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ABSTRACT

Earthquakes recorded by a dense seismic array at Nanga Parbat, Pakistan, provide new
insight into synorogenic metamorphism and mass flow during mountain building. Micro-
seismicity beneath the massif drops off sharply with depth and defines a shallow transition
between brittle failure and ductile flow. The base of seismicity bows upward, mapping a
thermal boundary with 3 km of structural relief over a lateral distance of 12 km. Anom-
alously low seismic velocities are observed at the core of the massif and extend to depth
through the crust. The main locus of seismicity and low velocities correlates with a region
of high topography, rapid exhumation, high geothermal gradients, young metamorphic
and igneous ages, and crustal fluid flow. We suggest a genetic link between these phenom-
ena in which hot rocks, rapidly advected from depth, are pervasively modified at relatively

shallow levels in the crust.

INTRODUCTION

Nanga Parbat is at the western end of the
Himalaya in the western syntaxis. Its 8126 m
summit and the Indus River at its base define
the world’s largest relief (7 km vertical in 21
km horizontal). The Indian plate rocks of Nan-
ga Parbat, part of the Nanga Parbat—-Haramosh
massif, are polymetamorphic. Their Precam-
brian protolith was overprinted by Tertiary
continental collision between India and Asia
(Wheeler et al., 1995), and recent pervasive
modification of the crust is documented by
young (3 Ma) migmatites, the result of in situ
melting of host rock under low-pressure (4—6
kbar), high-temperature (600-700 °C) meta-
morphic conditions (Poage et al., 2000; Whit-
tington et al., 1999; Zeitler et al., 1993).
Young (1-2 Ma) granitic plutons and dikes re-
cord recent anatexis linked to isothermal de-
compression (Zeitler et al., 1993). U-Pb, Ar-
Ar, and fission-track ages document rapid
cooling, and with petrologic evidence and flu-
id-inclusion data, document rapid exhumation
at rates as high as 5-10 mm/yr over the past
3 m.y. (Schneider et al., 1999; Treloar et al.,
1989; Winslow et al., 1994, 1996; Zeitler,
1985). Locally the Raikhot fault, an active
thrust, overprints and even faults away the
original collisional suture, the Main Mantle
thrust (Butler and Prior, 1988). The Raikhot
fault juxtaposes Nanga Parbat gneiss against
mafic rocks of the Kohistan island arc and in
places thrusts crystalline basement over Qua-
ternary gravels (Shroder et al., 1989). Boiling
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hot springs occur within the massif, and hy-
drothermal alteration is observed in numerous
outcrops. All these observations suggest a lev-
el of vigorous tectonic activity distinct from
surrounding terranes and a potentially anom-
alous thermal structure beneath the massif. As
part of a multidisciplinary study to understand
the active processes responsible for crustal re-
working at Nanga Parbat, we deployed a
dense seismic array to characterize seismicity
and determine crustal structure beneath the
massif.

NANGA PARBAT SEISMIC
EXPERIMENT

A number of studies have improved our un-
derstanding of subsurface structure in moun-
tain belts at regional scales, but detailed char-
acterizations of crustal structure and igneous
and metamorphic processes in active orogens
is lacking. The high and rugged topography
associated with these settings makes dense re-
gional deployments of seismic arrays difficult.
Our array at Nanga Parbat consisted of 6
broadband and 50 short-period three-compo-
nent seismometers (Fig. 1). Stations were de-
ployed along the Indus and Astor river val-
leys, and along glacial valleys in the interior
of the massif. Four additional broadband sta-
tions were deployed in a more regional con-
text, enlarging the total aperture of the net-
work to ~300 km to provide better constraints
for locating regional events. In a 4 month time
window, we recorded more than 1500 events
comprising teleseismic, regional, and local
earthquakes (Fig. 1). Primary source regions
are the Pamir—Hindu Kush, the Karakoram,
the Himalayan and Hazara arcs, and local seis-
micity beneath the massif. Abundant seismic-
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ity associated with the Pamir—Hindu Kush re-
gion originates 200-300 km northwest of
Nanga Parbat at 100-300 km depth and serves
as a beam source to illuminate structure be-
neath the massif.

RESULTS

Microseismicity at Nanga Parbat is distrib-
uted along strike beneath the massif, but ex-
hibits a sharp drop-off to its west and a more
gentle drop-off east of the main summit ridge
(Fig. 1). The adjacent Kohistan terrane is vir-
tually aseismic. The sharp cutoff in seismicity
to the west corresponds to the mapped trace
of the Raikhot fault where it is coincident with
the Indus River. Brittle deformation is largely
restricted to depths =2 km below sea level
(bsl), ~5—6 km below the average topograph-
ic surface; 92% of the local events occurred
within this depth range. The base of seismicity
forms a prominent antiformal shape beneath
the massif and exhibits considerable structural
relief, ~3 km in a lateral distance of 12 km
(Fig. 2). The apex of this antiform occurs at
5 km depth bsl and is offset ~10 km north-
west of the topographic ridge crest. The base
of seismicity deepens to 8 km bsl to the north-
west and southeast, mapping a thermal bound-
ary and a transition between brittle and plastic
deformation that takes place over an ~3-km-
thick zone. There is no seismicity deeper than
8 km depth bsl beneath the massif.

