement and therefore no age gradient should exist across these complexes. 

However, current geochronological data is characterised by low-resolution, low-precision 

ages from multiple isotopic systems which hampers evaluation of both the Miller et al. 

(1991) and Dhuime et al. (2009) models. 
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Figure 13. Simplified geochemical map of the Jijal-Patan-Kiru (Kayal)-Kamila (Dasu) sequences denoting the locations of various 

geochemically distinct rocks types from suites A & B based on trace element and isotope geochemical analyses. (From Dhuime et al., 2009)  
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Figure 14. Diagram of three-stage formation, building and evolution of the Kohistan Arc Complex. Left: Stage 1a) Initiation of intra-oceanic 

subduction at ~117Ma: 1b) Subduction onset and emplacement of Jijal ultramafics and Kiru & Kamila Sequences of the Kamila Amphibolites: 

1c) Progressive building of the arc complex with continued emplacement of the Kamila Amphibolites; Centre: Stage 2a) Magmatic underplating 

and emplacement of the Patan Sangara Gabbro and Jijal Gabbroic section: 2b) Delamination at the base of the arc; Right: Stage 3a) 10 Ma period 

of reduced magmatic activity marking the termination of intra-oceanic arc subduction: 3b) Intra-arc rifting event at ~85 Ma and emplacement of 

the Chilas Complex by mantle diapirism (From Dhuime et al, 2009)
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Figure 15. Schematic lithostratigraphy column of the Kohistan Arc Complex based on 

the field work and geobarometry of Miller et al. (1991), Miller & Christensen (1994) and 

Loucks (1996). Included are the depth and pressure for the various cumulate complexes 

that constitute the KAC. Yellow numbers and ticks correspond to relative vertical depth 

of the unit (in km) and red numbers correspond to pressure (in kbars). 
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3. Methodology 

The purpose of this research was to establish precise and accurate U-Pb radio-isotopic 

ages for the Jijal, Patan, Kayal, Dasu and Chilas Complexes of the Kohistan Arc 

Complex, to provide a duration for continental crust formation, and to evaluate the 

proposed formation models of Miller et al. (1991) and Dhuime et al. (2009). Given the 

requirements for high-resolution, precise and accurate geochronology, Chemical 

Abrasion Isotope Dilution Thermal Ionisation Mass Spectrometry (CA-ID-TIMS) was 

initially considered the ideal analytical technique to meet the requirements of this 

research. Pre-treatment methods of high temperature annealing, 850°C for 60 hours, and 

chemical abrasion by concentrated hydrofluoric acid (HF), for 12 hours at 200°C, 

combined with ID-TIMS methodology routinely produce age uncertainties of between 

<0.1-0.2% at the 2σ level while mitigating the effects of later Pb-loss due to radiation-

induced lattice damage (Mundil et al., 2004; Mattinson, 2005; Von Quadt et al., 2014; 

Burgess et al., 2014; Burgess & Bowring, 2015). However, considering components of 

the Dasu and Kayal Complexes have been subject to epidote-amphibolite facies grade 

metamorphism (Miller et al., 1991; Miller & Christensen, 1994; Burg, 2011), the pre-

treatment of zircons was abandoned due to concerns regarding the integrity of the zircon 

crystals. Some zircons had previously been mounted and polished for in situ analysis, 

reducing their size by approximately half and by exposing their interiors, increasing the 

likelihood of having the zircons destroyed during chemical abrasion. This decision was 

further influenced due to the limited quantity of samples obtained for the Kayal Complex. 

Therefore, standard ID-TIMS methods were employed to maintain the integrity of the 

zircon samples until analysis, whilst simultaneously ensuring that the requirements of 

accuracy and precision were still met by using zircon grain that had already been analysed 

by in situ methods to screen out inherited or severely altered populations of zircons. 

3.1.1 Binocular Microscopy 

Rock samples from the Patan (J3-28800) and Kayal (J3-31030) cumulate complexes were 

obtained by Dr Robert Loucks from previous fieldwork projects in North-East Pakistan 

(Miller et al., 1991). Zircon mineral concentrates for these rock samples were collected 

and mounted in epoxy resin by mineral separation specialists from the Australian National 

University for analysis by laser-ablation. As these zircons were embedded in polished 

epoxy mounts, fine needle nose tweezers were used, with the aid of a binocular 

microscope, to remove the zircons. Zircons from the J3-28800 and J3-31030 mounts were 

removed and transferred to individual Savillex 3 mL Teflon vials containing ethanol. 
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Once all zircons were removed from the mounts, ethanol was drawn off from the vials 

via pipette and the vials were then transferred to a hot plate at 80°C to evaporate off 

remaining ethanol. The vials were then filled with acetone to dissolve excess epoxy resin 

adhering to the zircon grains. These vials were placed in an ultrasonic bath for 5 minutes 

to agitate the solution and further aid in the dissolution of epoxy resin. The acetone 

solution was drawn off and replaced with clean acetone an additional two times, following 

the same procedures outlined above, to remove as much epoxy resin as possible. 

Following the final addition and removal of acetone, clean 7N nitric acid (HNO3) was 

added to each Teflon bottle in the ultra-clean laboratory in preparation for zircon 

dissolution procedures. Zircons from the Patan Complex (J3-28800) had already 

undergone Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-

MS) to screen for inherited zircons and provide a preliminary U-Pb age for the cumulate 

complex (Figure 16). Eight grains are situated in the mount with seven of the grains 

providing ages of ca. 90 Ma with one anomalous grain giving an age of ca. 50 Ma, 

probably the result of significant Pb loss.  In removing zircon grains from this mount 

SEM images (Figure 16) were used to avoid removing the single anomalous zircon grain 

and other accessory minerals in the mount including rutile and epidote.  

 

 

 

 

 

 

 

 

 

 

Figure 16. Backscattered electron image of mount R05042A/J3-28800, Patan Complex 

tonalite, indicating eight zircon grains (nine spot analyses) with corresponding sample 

number and LA-ICP-MS ages. Darkened grains are primarily epidote and rutile (Image 

courtesy of Dr. Luis Parra-Avila, Centre for Exploration Targeting). 
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3.1.2 Rock Crushing & Milling 

Rock samples from the Chilas (C1-KKH-1134), Dasu (J3-36800) Patan (J3-31030) and 

Jijal Complexes were cleaned with a wire brush to remove potential contaminants. 

Equipment including the hydraulic press, disc mill and sieves were cleaned with ethanol, 

compressed air and wire brush to remove particulates from previous use to minimise the 

potential for contamination. Large rock samples from the Chilas, Dasu, Patan and Jijal 

Complexes were mechanically broken down into manageable fragments by a hydraulic 

splitter. Fragments produced by the hydraulic splitter were then broken down into rock 

chips roughly 2 cm in size by a hydraulic crusher. From these rock chips, suitable samples 

were collected to produce thin sections for petrographic analysis. The remaining rock 

chips were then processed through a disc mill to produce a rock powder with a target 

grainsize of ~400 μm. A coarse sieve (~0.5 mm mesh spacing) and a fine sieve (~40 μm) 

were used to refine the rock powder further to discriminate between those grains which 

were too coarse or fine. Those particles which did not pass through the 0.5 mm sieve were 

collected and processed through the disc mill a second time until they passed through the 

0.5 mm sieve. Material collected above the fine mesh sieve was washed with water to 

remove ultrafine particles from the target rock powder. The wet target rock powder was 

then collected in an evaporation bowl and placed into an oven at ~80°C for ~12 hours to 

dry in preparation for magnetic separation procedures.  

3.1.3 Magnetic Separation 

Following the mechanical processing of the Chilas, Dasu, and Patan samples, magnetic 

separation techniques were employed to discriminate between minerals with varying 

magnetic properties. The Frantz magnetic separator (Figure 17) induces magnetic fields 

that can be manipulated with adjustable electric currents to produce varying magnetic 

field intensities. These induced magnetic fields interact with the magnetic minerals as 

they pass through the magnets on a chute with a user-defined tilt and slope. Tilt and slope 

settings can be adjusted to optimise the separation of magnetic minerals per their magnetic 

susceptibility.  

In processing the Chilas, Dasu and Patan Complex samples the tilt and slope of the Frantz 

was held constant at 15° for both settings with a stepwise increase in the magnetic field 

strength. The initial current, and lowest magnetic field strength, was set at 0.5 A with the 

feed and chute vibration settings adjusted to maintain a steady flow of material from the 

hopper and along the chute. The non-magnetic fraction was then subsequently processed 

at successively higher currents, and therefore higher magnetic field intensities, of 1.0 A 
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and 1.5 A until a non-magnetic 1.5 A fraction was collected. The 1.5 A non-magnetic 

fraction was then processed through the Frantz a final time at 1.7 A, with the tilt setting 

adjusted to between 5° and 10° to screen out very weakly magnetic grains.   

 

 

 

 

 

 

 

 

Figure 17. Frantz Magnetic Separator 

3.1.4 Heavy Liquid & Gravity Separation 

Following magnetic separation techniques on the Chilas, Dasu and Patan samples, the 

non-magnetic rock powder fraction of these samples was refined to further concentrate 

zircons through Heavy Liquid Separation. Variations in the specific gravities between 

different minerals in heavy liquids allows for further concentration of zircons required for 

ID-TIMS analyses (Callahan, 1987). Minerals with densities greater than the liquid, such 

as zircon, will sink whilst minerals with densities less than the heavy liquid float. For 

each sample a 500 mL separatory funnel was secured on a retort stand and then filled with 

~250 mL of Lithium Heteropolytungstate (2.86g/cm3). The non-magnetic rock powder 

fraction was subsequently added via a funnel, and the solution was agitated with a glass 

stirring rod to mix the rock powder and heavy liquid. The separatory funnel was then 

removed from the retort stand and swirled by hand to generate a vortex to the stopcock 

of the separatory funnel. The funnel was then secured onto the retort stand and left for 30 

minutes to allow the separation of heavy and low density minerals. Underneath the 

separatory funnel a 250 mL conical flask topped with a funnel containing a sheet of fluted 

filter paper, and was used to separate the LST from the heavy mineral concentrate. 

Following the final heavy mineral fraction removal and filtration of the LST through the 

fluted filter paper, the filter paper was removed and the heavy mineral fraction washed 

into a 50 mL beaker using deionised water. The 50 mL beaker was decanted multiple 
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times to remove excess LST and any low-density minerals entrained within the heavy 

mineral fraction. The heavy mineral fractions were then transferred from the 50 mL 

beaker to a plastic petri dish in ethanol preparation for hand picking final zircon 

concentrates.  

The Jijal rock powder sample did not undergo magnetic and heavy liquid separation 

methods, instead this sample underwent gravity separation using water on a Wilfley Table 

in a method modified after Sӧderlund & Johansson (2002) to obtain either baddeleyite or 

zircon. Prior to gravity separation the Jijal rock powder was transferred into a 250 mL 

beaker and mixed with soapy water. Once the sample was thoroughly mixed with the 

soapy water, a teaspoon of the rock powder slurry was placed at the upper part of the 

table. Using the slope and vibrations of the table, lighter minerals in the rock powder 

fraction washed into lower portions of the table, which were captured in a container and 

retained. The heavy mineral fraction moved along the uppermost portion of the wavefront 

and was captured using an angled pipette and placed into a 50 mL collection beaker. This 

process was continued until the bulk rock powder sample for the Jijal Complex was 

completely processed. The collected heavy mineral fraction was then transferred from the 

50 mL beaker into a plastic petri dish for hand picking of target baddeleyites and zircons 

underneath a binocular microscope.  

3.1.5 Zircon Concentrates  

Following mineral separation methods for the Chilas, Dasu, Patan and Jijal Complexes, 

final zircon concentrates were collected by hand picking individual grains under a 

binocular microscope. The heavy mineral concentrates were transferred into plastic petri 

dishes under ethanol, and zircon grains separated from unwanted minerals by fine nosed 

tweezers. Grains chosen for analysis were primarily selected on the overall clarity and 

integrity of the crystals. Those grains which were euhedral in habit, transparent and 

fracture free without apparent core/rim relationships were selected for ID-TIMS analysis. 

Potential zircon grains were collected via pipette and placed into a clean petri dish in 

preparation for analysis under short wavelength UV-light. UV-light was used to 

discriminate between zircon crystals and grains with similar optical characteristics to 

zircon under binocular microscopy via the fluorescence of only zircons (Callahan et al., 

2002). Those grains that fluoresced under short wavelength UV-light were collected via 

pipette under ethanol and transferred to individual Teflon vials. The weights of zircon 

crystals were calculated from measurements of photomicrographs and estimates of the 

third dimension. With respect to zircons removed from epoxy mounts the estimated third 
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dimension was considered half of the shortest crystal dimension. Determined weights are 

used for determining U concentrations and do not contribute to age calculations, and an 

uncertainty of 50% can be attributed to U concentration estimates. Vials containing the 

zircon concentrates, following photomicrographs, were then transferred to the ultra-clean 

laboratory in preparation for dissolution procedures. Prior to dissolution methods ethanol 

was removed from each Teflon bottle by pipette with remaining ethanol droplets 

evaporated off. This was done as dissolution procedures require zircons to be under a 

concentrated HNO3, a strong oxidising environment, however ethanol reacts violently 

with concentrated HNO3 to produce nitrogen dioxide, a toxic gas. Once ethanol has been 

completely evaporated and the remaining Teflon bottles were dry, clean concentrated 7N 

nitric acid was added to the vials to clean the crystals and to maintain strong oxidising 

conditions in preparation for zircon dissolution methods. 

