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ABSTRACT
Initial continental collision between India and Asia is thought to have caused significant

changes to global climate and biota, yet its timing and biogeographic consequences are
uncertain. Structural and geophysical evidence indicates initial collision during the early
Paleogene, but sedimentary evidence of this has been controversial owing to the intense
deformation and metamorphism along the suture zone. Modern orders of mammals that
appeared abruptly on northern continents coincident with the global warming event mark-
ing the Paleocene-Eocene boundary are hypothesized to have originated on the Indian
subcontinent, but no relevant paleontological information has been available to test this
idea. Here we present new paleomagnetic, sedimentologic, and paleontologic evidence to
show that the lower Eocene Ghazij Formation of western Pakistan records continental
sedimentation and mammalian dispersal associated with initial India-Asia collision. Our
results are consistent with the initial collision occurring near the Paleocene-Eocene bound-
ary, but modern orders of mammals appeared later in Indo-Pakistan and thus did not
likely originate on the Indian subcontinent.
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INTRODUCTION
Deformation and metamorphism of the

High Himalaya have obscured much of the
sedimentary record associated with initial
India-Asia continental collision. The sedimen-
tary evidence that does exist is controversial
because of structural complications and a lack
of contextual information that could link it to
other (e.g., geophysical and paleontological)
records of initial collision (Bossart and Ottig-
er, 1989; Rowley, 1996; Najman et al., 2001).
Reliable stratigraphic records of early colli-
sion are critical for testing proposed links of
India-Asia tectonism to global climatic and bi-
otic change during the early Paleogene (Beck
et al., 1998) and for constraining the structural
evolution of the collision zone (Burbank et al.,
1996). The lower Eocene Ghazij Formation in
the western part of Pakistan preserves a thick
sequence of unmetamorphosed sedimentary
rocks that records a dramatic shift from ma-
rine to continental deposition (Warwick et al.,
1998; Johnson et al., 1999). Here we report
new results that indicate that the Ghazij was
deposited in response to initial India-Asia con-
tinental collision. Paleomagnetic data indicate
that Ghazij deposition occurred just before a
pronounced decrease in the seafloor spreading
rate of the Indian Ocean (Patriat and Achache,
1984). Large fossil mammal assemblages
show strong endemism in the middle part of

the formation, but increasing cosmopolitanism
and affiliation with northern continents higher
in the formation. No other sedimentary unit
along the suture zone preserves such an inte-
grated sedimentary, geophysical, and paleon-
tological record of this early stage of collision.

GEOLOGIC SETTING
The Ghazij Formation is well exposed

along the northwest margin of the Indo-
Pakistan plate near its suture with Asia (Fig.
1). Sedimentologically, it exhibits a clear tran-
sition from shallow-marine facies in the lower
part, to paralic deltaic facies in the middle
part, to continental fluvial facies in the upper
part (Johnson et al., 1999). Continental facies
dominate in the western part of the field area,
where conglomerate thicknesses exceed 400
m. Marine facies dominate in the eastern part
of the field area, indicating the existence of a
shallow-marine basin between the deposition
of Ghazij continental facies and the main In-
dian craton (Fig. 1). We have measured cur-
rent directions from fluvial sandstones across
the entire extent of the Ghazij, and they show
consistent northwest to southeast flow (Fig. 1).
This direction is opposite the flow direction
recorded by the underlying Cretaceous Pab
Formation, interpreted to be associated with
continental runoff from India during its iso-
lation (Waheed and Wells, 1990; Sultan,

1997). Petrography of Ghazij sandstones
shows a dominance of sedimentary lithic frag-
ments and recycled monocrystalline quartz
grains (Warwick et al., 1998; Johnson et al.,
1999). Compositions vary strongly across the
field area, according to the lithology of un-
derlying Mesozoic rocks. For example, Ghazij
sandstones in Kingri have abundant mono-
crystalline quartz grains and rare grains of
tourmaline diagnostic of the underlying Cre-
taceous Pab Formation, which is particularly
well developed in this region. Ghazij sand-
stones near Quetta are dominated by limestone
fragments that coincide with the underlying
Cretaceous Parh Limestone and Jurassic Chil-
tan Limestone. This sedimentary evidence in-
dicates that streams depositing middle and up-
per Ghazij sandstones had sources in nearby
uplifted areas on the northwest margin of
Indo-Pakistan and that Mesozoic shelf sedi-
mentary rocks were exposed and being eroded
at that time.