The transition from brittle to plastic defor-
mation in Earth occurs over a range of tem-
peratures depending on rock composition, fluid
content, pressure, and strain rate. At Nanga Par-
bat high-grade granitic gneiss and quartzofeld-
spathic biotite gneiss dominate. For dry quart-
zofeldspathic rocks, the brittle to ductile
transition occurs between 300 and 450 °C
(Fournier, 1991; Scholz, 1988). Fluid inclu-
sions in veins suggest that at Nanga Parbat this
transition occurs at the upper end of this range:
primary fluid inclusions from veins associated
with brittle fractures that cut young structures
include a vapor-rich phase that homogenized at
temperatures to 415 °C, whereas fluid inclu-
sions from ductilely deformed veins are in-
ferred to have equilibrated at 450 °C (Craw et
al.,, 1994, 1997). High thermal gradients of
~60 °C/km in the shallow crust are also indi-
cated by petrologic and thermochronologic data
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Figure 1. A: Regional location map; area in red box is shown in B. B: Seismic array (triangles) and regional and local events
(circles) recorded. Area outlined by box is detailed in C. C: Station locations (triangles) and local events (red circles). Base is
topography. D: Epicenters in C projected to cross section. Line of section is shown in C. Inset shows relocation of events in
box using cross-correlation technique (arrival time locations in red, cross-correlation locations in blue).

(Poage et al., 2000; Winslow et al., 1994).
Along such high thermal gradients, rocks pass
through the 400-450 °C isotherm at shallow
depths, below which they enter the ductile re-
gime. The high temperatures associated with
the brittle-plastic transition imply that there is
little fluid interaction with the rock matrix with-
in this zone; as little as 0.2% water produces
pronounced hydrolytic weakening, lowering the
temperature at which plastic deformation takes
place. This result seems counterintuitive given
that an active hydrothermal system, including
boiling hot springs, is observed at the surface,
but is consistent with the high resistivities
(1000 ohm'm) determined by magnetotelluric
measurements at Nanga Parbat, which imply
that the crust beneath the massif has little aque-
ous fluid (Park and Mackie, 2000). This result
is also consistent with the relatively unique hy-
drothermal system at Nanga Parbat, in which
boiling fluids dominate to ~2 km depth bsl and
an unusual dry-steam system (vapor phase
only) dominates below these depths (Craw et
al., 1994, 1997).

Most of the local seismic events recorded
by our array have clean impulsive signals, al-
lowing high-quality focal mechanisms to be
determined. Although we recorded some
thrust and some right-lateral strike-slip focal
mechanisms, much of the observed seismicity
exhibits mechanisms consistent with exten-
sion above the doubly vergent thrust system
bounding the massif. Neither structural map-
ping nor seismicity show evidence for low-
angle crustal-scale normal faults typically as-
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sociated with tectonic denudation in orogenic
belts (Edwards et al., 2000; Schneider et al.,
1999). A cluster of seismicity associated with
the Tato hot springs included a swarm of 26
events in a 24 h period. When relocated using
cross-correlation techniques, hypocenters lo-
cate within =50 m of each other and define a
fault plane that may serve as a pathway for
circulation of meteoric water to and from the
surface (Fig. 1, inset).

Prominent but complicated S wave arrivals
at stations throughout the array rule out the
possibility of a substantial magma body be-
neath Nanga Parbat, which had been a possi-
ble explanation for many of the igneous, meta-
morphic, and structural observations. This
observation holds for both Hindu Kush events
with a relatively vertical ray path beneath the
massif such that they sample the entire crust
and local events traveling more obliquely
through the shallow crust. A three-dimension-
al joint inversion for hypocenter location, Vp,
and Vs (Roecker et al., 1993) shows that the
seismic velocity structure beneath the Nanga
Parbat massif is anomalously low; velocities
are reduced as much as 10% over lateral dis-
tances of 10-20 km (Fig. 2; Table 1). In the
inversions, the target region is parameterized
as a set of uniform 10 km by 10 km blocks.
The parameterization allows both vertical and
lateral variations in velocity, and P and S
wave velocities are solved as independent pa-
rameters. The data set for this inversion com-
prises 8534 P and 6486 S arrivals from 365
high-quality regional and local events and 239

teleseisms. Both P and S wave low-velocity
anomalies are observed within the core of the
massif and extend to depth through the entire
crust. The uppermost-mantle velocity, deter-
mined from teleseismic P arrivals, is also
~10% slower within the core of the massif
(Vp = 7.5 km/s) compared to the surrounding
mantle velocity (Vp = 8.2 km/s). The depth
to the Moho, as determined from best-fit one-
dimensional velocity-model inversions and
preliminary receiver-function analysis, is 40
km. A crustal thickness of 40 km, while thin
by Himalayan standards, is consistent with the
few regional observations of crustal thickness
in the region (Mooney et al., 1998).

