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Preface

It is becoming increasingly clear that impact cratering has played a major role in
the evolution of planetary bodies throughout the Solar System. In the specific case
of the Earth, large impacts may have also played a role in the evolution of the
atmosphere, oceans, and life. To date, the only well-documented example of such
a connection is the correlation between the impact that produced the Chicxulub
impact structure on the Yucatan Peninsula in Mexico and the mass extinction at
the end of the Cretaceous. The key piece of evidence connecting the two is a thin
layer of ejecta that blanketed the entire Earth and is so subtle that it was not
detected until late in the twentieth century. Spurred on by the discovery of this
layer, a number of additional ejecta layers have been discovered, and the appre-
ciation of the usefulness of ejecta layers in understanding both impacts and other
geological phenomena has expanded slowly but steadily.

Because the Earth is so geologically active, most terrestrial impact structures
have been either deeply buried beneath sediment, eroded away by wind, water,
and/or ice, or entirely eradicated by tectonic processes. Fortunately, tangible
evidence of impact structures that no longer exist can be preserved in the strati-
graphic record in the form of ejecta layers. Impact ejecta layers farther than five
crater radii from their source craters are referred to as distal impact ejecta layers
and they are the focus of this book. In addition to shedding significant light on the
mechanics of impacts, distal impact ejecta layers provide a powerful tool for
directly correlating impact events with oceanic, atmospheric, and/or biologic
events recorded in the stratigraphic record. They can also be used for more con-
ventional stratigraphic correlations at a regional or even global scale. Given the
short-lived nature of an impact event, the recognition of distal ejecta from a single
impact at multiple sites can be used to establish the contemporaneity of strata
within an extremely short time span, even on a global scale. The correlation of
distal impact ejecta layers may prove particularly useful in well-preserved Pre-
cambrian successions as high-resolution biostratigraphy is not possible and the
uncertainty in isotopic age dating grows larger back through time. Furthermore,
although large impacts were more frequent early in the Earth’s history, no craters
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older than ~2.4 Ga have been recognized and the only record of impacts older
than 2.4 Ga are the distal spherule/ejecta layers.

Prior to the discovery of the impact ejecta layer at the Cretaceous-Tertiary (K-
T) boundary (Alvarez et al. 1980), only four well-documented distal impact ejecta
layers were known, namely the microtektite layers associated with the Austral-
asian, Ivory Coast, and North American tektite strewn fields and the late Eocene
clinopyroxene or cpx spherule layer. After the discovery that an impact ejecta
layer coincided with the mass extinction at the end of the Cretaceous, numerous
researchers searched for additional ejecta layers, mainly in association with other
mass extinction events. Although most of these searches were fruitless, various
additional impact ejecta layers were identified, most of which are not associated
with mass extinctions. At least 26 reasonably well-defined distal impact ejecta
layers are now known, the majority being spherule layers of Precambrian age.
Given the stratigraphic correlations proposed between different formations both
regionally and globally, the spherule layers recognized to date may represent only
22 impact events. At least 19 more layers have been proposed for which the
evidence is inconclusive at present. Because of the rapid growth in the identifi-
cation of definite and possible distal impact ejecta layers, we thought it was
important to summarize our knowledge of these layers while it was still possible to
do so in one book.

Based on our reading of the literature while writing this book, we have several
suggestions for authors describing distal impact ejecta layers. First, authors should
give sufficient information when proposing a new layer to establish unequivocally
that it formed via an impact as opposed to some alternative process. Second,
beyond simply convincing the reader that a layer has an impact origin, authors
should strive to provide enough details on newly discovered layers to constrain
models for how distal ejecta vary with distance from the source crater or, more
specifically, to estimate the size of the source crater as well as how far the dis-
covery site(s) may be from the source crater. In addition, researchers who are
studying early Precambrian (spherule) layers should be aware that the presently
available data suggest they differ from the later Precambrian and Phanerozoic
distal ejecta layers in several respects. The most troubling difference is the extreme
scarcity of evidence of shock metamorphism in the early Precambrian ejecta
layers; no evidence of shock metamorphism whatsoever has been recognized to
date in the Paleoarchean layers. This may be because of the generally larger size of
the older events, the nature of the early Precambrian crust, alterations (diagenetic,
metamorphic, and/or tectonic) of the layers due to their great age, or some com-
bination thereof. This is a topic that clearly needs more study.

We have proposed a preliminary model for how distal impact ejecta vary with
distance from their source crater primarily based on our knowledge of the
Cenozoic microtektite/spherule layers and the K-T boundary impact ejecta layer
(see Chap. 10). We challenge researchers to obtain appropriate data on ejecta
layers that they are studying to test and improve the model. We would be happy to
hear from readers who have data that can be used to test (support or contradict) our
model.
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Chapter 1
Introduction

1.1 Introduction

Impact cratering is one of the most fundamental geological processes affecting
solid bodies in the Solar System (Shoemaker 1977; French 1998; Pati and Reimold
2007). Planetary studies by astronauts and spacecrafts in the 1960s and 1970s led
to the realization that the surfaces of the Moon, Mercury, asteroids, and most of the
satellites of the outer planets are heavily cratered (Fig. 1.1). Impact craters are also
common on much of Mars and, to a lesser extent, Venus. In contrast, as of 2011
only approximately 178 terrestrial impact craters had been identified (Earth Impact
Database 2011; accessed 03/02/2011). So where are all the impact craters that
must have been formed on Earth? The dearth of obvious impact craters on the
Earth, compared with most of the other solid bodies in the Solar System, is due to
the Earth having an active hydrological cycle and being tectonically and volca-
nically active, right up to the present time.