3.1.6 Zircon Dissolution & ID-TIMS 

Zircons from the Chilas, Dasu, Kayal and Patan Complexes with euhedral habits and with 

minimal inclusions and fractures were selected for ID-TIMS analyses. Typically, a 

minimum of six zircons from each sample was collected for ID-TIMS analysis to define 

a statistically robust age or isochron slope (Rey & Galeotti, 2008). Zircons from each 

sample were transferred via pipette from vials containing clean HNO3 to individual 

Teflon microcapsules on holder racks (Figure 20). Excess nitric acid in the transfer was 

carefully drawn off from each the microcapsule without removing the zircon grain. Each 

microcapsule was then transferred from holder racks to dissolution racks. To each of these 

microcapsules a 30 mg of an in-house 205Pb-235U spike of known concentration and 

composition was added, following which Teflon lids were added to each microcapsule. 

For ID-TIMS analysis the 205Pb-235U spike has been calibrated against SRM981, SRM982 

(for Pb), and CRM115 (for U), as well as an external U-Pb solution (JMM solution from 

the EarthTime consortium). The spike is regularly checked using “synthetic zircon” 

solutions, provided by D. Condon (BGS) which yield U-Pb ages of 500 Ma and 2000 Ma. 

The assembled dissolution racks were subsequently placed into a Parr Teflon bomb 

(Figure 18) containing 10 mL of concentrated hydrofluoric acid, and ~2 drops of 

concentrated nitric acid to maintain strong oxidising conditions and reduce the formation 

of insoluble fluoride compounds within the bomb (Dickin, 1995). The Parr Teflon bomb 

was secured within a steel jacket (Figure 18) and placed into an oven at 220°C for 7 days 

to ensure vapour transfer of HF to ensure dissolution and equilibration of spiked single 

crystals. Following dissolution, the steel jacket was removed with the Parr Teflon bomb 
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disassembled and microcapsules were transferred from dissolution racks back to holder 

racks. To each microcapsule 2 drops of 3M hydrochloric acid and 1 drop of <0.5N 

phosphoric acid (H3PO4) were added to re-dissolve the resulting residue. The holder racks 

and microcapsules were placed on a hot plate for a minimum of two hours to evaporate 

the solution, producing a bead of phosphoric acid that can be loaded onto outgassed, zone-

refined rhenium (Re) single filaments for TIMS analysis. Phosphoric acid was used as it 

displaces other anion species producing a uniform salt composition whilst simultaneously 

destroying organic residues (Dickin, 1995).  

Prior to loading samples for TIMS analysis filaments were prepared through stripping 

and cleaning used Re filament holders, shields and posts used in previous experiments. 

Initially used Re filaments were stripped from filament holders and disposed of in a waste 

beaker. Filament holder posts were then gently filed down to remove remaining fragments 

of Re attached at the welding points. Shields and posts used for the Re filament housing 

were cleaned with a glass fibre abrasive brush to remove trace materials left from previous 

experiments. Filament shields and posts were collected in a beaker and placed in a warm 

(~50°C) 2% HNO3 bath and ultrasonically cleaned for a duration of 5 minutes. Following 

ultrasonic agitation HNO3 was decanted off, replaced by DI water and ultrasonically 

cleaned for 5 minutes. DI water was subsequently decanted off and replaced with Milli-

Q water following the same cleaning processes outlined previously and replicated three 

separate times, although ultrasonic cleaning by Milli-Q water occurred for a longer 

duration of 10 minutes. Filament holders were cleaned in the same manner outline for the 

filament shields and posts, however due to their susceptibility to damage from prolonged 

exposure to nitric acid filament holders were cleaned in a room temperature ultrasonic 

bath for 2 minutes. Filament holders were then cleaned with Milli-Q water as outlined 

above. Filaments, shields and posts were dried with Kimwipes prior to being placed in 

the vacuum oven. Following drying, filaments, shields and posts were wrapped in 

aluminium foil and placed into a vacuum oven at ~100°C for 12 hours under a pressure 

of 0.1 MPa. Once cool filament holders were removed and fresh 1.5 cm strips of 99.995% 

pure Re were cut, fitted and spot welded to the filament holder. Prior to sample loading 

filaments were outgassed under a vacuum of 1 x 10-7 Torr through a series of step heating 

processes to volatilise and eliminate any remaining contaminants (Figure 19).  
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Figure 18. Parr Teflon bomb and disassembled steel jacket apparatus used for dissolving 

zircons 

Following outgassing of filament holders to remove remaining volatiles, dissolved zircon 

samples, now contained within a bead of phosphorous salt, were loaded onto Rhenium 

filaments in a fume hood where 5 µL silicic acid gel was added to the phosphorous salt 

to produce a silica gel-phosphoric acid emitter substance. This emitter substance is used 

over traditional emitters as silica gel can lead to significantly improved Pb ion yields by 

a factor of 5 (Gerstenberger & Haase, 1997). The silica gel-phosphoric acid emitter 

substance containing the dissolved zircon was loaded onto Re filaments using a pipette 

with a gradual stepwise increase in current, from 0.5 A to 2 A, across the filament 

resulting in the fusing of the sample (Figure 20). Once loaded, these filaments were 

secured on a carousel wheel assembly with both filament shields and posts attached to 

secure filaments in place. Amongst the filaments containing zircons for analysis were an 

artificial 500 Ma age solution and a sample of the 205Pb-235U spike solution. These 

solutions were included to ensure that there was no drift in the magnet or anomalous 

issues associated with the Secondary Electron Multiplier detector, as well as a double-

check on spike calibration to ensure data reduction methods used in calculating ages are 

correct. The carousel assembly (Figure 20) containing the prepared Re filaments and 

zircon samples were loaded into a Thermo Scientific TRITON T1 TIMS (Figure 20), and 

pumped down to a high vacuum over a 12-hour period. Prior to analysis the Thermo 

Scientific TRITON T1 TIMS cycled through each sample to ensure that each filament 

contact completed an electronic circuit. Once contact was established for each sample the 

filament across the first sample to be analysed was raised in a series of gradual steps to 

promote efficient vaporisation and thermal ionisation of the sample. The gradual stepping 

up of current also ensured any remaining volatiles or organic contaminants within the 
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samples were burnt off to reduce the potential for interference during analysis. U-Pb 

isotope analyses were carried out on the Thermo Scientific Triton T1 mass spectrometer, 

in peak-jumping mode using a secondary electron multiplier. The isotopic compositions 

were measured first for Pb then U, this is because Pb+ and UO2
+ ionise between 1300-

1400°C and 1550-1650°C respectively.  Fractionation and deadtime were monitored 

using standards SRM981 and SRM982. 

 

 

 

 

 

 

 

 

 

 

Figure 19. Filament Outgasser 

3.1.7 Data Analysis 

Mass Spectrometer results and U-Pb data were reduced using the software package 

Tripoli (Bowring et al., 2011 from CIRDLES.org). The resultant U-Pb ratios with the 

accompanying uncertainties were plotted onto Concordia curves using the Berkeley 

Geochronology Centre Excel Isoplot 4.15 program (Ludwig, 2012). Weighted-mean ages 

were calculated for individual analyses with all uncertainties reported at the 2σ level using 

the same Excel Isoplot program.  
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Figure 20. Filament carousel assembly and exposed Rhenium Filaments (A, B); Teflon 

microcapsules and six place sample rack holders (C); Sample loading apparatus (D); 

Thermo Scientific Triton T1 TIMS (E) 
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3.2 Petrography  

Following crushing in the hydraulic press a small fragment of each crushed sample was 

retained to construct thin sections for those samples undergoing ID-TIMS analysis. With 

the aid of a polarising microscope each thin section was analysed in plane polarised and 

cross polarised light to determine the mineral compositions and textural characteristics. 

Complementary to the determination of compositional and textural properties, thin 

section analyses were used to ascertain the metamorphic grade of each analysed sample. 

This information was used to provide a classification and rock name to each analysed 

sample. For each individual thin section, multiple photomicrographs were taken and 

annotated to display the main textural and compositional features of each rock.   
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4. Results  

4.1 Petrography  

4.1.1 Jijal Complex (J3-10660, J2-6218) 

Samples from the Jijal Complex are dominated by subhedral to euhedral, inclusion free 

garnet composing up to 60% of the modal mineralogy of the sample. Clinopyroxenes 

account for approximately 25% of the modal minerology, and are pale green in colour in 

PPL. Extensive sericite alteration of plagioclase, which exhibits relict polysynthetic 

twinning, accounts for ~10% of the modal mineralogy with the remaining 5% typically 

composing quartz and accessory rutile (Figure 21a; b). These samples are defined as 

garnet gabbros which exhibit massive, inequigranular, holocrystalline, adcumulate 

textures which are typically banded on centimetre scales. Samples such as J2-6218 from 

the Jijal Complex exhibit complete alteration of clinopyroxene to epidote (Figure 21c; d).  

4.1.2 Patan Complex (J3-28800) 

Sample J3-28800, a tonalite located 2 m below the roof contact of the Patan Complex 

with the Kayal Complex, is principally composed of approximately 65% of subhedral 

plagioclase. Quartz constitutes roughly 15% of the total modal mineralogy (Figure 22). 

Amphibole and epidote are present in roughly equal proportions, each corresponding to 

approximately 10% of the overall model minerology. Rutile is also present as an 

accessory mineral phase in this tonalite, characterised by anhedral crystal structures, 

brown colour in PPL and high relief (see appendices). The Patan tonalite displays 

holocrystalline, equigranular, massive and non-foliated adcumulate textures. 

4.1.3 Dasu Complex (J3-36800) 

Sample J3-36800, an amphibole gneiss, collected from the Dasu Complex is composed 

principally of subhedral amphibole, intensely deformed plagioclase that exhibits relict 

polysynthetic twinning, anhedral polycrystalline quartz aggregates with apatite inclusions 

(see appendices), and accessory minerals including rutile and epidote. Sericite alteration 

is commonly associated with intensely altered plagioclase. The sample is moderately to 

strongly fractured possessing a very strongly foliated gneissic texture with no evident 

preservation of original igneous textures (Figure 23a; b).  
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4.1.4 Chilas Complex (C1-KKH-1134) 

Sample C1-KKH-1134 (Figure 23c; d), a gabbronorite, collected from the Chilas 

Complex of the Kohistan Arc is dominated by plagioclase accounting for approximately 

70% of the modal mineralogy. The remaining 30% is mainly composed by roughly 

equivalent portions of clinopyroxene (~15%) and orthopyroxene (~10%), with ~5% 

corresponding to amphibole. Spinel is present as an accessory mineral, and commonly 

possess symplectic textures or is present as exsolution trails in pyroxenes (see 

appendices). Clinopyroxene and orthopyroxene are also typically rimmed by amphibole. 