PALEOMAGNETIC ANALYSIS
We undertook a paleomagnetic study of the

Ghazij Formation in an effort to better under-
stand its geochronology and tectonic setting.
Most paleomagnetic studies of rocks near the
suture zone are characterized by strong over-
prints (Klootwijk et al., 1994), and the Ghazij
is no different. However, through extensive pi-
lot sampling, we were able to identify two
lithologies—gray marine shales and red paleo-
sol mudstones—that showed good potential
for preserving characteristic remanent mag-
netizations. By targeting these facies, we were
able to isolate well-defined characteristic di-
rections for 22 sites (83 samples) in 4 different
locations (Shin Ghwaza, Deghari, Pir Ismail
Ziarat, and Kingri; Fig. 1 and Table DR11).
All of these sites are characterized by three or
more samples that exhibited characteristic di-
rections defined by principal-component anal-

1GSA Data Repository item 2003163, Table DR1
and Figures DR1–DR2, is available online at
www.geosociety.org/pubs/ft2003.htm, or on request
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301-
9140, USA.
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Figure 1. A: Index map showing faults and suture zone between Indian subcontinent and
Asia. Box shows location of map in B. B: Study area showing Ghazij Formation outcrops
(gold), ophiolites (black), sample localities (solid circles), fluvial paleocurrent directions
(rose diagrams), and major cities (solid squares). C: Fence diagram of Ghazij Formation
stratigraphic sections showing distribution of major facies assemblages. Current direc-
tions show southeastward flow, and continental facies thin to east, indicating that Ghazij
detritus was derived from upland areas to northwest along suture zone and not from Indian
craton.

ysis of four or more demagnetization points
with a maximum angular deviation of #158.
Samples were analyzed in paleomagnetic lab-
oratories at the University of New Hampshire
and the University of Michigan.

Gray shale samples were weakly magne-
tized and characterized by unblocking temper-
atures of #580 8C and coercivities of tens of
milliTeslas, consistent with a diffuse magne-
tite carrier (Fig. DR1A; see footnote 1). Red
paleosol mudstones were characterized by rel-
atively strong magnetizations and typically
had an intermediate-temperature normal-
polarity overprint (unblocking temperatures ,
;600 8C) and a high-temperature dual-
polarity characteristic magnetization (unblock-
ing temperatures ø690 8C; Figs. DR1B–
DR1E; see footnote 1). Mean characteristic
directions of gray shale samples and red mud-
stone samples are statistically indistinguish-
able. Characteristic magnetizations for these
sites pass the fold test and reversal test at the
95% confidence limit (Tauxe, 1998) and ex-
hibit a mean declination and inclination of
334.68 and 4.08 (a95 5 6.7) in bedding-
corrected coordinates when all reversed-polar-
ity sites are inverted (Fig. DR2A; see footnote
1).

Site directions are Fisher distributed; how-

ever, there is a slight azimuthal streaking of
directions that indicates minor vertical-axis ro-
tations (Fig. 2A). Pilot samples analyzed from
other sites close to major fault zones show
even greater amounts of vertical-axis rotation.
We suspect that these rotations are associated
with the structural development of the Quetta
syntaxis, but further sampling will be required
to quantify this.

In one location, Shin Ghwaza (Fig. 1), we
sampled a 500 m section through the Ghazij
Formation at 5–10 m intervals to make a mag-
netostratigraphic correlation to the geomag-
netic polarity time scale (GPTS; Cande and
Kent, 1995). For evaluating magnetic polarity
throughout this section, we augmented the site
determinations with other samples that pre-
served well-defined characteristic directions
but came from sites that did not otherwise
meet the criteria already outlined herein. For
some samples, magnetization directions fol-
lowed a great circle path during demagneti-
zation and a characteristic direction was de-
termined by using the method of McFadden
and McElhinny (1988).