Studies of the Moon indicate that the cratering rate on the Moon and, therefore,
the Earth was much higher prior to ~3.5 Ga ago. In fact, because the Earth is much
bigger than the Moon its gravitational attraction is much stronger than the Moon’s
and as a result it has been more heavily bombarded than the Moon. The higher
gravity of the Earth increases both the probability (impact rate) and average velocity
(energy) of impacts compared with the Moon (Ivanov 2005). The average impact
rate per unit area is estimated to be 1.67 times higher on Earth compared to the Moon
(Ivanov 2005). The impact rate of the Moon, and presumably the Earth, dropped to
close toits present rate ~3 Ga ago and has been relatively constant up to the present
time (Fig. 1.2). We would expect that craters formed during the Paleoarchean would
be more abundant than craters formed in more recent geological eras, but this is not
observed in the geological record (Fig. 1.3). In fact, no Archean-age craters have
been observed on Earth so far (Fig. 1.3). Presumably this is because the older impact
structures have been destroyed through the eons by a variety of geological processes
(tectonism, volcanism, erosion).

B. P. Glass and B. M. Simonson, Distal Impact Ejecta Layers, Impact Studies, 1
DOI: 10.1007/978-3-540-88262-6_1, © Springer-Verlag Berlin Heidelberg 2013



2 1 Introduction

Fig. 1.1 Images of cratered planetary surfaces. a A Mercury Messenger spacecraft image of
Mercury showing a heavily cratered terrain in the northwest quadrant near the equator. Features
in the lower left corner of the image are ~250 km NNE of the high-albedo crater Kuiper.
Courtesy of NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Institute of
Washington. b A Galileo spacecraft image of a portion of the highly cratered lunar surface.
Courtesy of Jet Propulsion Laboratory/NASA

Based on the flux of asteroids inferred from the lunar impact record, it is highly
likely that there are still numerous impact structures and distal ejecta layers that
have not yet been discovered.

Barringer crater (also known as Meteor Crater; Fig. 1.4), in Arizona, was
the first terrestrial crater to be recognized as having an impact origin. This crater
was studied by the well-known American geologist, G. K. Gilbert, in the 1890s.
Numerous fragments of an iron meteorite were found scattered around the crater
and Gilbert initially concluded that it was formed by the impact of a large iron
meteorite. Gilbert believed that the bulk of the iron meteorite should have been
buried under the crater; however, he was not able to find evidence of a large mass
of iron meteorite beneath the crater floor as he expected. Because of this and
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because there are volcanoes near Barringer crater, Gilbert changed his mind and
eventually concluded that the crater must be of volcanic origin and the presence of
meteoritic fragments around the crater was merely a coincidence (Gilbert 1896).
Ironically, at about the same time he correctly concluded that the craters on the
Moon were of impact origin (Gilbert 1893).

A mining engineer, Daniel Moreau Barringer, became interested in the crater,
which now bears his name, in the early 1900s. Like Gilbert, he believed that there
must be a large mass of iron meteorite below the floor of the crater, which at that
time was known by several names, including “Coon Butte Crater” or “Crater
Mound”. Barringer staked a claim on the structure and began searching for the
large mass of meteoritic iron, or mother lode, beneath the crater. He sank several
exploratory shafts without success. However, his studies of the crater led him to
conclude that it had an impact origin (e.g., Barringer 1905).

Small craters, in Odessa, Texas, also associated with fragments of an iron
meteorite, were recognized as impact craters by Barringer’s son, D. M. Barringer,
Jr., in the early 1920s (Barringer 1928). Over the next two decades, several
additional small craters (<1 km in diameter) were recognized as impact craters.
These include: the Kaalijarvi crater in Estonia; the Wabar crater in Saudi Arabia;
the Henbury and Boxhole craters in the Northern Territory, Australia; Dalgaranga
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Fig. 1.4 Barringer (Meteor) crater in Arizona, USA. This crater is ~ 1.2 km in diameter and has
an age of ~49 ka. Courtesy of Charles O’Dale

Fig. 1.5 Wolfe Creek Crater in Western Australia. This crater is ~0.9 km in diameter and has
an age of <300,000 years. Courtesy of VL Sharpton and the Lunar and Planetary Institute

and Wolfe Creek (Fig. 1.5) craters in Western Australia. Like Barringer and
Odessa craters, meteorite fragments were found associated with all these craters. In
addition, all of these craters are relatively young (<100,000 years old) and fresh in
appearance.