The Chilas gabbronorite possesses a holocrystalline, adcumulate texture with a distinctive 

grading from pyroxene-amphibole dominated layers to plagioclase dominated layers (see 

appendices for further photomicrographs of these textures).
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Figure 21. Photomicrographs [(left: Plane Polarized Light (PPL), right: Cross Polarised Light (XPL)] of Jijal garnet gabbro sample J3-10660 (A; 

B) and J2-6218 (C; D) [Cpx: Clinopyroxene; Epd: Epidote; Gnt: Garnet; Plag: Plagioclase; Qtz: Quartz] 
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Figure 22. Photomicrographs (left: PPL, right: XPL) of sample J3-28800, a tonalite from the Patan Complex [Amph: Amphibole; Epd: Epidote; 

Plag: Plagioclase; Qtz: Quartz] 
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Figure 23. Photomicrographs (left: PPL, right: XPL) of amphibolite gneiss from sample J3-36800 of the Dasu Complex (A; B) and gabbronorite 

C1-KKH-1134 of the Chilas Complex (C; D) [Amph: Amphibole; Cpx: Clinopyroxene; Plag: Plagioclase; Qtz: Quartz; Rut; Rutile]  
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4.2 ID-TIMS 

Sample preparation and U-Pb ID-TIMS analytical work was carried out at the University 

of Western Australia Advanced Geochemical Facility for Indian Ocean Research. A 

secondary electron multiplier was utilised as the detector during analyses, as the beam 

intensity was too low for the Faraday cup detector. Measured isotopic ratios were 

monitored and corrected for mass fractionation and tracer contribution using standards 

SRM982 for Pb and CRM114 for U. Isotopic data calculations followed the basic 

mathematical methods outlined by Schmitz & Schoene (2007), with all Concordia plots 

generated by the excel add-in program Isoplot 4.15 (Ludwig, 2012). The isotopic data 

generated by ID-TIMS analysis for the Chilas (C1-KKH-1134), Dasu (J3-36800), Kayal 

(J3-31030) and Patan Complexes (J3-28800) are presented below in table 2. 206Pb/238U 

ages are reported as these more closely approximate crystallisation ages, and 207Pb/206Pb 

ages are unreliable in the Phanerozoic as the Pb-Pb intercept line is subparallel to 

Concordia for samples of this age (ca. 100 Ma). 206Pb/238U ratios provide a more sensitive 

indication of radio-isotopic ages for young zircons as the natural abundance of 238U 

exceeds that of 235U. Despite the more volatile decay and shorter half-life of 235U, the 

increased natural abundance of 238U leads to a greater abundance of the both parent 238U 

and daughter 206Pb nuclei that can be measured with greater analytical accuracy and 

precision in comparison to 207Pb/235U (Okamoto et al., 2004). This variation in accuracy 

can be observed by the strong elongation of error ellipse along the 207Pb/235U axis of each 

Concordia plot (Figure 25). All calculated 206Pb/238U age uncertainties are reported at the 

2σ uncertainty level.  

4.2.1 U-Pb Geochronological Data  

With respect to the Jijal garnet gabbro sample no zircons were recovered by gravity 

separation techniques. Given that the heavy mineral fraction was predominately 

composed of rutile it is possible that the crystallisation of rutile was preventing zirconium 

saturation in the melt, inhibiting the crystallisation of zircon. Therefore, no U-Pb zircon 

or baddeleyite ages have been reported by this study for the Jijal Complex.  

Five zircons were analysed for sample C1-KKH-1134, (Table 2, Figure 25a), from the 

Chilas gabbronorite. Calculated weights were between 0.2 and 2.0 μg, with U 

concentrations ranging between 40 and 430 ppm. Th/U ratios are noticeably low ranging 

from 0.04-0.43, predominately clustering at ~0.2 for most analyses. Common lead, Pbc, 

is also relatively high in the Chilas analyses in comparison to other sample analyses, 

ranging from 2.4-4.5 pg with the percentage of radiogenic Pb ranging from 31% to 97%.  
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All five data produce no clustering or concordant 206Pb/238U ages, with 206Pb/238U ages 

ranging from ca. 600 to 1740 Ma indicating that these grains are likely inherited when 

compared to published literature ages from similar rocks of the Chilas Complex (e.g. 

Zeitler & Chamberlain, 1991; Schaltegger et al., 2002). As all five data are discordant 

there is ample evidence to conclude Pb loss from each of these analysed samples. A 

discordant array indicates an upper and lower intercept age of 198 ± 400 Ma and 1873 ± 

230 Ma (N=5, MSWD=118), however these ages provide no significant geological 

meaning, and do not reflect the magmatic age of the Chilas Complex due to the 

discordance, low sample size, high uncertainty and the high MSWD. 

Six zircons were analysed from sample J3-36800 (Table 2, Fig 25b), from the Dasu 

amphibolite gneiss. Calculated weights were between 0.2 and 1.1 μg, with U 

concentrations ranging between 62 and 239 ppm. Th/U ratios range between 0.27-1.70 

with common lead <1.1 pg for all analyses, with the percentage of radiogenic Pb ranging 

from 63% to 91%. One analysis (#1) has an old age of 327.8 ± 1.1 Ma and another analysis 

(#6) has a young age of 102.2 ± 0.5 Ma, attributed to inheritance and Pb loss respectively. 

The four-remaining data are concordant and overlap within 2σ uncertainty yielding a 

weighted-mean 206Pb/238U age of 108.1 ± 0.3 Ma (N=4, MSWD=0.13). These closely 

clustered 206Pb/238U ages permit the interpretation that these zircons reflect the magmatic 

age of the Dasu amphibolite gneiss, providing a minimum age constraint on the formation 

of the Dasu Complex. However, petrographic analysis indicates that the Dasu gneiss 

(Figure 23a; b) is intensely deformed with all macroscopic and microscopic igneous 

textures no longer remaining, unlike the Kayal, Patan and Jijal Complexes.  

A total of six zircons were analysed from sample J3-31030 (Table 2, Fig 25c), from the 

Kayal agmatite intrusive breccia’s granodioritic matrix. Calculated weights were between 

0.3 and 1.1 μg, with U concentrations between 69 and 387 ppm. Th/U ratios for all six 

analyses are consistent, between 0.65-0.91 with common lead for all samples less than 

1.1 pg and percentage of radiogenic Pb ranging from 61% to 94%. One analysis (#1) has 

a 206Pb/238U age of 123.3 ± 1.2 Ma, significantly older than the remaining five analyses 

and does not overlap within uncertainty of other data. This analysis is interpreted to 

correspond to an inherited zircon grain. The remaining five data overlap within 2σ 

uncertainty, and are concordant with a well constrained weighted-mean 206Pb/238U age of 

107.0 ± 0.2 Ma (N=5, MSWD = 0.62). The clustering of these five data that are in uniform 

agreement permit the interpretation that this is the magmatic age of the Kayal agmatite 

breccia, and the uppermost age constraint for the emplacement of the Kayal Complex.  
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Seven zircons were analysed from sample J3-28800, a tonalite, (Table 2, Fig 25d) from 

the Patan Complex. Calculated weights were between 0.3 and 4.9 μg, with U 

concentrations ranging between 16 and 804 ppm. Th/U ratios for 5 of the analysed 

samples were consistent with each other, between 0.81-0.89. One inherited sample 

exhibited a Th/U ratio of 0.20, with one of the analysed zircons incorporated into the 

weighted average 206Pb/238U age calculations yielding a Th/U ratio of 0.44. Common lead 

is less than 0.7 pg for all analysed samples, except for sample 7 showing elevated common 

lead of 4.9 pg. The percentage of radiogenic Pb ranges between 19-82%, with those 

analyses that reflect low radiogenic Pb corresponding to grains with low uranium 

concentrations. One analysis (#1) has a 206Pb/238U age of 119.3 ± 1.1 Ma, significantly 

older than the remaining six analyses, and is interpreted to correspond to an inherited 

zircon grain as it does not overlap within uncertainty of other analyses. The remaining six 

analyses yielded a 206Pb/238U weighted-mean age of 99.9 ± 0.3 Ma (N = 6, MSWD = 

1.16). However, one analysis (#7) which yielded a 206Pb/238U age of 99.5 ± 0.5 Ma that 

does not overlap within uncertainty of other analyses on the Concordia plot (dashed red 

error ellipse; Figure 25d). Given that this is the only zircon to possess significant 

concentrations of uranium at 804 ppm, it is likely that the zircon has undergone Pb loss 

due to radiation damage of the lattice allowing for the fractionation of 207Pb-206Pb. Further 

supporting this proposal of Pb loss is the low percentage of radiogenic Pb, ~36%, 

associated with analysis #7. It would be expected that a high U grain would contain a 

large portion of radiogenic Pb in the sample, however radiation damage due to alpha 

decay is liable to have resulted in leaching or fractionation of 207Pb-206Pb from the zircon 

grain. As this analysis, does not overlap within uncertainty with other analyses on the 

Concordia plot, the weighted-mean 206Pb/238U age was recalculated excluding this zircon 

analysis and yields an age of 100.2 ± 0.4 Ma (N = 5, MSWD = 0.47). These five analyses 

form a coherent, concordant cluster of 206Pb/238U ages, and we interpret this value as the 

magmatic and maximum age constraint for the Patan Complex. 

 

 

 

 

 



58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. 206Pb/238U age-distribution plot for zircons sampled from the Dasu 

amphibolite gneiss (Red), Kayal granodiorite (Blue), and Patan tonalite (Yellow) 
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Figure 25. U-Pb Concordia plots of result from ID-TIMS analyses of zircons from the 

Chilas (A), Dasu (B), Kayal (C) and Patan (D) Complexes of the Kohistan Arc 

Complex.
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Figure 25. Continued  
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Table 2. U-Pb ID-TIMS radio-isotopic data for zircons from the Chilas, Dasu, Kayal and Patan Complexes of the Kohistan Arc Complex, North-East Pakistan 

Sample weights are calculated from crystal dimensions and are associated with as much as 50% uncertainty (estimated)                                                                                                                                                                                                   

Pbc = Total common Pb including analytical blank (0.8±0.3 pg per analysis).  Blank composition is: 206Pb/204Pb = 18.55 ± 0.34, 207Pb/204Pb = 15.50 ± 0.55, 
208Pb/204Pb = 38.07 ± 0.79 (all 2σ), and a 206Pb/204Pb – 207Pb/204Pb correlation of 0.9.                                                                                                                                                                                                                                                                                                                                                       

Th/U calculated from radiogenic 208Pb/206Pb and age.                                                                                                                                                                                                                                                                                                       

Measured isotopic ratios corrected for tracer contribution and mass fractionation (0.02 ± 0.06 %/amu).                                                                                                                                                                                                                            

ρ = error correlation coefficient of radiogenic 207Pb/235U vs. 206Pb/238U. All uncertainties given at 2σ                                                                                                                                                                                                                                                                

Ratios involving 206Pb are corrected for initial disequilibrium in 230Th/238U using Th/U = 4 in the crystallization environment.  

Sample wt. 

(μg) 

U 

(ppm) 

Pbc 

(pg) 

mol% 

Pb* 

Th 

U 

206Pb 
204Pb 

206Pb 
207Pb 

± 

(%) 

207Pb 
235U 

± 

(%) 

206Pb 
238U 

± 

(%) 

ρ 206Pb/238U 

Age (Ma) 

± 

(Ma) 

207Pb/206Pb 

  Age (Ma) 

± 

(Ma) 

 

  Chilas Complex: 1 Zircon crustal per fraction           

1 1.6 69 3.1 83 0.29 301 0.15629 0.07 1.9987 2.82 0.12812 0.39 .99 777.1 3.0 1850.5 44.1 

2 0.7 127 2.1 86 0.26 369 0.14776 0.07 2.1027 2.61 0.13480 0.36 .99 815.2 2.9 1850.3 40.8 

3 0.3 165 4.5 77 0.04 230 0.17053 0.07 4.8449 3.16 0.30949 0.44 .99 1738.2 7.6 1856.8 49.4 

4 0.2 40 3.9 31 0.20 46 0.39688 0.02 3.2582 5.38 0.21811 0.73 .95 1271.9 9.3 1771.7 85.6 

5 2.0 430 2.4 97 0.43 2150 0.08843 0.09 1.1180 0.62 0.09864 0.13 .64 606.5 0.8 1250.3 10.6 

 

  Dasu Complex: 1 Zircon crustal per fraction           

1 0.8 134 0.4 88 1.70 269 0.09036 0.11 0.1117 9.93 0.01690 0.57 1.00 108.1 0.6 96.2 221.5 

2 0.6 174 0.6 77 0.56 185 0.11569 0.09 0.1125 9.90 0.01689 0.58 .98 108.0 0.6 113.8 219.9 

3 0.4 230 0.4 80 0.48 215 0.10253 0.15 0.1121 12.92 0.01691 0.75 1.00 108.1 0.8 103.3 287.7 

4 0.2 169 0.3 69 0.53 116 0.14334 0.07 0.1145 8.40 0.01693 0.50 .99 108.2 0.5 149.3 185.2 

5 0.3 62 0.2 63 0.82 80 0.17647 0.09 0.1071 7.77 0.01598 0.46 .97 102.2 0.5 128.7 172.0 

6 0.9 239 1.1 91 0.27 626 0.07429 0.20 0.3824 5.42 0.05217 0.35 .99 327.8 1.1 335.9 114.9 

                  

  Kayal Complex: 1 Zircon crustal per fraction           

1 0.8 127 0.7 77 0.75 178 0.12631 0.24 0.1463 15.31 0.01931 1.01 1.00 123.3 1.2 410.3 319.8 

2 0.6 387 0.7 86 0.83 319 0.08805 0.35 0.1105 3.79 0.01674 0.22 .96 107.0 0.2 93.5 84.7 

3 0.9 266 0.3 94 0.91 691 0.06417 0.44 0.1127 3.43 0.01674 0.21 .96 107.0 0.2 139.6 75.9 

4 1.1 109 1.1 67 0.68 127 0.15360 0.13 0.1098 21.03 0.01672 1.20 1.00 106.9 1.3 79.5 470.8 

5 0.5 69 0.4 61 0.73 90 0.17801 0.18 0.1002 15.73 0.01666 0.82 1.00 106.5 0.9 -131.4 368.4 