We interpret the low-velocity anomalies to
represent elevated temperatures at depth. The
distribution of low-velocities and confining
pressure at depth, along with magnetotelluric
and petrologic data, rule out the possibility of
significant fracture porosity or elevated pore
pressure as an explanation. In addition, sig-
nificant attenuation of both P and S waves is
observed in waves traveling through the mas-
sif compared to those that do not (Sarker et
al., 1999). The base of seismicity and distri-

TABLE 1. P (Vp) AND S (Vs) WAVE VELOCITIES
AT NANGA PARBAT

Velocity —Massif
Core

Velocity—
Surrounding Area

Depth Range

Vp km/s Vs km/s Vp km/s Vs km/s
<7 km depth 5.5-5.8 3.2-35 5.9-6.2 3.5-3.7
7-20 km 5.6-5.75 3.4-35 6.3-6.5 3.6-3.8
20-40 km 5.6-6.0 3.4-3.7 6.4-6.6 3.7-3.9
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bution of low velocities found at Nanga Parbat
is consistent with the prediction of thermal
models that show that rapid advection will
steepen the geotherm and that Nanga Parbat
should resemble a column of hot rock rising
toward the surface (Craw et al., 1994). The
focused low-velocity anomaly extends
through the entire crust and suggests that the
primary flow path of material into the massif
is from depth rather than along a shallow de-
tachment. Our seismic results indicate that the
dramatically high topography of Nanga Parbat
is above thin, hot, weak, crust.

Estimates of thermal gradients from ther-
mobarometry suggest that temperatures at
depths of 14-20 km beneath Nanga Parbat
reach 600-800 °C (Poage et al., 2000; Whit-
tington et al., 1999). The 5%—-10% reduction
in seismic velocity observed in the core of the
massif is consistent with temperatures in this
range (Christensen and Mooney, 1995). At
these temperatures, felsic rocks are hot enough
to partially melt. Although there is no evi-
dence of a large continuous magma body be-
neath Nanga Parbat, we see local traveltime
delays and anomalous waveforms suggesting
small-scale heterogeneity possibly related to
small partial-melt zones consistent with mig-
matization. Local events display a large vari-
ation in waveform coda associated with prop-
agation path (Fig. 3).

DISCUSSION

The main locus of seismicity and the regions
of low seismic velocity correlate with the area
of most rapid exhumation, cooling ages youn-
ger than 2 Ma, young granitic dikes and plu-
tons, young migmatites formed under low-pres-
sure, high-temperature conditions, and high
crustal resistivity (Zeitler et al., 2001). These
observations are all restricted to the core of the
massif. The central part of the massif is bound-
ed by two primary shear zones, the Raikhot-
Diamir and Rupal, across which major discon-
tinuities in cooling ages, metamorphic facies,
and the age of igneous and metamorphic activ-
ity are observed (Poage et al., 2000; Schneider
et al., 1999). Zeitler et al. (2001) proposed a
thermal-mechanical-erosional model coupling
exhumation, accentuated by river incision, to
metamorphism and melting in the crust. The
distribution of seismicity and low seismic ve-
locities is consistent with this model in which
rapid exhumation leads to pervasive modifica-
tion of continental crust as hot rocks flow rap-
idly from depth to the surface. As this material
is brought to the surface, advection of iso-
therms results in low P and S wave velocities
throughout the crust and elevates the position
of the brittle-ductile transition, causing it to
bow convex upward beneath the massif. Brittle
fracturing predominates above 2 km depth
(bsl). In this region, meteoric water circulates
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Figure 2. Depth slices through three-dimensional joint inversion for hypocenter lo-
cation, Vp, and Vs. Both P and S wave low-velocity anomalies are centered at core
of massif and extend to depth throughout entire crust. Depth slices are in kilometers
below sea level (negative numbers = positive elevation). Darker shading indicates
lower seismic velocity. Map area is same as outlined in Figure 1C. Squares indicate
stations. X indicates Nanga Parbat summit.

and an active hydrothermal system exists. The
transition from brittle to plastic deformation
takes place within a 3-km-thick zone beneath
this region. Equating the base of seismicity to
the 450 °C isotherm yields a geothermal gra-
dient of 56 °C/km. At depths of 14-20 km be-
neath the massif, temperatures reach 600—-800
°C and decompression melts are generated. As
continental crust passes through this region, it
is pervasively modified. The result is a sharply
focused metamorphic anomaly separated in
time and space from the main collisional event.
The base of seismicity maps out an antiform
beneath the massif. The apex of the antiform is
offset from the topographic ridge crest reflect-
ing the flow of material from depth and is con-
sistent with particle paths developed in a two-

sided orogen (Koons, 1990). This leads to the
final conclusion that the remarkably high to-
pography at Nanga Parbat is above hot, thin,
weak crust, dynamically supported by the con-
tinuous flow of material from depth.
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