An impacting body larger than ~50 m diameter (for a stony body) or ~20 m
diameter (for an iron body) can penetrate the Earth’s atmosphere with little or no
deceleration and hit the ground with most of its cosmic velocity (French 1998),
which is generally between 11 and 40 km/s (de Pater and Lissauer 2001). Upon
impact the resultant shock waves generate pressures high enough to melt and
vaporize most of the impacting body. In addition, meteoritic material is unstable
on the Earth’s surface and even if meteorite fragments did survive the impact, they
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Fig. 1.6 Image of Vredefort impact structure in the Witwaterstrand Basin about 100 km south of
Johannesburg, South Africa. The central core of uplifted granitic rocks (white to light gray
region) is about 40 km in diameter. It is partly surrounded by a collar of upturned sedimentary
rocks and basaltic lavas. The original impact structure is believed to have been as much as
300 km in diameter. It has an age of ~2 Ga. Courtesy of the Lunar and Planetary Institute.
NASA Space Shuttle Image STS511-33-56AA

would generally be quickly destroyed by weathering. Thus, meteorite fragments
are not often found associated with older and/or larger impact structures.

Most of the older craters have been eroded down or filled in, and, in some cases,
tectonically deformed—e.g., the Sudbury impact structure, Canada, and Vrede-
fort impact structure, South Africa (Fig. 1.6). Since these older craters no longer
have the topographic expression of a crater, they are referred to as impact structures.
These older and generally larger impact structures not only do not have the topo-
graphic expression of a crater, but they rarely if ever have fragments of meteorites
lying around them. Thus, other criteria are needed in order to establish their impact
origin.

Impacts, involving projectiles or impacting bodies that are traveling at high
enough velocity (generally greater than a few km/s) to generate shock waves upon
impact, are called hypervelocity impacts. Two shock waves are generated during
a hypervelocity impact: one that travels back through the projectile and one that
travels down into the target rock. It is the shock wave that travels back through the
projectile that melts and vaporizes it. A portion of the target rock near the point of
impact can also be melted and vaporized, but a larger volume of target rock is
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altered by the passage of the shock wave without being melted or vaporized.
Although it is not melted, this rock is changed due to the high temperature,
pressure, and strain-rate generated as the shock wave moves through it. Permanent
changes produced in the rocks and minerals by this process are called shock-
metamorphic effects. Nuclear and high-energy explosions can also generate shock
waves which can produce shock-metamorphic effects in rock material. The phrase
“impact metamorphism” can be used to refer to shock metamorphism produced in
rock material as the result of a naturally-occurring impact event.

In the 1960s, impact-metamorphic effects were identified in craters of undoubted
impact origin, such as Barringer crater. A large number of structures, including
“cryptovolcanic” or “cryptoexplosion” structures, had been identified as having a
possible impact origin. The origin of these structures was intensely debated for a
decade or so (see, for example, Bucher 1963; Dietz 1963; Currie and Shafiqullah
1967; French 1968). With the discovery of impact-metamorphic features such as
the high-pressure silica polymorphs coesite and stishovite, planar deformation
features in quartz, diaplectic glass (such as maskelynite), and high temperature
decomposition products (such as the breakdown of zircon to baddeleyite and silica),
it became possible to confirm the impact origin of deeply eroded impact structures
which did not have associated meteoritic fragments. After the early 1960s, the
number of confirmed impact structures increased rapidly (French 1968) and by
2011 there were about 178 confirmed terrestrial impact structures. In addition to an
increase in the number of known impact structures, the average size and age of the
known impact structures also increased. As of 2011, the largest known impact
structures are the ~ 300-km-diameter Vredefort structure (Fig. 1.6) in South Africa
and the 250-km-diameter Sudbury structure in Ontario, Canada, which are 2.0 and
1.85 Ga old, respectively.

1.2 Distal Ejecta Layers: Formation and Nomenclature

During a hypervelocity impact, rock material is thrown or ejected from the point of
impact to create an impact crater. Rock material thrown out of the forming crater is
called impact ejecta. Some of the ejecta is thrown straight up and falls back into
the crater to form what is called fallback ejecta. Most of the rest of the ejecta is
deposited around the crater to form an ejecta blanket, which decreases in thickness
away from the rim of the crater (Melosh 1989). Approximately 90 % of the ejecta
are deposited within five crater radii of the crater rim (Montanari and Koeberl
2000). These ejecta are referred to as proximal ejecta. Ejecta farther away than
five crater radii are called distal ejecta. However, the division between proximal
and distal ejecta is arbitrary and gradational and Stoffler and Grieve (2007) define
distal as being beyond the continuous ejecta blanket, which they say extends 2-3
crater radii from the crater. Distal ejecta layers are sometimes referred to as
impactoclastic layers (e.g., Montanari and Koeberl 2000)
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Distal ejecta are usually highly shock metamorphosed and most of the more
distal ejecta are ejected as melt, which rapidly cools to form glassy bodies with
splash forms (spheres, teardrops, dumbbells, discs), generally millimeter in size or
smaller called impact spherules. Distal splash-form bodies composed of glass
without any primary microlites/crystallites are called tektites, minitektites, or
microtektites depending on their size (Glass 1990a; Prasad and Sudhaker 1999). If
the splash-form bodies have partially crystallized upon cooling, they are called
microkrystites (Glass and Burns 1988). If spherules have been diagenetically
altered and it is no longer possible to determine if they were originally composed
entirely of glass or were partially crystalline, then they should be referred to using
the more general phrase spherules or impact spherules if their impact origin can be
demonstrated. Another type of impact ejecta that can closely resemble spherules,
especially after replacement, are accretionary lapilli. Since impact-generated
accretionary lapilli are small rounded bodies, they could be called spherules;
however, in order to distinguish them from impact spherules formed as melt
droplets or vapor condensates, we will refer to them in this book as impact-
generated accretionary lapilli. They generally consist of a coarse nucleus
surrounded by concentric layers of fine dust-like grains to form a roughly spherical
body and are similar to volcanic accretionary lapilli, except that some contain
grains exhibiting evidence of shock metamorphism. Because they accreted
mechanically, they do not show symmetric splash-form shapes. They occur more
commonly in proximal ejecta layers and are found only rarely in distal ejecta.
Impact-generated accretionary lapilli have been reported in the Cretaceous—
Tertiary (K-T) boundary layer (e.g., Salge et al. 2000; Yancey and Guillemette
2008), the Alamo Breccia layer (Warme et al. 2002), and the Sudbury distal ejecta
layer (Addison et al. 2005; Cannon et al. 2010).

