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INTRODUCTION
Tavan Har crater in eastern Mongolia is a
circular depression with a low relief rim, 1.3
km in diameter, formed within metamorphic
bedrock.

macroscopic level for the previously unstudied
site. Rock textures provide a potential record
of extreme pressure and temperature
conditions generated during an impact event.
Geological structures and fabrics generated
during impact events are virtually unique on
earth, yet impact structures are paradoxically
difficult to confirm.

GEOLOGIC BACKGROUND
Regional Geology

Figure 1. Satellite image over the site of Tavan Har
Crater. Crater diameter is 1.3km. The site location
is 44°07’52.3”N, 109°39’16.1”E; 792 m elevation,
Linear fabric in the northwest region corresponds to
metamorphic foliation.

The desert climate has preserved the crater
morphology and unvegetated, fresh bedrock
outcrops are available for study. The purpose
of this study is to examine both large- and
small-scale evidence for formation of the
crater by a hypervelocity bolide impact. This
study investigates the physical and mechanical
behavior of crater rocks at a microscopic and

The Tavan Har crater is located within a
metamorphic terrane within the North China
block consisting of epidote-amphibolite facies
metasediments including white quartzite,
presumed Proterozoic in age. An adjoining
terrane contains fossiliferous limestone,
sandstone, conglomerate, intrusive and
volcanic rocks, which vary in age from Late
Ordovician to Jurassic. In satellite images, the
Tavan Har crater displays the distinctive
circular geometry typical of simple impact
craters. The crater is partially filled with sand
and evaporites. Mafic and felsic dikes on the
western side of the crater appear to be post
impact because they form a geometrically
consistent, planar structural array.

Impact Geology
The extreme pressures and temperatures
generated during a hypervelocity bolide
impact event create many unique rock
textures. The extreme pressures and
temperatures are generated by the conversion
of kinetic energy. At the moment of impact

the kinetic energy of a projectile can be
quantified by the equation:
K=1/2mv2
The velocities (v) of meteorites are typically in
the range of 10-30 km/s but can be as high as
60 km/s (French, 1998). Therefore projectiles
with even a relatively low mass (m), can
contain enormous energy. Upon impact, the
kinetic energy is transferred to heat and highpressure shock waves that radiate from the
impact site. At the point of impact, pressures
can be 400 GPa and temperatures can reach
10,000° C in larger craters (French, 1998).
Because of the immense pressures much of the
rock at the impact point, including the
projectile itself, is vaporized. It is therefore
very rare to find much of the projectile itself,
and in many cases any remaining fragments
weather rather quickly at the surface of the
earth. The shock wave travels outwards from
the point of impact at a speed of about 10
km/s. This causes material from the impact
cone to be ejected, forming a transient crater
that is generally 20-30 times larger than the
projectile diameter (French, 1998). To form
the 1.3 km Tavan Har crater this would require
a projectile between 43 and 65 meters in
diameter. An event occurs within a fraction of
a second to a few minutes depending on the
size of the crater. In a relatively small crater
such as this one it would take a mere second
or less
The ejected material consists of vapor, melt,
and fractured clasts, which blanket the area
around the crater. Some of the ejecta will
settle back into the crater forming melts and
breccias. Ejecta that land outside of the crater
weather fairly rapidly and no evidence was
found of them around the Tavan Har crater.
All of the affected rocks are collectively
described as impactites. At the
crystallographic and grain scale they are
recognized as planar fractures (PFs), planar
deformation features (PDFs), high-pressure
polymorphs and melt (Hibbard, 1995; French,
1998). Planar Fractures can be recognized as
multiple sets of parallel cracks or cleavages
within a quartz grain. This occurs at 5-8 GPa.
Planar deformation features appear as multiple
sets of extremely narrow, parallel planar

regions. They are not fracture like Pfs but
represent areas where the atomic structure of
the grain has been deformed and occurs at 1025Gpa (French, 1998).
While the shock waves lose energy they will
continue too cause deformation in the
surrounding rock. Pressure high enough to
fracture rock can extend hundreds of meters to
kilometers beyond the crater itself. This
fracturing can occur at a wide range of
pressures and temperatures and produces a
number of macroscopic different. Rocks of
the crater floor exhibit fracturing, brecciation,
and shatter cones due to pressures up to
30GPa and 300° C, in the realm of highpressure shock metamorphism. In general
though most of the bedrock sustains pressure
no higher than 2GPa and show no distinct
microscopic shock effects. Displaced, or
allogenic rocks on the other hand are breccias
and melts that have been displaced and often
show a wide range of shock affects (French,
1998).
Samples from the Tavan Har crater are
primarily lithic breccias consisting of locally
derived clasts and typically occur at the base
of the crater where pressures are 2-6 GPa.
Lithic breccias are usually poorly sorted with
angular to subangular monomict clasts. They
typically form in irregular pockets from
centimeters to kilometers in size (French,
1998). In addition some samples from the
crater rim are allogenic or crosscutting
breccias that contain lithics that are not local
to the area and polymict clasts. The clasts are
typically more rounded and are somewhat
sorted by size. This type of breccia crosscuts
bedrock fabrics and unlike lithic breccias they
are most often laterally continuous. The
polymict nature of these breccias is potentially
the result of an “injection” of outside material
that potentially contains both shocked and
unshocked minerals. It is likely that some
allogenic breccias were forced into fractures
on the outer rim of the crater.