6 0.3 292 0.7 71 0.65 140 0.13559 0.33 0.0998 25.29 0.01663 1.32 1.00 106.3 1.4 -138.1 593.0 

 

  Patan Complex: 1 Zircon crustal per fraction           

1 0.4 16 0.3 26 0.20 36 0.39530 0.02 0.1206 14.98 0.01868 0.89 .94 119.3 1.1 39.3 338.2 

2 0.6 27 0.8 27 0.81 36 0.42528 0.03 0.1185 20.03 0.01578 1.31 .99 100.9 1.3 389.0 420.2 

3 0.9 32 0.3 64 0.44 95 0.16648 0.08 0.1099 12.26 0.01568 0.75 .99 100.3 0.8 233.5 265.6 

4 0.2 49 0.7 19 0.81 30 0.50690 0.03 0.1039 28.03 0.01565 1.63 .98 100.1 1.6 102.2 624.4 

5 0.7 160 0.4 82 0.89 224 0.10107 0.04 0.1031 11.54 0.01563 0.66 1.00 100.0 0.7 89.8 257.8 

6 0.4 19 0.6 19 0.84 29 0.51948 0.02 0.1165 17.82 0.01562 1.18 .96 99.9 1.2 373.3 375.4 

7 0.2 804 4.9 36 0.81 50 0.33641 0.02 0.1028 8.81 0.01556 0.51 .98 99.5 0.5 99.4 8.75 
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Figure 26. Geological map across the Jijal-Patan-Kayal (Kiru)-Dasu (Kamila) Complexes of the Kohistan Arc Complex, corresponding to sampled transect 

and transect 3 in figures 3 & 4. Red dashed line corresponds to the upper limit of the Kayal Complex. Included are ages determined by ID-TIMS from this 

study (red star) and published ages; (1) Yamamoto & Nakamura (1996); (2) Anczkiewicz & Vance (1997); (3) Yamamoto & Nakamura (2000); (4) Anczkiewicz 

et al. (2002); (5) Schaltegger et al. (2002); (6) Yamamoto et al. (2005); (7) Dhuime et al. (2007) (Modified from Dhuime et al., 2009)
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Two zircon fractions, samples 7 and 9, from mount R05042A (Figure 16) analysed by 

LA-ICP-MS techniques, have been linked with zircon fractions 2, 5 and 6 analysed by 

ID-TIMS methods in this study. LA-ICP-MS analysis of sample 7 produced no age value 

for this zircon, however analysis by ID-TIMS yielded an age of 100.9 ± 1.3 Ma. Sample 

9 from mount R05042A during removal from the epoxy resin was broken into two 

separate fragments, and correspond to fractions 5 and 6 analysed by ID-TIMS methods. 

Sample 9 yields a LA-ICP-MS age of 93 ± 4 Ma, and ID-TIMS analyses carried out on 

fragments of the same zircon produce ages of 100.0 ± 0.7 Ma and 99.9 ± 1.2 Ma for 

fractions 5 and 6 respectively. Most LA-ICP-MS ages determined by Dr. Yongjun Lu for 

the Patan Complex possess accompanying age uncertainties of 4-5%, typical values for 

U-Pb LA-ICP-MS analysis of zircons (e.g. Li et al., 2015; Lu et al., 2016), but can reach 

uncertainties of up to ~20%. In comparison zircons from the same sample of the Patan 

Complex analysed by ID-TIMS methods produce U-Pb ages that possess uncertainties 

that range from between 0.5-1.3%. Furthermore, there is a noticeable difference in the 

precision, or reproducibility, with respect to these U-Pb ages for each technique. U-Pb 

LA-ICP-MS ages possess an age spread of approximately 13 Ma, excluding the 

accompanying uncertainties, which corresponds to a percentage difference of ~15% 

between the oldest and youngest LA-ICP-MS ages. In comparison, the U-Pb ID-TIMS 

zircon ages from the same sample possess an age spread of approximately 1.4 Ma (Table 

2), excluding uncertainties, which corresponds to a percentage difference of 0.8% 

between the oldest and youngest age. With respect to the individual zircon grain analysed 

by both methods there is a difference of approximately 7% between the LA-ICP-MS age 

of 93 ± 4 Ma, and the ID-TIMS ages of 100.0 ± 0.7 Ma and 99.9 ± 1.2 Ma. The LA-ICP-

MS ages of zircons appear to be systematically younger than those ages determined by 

ID-TIMS methods.  

The discrepancy between the LA-ICP-MS and ID-TIMS ages and their reproducibility is 

possibly due to the common 204Hg isobaric interference with 204Pb associated with ICP-

MS techniques. Given that the concentration of 204Pb is not accurately known due to 

isobaric interference by ubiquitous presence of 204Hg in argon gas, a common practice in 

age calculations is estimating initial common Pb through various calculations (e.g. van 

Achterbergh et al., 2001; Horstwood et al., 2003; Chang et al., 2006; Storey et al., 2007; 

Gehrels et al., 2008; Horstwood, 2008; Sylvester, 2008; Paton et al., 2011; Ludwig, 2012; 

Petrus & Kamber; 2012). With respect to the Patan zircons analysed by LA-ICP-MS 

common lead correction calculations were achieved through the 207Pb correction outlined 
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by Ludwig (2012). This common lead correction method is typically applied to materials 

of unknown age being investigated. The amount of common lead is calculated by 

assuming that the radiogenic lead isotope ratio yields precisely concordant 206Pb/238U and 

207Pb/235U ages. The distance along a regression from Concordia to the analysis, along a 

slope appropriate to the common lead model (Stacey & Kramers, 1975), reflects the 

amount of common lead, with the lower intercept yielding the 207Pb-corrected 206Pb/238U 

age. Given that ID-TIMS analyses of the Patan zircons are concordant (Figure 25d), it is 

unlikely that isobaric interference and the assumption of precisely concordant 206Pb/238U 

and 207Pb/235U ages under the Ludwig (2012) model for correction of common Pb is a 

factor contributing heavily to the discrepancy between the LA-ICP-MS and ID-TIMS 

radio-isotopic ages.  

The primary reference material used in U-Pb dating of the Patan zircons through LA-ICP-

MS techniques was zircon standard GJ-1 (601.7 ± 1.4 Ma; Jackson et al., 2004; Kylander-

Clark et al., 2013), with a secondary standard zircon 91500 (1062.4 ± 0.4 Ma; 

Wiedenbeck et al., 1995). All 206Pb/238U ages calculated for each zircon standard were 

found to be within 3% of the accepted age of the reference zircon standard (Lu et al., 

2016). Despite the closeness of calculated ages with respect to the accepted ages of the 

zircon standards, the heterogeneous nature of uranium concentration across the reference 

zircons and Patan zircons, combined with the matrix effect (Black et al., 2004), is the 

preferred explanation for the ~7% discrepancy between ID-TIMS and LA-ICP-MS ages. 

LA-ICP-MS methods typically suffer from a bias in the proportion of U and Pb ions, 

which are emitted in different proportions than the atomic abundances of the host zircon 

(Compston et al., 1984). The enrichment of Pb over U must be corrected with concurrent 

measurements of a standard, which is well dated and representative of the same mineral 

(matrix-matched) (Black et al., 2004; Chang et al., 2006). However, the heterogeneity of 

uranium across the sample zircons, and potentially within the reference zircon, would 

make it difficult to accurately calibrate uranium concentrations within the sample zircons 

during spot analyses of selected areas of the zircon, leading to the ambiguous spread of 

ages observed for LA-ICP-MS data (Figure 16). This large spread within the LA-ICP-MS 

data is not observed in the ID-TIMS radio-isotopic data for zircons of the same tonalite 

sample. With respect to ID-TIMS methods, these techniques do not suffer from the 

heterogeneous uranium concentrations throughout the zircon grains, because upon 

dissolution and analysis of the whole grain the variability and heterogeneity of uranium 

within the grain is eliminated. Furthermore, many Patan zircons, except for samples 5 and 



65 
 

7, exhibit U concentrations <50 ppm (Table 2). The low uranium concentration for most 

Patan zircons is also another contributing factor to the discrepancy between ID-TIMS and 

LA-ICP-MS ages. Low uranium concentrations pose a serious problem to LA-ICP-MS 

and SHRIMP methods as the low concentration are difficult to accurately measure (Chang 

et al., 2006), which is compounded further by the ionisation discrepancy between U and 

Pb ionisation.    
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5. Discussion 

5.1 Formation Models in the context of New and Existing Geochronology                                     
 

Five samples, one from each of the five cumulate complexes of the Kohistan Arc 

Complex, known as the Jijal, Patan, Kayal, Dasu and Chilas Complexes, were processed 

for zircon. Zircons were recovered from the Patan, Kayal, Dasu and Chilas Complexes, 

however no zircons or baddeleyites were recovered from the Jijal garnet gabbro sample. 

Of the four samples containing zircon, the Patan, Kayal and Dasu Complexes produced 

precise ID-TIMS weighted-mean 206Pb/238U ages of 100.2 ± 0.4 Ma, 107.0 ± 0.2 Ma and 

108.1 ± 0.3 Ma at the 2σ uncertainty level respectively. All zircons analysed for the Chilas 

Complex produce 206Pb/238U ages ranging from 600 Ma to 1740 Ma, and the resultant 

discordant data do not produce a geologically meaningful or magmatic age for the Chilas 

Complex. However, the ages reported for the Chilas Complex by this study are currently 

the oldest ages reported for the Kohistan Arc Complex.  

Per the Miller et al. (1991) model describing the emplacement of the Jijal, Patan, Kayal 

and Dasu Complexes, each of these cumulate complexes represents a successive episode 

of accretion of dense magmas along the Moho, with subsequent fractionation of a mafic 

and ultramafic cumulate component, with eventual delamination and recycling of the 

ultramafic component into the mantle (Figure 11). Under this proposal for the formation 

of the lower arc crust of the Kohistan Arc Complex there should be an apparent younging 

trend or age gradient present from the Dasu Complex downward towards the Jijal 

Complex. The U-Pb ID-TIMS results obtained from this study determined precise 

206Pb/238U ages of 108.1 ± 0.3 Ma, 107.0 ± 0.2 Ma and 100.2 ± 0.4 Ma for the Dasu, Kayal 

and Patan Complexes respectively. These ages show an age gradient of approximately 9 

Ma from the central region of the Dasu Complex to the upper Patan Complex (Figure 26). 

If the ages reported by this study are taken collectively with the existing literature ages of 

Yamamoto & Nakamura (1996), Anczkiewicz & Vance (1997), Yamamoto & Nakamura (2000), 

Anczkiewicz et al. (2002), Schaltegger et al. (2002) and Yamamoto et al. (2005), this would 

provide further support for the proposal of a younging age gradient across the lower 

crustal cumulate complexes of the KAC. The oldest ages, as opposed to the younger ages 

for various intrusive units, reported within each complex are discussed because these ages 

more accurately reflect the time of emplacement. Yamamoto et al. (2005) reports a 

weighted-mean U-Pb SIMS age of 110.7 ± 4.9 Ma for an amphibolite xenolith within 

granitic plutons situated in the upper portion of the Dasu Complex (Figure 26). 

Schaltegger et al. (2002) reports a precise U-Pb ID-TIMS age of 98.9 ± 0.4 Ma for the 
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lower portion of the Patan Complex (Sangara Gabbro). Sm-Nd ages of 91.0 ± 6.3 Ma, 

95.7 ± 2.7 Ma, 94.0 ± 4.7 Ma and 95.9 ± 2.6 Ma have been reported by Yamamoto & 

Nakamura (1996), Anczkiewicz & Vance (1997), Yamamoto & Nakamura (2000), and 

Anczkiewicz et al. (2002) respectively for the upper portion of the Jijal garnet gabbro 

sequence. When the oldest age taken from each cumulate complex, excluding the error 

on the U-Pb SIMS ages, it would imply a younging age gradient from ca. 110 Ma from 

upper Dasu Complex through to the upper Jijal garnet gabbro sequence dated to ca. 95 

Ma. Furthermore, our data agrees with the high-precision U-Pb age reported by 

Schaltegger et al. (2002) for the lower Patan Complex, places a minimum duration of ~10 

Ma on the formation of the Kohistan Arc Complex with an upper duration of ~25 Ma 

using all currently available geochronological data. This 25 Ma estimate for duration can 

be extended to ~30 Ma if the oldest zircon age of 116.3 ± 3.4 Ma reported by Yamamoto 

et al. (2005) for the upper Dasu Complex is included. However, this is a single SIMS U-

Pb zircon age and should be treated with caution as it is unknown whether this age 

corresponds to inheritance or magmatic crystallisation. The 117 ± 7 Ma Sm-Nd age 

reported by Dhuime et al. (2009) is excluded in these estimates for reasons that will be 

explained in further detail in the following sections of this discussion. The estimate of 10-

25 Ma for the formation of the lower arc crust of the Kohistan Arc Complex agrees with 

previous estimates of 10-30 Ma for the duration of continental crust formation in island 

arc settings (Dhuime et al., 2009; Lee & Anderson, 2015).    

