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INTRODUCTION
Early stages of India-Asia collision and 

crustal thickening generated signifi cant growth 
in topography, but when these took place 
remains controversial (e.g., Aitchison et al., 
2007). Although metamorphic studies of Hima-
layan bedrock record peak Barrovian-type meta-
morphism dated to between ca. 35 and 30 Ma 
(Vance and Harris, 1999) followed by silliman-
ite-grade metamorphism, partial melting, and 
leucogranite formation between 23 and 16 Ma 
(e.g., Harris et al., 2004), the preceding (Paleo-
gene) stages of orogenic growth history are 
not well understood due to removal of bedrock 
records by extensive erosion or overprinting by 
later metamorphism. To address this shortfall 
research efforts are increasingly being directed 
at Paleogene sedimentary rock located around 
the collision zone (e.g., Najman et al., 2008).

One of the largest and most complete Paleo-
gene erosion records in the western Himalaya 
is considered to be related to the paleo–Indus 
River and its associated delta and submarine 
fan. Qayyum et al. (1996) fi rst proposed that 
the deltaic and turbiditic sedimentary rocks in 
the Katawaz basin in Pakistan represent a large 
Paleogene delta-fan system similar to the mod-
ern Indus delta, and that sedimentary rocks 
exposed in the Makran region of southern Paki-
stan and Iran (McCall and Kidd, 1982) represent 
the submarine fan part of this routing system. 
Miocene uplift of the Murray Ridge–Kirthar 
fold belt (Clift et al., 2001) is considered to have 
changed the location of the submarine fan, shift-
ing it eastward toward its present-day location 
(Fig. 1). Paleogene–Neogene sedimentary rocks 
in the Sulaiman fold belt and Bugti Hills of 
central Pakistan, a small branch of the Katawaz 
basin, likely record this transition (Waheed and 

Wells, 1990). This study examines provenance 
to test whether the Paleogene sedimentary rocks 
exposed in the Makran area were once part of an 
early submarine fan connected to the Katawaz 
basin sourced from the nascent Himalaya.

REGIONAL SETTING
The 700-km-long Katawaz basin contains as 

much as 8 km of sedimentary rock (Fig. 1). It 
formed along the margin of the remnant Neo-
Tethys Ocean, bound to the east by the Indian 
plate, and has been incorporated into the thrust 
belt and transform system along the left-lateral 
Chaman fault (Fig. 2), which marks the west-
ern transform boundary with the Afghan block 
(Treloar and Izatt, 1993). The basin developed 
as an elongate trough along which axial sub-

marine turbidites once fl owed, supplied by a 
southward-prograding delta. Studies of Katawaz 
basin sedimentary rocks (Qayyum et al., 1996, 
2001) recognize a submarine fan (rhythmically 
bedded turbidities of the Margha Faqirzai Mem-
ber) and wave-modifi ed fl uvial-dominated delta 
(Shaigalu Member) with a high sediment fl ux. 
Qayyum et al. (1996) considered the India-Asia 
collision zone to be the main source region, 
based on observed south- and southwest-directed 
paleofl ow indicators and sandstone petrography, 
which showed that the lithic arenites had recy-
cled orogenic compositions (Dickinson, 1985).

Paleogene sedimentary rocks now exposed 
in the Makran accretionary complex of south-
ern Pakistan and Iran (Fig. 2) formed by north-
west subduction of the Indian and Arabian 
plates (Auden 1974) are considered the sub-
marine fan extension of the Katawaz system 
(Qayyum et al., 2001). Individual stratigraphic 
units are typically kilometers thick dominated 
by Bouma-type turbidite sandstones and shales 
(McCall, 1985). Most of the Makran sand-
stones are classed as sublithic, lithic, volcanic, 
quartzose, and feldspathic arenites and contain 
dateable assemblages of benthic and planktonic 
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ABSTRACT
A combination of sediment petrography, detrital zircon U-Pb, and fi ssion-track dating is 

used to show that provenance of the Paleogene sedimentary rocks exposed in the Makran 
region of southern Iran and the Katawaz basin of Pakistan is consistent with a source from the 
nascent western Himalaya and associated magmatic arc. Results from this important archive 
show that Paleogene erosion was focused mainly on the arc and northern Indian margin, and, 
in contrast to the east-central Himalaya, we have not detected widespread rapid exhumation 
indicative of strong forcing by climate-driven erosion at that time.
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Figure 1. Reconstruction of Paleogene drain-
age of northwest Himalaya based on model 
of Qayyum et al. (1996). Miocene uplift along 
Murray Ridge–Kirthar fold belt is considered 
to have diverted this drainage east.