Prior to 1980, only five distal impact ejecta layers had been discovered: the
Australasian, Ivory Coast, and North American microtektite layers, the Central
European tektite strewn field, and the upper Eocene clinopyroxene-bearing (cpx)
spherule layer (Table 1.1). The discovery of the K-T boundary (now called the
Cretaceous—Paleogene or K—Pg boundary) impact ejecta around 1980 increased
the number of recognized distal impact ejecta layers to six. Some of the first
impact ejecta layers to be recognized were discovered by accident. For example,
the Australasian microtektite layer was discovered while studying the relationship
between changes in planktic foraminifera assemblages and geomagnetic reversal
stratigraphy in sediments in the Indian Ocean (Glass 1967) and the K-T boundary
ejecta layer was discovered while trying to use Ir concentrations to determine the
length of time it took for the clay layer at the K-T boundary to be deposited
(Alvarez et al. 1980).

After acceptance of the K-T boundary impact ejecta layer and acceptance by
many researchers that the K-T boundary impact may have been responsible for the
mass extinction at the end of the Cretaceous, the number of geologists aware of
distal impact ejecta layers greatly increased and several researchers began
systematic searches for impact ejecta layers at other geological boundaries asso-
ciated with mass extinctions. These searches were for the most part unsuccessful,
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but the number of recognized distal impact ejecta layers increased as a result of a
greater awareness of the importance of distal impact ejecta layers. Since discovery
of the K-T boundary ejecta layer, as many as 26 additional possible/probable
distal impact ejecta layers have been recognized, five during the writing of this
book (i.e., since 2007; Table 1.1; Fig. 1.7).

Table 1.1 Distal impact ejecta layers listed chronologically according to date of first publication

Distal impact ejecta Geographic location

layer

First publication

Australasian
microtektite
Ivory Coast
microtektite
North American
microtektite
Clinopyroxene-
bearing
spherule
Cretaceous—
Tertiary
boundary ejecta
Acraman ejecta
S2 spherule
Warrawoona (S1)
spherule®
S1 spherule®
S3 spherule
S4 spherule
Nuussuaq (Disko)
spherule
Dales Gorge
spherule®
Bee Gorge
(Wittenoom)
spherule
Carawine spherule®
Qidong spherule
Senzeille/Hony
spherule
Manson ejecta
Monteville
spherule®
Jeerinah spherule®
Gransesg spherule
Late Triassic
spherule
Mid-Devonian
spherule

Indian Ocean, western equatorial
Pacific Ocean, and adjacent seas
Eastern equatorial Atlantic

Gulf of Mexico, Caribbean Sea,
NW Atlantic Ocean

Global

Global

South Australia
South Africa
Western Australia

South Africa
South Africa
South Africa
Western Greenland

Western Australia
Western Australia
Western Australia
Qidong, South China
Belgium

South Dakota, USA
South Africa

Western Australia
South Greenland

Bristol area, SW England

Morocco

Glass (1967)
Glass (1968)

Donnelly and Chao (1973), Glass
et al. (1973)

John and Glass (1974), Keller et al.
(1987), Glass and Burns (1987)

Alvarez et al. (1980), Smit and
Hertogen (1980), Bohor et al.
(1984)

Gostin et al. (1986)

Lowe and Byerly (1986)

Lowe and Byerly (1986)

Lowe et al. (1989)
Lowe et al. (1989)
Lowe et al. (1989)
Margolis et al. (1991b)

Simonson (1992)
Simonson (1992)
Simonson (1992)
Wang (1992)

Claeys et al. (1992)

Izett et al. (1993)
Simonson and Hassler (1997)

Simonson et al. (2000a)
Chadwick et al. (2001)
Walkden et al. (2002)

Ellwood et al. (2003)

(continued)
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Table 1.1 (continued)

Distal impact ejecta Geographic location First publication

layer

Reivilo spheruled South Africa Simonson and Glass (2004)
Kuruman sphc—:ruleb South Africa Rasmussen et al. (2005), Schroder

et al. (2006)
Sudbury ejecta Western Lake Superior area, USA  Addison et al. (2007), Pufahl et al.

and Canada (2007)
S5 spherule South Africa Lowe and Byerly (2010)
S6 spherule South Africa Lowe and Byerly (2010)
S7 spherule South Africa Lowe and Byerly (2010)
Karelian spherule  Russia Huber et al. (2011)
Paraburdoo Western Australia Hassler et al. (2011)

spherule?