Both Miller et al. (1991) and Dhuime et al. (2009) considered crustal underplating and 

delamination an integral component for crustal formation and evolution of the KAC. 

However, based on trace element and isotope partitioning behaviours Dhuime et al. 

(2009) proposed a complex multistage formation model (Figure 14). Dhuime et al. (2009) 

subdivided the Kohistan Arc Complex into two geochemical suites, termed suite A and 

B, with suite A units emplaced prior to suite B units (Figure 13 & 14). Suite A is 

subdivided into five “types”, Type 1 to Type 5, based upon their trace element, REE 

patterns and radioactive isotope compositions. Using the preliminary geochronology of 

the KAC reported in the literature, Dhuime et al. (2009) assigned age constraints, or 

emplacement ages, of ca. 107 Ma and ca. 110 Ma respectively for Type 1 and Type 4 and 

5 units of the Kohistan Arc Complex. Type 3, 4 and 5 units of the KAC per Dhuime et al. 

(2009) are emplaced following the intrusion of Type 1 and 2 units (Figure 14), and 

therefore should possess ages <107 Ma, but older than 105 Ma. This is because the Type 

3 B suite units are suggested to have intruded between 105-99 Ma with subsequent 
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granulite metamorphism and delamination of the dense garnet bearing arc base between 

96-91 Ma. From 95-85 Ma Dhuime et al. (2009) suggest that the delaminated material 

formed a “cold blanket” which inhibited dehydration and partial melting of subducted 

material and the mantle wedge. This period of low magmatism persisted until the cold 

blanket was removed by corner flow or was thermally re-equilibrated, allowing for the 

emplacement of the Chilas Complex at ca. 85 Ma (Type 3 B3 unit).  

Regarding Figure 30 the Dasu, Kayal and Patan Complex samples analysed by this study 

correspond to suite A Type 4, suite A Type 3 and suite B Type 3 B2 units respectively. 

Ages of ca. 107 Ma and ca. 110 Ma have been previously reported by Yamamoto et al. 

(2005), and emplacement ages assigned by Dhuime et al. (2009) for suite A Type 1 and 

Type 4 and 5 units of the Dasu Complex. The Type 4 and 5 units possesses a weighted 

average U-Pb age of 110.7 ± 4.9 Ma derived from four separate zircon spot analyses with 

the total age spread ranging from ~104 Ma to 116 Ma. Type 1 units possess a weighted-

mean U-Pb age of 107.8 ± 1.7 Ma derived from four zircons with a total of 6 spot analyses 

where ages ranging from 100 Ma to 111 Ma, but most analyses generally cluster between 

106-108 Ma. The average ages of Yamamoto et al. (2005) should be interpreted with 

caution in the context of ages reported by this study as the associated uncertainties are 

high compared to the high precision ages determined by ID-TIMS analyses. Furthermore, 

these average ages reported by Yamamoto et al. (2005) also include core and rim analyses 

of individual zircon grains. This increases the overall uncertainty in comparing these ages 

with our ID-TIMS results. The accompanying uncertainties typically result in ages 

reported by this study agreeing within uncertainty of those reported by Yamamoto et al. 

(2005), making it difficult to define and determine discrete ages for suite A and B units. 

Per Dhuime et al. (2009), based on the reported geochronology of Yamamoto et al. 

(2005), suite A Type 3-5 units were emplaced following Type 1 and 2 units (Figure 14). 

Whilst this proposal cannot be tested for the Type 2 units, likely to have been emplaced 

at ca. 110 Ma or >110 Ma, the same does not occur for the Type 1 unit. The precise U-Pb 

age of 108.1 ± 0.3 Ma established for the Dasu Complex would imply that the Type 4 

unit is older than the Type 1 unit suggested to have been emplaced at ca. 107 Ma. 

Furthermore, the Kayal Complex, a suite A Type 3 unit, yielded a U-Pb age of 107.0 ± 

0.2 Ma, effectively suggesting that the Type 1 and Type 3 units from suite A were 

emplaced concomitantly. However, it must be noted that the ca. 107 Ma age for the Type 

1 unit is derived from a tonalitic dyke which only provides a minimum age of 

emplacement, meaning that the age of emplacement is likely >107 Ma. Although given 
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the substantial uncertainty attached to the average age for this unit it is difficult to 

accurately determine when Type 1 units were emplaced with respect to Type 3 and Type 

4 units. Given the evident age gradient across these cumulate complexes it is likely that 

Type 1 units were emplaced after Type 4 but prior to Type 3. Despite the uncertainty as 

to whether the Dasu zircons from the Type 4 unit analysed by this study are primary 

igneous zircons or neo-formed zircons, the 108.1 ± 0.3 Ma established from these zircons, 

whether magmatic or metamorphic, would still provide strong evidence that the suite A 

Type 4 unit was emplaced prior to suite A Type 1 and 3 units. The 100.2 ± 0.4 Ma U-Pb 

age for the upper Patan Complex established by this study agrees with the Dhuime et al. 

(2009) proposal that the Patan Complex, a suite B Type 3 B2 and oldest B suite unit, was 

emplaced following the accretion of all suite A units.  

Excluding the results of Yamamoto et al. (2005) with respect to evaluating the model of 

Dhuime et al. (2009), the formation and order of emplacement for various units of the 

KAC yields similar conclusions using only the U-Pb ID-TIMS results reported by this 

study and Schaltegger et al. (2002). The Dasu Complex sample (J3-36800) corresponds 

to a suite A Type 4 unit and can be assigned a minimum age of 108.1 ± 0.3 Ma. The Kayal 

Complex sample (J3-31030), a suite A Type 3 unit, can be assigned a maximum age 

constraint of 107.0 ± 0.2 Ma. These high precision ID-TIMS ages do not agree within 

uncertainty and can be interpreted as separate units emplaced at discrete times, meaning 

that Type 3 units are younger than Type 4 units. The upper Patan Complex yielded an age 

of 100.2 ± 0.4 Ma, this taken in combination with the 98.9 ± 0.4 Ma reported by 

Schaltegger et al. (2002) indicate that the Patan Complex, a suite B Type 3 B2 unit, was 

emplaced after the Dasu and Kayal Complexes. Furthermore, the age for the upper Patan 

Complex does not agree within uncertainty of the lower Patan Complex age, which might 

indicate an age gradient within the Patan Complex itself. This is consistent with the 

proposal of crustal underplating and delamination, as it would be anticipated that the 

lower portion of a cumulate complex would have crystallised at a later stage in 

comparison to the uppermost component of the same complex. The 9 Ma age span 

between the central Dasu, Kayal and Patan Complex, and ~1 Ma duration of magmatism 

within the Patan Complex, would collectively imply that there is a definitive age gradient 

and downward younging trend. Based on this age gradient across the KAC, and within 

the Patan Complex itself, we conclude that the uppermost unit of the Dasu Complex, a 

suite A Type 2 unit, is the oldest and first emplaced unit of the Dasu Complex. This was 

followed by emplacement of Type 4 and 5 units, Type 1 and finally Type 3 units (Kayal 
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Complex). Subsequent emplacement of the Patan Complex, a Type 3 B2 unit, occurs 

between 100.2 ± 0.4 Ma and 98.9 ± 0.4 Ma with emplacement of the Jijal garnet gabbros, 

a Type 3 B1 unit, occurring later at ca. 95 Ma. The Sm-Nd ages reported for the Jijal 

garnet gabbros do not overlap within uncertainty of the lower Patan Complex age of 98.9 

± 0.4 Ma. Based on current Sm-Nd ages reported for the Jijal garnet gabbros we infer that 

the Jijal Complex, provided these Sm-Nd radio-isotopic ages reflect the magmatic age 

and not granulite metamorphism, was emplaced at ca. 95 Ma following the crystallisation 

of the Patan Complex. Both petrographic and outcrop-scale samples from the Jijal 

Complex exhibit preservation of igneous cumulate structures and textures (Figure 21 & 

28). It is unlikely that the Jijal Complex is a granulite facies unit, but rather a primary 

igneous garnet gabbro, and the reported Sm-Nd ages reflect the magmatic age of the unit. 

Furthermore, the 100.2 ± 0.4 Ma age for the Patan Complex indicates that the maximum 

age of emplacement for this Type 3 B2 unit was ca. 100 Ma. When this age is taken in 

conjunction with the Sm-Nd ages currently reported for the Jijal garnet gabbro samples, 

it reduces the proposed duration of Type 3 B2 and B1 emplacement to between 100 Ma 

and ca. 90 Ma. The lower limit for emplacement assumes the 91.0 ± 6.3 Ma Sm-Nd age 

of Yamamoto & Nakamura (1996) corresponds to the latest crystallisation event for the 

Jijal garnet gabbros. This contrasts with the previously proposed 105-99 Ma timeframe 

assigned to the intrusion of Type 3 B suite units, and subsequent 96-91 Ma timeframe for 

granulite metamorphism suggested by Dhuime et al. (2009). With respect to the Chilas 

Complex, a Type 3 B3 unit, there is considerable uncertainty attached to the currently 

reported ages for this complex which will be discussed further below. As a magmatic age 

was not determined by this study we cannot definitively comment of the emplacement 

age of the Chilas Complex with respect to other units of the KAC. Based on the radio-

isotopic ages determined by this study and others, we can assign representative age 

constraints with respect to the suite A and B units described by Dhuime et al. (2009). 

Suite A Type 2 units are constrained to a >110 Ma age based on an amphibolite xenolith 

from suite A Type 4 and 5 units (Yamamoto et al., 2005). Type 4 units can be assigned a 

minimum age of 108.1 ± 0.3 Ma, whereas suite A Type 3 units can be assigned a 

maximum age constraint of 107.0 ± 0.2 Ma, and suite A Type 1 units can be assigned an 

approximate age of ca. 107 Ma. These assigned ages to each distinct geochemical suite 

defined by Dhuime et al. (2009) reflect a distinctive age gradient across the suite A units 

(Figure 27).  
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Figure 27. Simplified geochemical map of the Kohistan Arc Complex indicating the 

location of U-Pb and Sm-Nd ages from suite A and B units showing a distinctive age 

gradient from Type 4 and 5 units of the Dasu Complex to Type 3 B1 units of the Jijal 

Complex. Red stars indicate U-Pb ages determined by this study (Modified from 

Dhuime et al., 2009) 

This age gradient continues from suite A units (Dasu and Kayal Complexes) through to 

suite B Type 3 B2 (Patan Complex) and B1 (Jijal Complex) units. The relative order of 

emplacement for suite A and B units is based upon the new U-Pb ages determined by this 

study and those currently reported in the literature, and indicates that the suite A Type 2 

unit was the first unit of the Dasu Complex to be emplaced. This was followed by the 

emplacement of Type 4 and 5 units, Type 1 units and Type 3 units of suite A. After the 

emplacement of the entire Dasu and Kayal Complexes (suite A), Type 3 B2 units (Patan 

Complex) were emplaced, with subsequent emplacement of Type 3 B1 units (Jijal 

Complex) with no granulite metamorphism taking place. It is probable that the Dhuime 

et al. (2009) model of formation, and the accompanying ages used to constrain the 

formation of each distinct geochemical unit, was significantly hampered by the low-

resolution U-Pb SIMS ages reported by Yamamoto et al. (2005). These U-Pb ages are 

associated with various undeformed and deformed dykes and felsic units from across the 

KAC, and were used by Yamamoto et al. (2005) to constrain the timing and duration of 

the Asia-Kohistan collision. Using these ages to constrain the age of emplacement for 
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various cumulate complexes is unreliable as these intrusive dykes provide only a 

minimum age constraint on the formation of the complex. These minimum age constraints 

are likely to provide misleading interpretations with respect to the age of emplacement, 

and the order of emplacement for these distinctive geochemical units. When new U-Pb 

ID-TIMS radio-isotopic ages are assigned to the individual geochemical units defined by 

Dhuime et al. (2009), the downward younging of each distinct geochemical unit becomes 

more apparent, supporting the model of Miller et al. (1991).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Jijal Complex outcrop scale structures. Top Left: Massive garnet gabbro Top 

Right: Orbicular structure in Jijal garnet gabbro Bottom: Unmetamorphosed, modally 

graded rhythmic precipitation cycles of plagioclase (white layers) and garent + pyroxene 

(grey layers) in garnet gabbro. Pen in the upper left denotes an angular unconformity due 

to “cross bedding” (Miller et al., 1991 unpublished data).  
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5.2 Geochemistry and Geochronology  
 