Figure 2. Location map showing study areas 
(boxes). MMT—Main Mantle thrust; MBT—
Main Boundary thrust.
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foraminifera. Paleocurrents varied, but most 
units are recorded as being sourced from the 
north or northeast (McCall, 1985), consistent 
with sources from the India-Asia collision zone. 
A petrographic study of Makran sedimentary 
rocks (Critelli et al., 1990) recognized a strong 
recycled orogenic source in addition to volcanic 
detritus interpreted as from either the Kohistan-
Ladakh region and/or more local sources con-
nected to the Raskoh-Chagai arc, north of the 
Makran. For the purposes of this study represen-
tative sandstone samples from the Makran were 
collected from each of the principal Paleogene 
units, where possible from type areas described 
by the Geological Survey of Iran (McCall, 
1985). Comparison of provenance is made with 
the Katawaz basin using samples from the origi-
nal study of Qayyum et al. (1996).

METHODS AND RESULTS
Figure 3 summarizes the stratigraphic age 

ranges for the sampled sedimentary rocks in 
the two study areas (Fig. 2). Depositional ages 
exposed in the Makran are based on foramin-
ifera assemblages described in McCall (1985). 
Examination for nannofossils failed to fi nd date-
able samples. Age controls for Katawaz samples 
are based on the age range outlined in Qayyum 
et al. (2001), and new age constraints obtained 
from nannofossils that place the Nisai Forma-
tion (Fig. 3) between biozones NP13 and NP 20; 
this requires the overlying Khojak Formation to 
be slightly younger (Oligocene) than reported 
in Qayyum et al. (1996). The youngest detrital 
zircon U-Pb ages measured on samples and the 
positions within the sampled stratigraphic sec-
tions provide additional age control. Full details 
are provided in the GSA Data Repository.1

Petrography and Heavy Minerals
Petrographic study of the Katawaz basin 

sedimentary rocks by Qayyum et al. (2001) 
found quartz-rich sandstones with low-grade 
metamorphic lithic fragments with subordinate 
amounts of detrital feldspars and volcanic lithic 
fragments. On this basis Qayyum et al. (2001) 
concluded that the main source was a collisional 
orogen with minor inputs from a magmatic arc. 
Our petrographic study of the fi ne- to medium-
grained sandstones of the Makran also show fold-
thrust belt sources as dominant, but there is also 
a higher contribution from a volcano-plutonic 
arc seen in plagioclase-rich Eocene–Early Oli-
gocene samples that contain abundant andesite- 
to rhyodacite-derived volcanic lithics. Late Oli-
gocene–Miocene samples show a sharp decrease 
in volcanic lithics and an increase in low-grade 
metamorphic grains and detrital micas, indicat-
ing a greater contribution from metamorphic 
rocks (fold-thrust belt). Low heavy-mineral con-
centration and lack of unstable species (pyrox-
ene, amphibole) indicates extensive diagenetic 
dissolution (Garzanti and Andò, 2007). The 
coexistence of common Cr-spinel and garnet 
shows a mixed provenance from arc or suture-
zone rocks (ophiolites, or recycled from forearc 
or remnant-ocean turbidites) and orogenic meta-
morphic rocks. The quartz-feldspar-lithic (QFL) 
plot in Figure 4 shows these main differences 
(Dickinson, 1985; Garzanti et al., 2007).

Zircon Chronology
To constrain further the provenance of the 

sedimentary rocks zircon U-Pb age spectra 
were produced. A useful strategy success-
fully employed in Himalayan studies (e.g., 
De Celles et al., 2004) is to compare sample 
detrital zircon U-Pb age spectra with plots 
that summarize published U-Pb ages from the 
principal rock units within the probable source 
areas, in this case the Kohistan-Ladakh island 
arc intruding through the Trans-Himalayan 
Andean margin of Asia, contributing predomi-
nantly Cretaceous–Paleogene ages, and the 
Indian plate, contributing predominantly Pre-
cambrian ages (Fig. 5). The distribution of age 
peaks can then be compared between basins 
and potential sources aided by statistically 
modeled age components (Jasra et al., 2006), 
as summarized by the plots in Figure 5. Both 
basins show very similar age spectra, the bulk 
of zircon ages between 500 and 1000 Ma, and a 
distinct age mode ca. 93 Ma. Zircons older than 
1000 Ma compose <20% of all dated grains.

Since zircon U-Pb data alone cannot be used 
to determine source erosion rates, important 
for understanding orogenic growth history, 

samples were also dated by the zircon fi ssion-
track (ZFT) method, as it is sensitive to ero-
sion-driven cooling from metamorphic temper-
atures. To verify whether a ZFT age documents 
postmetamorphic cooling rather than an age 
that relates more directly to rock formation, 
U-Pb ages were measured on the same grains 
used for ZFT dating (Carter and Moss, 1999) 
(Fig. 6). Young ZFT ages that have similar 
(within error) U-Pb ages indicate magmatic 
ages. Double dating reveals that within each 
sample some of the ZFT ages record grain for-
mation while others record cooling in response 
to exhumation; hence sample ZFT central ages 
cannot be used to plot lag times to constrain 
source exhumation rates.