# These layers were probably formed by a single impact 3.47 Ga ago
° These layers were probably formed by a single impact ~2.49 Ga ago
¢ These layers were probably formed by a single impact 2.63 Ga ago
9 These layers were probably formed by a single impact ~2.57 Ga ago

30

25+
20
161

10+

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Number of known distal impact ejecta layers

Fig. 1.7 Cumulative number of known and proposed impact ejecta/spherule layers from 1965 to
2010. See Table 1.1 for data

Distal impact ejecta can be found great distances from their source crater. Ivory
Coast microtektites are found as far as 2530 km away from their source, the 10.5-
km-diameter Bosumtwi crater (or Ashanti crater) in Ghana, Africa. This is about
240 crater diameters and at this distance there is no continuous ejecta layer; the
microtektites were just scattered thinly over the sea floor. However, the thickness
of ejecta deposited at a given distance is dependent on the size of the source crater.
For a 100 km diameter crater, a distal ejecta layer at least 1 mm thick extends out
~3700 km or ~37 crater diameters. In this instance, a recognizable ejecta layer
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covers an area ~ 5500 times the area of the source crater! Over most of this area,
especially the parts farther away from the crater, impact spherules are the most
abundant and easily recognizable part of the distal ejecta, although care is required
in the identification of spherules as having an impact origin (see Chap. 3). In the
case of major impacts, such as the one that produced the 180-km-diameter
Chicxulub impact structure, the ejecta layer can be global in extent. An impact
ejecta layer can be identified based on the presence of impact spherules, shock-
metamorphosed minerals, and/or geochemical evidence of meteoritic contamina-
tion (see Chap. 3).

1.3 Importance of Distal Impact Ejecta Layers

New impact structures are being identified every year. However, based on estimated
cratering rates and images of other planetary surfaces, especially the Moon, there
must be many more impact events to be discovered (Grieve and Masaitis 1994); but,
as discussed above, most of the impact craters formed on Earth have been destroyed.
Distal impact ejecta layers from many of the larger impact structures are
undoubtedly preserved in the stratigraphic record. Reimold and Koeberl (2008)
pointed out that layers from many large impact events ought to be present in the
extensive records of Phanerozoic rocks that have been drilled and studied in
outcrops. Shock-metamorphosed minerals provide unequivocal evidence of impact
events and can often be the last remnants of an impact (Langenhorst 2002). Even
after the crater is completely erased, shock-metamorphosed minerals can be
preserved in distal, sometimes global, ejecta layers; but they are rarely if ever easy to
recognize in outcrops or drill cores. In contrast, impact spherules are the most
common component of most distal impact ejecta layers and can be recognized in
hand samples with a hand lens under favorable circumstances. Most spherules
consist largely of glass, which is unstable and usually is replaced by other phases in a
relatively short period of time, geologically speaking. However, diagenetically
replaced spherules often retain original shapes and/or internal textures that are
diagnostic of their having originated as molten droplets (e.g., see Simonson and
Glass 2004 and references therein). Although glassy spherules can be produced
volcanically, especially via fire fountains (Heiken 1972), we know of no terrestrial
volcanic eruptions that produced layers consisting predominantly of formerly
molten spherules like those found in distal impact ejecta layers.

Identification and mapping of distal ejecta layers can help fill in the missing
record of many of the impact structures destroyed by tectonic processes and
erosion, especially those of Precambrian age. In some cases, it may be possible to
estimate the location and size of the source crater. In addition, an impact can be
related to other geological events recorded in the same stratigraphic section as the
ejecta. Correlating impact structures with other short-lived Earth events is difficult
because most impact craters are not well dated. As of 2008, only eleven out of the
then-known 174 known impact structures had been dated with uncertainties of 1 %
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or less and for many craters no absolute age data were available at all (Jourdan
et al. 2009). Even with uncertainties of 1 %, the age of a 200-Ma-old crater, for
example, could be off by as much as 2 Ma. Since distal impact ejecta layers occur
within the stratigraphic successions that contain the record of climatic and
biological changes through time, if impacts caused any changes, those changes
should be detectable at the same level as the distal impact ejecta layers.

Thus, distal impact ejecta layers can be used to evaluate the possible role that
impact events may have played in causing biotic and climatic changes throughout
geological history. The best example of the relationship between an impact and
climatic/biologic changes is the K—T boundary impact ejecta layer, which
correlates with the mass extinction at the end of the Cretaceous (Alvarez et al.
1982). The layer was subsequently traced back to the Chicxulub impact structure
(Hildebrand et al. 1991). However, if we only knew about the Chicxulub structure
and not the layer, the connection between this impact and the end-Cretaceous mass
extinction would be much more controversial than it is (see Schulte et al. 2010 and
ensuing discussions).