Rocks generated within subduction related arcs, particularly the upper arc crust, have 

geochemical compositions similar to the accepted value of bulk andesitic continental 

crust (Taylor & McLennan, 1985; 1995; Kelemen, 1995; Rudnick, 1995; Gao et al., 

1998a, b; Rudnick & Gao, 2004; 2014; Jagoutz & Schmidt, 2012; Jagoutz & Kelemen, 

2015). However lower arc crust is typically more basaltic in composition than the upper 

arc crust (Lee & Anderson, 2015). Furthermore, the observed seismic properties of the 

mantle and lower arc crust are different to that of upper arc crust (Miller & Christensen, 

1994; Jagoutz & Behn, 2013), meaning that modification of lower arc crust must occur if 

continental crust is generated within island arc settings. Miller et al. (1991)’s model of 

formation for the KAC suggested that this process of transforming ultramafic-mafic 

cumulates towards more andesitic compositions is achieved by crustal underplating and 

delamination. The model of Miller et al. (1991) is complemented by Yoshino & Okudaira 

(2004), Jagoutz & Schmidt (2012) and Jagoutz & Behn (2013), who provide supporting 

evidence for crustal underplating and delamination operating in the KAC as the 

predominate mechanism generating andesitic arc crust compositions, analogous to the 

bulk earth continental crust compositions. Yoshino & Okudaira (2004) model magma 

accretion at the base of the KAC through numerical solutions of the one-dimensional heat 

conduction equation. Based on this method Yoshino & Okudaira (2004) concluded that a 

“double plate” model where magma accretion occurs simultaneously at the crust-mantle 

boundary and mid-crust through the fractionation of basaltic magmas could account for 

the observed prograde P-T paths of Kohistan “granulites” (garnet gabbros), and the 

continental geotherm established from peak P-T conditions observed in these “granulite” 

terranes of the Kohistan Arc. Jagoutz & Schmidt (2012), following the whole rock 

geochemical analysis of 594 samples encompassing the entire KAC, determined that the 

bulk composition of the KAC was andesitic, and agreed within uncertainty of the accepted 

value of bulk continental crust composition. Jagoutz & Schmidt (2012) concluded that 

accretion of magma along the crust-mantle boundary, or Moho, and delamination of the 

dense mafic and ultramafic cumulates was sufficient to differentiate the primitive basaltic 

parent towards more andesitic compositions. Evidence for delamination was also implied 

by the compositional gap between crystalline products of mantle-derived magmas with 

Mg# ~ 0.9, and primitive igneous rocks in the lower arc crust with Mg# ~0.8 (Jagoutz & 

Schmidt, 2012). Furthermore, it was established that secondary reworking mechanisms, 

such as crustal thickening, were not necessary to further differentiate these cumulates and 

generate the andesitic composition currently preserved in the KAC. Whilst not 
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specifically relating to the Kohistan Arc itself, Jagoutz & Behn (2013) investigated 

seismic characteristics of the KAC and Talkeetna Arc of Alaska, and identified rare 

preserved relict ultramafics of tens -to hundreds -of -metres thick that exceed the density 

of the mantle in the Talkeetna Arc. These relict ultramafics, that exceed the mantle density 

and are still preserved within the arc, are intercalated with the various cumulate 

complexes of the Talkeetna Arc and suggest that delamination of the ultramafics is 

occurring throughout the formation of island arc complexes. Jagoutz & Behn (2013) 

suggest that the foundering of the lower Talkeetna arc crust, and replacement of these 

ultramafic cumulates with melt from the residual upper mantle, produces the distinctively 

sharp seismic discontinuity characteristic of the continental Moho at depths of ~40 km, 

which is observed in both arcs (Miller & Christensen, 1994; Jagoutz & Behn, 2013). 

Furthermore, Jagoutz & Behn (2013), based on thickness, density and temperature-

dependent viscosity parameters, produced dynamic calculations that showed these 

delamination events are episodic with a periodicity of half a million to five million years. 

This contradicts previous works that suggest the time span of 15-20 Ma is too short for 

the development of gravitational instabilities and delamination in arc systems (e.g. Jull & 

Kelemen, 2001; Kelemen et al., 2003). Therefore, multiple delamination events are likely 

to have taken place in Kohistan across the estimated 10-25 Ma duration of arc formation.  

The 1 Ma age difference between the Dasu and Kayal Complex appears exceedingly short 

given the difference in their intensity of deformation (Miller et al., 1991; Miller & 

Christensen, 1994). This may potentially suggest that the 108 Ma age derived from this 

Dasu Gneiss sample represent neo-formed zircons, formed during melting associated with 

metamorphism. The Kayal sample analyses by this study is situated approximately 1 m 

below the Dasu Complex and possesses an inherited 123 Ma zircon xenocryst. Although 

conclusions based on a single zircon age are unreliable, this xenocryst could potentially 

be an inherited magmatic zircon from the Dasu Complex that escaped metamorphism and 

was preserved in the Kayal Complex. The Th/U for the Dasu zircons cluster 

predominately about 0.8, typical Th/U values for neo-formed zircons are ~0.1 which 

would suggest that these zircons are unlikely to be neo-formed. Although if emplacement 

of the Dasu magma occurred at ca 125 Ma, followed by metamorphic deformation and 

underplating of the Kayal magma source near the arc Moho at ca. 110 Ma, the heat 

generated during underplating may potentially have induced migmatitic partial melting 

of the Dasu Gneiss whilst the Kayal magma crystallised until 107 Ma. However, the 

oldest reported zircon age for the Dasu Complex is 116.3 ± 3.4 Ma (Yamamoto et al., 
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2005). This zircon is situated approximately 10 km to the north of our J3-36800 

amphibolite gneiss, which would imply that the neo-formed zircon hypothesis is unlikely 

given that overlying units produce zircons >108 Ma in age. Furthermore, the delamination 

calculations of Jagoutz & Behn (2013) would indicate that the 1 Ma age difference 

between the Dasu and Kayal Complexes is consistent experimentally determined 

delamination periodicities.  

Keleman & Behn (2016) recently investigated the composition of lower arc crust in both 

the Kohistan and Talkeetna arcs, comparing the arc compositions to lower continental 

crust compositions derived from metamorphic xenoliths transported to the surface in 

continental volcanic centres. Lower continental crust xenoliths have enriched 

concentrations of Ta, K, La, Ce and Hf in comparison to the lower arc crust of the 

Kohistan and Talkeetna arcs, which are depleted in these incompatible elements. 

Compiled pressure-depth estimates and compositions from the Kohistan and Talkeetna 

arcs indicate that the upper 20 km of arc crust has abundances of Ta, K, La, Ce and Hf 

that are similar to the accepted lower continental crust composition of metamorphic 

xenoliths. Keleman & Behn (2016) suggest that eliminating lower arc crust units depleted 

in Ta, K, La, Ce and Hf, while preserving the enriched upper arc crust, could be achieved 

through delamination of the dense, low-silica garnet-bearing ultramafic lower arc crust. 

This was supported by the evidence that density sorting of these magmas during 

fractionation would effectively confine units depleted in Ta, K, La, Ce and Hf to the more 

dense, ultramafic base of the arc crust. Keleman & Behn (2016) also suggested that 

delamination of the dense ultramafics is operating in tandem with a process of 

“relamination” as garnet-bearing dense ultramafics only form at depths >35 km, and a 

single delamination event cannot completely account for the trace element measurements 

currently preserved in the upper 20 km of arc crust. Effectively, delamination followed 

by subsequent relamination of more buoyant fractions of subducted material, which 

ascends along a subduction channel or in diapirs to the base of the overlying arc crust, is 

suggested by Keleman & Behn (2016) to be the most reliable model in accounting for the 

geochemical characteristics of continental crust preserved in island arc settings. Even 

with the alternative model proposed by Keleman & Behn (2016) it would still be 

anticipated that an age gradient should exist across island arc settings as material is 

progressively accreting to the base of the crust.  

Dhuime et al. (2009) suggested that a single delamination event occurs after the intrusion 

of both suite A & B units following granulite metamorphism of the arc base. This model 
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is inconsistent with observed petrographic and outcrop-scale preservation of primary 

igneous cumulate structures and textures in the garnet gabbros of the Jijal Complex 

(Figures 21 & 28). This proposal of granulite metamorphism resulting in delamination of 

the dense arc base is also inconsistent with experimental data which indicates plagioclase 

is not an early crystallisation mineral at high pressure crystallisation (>0.6 GPa) of mantle 

derived arc magmas (Loucks, 2014). It would be anticipated that emplacement of magmas 

at lower crustal depths would result in crystallisation of the ultramafics prior to mafic 

cumulates. However, no ultramafics intercalated with mafic units in Kohistan have been 

reported, and this would suggest that complete delamination of the ultramafics has 

occurred. This is further supported by the fact that Jagoutz & Behn (2013) identify relict 

tens -to hundreds -of -metres thick ultramafic units intercalated with mafic units of the 

Talkeetna Arc, indicating that delamination of the ultramafics is occurring during each 

episode of crustal underplating. It seems unlikely the entire ultramafic stack for each 

cumulate would simultaneously delaminate during a single event following multiple 

stages of intrusion and crystallisation. If this were correct then it would be anticipated 

that multiple ultramafic units would be preserved throughout Kohistan and Talkeetna, 

however there is currently no reported evidence of significant ultramafic preservation in 

either arc to support this view.     

Dhuime et al. (2009) used plots of LaN/SmN vs 207Pb/204Pb and 143Nd/144Nd to identify the 

presence of two distinct geochemical suites, A and B (Figure 28). Suite A Type 1-5 units 

per Dhuime et al. (2009) were suggested to show progressive increases in 207Pb/204Pb, 

increasing depletion of εNd and increasing LaN/SmN. Based on REE patterns, increasing 

LREE enrichment in Type 3-5 units, and plots of La/Yb vs U/Th and Pb/Ce, they 

suggested that Type 1 to 3 units reflect slab fluid contributions, whereas Type 4-5 reflect 

increasing contributions from slab melting, with all units reflecting progressively 

increasing contributions of sediment input from the subducting Neo-Tethys oceanic slab. 

Furthermore, based on the timescale required to transfer aqueous fluids through the 

mantle wedge in comparison to sediment or slab melts (e.g. Hawkesworth et al., 1997a, 

b; Turner & Hawkesworth, 1997; Turner et al., 1997), Dhuime et al. (2009) argued that 

Type 1 and 2 units, or the parental magmas for these units, were generated prior to Type 

3 to 5 units. When the new U-Pb ID-TIMS ages are assigned to these units of suite A the 

order of emplacement proposed by Dhuime et al. (2009) is no longer supported (Figure 

29).  
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Figure 29. Compiled Nd-Sr isotope diagram for suite A Type 1 to 5 units of the Kohistan 

Arc complex and associated U-Pb radio-isotopic ages (Modified from Dhuime et al., 

2009) ([2] correspond to Type 3 B2 units) 

The new U-Pb radio-isotopic data indicate that Type 1 units are emplaced following Type 

4 and 5 units. This also suggests that instead of a steady increase in contribution from 

sediments from the subducting slab producing more crustal Nd and Sr signatures from 

Type 1 to Type 5 units over time, there are oscillations from more crustal signatures to 

more depleted mantle like signatures. For instance, Type 4 and 5 units are enriched in Sr 

and depleted in Nd (~εNd +5-6) relative to Type 1 units (~εNd +8), with Type 1 units 

reflecting a more depleted mantle composition. When geochronology is integrated with 

the geochemistry, the source of the Type 1 unit is apparently more representative of a 

depleted mantle composition, in comparison to Type 4 and 5 units, and was emplaced 

following Type 4 and 5 units. Following Type 1 units, Type 3 units have been emplaced 

and reflect a transition from a depleted mantle compositions back to a signature that 

represents a crustal composition depleted in Nd and enriched in Sr relative to Type 1 

units. A similar pattern emerges when ages are assigned to Pb/Pb compositions where 

there is an apparent fluctuation between units that mirror more crustal compositions and 

those which exhibit more depleted mantle compositions (Figure 30). There appears to be 

no consistent increase from depleted mantle compositions to crustal compositions as 

suggested by Dhuime et al. (2009) for Type 1 to 5 units.   
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Figure 30. Variation of 208Pb/204Pb (a) and 207Pb/204Pb vs 206Pb/204Pb for suite A Type 1 

to 5 units of the Kohistan Arc Complex and the associated U-Pb radio-isotopic ages 

(Modified from Dhuime et al., 2009) 

It would seem difficult to reconcile an increasing subduction component or crustal 

contribution within suite A with respect to time as most of the data cluster in terms of 

geochemistry and age. Type 1 units, however, which a trend to more depleted mantle 

compositions compared to other suite A units. The minor variations between Type 2, 3, 4 

and 5 units may simply reflect the heterogeneous nature of the upper mantle, however the 

significant deviation of Type 1 units is more difficult to explain. However, it does appear 

that there is no steady increase in crustal contamination of suite A magmas with time. 