The bottom of the Shin Ghwaza section is
characterized by reversed polarity with a clear
change to normal polarity ;140 m above the
base of the section (Fig. 3). The upper part of

the section is dominated by normal polarity
but contains one poorly sampled reversed po-
larity zone between 220 and 260 m. We cor-
relate the well-sampled polarity reversal at
140 m to the chron C24r-C24n reversal in the
GPTS. This correlation is constrained by fo-
raminiferal biostratigraphy that indicates an
early or middle Ypresian age (early Eocene)
for the lower and middle Ghazij from this area
(reviewed in Gingerich et al., 1997). Correla-
tion of the poorly constrained upper reversed
zone is more difficult because there is no pre-
cise age control on the upper Ghazij here. Far-
ther to the east in Rakhi Nala (Fig. 1), the
Drug Limestone is correlated to the P9 plank-
tonic foraminifera zone (Afzal, 1996) and di-
rectly overlies the Ghazij Formation, meaning
that the upper reversed zone at Shin Ghwaza
could be one of the short reversals in the mid-
dle of chron C24r or more likely C23r.

TECTONIC INTERPRETATION
With these constraints, we interpret the age

of the Ghazij to range from ca. 56 to 50 Ma.
By using this age range, we compare our pa-
leomagnetic results for the Ghazij with inde-
pendently derived paleolatitude estimates us-
ing the most recently published apparent polar
wander path (APWP) for the Indian subcon-
tinent (Besse and Courtillot, 2002).2 Our pa-
leomagnetic results from the Ghazij indicate
that it was deposited at a low paleolatitude of
28N 6 3.48. This is indistinguishable from the
expected latitudinal position (48N 6 4.38) for
the area during this time determined by using
the Indian APWP (Besse and Courtillot,
2002). The observed overlap between these
two data sets shows that Ghazij deposition oc-
curred just before a significant decrease in In-
dia’s rate of northward migration (Fig. 2). This
change in northward movement has been
linked to decreased spreading rates along mid-
ocean ridges in the Indian Ocean and is inter-
preted to represent the slowing of convergence
between India and Asia due to initial conti-
nental collision (Patriat and Achache, 1984).
The first decrease in convergence rate began
ca. 55 Ma (Besse and Courtillot, 2002), but
the most obvious deceleration occurred ca. 50
Ma. We interpret this lag between the onset of
Ghazij sedimentation and the most significant
slowing of ocean spreading to represent a time
when the thin continental shelf on the leading
edge of the Indian plate was undergoing com-
pression during its initial subduction under
Asia (Butler, 1995).

Our results support the hypothesis that ini-

2Note added in proof: Our paper uses the syn-
thetic apparent polar wander path for India that was
reported in Table 5 of Besse and Courtillot (2002).
Consequently, the results are not affected by the re-
cently published correction, Besse and Courtillot
(2003), to the master apparent polar wander path
reported in their Table 4.
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Figure 2. A: Thick line represents paleolatitude of study area (308N, 678E) through time as
predicted from apparent polar wander path (APWP) of Indian subcontinent (Besse and
Courtillot, 2002). Thin lines are 95% confidence intervals. Gray box represents indepen-
dently derived age and paleolatitude estimates for Ghazij Formation from this study. Sig-
nificant decrease in northward movement starting ca. 55 Ma is linked to slowing rates of
seafloor spreading due to initial India-Asia collision (Patriat and Achache, 1984). Ghazij
results overlap with APWP estimates and indicate deposition during initial decrease in
convergence rate. Inset is equal-area projection showing mean site directions of charac-
teristic component of magnetization for Ghazij paleomagnetic sites (bedding-corrected co-
ordinates). Open (closed) symbols are on upper (lower) hemisphere. B: Schematic tectonic
reconstruction of Indo-Pakistan movement north during early Cenozoic showing slowing
of convergence coinciding with Ghazij uplift and deposition between 55 and 50 Ma. Adapt-
ed from Figure 1 of Patriat and Achache (1984) and calibrated to APWP of Besse and
Courtillot (2002).