Geochemical studies of spherule layers may also provide information regarding
secular changes in the composition of projectiles through geological time. The ratios
between siderophile elements, particularly the platinum group elements, can be a
clue as to the type of projectile. More recently, Cr isotopic data have been used to
identify the presence of extraterrestrial material and distinguish between projectiles
of carbonaceous versus ordinary chondritic compositions (see Sect. 3.1.2.3). Not
only could extraterrestrial impactors have changed in composition over time,
variations in the number of distal ejecta layers through the geologic column could
also reflect secular changes in the rate of impacts. Lastly, since most of the mass in
distal ejecta comes from the Earth instead of the projectiles, spherule layers also
have the potential to provide information about secular changes in the composition
of Earth’s crust through geological time (see next paragraph).

The search for distal ejecta layers of Archean age is especially important.
Several authors have speculated that numerous large impacts during the Archean
Eon may have played a major role in the evolution of the Earth’s lithosphere,
atmosphere, and hydrosphere, as well as the origin and evolution of the biosphere
(Grieve 1987; Lowe et al. 1989; Simonson and Harnik 2000; Gilmour and Koeberl
2000; Glikson 2001, 2006, 2008). However, since no Archean impact structures
have been identified, the search for distal impact ejecta layers is important for
determining the impact history of the Archean and possible relationships between
large impacts and changes in the lithosphere, hydrosphere, atmosphere, and bio-
sphere. For example, textural and geochemical data suggest that Precambrian
impact spherules were more basaltic in composition than are most Phanerozoic
spherules (Lowe et al. 1989; Simonson and Harnik 2000). This suggests that
Precambrian crust was more mafic than the Phanerozoic crust and is consistent
with the widespread belief that most primitive crust was basaltic in composition
whereas most continental crust was generated late in the Archean (e.g., Taylor and
McLennan 2009). Spinel crystals in Paleoarchean spherules are much less oxidized
than the spinel crystals in Phanerozoic spherules, which is probably a reflection of
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the lower oxygen content of the Paleoarchean atmosphere (Byerly and Lowe 1994;
Krull-Davatzes et al. 2010).

Impact cratering is not a process that was active only in the past; it has been
active up until today and will continue to be active in the future (e.g., Pati and
Reimold 2007). That impacts are continuing to happen was illustrated by the 1908
Tunguska event, which was the result of the explosion of an extraterrestrial body
in the atmosphere over Siberia (Chyba et al. 1993; Gasperini et al. 2012). The
shock wave flattened trees over an area ~ 2200 km?® (~50 km across) and
damaged a trading post ~60 km away. More recently, in July 1994 fragments of
the Comet Shoemaker-Levy 9 impacted into the atmosphere of Jupiter, producing
plumes as big as the Earth (Boslough et al. 1994). This event was witnessed by
millions of television viewers all around the globe. On September 15, 2007, a
bright fireball was observed and a big explosion was heard by inhabitants near the
southern shore of Lake Titicaca in Peru (Tancredi et al. 2009). The explosion was
the result of the impact of an extraterrestrial body which produced a crater ~ 14 m
in diameter. Fragments of an ordinary chondrite were found close to the crater.
These and other events have made it clear that catastrophic impact events are still
occurring and could happen again in the future.

The study of past impacts and their geological, climatological, and biological
effects can help us predict the effects of future impacts. According to Pati and
Reimold (2007), “It is mandatory to improve knowledge of the past-impact record
of the Earth to better constrain the probability of such events in the future.” The
most extensive, and, in many ways most informative, record of past impacts and
their effects is likely to reside in distal impact ejecta layers.

Because distal impact ejecta layers are deposited instantaneously, they have the
potential to be excellent marker horizons with regional to global extent. The K-T
boundary layer is the best example of an impact ejecta layer which can be used for
global stratigraphic correlation (see, e.g., Smit 1999; Claeys et al. 2002). Another
example is the global (?) late Eocene clinopyroxene-bearing spherule layer
(Glass 2002; Liu et al. 2009). The early Pleistocene Australasian microtektite
layer is an excellent regional marker horizon for Quaternary sediments in much of
the Indian Ocean, South China, Sulu, Celebes, and Philippine Seas, and adjacent
western equatorial Pacific Ocean (Glass and Koeberl 2006). Moreover, spherule
layers from four different large impacts have now been correlated with reasonable
confidence between Paleoarchean, Neoarchean, and Paleoproterozoic strata in
South Africa and Western Australia (Byerly et al. 2002; Simonson et al. 2009a, b;
Hassler et al. 2011).

Studies of large impact structures and associated ejecta layers and the
geological consequences of such large impacts are interdisciplinary by nature,
involving such diverse fields as astronomy, meteoritics, geophysics, stratigraphy,
sedimentology, petrography, geochemistry, cosmochemistry, paleobiology and
other fields of earth and planetary science. Since the recognition, in the early
1980s, of the K-T boundary ejecta layer and its association with the mass
extinction event at the end of the Cretaceous Period, the study of impact cratering
and the effects of large cratering events has grown into an integrated discipline
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involving most disciplines of geosciences and planetary science (Pati and Reimold
2007). Recognition of the importance of impact cratering as a geological process,
which has had profound effects on the Earth’s lithosphere, climate, and biosphere,
has led to a new revolution in geology (see, e.g., Powell 2001; Pati and Reimold
2007; French and Koeberl 2010).