DISCUSSION

Provenance
Comparison between detrital zircon U-Pb and 

ZFT ages for individual samples from both the 
Makran region and the Katawaz basin reveals a 

1GSA Data Repository item 2010227, details of biostratigraphic constraints and data sources for the plots used in Figure 5, Figure DR1 (zircon U-Pb concordia), 
Figure DR2 (probability plots of sample U-Pb ages), Figure DR3 (zircon fi ssion-track radial plots), Table DR1 (sample locations), Table DR2 (raw zircon fi ssion-track 
data), Table DR3 (raw U-Pb data), and Table DR4 (raw heavy mineral data), is available online at www.geosociety.org/pubs/ft2010.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 3. Stratigraphic age ranges for rock 
units from which zircon dated samples were 
collected. For Katawaz basin, black boxes 
represent age range for sections reported 
by Qayyum et al. (2001) and sample posi-
tion within section. Sample age is less con-
strained for Makran, where black boxes rep-
resent possible age range for each sample 
based on foraminifera assemblages (Data 
Repository [see footnote 1]). 

Figure 4. Comparison of sandstone petrog-
raphy shows predominant fold-thrust belt 
(RO—recycled orogen fi eld of Dickinson, 
1985) source for both Makran and Katawaz 
samples. Eocene–Early Oligocene samples 
from Makran show closer affi nity to Sulaiman 
ranges, located adjacent to Katawaz basin 
(Garzanti et al., 2007). By Late Oligocene time, 
Makran sandstone petrography is identical to 
that of Katawaz basin. Two samples (MAK 
5–1, MAK 5–2) are much richer in feldspars, 
suggesting major plutonic contribution 
(granodiorites to tonalites possibly batho-
lithic roots of arc massif). When plotted these 
samples match rocks from Trans-Himalayan 
arc (Garzanti et al., 2005). For each sample, 
400 points were counted by Gazzi-Dickinson 
method (Ingersoll et al., 1984). Q—quartz, F—
feldspar, L—lithic fragments, C—continent 
derived, MA—magmatic arc derived. 
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close similarity consistent with a shared source 
and common drainage. If the source were the 
nascent Himalaya, extending back to the suture 
zone, as suggested by Qayyum et al. (1996), the 
sandstone provenance should be represented by 
Asian plate material (including the magmatic 
arc) with contributions from the metamorphic 
rocks of the evolving Indian plate thrust belt. 
Sandstone petrography indicates recycled oro-
genic detritus with contributions from a mag-
matic arc (Fig. 4), supported by the U-Pb data, 
which identify Cretaceous–Paleocene zircon 
grains derived from the magmatic arc and older 
grains derived from basement rocks, either 
Indian plate or the Asian plate Karakoram (Fra-
ser et al., 2001). The Indian plate is more likely 
to be the source for these old grains, consider-
ing that Paleogene products of erosion from the 
Asian plate, deposited in the suture zone, show 
that detritus was predominantly arc derived (Wu 
et al., 2007).

While our data confi rm that provenance char-
acteristics of the Makran and Katawaz sedimen-
tary rocks are consistent with derivation from 
the Himalaya, we cannot rule out contributions 
from sources within the Afghan terrane, which, 
as defi ned by Treloar and Izatt (1993), includes 

the Helmand and Kabul blocks. These consist 
of Precambrian–Paleozoic basement overlain 
by Mesozoic cover (Shareq, 1981), possibly 
part of the same Cimmerian Gondawana unit 
as the Asian Lhasa block and Karakoram of 
the Himalaya (Le Fort et al., 1995). Jurassic–
Cretaceous subduction-related granitoids and 
the Kandahar arc volcanics (Treloar and Izatt, 
1993) were emplaced into this substrate in the 
northeast of the Helmand block, and the Jurassic 
to Paleogene Chagai-Roskoh arc volcanics were 
emplaced on the southern margin (Arthurton et 
al., 1982; Perello et al., 2008). It is also likely 
that the Chagai-Roskoh arc and the Makran 
accretionary complex were once located closer 
to the Katawaz basin than at present, on the 
basis of the initial geometry and evolution of the 
Chaman fault and how India-Asia convergence 
was partitioned on this fault.

We consider the Himalayan arc, rather than 
the andesitic Raskoh-Chagai arc, as the main 
source for the arc-derived zircons of the Makran, 
since zircon grains from the Himalayan arc are 
of comparable age to those of the Makran while 
those of the Chagai arc are largely younger. 
Jurassic zircons, characteristic of the Raskoh arc 
(Siddiqui, 2004), are absent from the Makran.