Figure 3. Stratigraphic section of Ghazij
Formation from Shin Ghwaza showing
clear transition from shallow-marine fa-
cies (lower) to paralic facies (middle) to
continental facies (upper). Paleomag-
netic data are plotted on right with in-
ferred reversal stratigraphy (black is
normal polarity, white is reversed po-
larity). Clear polarity reversal at ~140 m
is correlated to chron C24r-C24n rever-
sal on geomagnetic polarity time scale
(ca. 53.3 Ma; Cande and Kent, 1995). In-
dividual sample directions determined
using principal component analysis
are represented by open squares, sam-
ples characterized by great circle direc-
tions are represented by open circles,
and mean site directions are represent-
ed by filled circles. This section starts
43 m below section of Johnson and
Khan (1994).

tial continent-continent contact occurred along
the northwest edge of the Indo-Pakistan plate
and that subsequent closure occurred diach-
ronously along the rest of the suture (Rowley,
1996; contra Najman et al., 2001). Other ev-
idence for early Paleogene tectonism in this
region includes emplacement of several
ophiolite complexes (Alleman, 1979) and the
development of compressional structures
(Beck et al., 1995). Although it is possible that
this initial tectonism involved a separate is-
land arc or microcontinent prior to collision
with Asia (Waheed and Wells, 1990; Bannert
et al., 1992; Warwick et al., 1998), no direct
evidence of such a landmass has been found,
and the Ghazij has little of the allochthonous
detritus that would be expected from such an
event.

MAMMALIAN DISPERSAL
Fossil mammals have been recovered from

three intervals of the middle and upper Ghazij
Formation (Gingerich et al., 1997, 1998, 1999,
2001; Ginsburg et al., 1999). These assem-
blages show significant stratigraphic change in
composition (Fig. 4). The middle Ghazij fauna
associated with coal deposits is dominated by
an endemic family of archaic mammals, Quet-
tacyonidae, that has not been observed else-
where. The fauna from the lower part of the

upper Ghazij has a mixture of endemic quet-
tacyonids and cosmopolitan taxa known else-
where on northern continents (e.g., tillodonts
and perissodactyls). The uppermost Ghazij
fauna is known from a well-sampled assem-
blage near Kingri that is dominated by cos-
mopolitan taxa found on northern continents
(e.g., perissodactyls, primates, and artiodac-
tyls; Gingerich et al., 2001). Ghazij mammal
faunas exhibit a pattern of decreasing ende-
mism, increasing holarctic affiliation, and in-
creasing modernity through time (Fig. 3).

The latest Cretaceous vertebrate fauna of
Balochistan is Gondwanan (Wilson et al.,
2001), but our results indicate that well-
developed connections to northern continents
(via Asia) were in place by late Ghazij time.
It is interesting to note that the Kuldana and
Kalakot faunas of early middle Eocene age
show an endemic diversification within some
holarctic groups that first appeared during
Ghazij time (e.g., artiodactyls). Thus, early
dispersal corridors were probably temporary,
and endemism was initiated anew when the
subcontinent was again partially isolated by
marine incursions during early middle Eocene
time.

Many modern orders of mammals first ap-
peared on northern continents at or near the

global warming event marking the Paleocene-
Eocene boundary (e.g., perissodactyls, artio-
dactyls, and primates; Clyde and Gingerich,
1998; Bowen et al., 2002), and it has been
hypothesized that these dispersed from the In-
dian subcontinent at the time of initial colli-
sion (Krause and Maas, 1990). Our results in-
dicate the opposite. It appears that during
initial collision, modern orders of mammals
dispersed into India rather than out of it.
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Figure 4. Stratigraphic change in composition of terrestrial mammal faunas from Ghazij
Formation. Boxes on left indicate whether mammalian family listed is endemic vs. cosmo-
politan (white vs. black, far-left column) and archaic vs. modern (white vs. black, near-left
column). Endemic family is one that is not known from elsewhere, whereas cosmopolitan
family is known from other holarctic continents (North America, Europe, Asia). Archaic fam-
ily is one that belongs to mammalian order with no modern descendents, whereas modern
family belongs to mammalian order with living descendents. Hyaenodontidae is classified
as modern, even though it is member of extinct order Creodonta, because it first appears
near Paleocene-Eocene boundary with other groups of modern mammals. Numbers in pa-
rentheses represent number of specimens known. A: Decline in proportion of endemic spec-
imens in Ghazij faunas indicates establishment of dispersal corridors during initial contact
between India and Asia. B: Increase in proportion of specimens in Ghazij faunas that are
modern indicates progressive biotic connection with holarctic continents where these
groups first appeared ~5 m.y. earlier. This delay indicates that these modern mammal
groups probably did not originate in India. Error bars are two-tailed 95% confidence intervals
calculated via bootstrapping (1000 runs). In some cases, error bars are too small to see.
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