Whilst difficult to accurately conclude an increasing subduction or crustal component in 

the suite A units, there is an undeniable trend of increasing crustal contamination with 

time as suite B magmas exhibit significant enrichment in crustal material in comparison 

to suite A units (Dhuime et al., 2009).   

Another noticeable feature with respect to the geochronology and geochemistry is that 

there is an evident time lapse or hiatus between the termination of suite A emplacement 

and the onset of suite B magmatism. Suite A units are consistently ≥ ~107 Ma, whereas 

suite B units are ≤100 Ma.  The maximum age constraint that currently exists for the onset 

of suite B magmatism is 100.2 ± 0.4 Ma derived from the roof contact of the Patan 
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Complex with the Kayal Complex. The 107.0 ± 0.2 Ma age for the Kayal Complex, a 

Type 3 unit from suite A, provides only the youngest age of emplacement for suite A 

units. It is therefore only possible to provide a maximum hiatus of ~7 Ma between suite 

A magmatism and onset of suite B magmatism. It is unlikely that the time lag is exactly 

7 Ma, as the emplacement and crystallisation of the complex is likely to have been 

somewhat protracted. The time lag can be conservatively estimated at between 5-7 Ma 

based on existing dates. This interval is also associated with a major shift in terms of the 

geochemistry where suite B units become more depleted in Nd and enriched in Pb, 

reflecting increased crustal contamination (Figure 31). Evidently there is a substantial 

shift in the source magma generating these units, but there is insufficient evidence to 

accurately determine the cause of the shift. This time lag could possibly reflect the 

geochronological sampling of the Kohistan Arc Complex, with a possibly incomplete 

geochronological history creating the appearance of a hiatus. Alternative reasons for the 

observed change in geochemistry may be associated with changes in subduction, melting 

of the slab and subducting sediments, changes in the composition of the underlying 

mantle wedge or ascension and mixing of MORB melts with Proterozoic to Archean crust 

(e.g. Schaltegger et al., 2002).  

 

 

 

 

 

 

 

 

 

 

 

Figure 31. 207Pb/204Pb vs LaN/SmN (a) and εNd vs LaN/SmN (b) diagrams for suite A and 

B units of the Kohistan Arc Complex defining two distinct geochemical suites along with 

the associated U-Pb radio-isotopic age constraints for the formation of each distinct unit 

(Modified from Dhuime et al., 2009).  
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5.3 Chilas Complex 
 

Five zircons analysed from the Chilas Complex yield ages of 606.5 ± 0.8 Ma, 777.1 ± 3.0 

Ma, 815.2 ± 2.9 Ma, 1271.9 ± 9.3 Ma and 1738.2 ± 7.6 Ma, none of which overlap within 

2σ uncertainty, and are interpreted to correspond to inherited grains. Whilst no conclusive 

data has been produced by this study to establish the magmatic age of the Chilas Complex 

(Type 3 B3 unit), and test the proposal of Miller et al. (1991) that the Chilas Complex is 

continuous with the Kayal Complex across the Kamila syncline, these are currently the 

oldest zircon ages reported for the Kohistan Arc Complex. Furthermore, the εHf values 

for the Chilas Complex are +10, whereas other areas of the KAC including the Patan 

Complex, and components of the Kayal Complex, exhibit εHf values of +14 (Schaltegger 

et al., 2002). Schaltegger et al. (2002) emphasised that the discrepancy between the Chilas 

Complex and other units of the KAC reflects a different mantle reservoir or source. They 

suggested that the εHf of +10 could be obtained by contaminating a MORB type mantle 

melt with Proterozoic granitoid crust, though there is no supporting evidence of 

Proterozoic material contributing to the formation of the Chilas gabbronorites. Whilst 

there is still limited Hf isotopic data for units of the Kohistan Arc Complex, our zircon 

ages would suggest that there is evidence of potential mixing with a Proterozoic crustal 

source. This idea of mixing between a Proterozoic crustal source and MORB type melt 

would be further supported by enriched Sr, depleted Nd and elevated Pb isotope 

signatures from the Chilas Complex in comparison to the Type 1-5 units of the Dasu and 

Kayal Complexes (Khan et al., 1997; Mikoshiba et al., 1999; Garrido et al., 2006; Jagoutz 

et al., 2006; Takahashi et al., 2006; Dhuime et al., 2009). These isotopic signatures 

reported in Dhuime et al. (2009) show a defined mixing line between a depleted mantle 

and an enriched mantle II reservoir, suggested by Dhuime et al. (2009) to be consistent 

with input of material from Indian Ocean sediments from the subducting Neotethys 

oceanic slab. It is possible that these zircons are detrital material from the subducting 

Tethyan lithosphere. Conversely, Schaltegger et al. (2002) inferred that the most plausible 

model that accounts for the distinctive Hf isotope signature of the Chilas Complex is the 

result of dragging >600 Ma metasomatically enriched mantle from the hanging wall of 

the subduction zone, most likely derived from a piece of Gondwanan lithosphere. It would 

provide the distinctive isotopic signatures and account for the large volumes of evolved 

melt required to produce the Chilas Complex.  

These Proterozoic zircon ages also raise doubt regarding the consensus that the Kohistan 

Arc Complex is a completely juvenile arc. If a component of Proterozoic granitoid crust 
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is contributing to the distinctive isotopic signatures, and is the source of the inherited 

zircons reported here, it may imply that during the emplacement of the Chilas Complex 

the source melt ascended through and assimilated a fragment of this Proterozoic crust. 

This would suggest that the Kohistan Arc is, at least partially, built upon or around a rifted 

fragment of Proterozoic crust following the breakup of Gondwana. This discovery of 

Proterozoic zircons in the Chilas Complex of the KAC could mean that the KAC is a 

westward extension of the Lhasa Terrane situated ~1000 km to the south east in Tibet. 

The Lhasa Terrane is the last geological block of the Tibetan Plateau that accreted to 

Eurasia prior to the collision of India at ca. 50 Ma (Zhu et al., 2011a, 2013; Ji et al., 2012). 

The central Lhasa Terrane is constituted by medium-to high-grade metasediments of late-

Precambrian to early-Palaeozoic age, which is subsequently overlain by Palaeozoic 

sediments and Cretaceous-Eocene arc volcanics (DeCelles et al., 2002). U-Pb and Lu-Hf 

isotopic analyses of cognate, inherited and xenocrystic zircons in Mesozoic to early 

Tertiary magmatic rocks from four traverses along the Lhasa Terrane indicate that the 

Lhasa Terrane incorporates ancient Gondwana basement rock of Proterozoic and Archean 

age, as well as more juvenile Permian-Triassic arc basement rock (Zhu et al., 2011b). 

Furthermore, the southern section of this Gondwanan strip includes juvenile basement 

added during subduction of Neotethys oceanic lithosphere throughout the Mesozoic to 

Eocene, producing the Andean-type Gangdese arc along the southern margin of the Lhasa 

Terrane, devoid of Precambrian and Paleozoic inherited zircons. The Lhasa Terrane is 

considered a microcontinent with Archean to Proterozoic basement rock in the centre of 

the Terrane and significantly younger Phanerozoic arc crust and plutonic material along 

the southern and northern margin of the Terrane respectively (Zhu et al., 2011b). These 

Proterozoic zircon ages derived from the Chilas Complex suggest that the Kohistan 

Terrane is continuous with the Lhasa Terrane as a ribbon of continental material rifted 

from Gondwana, with juvenile arc material added along the northern side during 

migration across the Mesotethys ocean prior to collision with Asia. As accretion 

continued to the southern side of this Proterozoic Gondwana strip, the Kohistan Arc 

Complex (possibly continuous with the Gangdese arc of southern Tibet) was 

magmatically active during subduction of the Neotethys oceanic lithosphere until 

collision of India and Eurasia at ca. 60-50 Ma.   

The origin of the Chilas Complex has been controversial, with the consensus that the 

Chilas Complex is an intrusive body emplaced at ca. 85 Ma, coeval with back-arc 

spreading (Zeitler et al., 1980; Khan et al., 1989; 1996; Burg et al., 1998; 2006; 



82 
 

Schaltegger et al., 2002; Jagoutz et al., 2006). However, Miller et al. (1991) and Loucks 

(1996) advocated that the Chilas Complex is a deep-crustal, early crystallisation product 

of hydrous basaltic magmas which underwent differentiation to produce the overlying 

units of the Kohistan Batholith. Due to similar depths of emplacement for the Kayal and 

Chilas Complexes based on geobarometry, ~7-7.5 kbar (Figure 15), Miller et al. (1991) 

suggested these two units to be continuous across the Kamila syncline. Our zircon ages 

for the Chilas Complex all show evidence for disturbance of U-Pb systematics of zircon 

(Figure 25a); if this open system behaviour can be attributed to the emplacement event 

for the Chilas Complex, it may be possible to establish a lower intercept age indicating 

partial resetting of the zircons. By comparing such an age derived from zircons of sample 

C1-KKH-1134 to the previously published age for the Chilas Complex, in combination 

with the age for the Kayal Complex established by this study, it would be possible to 

further evaluate the models of Miller et al. (1991) and Dhuime et al. (2009). Schaltegger 

et al. (2002) analysed five zircons by ID-TIMS producing a weighted-mean U-Pb age of 

85.73 ± 0.15 Ma, which may be problematic, as it leads to inconsistencies with respect to 

the age of the Chilas Complex. For instance, Coward et al. (1987) reports that the Chilas 

Complex is cross cut by coarse hornblende pegmatite dykes, and is intruded by 

hornblende rich ultramafic bodies which intrude as net-veined complexes. Hornblendes 

from these dykes and net-veined bodies have been dated to as old as 90 Ma utilising 

40Ar/39Ar methods (Coward et al., 1987), ~5 Ma older than the accepted U-Pb age of the 

Chilas Complex reported by Zeitler (1985), Zeitler & Chamberlain (1991) and 

Schaltegger et al. (2002). Whilst comparing the age of two separate isotopic systems can 

be difficult, it should be noted that these 40Ar/39Ar ages used the 40K decay constant 

recommended by Steiger & Jager (1977). 40Ar/39Ar ages utilising this older decay 

constant, as opposed to the more recently revised 40K decay constant (e.g. Renne et al, 

2009; 2010; 2011), typically resulted in 40Ar/39Ar ages being systematically younger 

when compared to U-Pb ages of the same sample (Min et al., 2000). Therefore, the ca. 90 

Ma ages for the various dykes and net-veined complexes cross cutting the Chilas Complex 

are possibly a few Ma older still in direct comparison with U-Pb ages. Dykes that cross-

cut the Chilas Complex cannot be older than the Chilas Complex itself. Furthermore, 

Jagoutz et al. (2006) has reported a Sm-Nd isochron age of 100 ± 11 Ma for the ultramafic 

units of the Chilas Complex, whilst Mikoshiba et al. (1999) has reported a Rb-Sr isochron 

age of 111 ± 24 Ma. These ages by Jagoutz et al. (2006) and Mikoshiba et al. (1999) have 

substantial uncertainties, but nevertheless they do not agree within uncertainty of the 

accepted U-Pb radio-isotopic age of 85.73 ± 0.15 Ma reported for the Chilas Complex. 
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Collectively this data would highlight that there is still significant uncertainty regarding 

the age of the Chilas Complex, as the accepted age of 85 Ma for the Chilas gabbronorites 

is younger than various dykes that cross cut the complex, and are not in agreement with 

other radio-isotopic systems. The Rb-Sr and Sm-Nd ages reported would be consistent 

with the proposal of Miller et al. (1991) that the Chilas and Kayal Complexes are 

continuous units across the Kamila syncline as they agree within uncertainty of the 107.0 

± 0.2 Ma age reported by this study.  

5.4 Jijal Complex 
 

With respect to the Jijal Complex, a Type 3 B1 unit per Dhuime et al. (2009), no zircon 

or baddeleyite was recovered following separation methods, though an abundance of 

rutile was present in the heavy mineral concentrate. The Jijal Complex is considered by 

Miller et al. (1991) to be the youngest and least metamorphosed unit of the KAC, whereas 

Dhuime et al. (2009) infers a two-stage emplacement process for the Jijal Complex. 