METHODS
Samples gathered during field investigation of
the crater and surrounding area consist of
breccia and metamorphic country rock
collected from rim outcrops and sites as near

as possible to the crater center, where high
temperature and pressure effects related to
impact would be greatest. GPS locations for
sample sites and structural measurements
around the crater rim were noted.
Structural measurements of strike and dip of
foliation and trend and plunge of lineation
were collected around the crater rim in order
to show impact effects to the existing structure
of the country rocks.
Thin sections representing both the breccias
and the country rock were used for hand
sample and petrographic observations, to seek
textural evidence of impact. Impact features
could include unusual rock or mineral
fracturing, planar fractures, planar
deformation features, formation of highpressure polymorphs and presence of melt
(French, 1998). Chemical analyses of the
matrix of four breccia samples were collected
using XRD in order to determine the chemical
makeup of the matrix.

RESULTS
Macroscopic Textures
The low relief concentric morphology seen at
the Tavan Har site is typical of simple impact
craters. Foliation attitudes differing from
regional metamorphic foliation on the
southwest and northwest margins of the crater
rim indicate an up turned rim. Outcrops of
breccias varying from under a meter to 10
meters in diameter were located throughout
the crater. No evidence for shatter cones was
found but is commonly not present, even in
well-documented impact craters.

well foliated and lineated to massive.
Muscovite is present in most of the samples.
Brittle fractures and or small veins of calcite
cut the samples. The thin sections contain
continuous veins of alteration material,
possibly injected during impact.
Breccia samples contain clasts of the hornfels
and quartzite as well as darker rounded clasts,
which appear to be altered carbonate. The
breccias typically are comprised of angular to
sub- angular clasts from 5 to < 0.1cm. The
clasts are cut by fractures and have been filled
by alteration materials. Some of the breccias
show more rounding of clasts as well as clasts
of mixed (polymict) composition, indicating
transport of lithics. These are interpreted to be
allogenic breccias.
Two samples differ from most of the other
breccias in that they consist almost entirely of
a fine brown matrix with little to no visible
lithic fragments. The clasts tend to be very
small and are subrounded to subangular. In
thin section they appear to be altered
carbonate clasts. Other clasts are typically
small polygonal grains of quartz as well as
small albite crystals. The texture of the matrix
shows possible welding textures. Careful

Petrographic Results
The country rock and breccias consist almost
entirely of two lithologies, ultra fine grained
hornfels and quartzite. The metamorphic
foliation in the country rock strikes between
060-100 (azimuth), with steeply northerly
dips. The dark green hornsfels is comprised of
pyroxene (CPX), albite, hornblende, biotite
and quartz with some opaque minerals. In
hand sample the hornfels is well foliated with
poor lineation and shows evidence of brittle
fractures in irregular orientations, possibly
related to impact. The quartzite varies from

Figure 2. Quartz grain exhibiting planar
fractures (PFs), a texture potentially of
impact origin. Magnification 40X; planepolarized light.

microscope investigation identified among the
grains, a few grains showing parallel
fracturing indicative of planar fractures (PFs).
It is not surprising that these are very rare

since they may or may not develop in small
impact sites (French, 1998).

not indicative of impact but collectively
support the impact interpretation.

Alteration Materials

For example alternative explanations of the
crater morphology could be as a product of
maar volcanism and the development of
breccias could be attributed to faulting or
hydrothermal activity. However, volcanic
rocks were not found and the irregular
distribution of breccias seems incongruent
with faulting.

XRD analysis showed that the matrix in all of
the samples is primarily dolomite with some
quartz and mica, which is most likely derived
from quartzite clasts. The dolomite may have
formed during impact induced hydrothermal
circulation driven by the heat of impact. Hot
water circulating through fractures and
breccias created by impact can dissolve,
transport and precipitate various minerals
(Osinski, 2001). Alternatively, the mineral
precipitation might have occurred during the
lacustrine stages in the crater, indicated by the
gypsum and evaprites. If the source of
carbonate was from local bedrock, presence of
carbonates could indicate an age constraint for
the crater, since the source would have been
overlying limestone and sediments, which
later eroded away. This would indicate the
craters age to be Jurassic or younger. Large
amounts of clay and sericite are also present.
This may be alteration material from glass
formed from melt that was injected into the
breccias during impact.

DISCUSSION
The sedimentary fill in the Tavan Har crater
prevents access to the crater floor, where
textures most diagnostic of impact were most
likely to have developed. A crater of such
small size (1.3km) may be unlikely to develop
extensive impactites, consequently the origin
of the Tavan Har crater could still be
questioned. However, the cumulative
evidence from the Tavan Har crater points to
its origin as an impact crater. The circular
geometry of the structure as well as foliation
dipping outward from the crater center,
indicating an upturned rim, are typical of
impacts. Monomict as well as polymict
breccias with both parautochthonous and
allogenic lithic clasts show strain related to
impact. On a microscopic scale quartz grains
show parallel fracturing representing possible
PFs. Sericite and clay alteration material
along with dolomite matrix material points to
the formation of glass as well as hydrothermal
activity. Any one of these features alone is

Further investigation using shallow seismic
refraction and magnetic mapping could be
used to better determine crater morphology
and possibly locate extraterrestrial material
such as pieces of the meteorite. This study
considers the presence of breccias,
identification of rare planar features in quartz
grains in breccias, and the crater morphology
to provide sufficient evidence for a
hypervelocity bolide impact.
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