A western source would also be at variance 
with paleocurrents from the northeast reported 
by Qayyum et al. (1996, 2001). Further, double 
dating shows most Precambrian zircons have 
Tertiary pre-Pliocene ZFT exhumation ages 
(Fig. 6); the grains are more likely to have been 
sourced from the Himalayan orogen than the 
Afghan block since Tertiary tectonism did not 
occur in the Afghan block until the Pliocene, 
when it collided with India (Treloar and Izatt 
1993). An Indian plate source from the east 
may be ruled out on the basis that it would be 
dominated by populations of Paleoproterozoic 
and Archean grains. By contrast, the Hima-
layan Indian plate thrust belt of the Tethyan 
Himalaya (passive margin India) and low-grade 
Higher Himalayan cover are characterized by all 
components that are found in the data reported 
herein (including the Paleozoic ages). Lesser 
Himalayan sources are unlikely as Haimanta 
cover is considered to have overlain this unit 
until unroofi ng ca. 9 Ma (Najman et al., 2009).

Implications
This study details a provenance consistent 

with erosion of mainly Tethyan and/or low-grade 
Higher Himalaya and Cretaceous magmatic arc 
material. How fast this region was undergoing 
erosion in the Paleogene can be judged from FT 
and U-Pb double dating. Results show that most 
of the U-Pb ages are within two distinct ranges 
of ZFT ages. For the example shown in Fig-
ure 6 the oldest ZFT ages range from ca. 370 to 
400 Ma, and have Paleoproterozoic and Archean 
U-Pb formation ages indicative of Indian plate 
sources unaffected by Cenozoic metamorphism. 
The low number of grains present shows this 
was not an important source. The second cluster 
is dominated by much younger than ca. 100 Ma 
ZFT ages, most of which were derived from 
arc sources, although Precambrian U-Pb ages 
are also present, diagnostic of contemporane-
ous exhumation of country rocks. Comparison 
of ages with sample depositional age range 
(ca. 23–18 Ma for the example shown in Fig. 6) 
shows that within this grouping exhumation rates 
were varied; some magmatic sources underwent 
fast exhumation, and other sources, which cluster 
around 40 Ma, underwent slower exhumation at 
the time of deposition. Such provenance is con-
sistent with bedrock studies, which indicate that 
in the northwest Himalaya, early major exhuma-
tion of the orogen occurred in the arc and north-
ern Tethyan region (Kirstein et al., 2009; Schlup 
et al., 2003; van der Beek et al., 2009).

Until discovery of Paleogene rocks in the 
Bengal Basin, Bangladesh, that record exhuma-
tion of the east-central Himalaya (Najman et 
al., 2008), there was little sedimentary evidence 
to support signifi cant rates of erosion in the 
Paleogene, due mainly to a general absence of 
Oligocene detritus in the foreland basins across 
Pakistan, India, and Nepal. Are the Makran and 
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Figure 5. Summary plots of zircon U-Pb age 
spectra comparing results from Makran and 
Katawaz samples with Tethyan Himalaya and 
arc rocks (for sources, see the Data Reposi-
tory [see footnote 1]). Peak values derived 
using Bayesian mixture models aided by 
Markov chain Monte Carlo methods (Jasra 
et al., 2006).

Figure 6. Double dating plots comparing zir-
con U-Pb and fi ssion-track (FT) ages mea-
sured on same grains. Zircon FT ages that 
plot on 1:1 line date zircon formation, oth-
erwise ages record postmetamorphic cool-
ing and exhumation. MAK8-2 is taken from 
Angohran Unit (Fig. 3).
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Katawaz basin archives the western equiva-
lent of the Bengal Basin detritus? Similar to 
the Bengal Basin rocks, those of the Katawaz 
and Makran record mixed arc and Indian plate 
Himalayan sources. However, unlike the Bengal 
Basin, we have not detected evidence for wide-
spread rapid exhumation of the hinterland dur-
ing the Paleogene. This may be signifi cant and 
refl ect differences in accommodation of conver-
gence, an early short initial orogenic phase of 
crust thickening (e.g., van der Beek et al., 2009), 
and/or low relief and an arid climate; however, 
more detailed investigations will be required on 
these important archives to test this further.

CONCLUSIONS
The results of this study are consistent with the 

model of Qayyum et al. (1996), whereby a river 
sourced from the nascent western Himalaya and 
associated magmatic arc supplied sediment to the 
Katawaz delta and its associated submarine fan in 
the remnant Neo-Tethys Ocean. Thus, Paleogene 
sedimentary rocks exposed in the Makran region 
of southern Iran and Katawaz basin provide an 
important archive for study of the early history 
of the western Himalaya, potentially equivalent 
to the archive that the Bengal Basin provides for 
the central-eastern Himalaya.
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