1.4 Objectives

The major purpose for writing this book is to summarize our present knowledge of
distal impact ejecta layers (Chaps. 4-9). We want to do this now before the
number of known impact ejecta layers is too great to easily summarize in one
book. As of 2011, at least eleven Phanerozoic and fourteen Precambrian impact
ejecta layers have been identified, but other distal ejecta layers have been
proposed/suggested. So far, nine of these have been associated with known impact
structures. In Chap. 10, we make some generalizations concerning how impact
ejecta vary with distance from their source craters and present a model for how
geographic variations in thickness and petrography of distal impact ejecta layers
can be used to estimate the location and size of the source crater. We also discuss
how distal impact ejecta layers have varied through geologic time and the possible
significance of this variation. Chapters 2 and 3 deal with impact cratering, ejecta
formation and distribution, and identification of impact ejecta layers. In the last
chapter (Chap. 11) we summarize the known distal ejecta layers, discuss preser-
vation of ejecta layers and some geological findings related to the discovery and
study of ejecta layers. Finally we discuss some unanswered problems which
deserve further study.

Pati and Reimold (2007) stated, “It is essential that sedimentologists and
stratigraphers are alert to the possibility that impact deposits could be encountered
in the rock record, as any new discovery will significantly contribute to our overall
knowledge about impact flux onto this planet.” It has been estimated that there are
several hundred impact structures that still remain to be discovered (Grieve 1991).
Many terrestrial impact structures have been destroyed by erosion, subduction, or
other geological processes and their distal ejecta may be the only remaining record
of these impacts. The recognition and study of distal ejecta layers will help us to
understand and predict the effects of large impact events. It is our hope that this
book will contribute to the understanding of distal ejecta layers and serve as a
useful reference in the search for and study of these layers.
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Chapter 2

Impact Crater Formation, Shock
Metamorphism, and Distribution
of Impact Ejecta

2.1 Introduction

As previously mentioned, an integral part of the cratering process is the formation
and widespread distribution of ejecta. In order to comprehend how the distribution,
thickness, and nature of an impact ejecta layer varies with distance from its source
crater, one needs to understand the cratering process. Thus, we begin this chapter
with a brief review of cratering mechanics. This leads into a discussion of shock
metamorphism, which occurs during the cratering process and which is important
in the identification of impact craters and distal ejecta layers. At the end of the
chapter we briefly discuss some theoretical and experimental data on how ejecta,
including the degree of shock metamorphism of the ejecta, vary with distance from
the source crater. This last subject is addressed again in Chap. 10, but in Chap. 10
we compare observations on how distal ejecta vary with distance from source
craters with theoretical and experimental data of how the thickness and nature of
distal ejecta should vary with distance from the source crater.

2.2 Impact Cratering
2.2.1 Energy Considerations

A tremendous amount of energy is required to make a crater that is kilometers or
tens of kilometers or larger in diameter and to throw ejecta over much, or all, of the
globe. The source of this energy is the kinetic energy of the impacting body
(projectile) which is equal to 4 mv?, where “m” equals mass of the projectile and
“v” equals its velocity. The typical velocity of most meteoroids or asteroids that
enter the Earth’s atmosphere is about 20 £ 5 km/s, but can range from ~ 11 km/s
up to ~40 km/s; comets, however, can have impact velocities up to as high as
72 km/s with an average of ~30 km/s (French 1998; de Pater and Lissauer 2001;
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Jeffers et al. 2001; Reimold and Koeberl 2008). A 5-km-diameter asteroid, with a
density of 3.5 g/cm?, traveling with an average velocity of 20 km/s will have a
kinetic energy of ~4.6 x 10?2 J. This is equivalent to 10 million megatons of
TNT! An impact of this magnitude would, in a few seconds at one location, release
more energy than is released on Earth through volcanism, earthquakes, and heat
flow over a 32 year period. Such an impact would produce a crater ~ 100 km in
diameter and throw ejecta around the entire globe. Fortunately, the impact of a body
that size takes place only, on average, every 25 Ma (Neukum and Ivanov 1994).

2.2.2 Impact Crater Formation

The study of impact cratering is a relatively new field. The first detailed geological
studies of the so-called cryptoexplosion structures, most of which are now
identified as impact structures, were carried out in the mid-twentieth century and it
was not until the early 1950s that the first petrographic criteria for identification of
impact craters were established (Stoffler et al. 2006). The information given below
is based on a four-fold approach involving: (1) geological field studies of impact
structures; (2) laboratory studies of the petrography and chemistry of rocks from
impact structures; (3) laboratory shock experiments used for calibration of shock
pressures and temperature levels; and (4) numerical modeling of impact cratering,
a relatively new, but successful method of studying the cratering process. Sedi-
mentary rocks are present in the target rocks of ~70 % of the known terrestrial
impact structures; however, the response of sedimentary rocks to hypervelocity
impact is poorly understood (Osinski et al. 2008). A major problem is the role of
melting versus decomposition of carbonates, which are present in the target rocks
of ~30 % of the known impact structures.