Dhuime et al. (2009) suggests that the Jijal ultramafic sequence was emplaced during the 

initiation of intra-arc subduction at ca. 120 Ma and is unrelated to the Jijal mafic or 

“gabbroic section” (Figure 14). The Jijal gabbroic sequence, termed a Type 3 B1 unit, 

was emplaced following the Patan Complex at ca. 95 Ma, based on reported Sm-Nd ages 

(Yamamoto & Nakamura, 1996; Anczkiewicz & Vance, 1997; Yamamoto & Nakamura, 

2000; Anczkiewicz et al., 2002), however reported ages can also range from ca. 80 Ma 

up to ca. 120 Ma (Yamamoto & Nakamura, 2000) [Figure 10]. Furthermore, the only age 

constraint from the ultramafic section of the Jijal Complex is a single Sm-Nd isochron 

age of 117 ± 7 Ma (Dhuime et al., 2007). These reported Sm-Nd ages also range in terms 

of percentage uncertainty from 2.7% up to 12.5%. The generally low precision of these 

reported Sm-Nd isochron ages means that all the Sm-Nd ages currently reported for the 

Jijal Complex agree within uncertainty. The age of the Jijal Complex is therefore unclear 

and could potentially fall anywhere from 80 Ma to 120 Ma. Only two of the reported Sm-

Nd ages yield typical uncertainties for this method, and should perhaps be considered to 

more accurately reflect the age of the Jijal garnet gabbros. These are the 95.7 ± 2.7 Ma 

(2.71% uncertainty) and 95.9 ± 2.6 Ma (2.82% uncertainty) ages reported by Anczkiewicz 

& Vance (1997) and Anczkiewicz et al. (2002) respectively. Dhuime et al. (2007; 2009) 

argues that the age of ca. 117 Ma for the Jijal ultramafic section implies that this section 

of the Jijal Complex is a separate unit and is unrelated to the Jijal mafic (garnet gabbro) 

sequence. Mapping of the ultramafic-mafic contact of the Jijal Complex by Miller et al. 

(1991) show that the stratigraphic sequence represents the crystallisation sequence 
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chromite dunite  olivine clinopyroxenite  websterite  hornblende clinopyroxenite 

 garnet-hornblende clinopyroxenite  garnet gabbro. There are no observed fault 

unconformities between the ultramafic and mafic sequences, or difference in degree of 

deformation intensity or metamorphism. The entire ultramafic-mafic stratigraphic 

succession matches experimentally determined crystallisation sequences for 14-12 kbar 

crystallisation of high-Mg hydrous arc-basalt parent magmas (Loucks, 2014; Figure 32). 

This would mean that the ultramafic section of the Jijal Complex is roughly the same age 

as the Jijal garnet gabbros. It is possible that the 117 Ma age determined by Dhuime et al. 

(2007) is from metamorphic, non-igneous, lithospheric mantle exposed along the Indus 

Suture. Moreover, the Sm-Nd isochron ages for the ultramafic and mafic sections of the 

Jijal Complex, a high-pressure complex formed at ~12-14 kbar (Loucks, 1996), may 

potentially suffer from Sm-Nd disequilibrium. Previous studies utilising Sm-Nd isochron 

ages for high and ultrahigh pressure rocks have reported unreliable and controversial 

radio-isotopic ages (e.g. Jahn et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. P-T map of experimentally determined stability fields of phase assemblages 

during crystallization of a high-Mg arc basaltic magmas. Published sources of the 

experimental data are identified at the top of the diagram with each source plotted as a 

different colour on the plot. Mineral assemblages in each quenched experiment are keyed 

to the labelled hexagon in the lower-left corner. Differently coloured lines represent the 

apparent highest-temperature appearance of each mineral in the paragenetic sequence at 
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any pressure. The dark turquoise bar at 13 kbar represents the average pressure of 

crystallization of Jijal ultramafic and mafic cumulates. The succession of mineral-

saturation lines crossed during cooling at 14-12 kbar conforms closely with the 

stratigraphic succession of rock types mapped and petrographically studied in the Jijal 

ultramafic-mafic cumulate complex (Miller et al. 1991). But, in the Jijal sequence, 

cumulus hornblende arrives at a somewhat lower temperature, only very slightly before 

garnet, orthopyroxene and titanomagnetite which stop crystallising as hornblende begins 

crystallising. The relative positions and temperatures of plagioclase and rutile saturation 

at Jijal are as shown on the diagram, but igneous quartz makes its appearance at higher 

temperature, only slightly after rutile, and well before igneous epidote, which was only 

found in late pegmatite dykes (Loucks, 2014).  

Further confusion regarding the origin of the Jijal Complex may be due to the 

interpretation that the Jijal gabbroic sequence is comprised by metamorphic granulites as 

opposed to igneous garnet gabbros. Dhuime et al. (2009) and others (e.g. Jan & Howie, 

1980; 1981; Yamamoto, 1993; Yamamoto & Nakamura, 1996; 2000; Garrido et al., 2006; 

2007) consistently considered the Jijal garnet gabbros to be granulites, with the reported 

Sm-Nd ages reflecting cooling through 750-900°C (Yamamoto, 1993). However, Miller 

et al. (1991) disputes these interpretations considering the Jijal garnet gabbros to be 

igneous in origin which have not been metamorphosed, but have equilibrated at P-T 

conditions concomitant with granulite facies metamorphism (Miller et al., 1991; 

Yamamoto, 1993; Loucks, 1996; Yamamoto & Nakamura, 1996; 2000). This 

interpretation would be supported by experimental data that suggests these garnet gabbros 

can form from a primitive basaltic parent at granulite-metamorphism P-T conditions of 

>1 GPa (12-14 kbar) and 700-950°C (Hacker et al., 2008; Alonso-Perez et al., 2009; 

Loucks, 2014). Miller et al. (1991) further advocates that these garnet gabbros are pristine 

igneous rocks due to the presence of graded and cross bedding, orbicular structures, load 

casts, magma scour channels and other primary emplacement structures along transects 

of the Dubair Valley (Figure 29). This is further complemented by petrographic scale 

preservation of igneous cumulate textures reported by this study (Figure 21). Garnet 

bearing gabbros have been reported for the lower crustal section of the Talkeetna Arc of 

South Central Alaska (Greene et al., 2006). Debari & Coleman (1989) describe units of 

garnet gabbro in lower crustal sections of the Trans Alaska Crustal Transect in Tonsina 

Alaska, considered the base of a mature intra-oceanic arc, that formed through subsolidus 

cooling. Hamer & Moyes (1982) also report igneous garnets from an arc setting located 

in the Trinity Peninsula, Antarctica. Garnet gabbro xenoliths have been located within 

volcanic pipes of the Central Sierra Nevadas (Dodge et al., 1988), and igneous garnet 

xenoliths have been reported in volcanic rocks of the Kamchatka Arc (Schevchenko, 

1986). Whilst there is no consensus on whether the garnet gabbros of the Kohistan Arc 
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Complex  were formed by igneous cooling (Ringuette et al., 1999), igneous cumulate 

crystallisation (Miller et al., 1991; Loucks, 1996), dehydration melting of hornblende 

(Garrido et al., 2006), or through post-magmatic heating and crustal thickening 

(Yamamoto & Yoshino, 1998; Yoshino et al., 1998; Yoshino & Okudaira, 2004), these 

cited reports suggest that garnet gabbros and igneous garnets are relatively common in 

the lower crust of arc terranes. Based on the current data reported in the literature and thin 

section evidence we consider the Sm-Nd ages to correspond to the magmatic ages of the 

Jijal garnet gabbros, as opposed to the commonly inferred age of granulite metamorphism 

following cooling through 750-900°C (Yamamoto, 1993). 

The high uncertainty surrounding the current Sm-Nd ages of the Jijal Complex is 

hampering efforts to establish a robust model of formation, and to address this uncertainty 

it is necessary to conduct high precision and accurate geochronology utilising an 

alternative radio-isotopic system to the Sm-Nd isotopic system. Due to the abundance of 

rutile it is possible to conduct ID-TIMS analyses on these grains. However, due to rutile’s 

closure temperature of ~400-450°C (Mezger et al., 1989; 1991) this would make analysis 

of rutile by ID-TIMS unreliable in dating the Jijal Complex as thin section evidence 

indicates epidote-amphibolite facies alteration for components of the Jijal garnet gabbros 

(Figure 21c; d), which exceeds the closure temperature of rutile. Although, more recent 

studies have found that rutile is more resistant to isotopic resetting than previously 

thought, with a calculated closure temperature of up to ~600°C (Cherniak, 2000; Vry & 

Baker, 2006). Furthermore, Miller et al. (2010) has demonstrated that analysis of rutile 

by ID-TIMS can produce both precise and accurate U-Pb radio-isotopic ages provided 

the common lead content of the grains is low. More significant is that the Zr-in-rutile 

geothermometer is a potentially useful tool to estimate the peak metamorphic 

temperatures in rocks from diverse geological settings. This method is based on rutile 

grains which equilibrate their Zr concentrations above temperatures of 1070°C. Under 

these conditions Zr cannot be completely retained within the rutile structure, and during 

cooling results in the exsolution of baddeleyite lamellae (Pape et al., 2016). Therefore, 

there may be potential baddeleyite lamellae within these rutile grains from the Jijal 

Complex that can be dated by either in-situ SHRIMP or SIMS methods. Although, a 

Scanning Electron Microscope (SEM), backscatter electron (BSE) images and 

cathodoluminescence would be necessary to confirm the presence of baddeleyite lamellae 

within the Jijal rutile. Given the nature of ID-TIMS it would be difficult to exclusively 

analyse the baddeleyite lamellae, and there is no immediately apparent method, physical 
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(air abrasion) or chemical (dissolution) capable of separating the rutile from baddeleyite 

lamellae. Determining a precise and accurate age for the Jijal garnet gabbros is significant 

as it will clarify and resolve issues surrounding the currently reported Sm-Nd ages, whilst 

simultaneously providing further evidence to evaluate the formation models proposed by 

Miller et al. (1991) and Dhuime et al. (2009). If these rutile grains separated from the Jijal 

garnet gabbros have not been heated above their closure temperature during 

metamorphism, and are magmatic in origin, then grains analysed by ID-TIMS should 

might be expected to have radio-isotopic ages in the range of 90-100 Ma. 
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6. Conclusion 

New high precision 206Pb/238U ID-TIMS ages of 100.2 ± 0.4 Ma, 107.0 ± 0.2 Ma and 

108.1 ± 0.3 Ma for the Patan, Kayal and Dasu Complexes (respectively) reported by this 

study, in conjunction with previously reported radio-isotopic data for the cumulate 

complexes of the Kohistan Arc Complex, indicate a younging age gradient from the top 

to the bottom of the KAC. These high precision U-Pb ages together with ages reported in 

the literature collectively provide geochronological evidence for the crustal underplating 

and delamination model proposed by Miller et al. (1991), and supports the consensus that 

crustal underplating and deamination are integral components of continental crust 

formation in island arc settings. Whilst no conclusive magmatic age was derived for the 

Chilas Complex, the abundance of inherited Proterozoic zircons provides evidence of 

mixing between a Proterozoic crustal component and MORB melt, suggested to explain 

the distinctive εHf of +10 for the Chilas Complex. These inherited zircons also suggest 

that the Kohistan Arc Complex is not a completely juvenile arc, but is partially built upon 

a rifted segment of Proterozoic to Archean crust following the breakup of the Gondwana 

supercontinent, implying that Kohistan is likely continuous with the Lhasa Terrane of 

Tibet. The Jijal Complex possessed no dateable zircon or baddeleyite, however contained 

an abundance of rutile that has the potential to be analysed by ID-TIMS or in-situ 

methods, and may clarify uncertainty surrounding reported Sm-Nd ages for the Jijal 

garnet gabbros. Furthermore, the presence of igneous structures within the Jijal garnet 

gabbro sequence challenges the idea of granulite metamorphism occurring at ca. 95 Ma, 

and the common consensus that these rocks of the Jijal Complex are granulites. Despite 

the high precision U-Pb ages established for the Dasu, Kayal and Patan Complexes there 

is still uncertainty regarding the magmatic ages of the Chilas and Jijal Complexes. The 

addition of precise U-Pb ages for these two complexes will provide further evidence to 

refine the history of KAC formation, generating a more robust model and understanding 

of the geochronological history and evolution of the Kohistan Arc Complex. These new 

ID-TIMS U-Pb zircon ages provide the first definitive age for the Kayal Complex (Type 

3 suite A unit), the first precise age for Type 4 suite A units (Dasu Complex), and 

currently provides the oldest age reported for the Patan Complex (Type 3 suite B2 units). 

The addition of these high precision ages has allowed for the clarification of the 

emplacement history of the KAC to a degree that wasn’t previously possible, allowing 

for refinement of the current models that describe the formation of the KAC.  
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A1. Plane polarised light photomicrographs of J3-36800 from an amphibolite gneiss of 

the Dasu Complex (A) and J3-28800 from the Patan Complex tonalite (B). Red circles 

indicate the locations of apatite inclusions, whereas the brown, anhedral and high relief 

mineral in the centre of the field of view for the Patan tonalite sample is rutile. 
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A2. Photomicrographs in both PPL and XPL of C1-KKH-1134, a gabbronorite, from the Chilas Cumulate Complex; A) Centre field of view is 

orthopyroxene (reddish) rimmed by amphibole; B) Centre field of view shows clinopyroxene with exsolution trails; C) Symplectic spinel textures; 

D) XPL photomicrograph of symplectic spinel textures. 
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