Impacts involving impacting bodies (projectiles or impactors) traveling at high
enough velocity (generally greater than a few km/s) to generate shock waves upon
impact are called hypervelocity impacts. During a hypervelocity impact, the kinetic
energy of the projectile is transferred into the surface, or target, rocks via shock
waves, which are generated at the interface between the projectile and the Earth’s
surface (Gault et al. 1968). Another shock wave is generated in the projectile, which
results in its destruction as discussed in one of the following sections. A shock wave,
like a seismic wave, is a compressional wave; however, shock waves travel at higher
velocities and, unlike seismic waves, are associated with material transport (Stoffler
and Grieve 2007). Shock waves are non-isentropic and produce post-shock
temperatures, which increase with increasing pressure. Shock waves that move
upward and intersect the Earth’s surface are reflected downward as rarefaction (or
release) waves, which decompress the target rock. Some of the target rock is thrown
up and away from the point of impact resulting in a depression or impact crater.
After formation, the crater immediately begins to be modified by processes such as
slumping, erosion, infill, and isostatic adjustment. Thus the crater-forming process
can be divided into three stages: (1) contact and compression, (2) excavation, and
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Fig. 2.1 Impact cratering
stages. The contact/
compression stage a begins
when the projectile makes
contact with the target rock
and two shock waves are
generated: one in the target
rock and one in the projectile.
It ends when the shock wave
reaches the trailing edge of
the projectile and a
rarefaction wave is formed.
The rarefaction wave causes
the target material to be
accelerated upward and
outward forming an
expanding cavity. This is the
beginning of the excavation
stage b Excavation continues
c until the cavity reaches its
maximum size forming the
transient crater d After
formation of the transient
crater, the modification stage
begins e as crater walls
collapse and, in the case of
larger craters, a central peak
or uplift forms. f shows the
final crater form prior to
erosion and infilling. From
French (1998), Fig. 3.3, with
permission of the Lunar and
Planetary Institute
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(3) modification (Fig. 2.1) (Gault et al. 1968). These three stages are discussed in
more detail in the following sections. It is important to keep in mind that the stages
grade into each other and the division into stages is artificial.

2.2.2.1 Contact and Compression Stage

The shock wave that is generated at the contact between the projectile and target
moves away from the leading edge of the projectile in a more or less hemispherical
wave front. As the shock wave passes through the target rock it compresses it to
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Fig. 2.2 Contact/compression stage of impact cratering. Initial shock wave pressure contours in
GPa (solid lines) are shown on the left side of the figure and effects on the target rock (melting,
shock metamorphism, fracturing) for the final stage of cratering are indicated on the right side of
the figure. Note that the pressure drops off rapidly near the ground surface because of the free
surface boundary conditions. Note also the near hemispherical shape of the deeper pressure
contours. The arrows extending up from the surface on the right indicate the angle of ejection and
velocity of ejecta. Velocities of ejecta are based on a projectile velocity of 10 km/s and are
indicated by the length of the arrows (the length of the vertical arrow above the surface on the
left is a scale indicating 200 m/s). The x 10 above the two arrows on the right that are closest to
the projectile indicates that those arrows, if drawn to scale, would be 10 times longer than shown.
The spall zone shown on the right is a region near the surface where large blocks of unshocked to
weakly shocked target rock can be accelerated to high velocities. From Melosh (1989), Fig. 5.4,
by permission of Oxford University Press, Inc

very high pressures. Depending on the size and velocity of the projectile, the peak
shock pressure can exceed 100 GPa (equal to 1000 kbar or 1 Mbar) (Melosh 1989).
As the shock front moves away from the projectile it expands to cover a larger
hemispherical area and decays in strength because it is spread over a greater volume
of rock and because it undergoes irreversible energy losses in the shock-compressed
rock. This results in a rapid drop in shock pressure with distance from the point of
impact (Ahrens and O’Keefe 1977). Thus, around the point of impact, there is a
series of concentric, approximately hemispherical shock zones, each defined by a
given range in peak shock pressure and shock effects (Fig. 2.2).

Temperature in the target rock rises with increasing shock pressure and during
large impacts the temperatures near the projectile can exceed 10,000 °C. Thus,
near the point of impact, where the shock pressure is highest, the target rock can be
vaporized upon unloading of the high pressure. Beyond that is a hemispherical
shell where the shock pressure exceeds 50 GPa and the resulting temperature is
high enough to melt the target rock. Surrounding that is a still larger volume of
rock where the shock pressure is between about 5 and 50 GPa (Fig. 2.2). Here the
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rocks undergo irreversible changes; that is, they are shock metamorphosed. Farther
out where the pressure falls between about 1 and 5 GPa, the target rock can be
broken into fragments. At even greater distances, the peak shock pressure falls
below 1-2 GPa. At this distance, the velocity drops to that of the velocity of sound
in the target rock and the shock wave transforms into an elastic or seismic wave
(Melosh 1989). This transition occurs near where the crater rim will form.

As previously mentioned, upon contact with the target rock, a shock wave is also
generated which travels back through the projectile. When the shock wave reaches
the rear surface of the projectile, it is reflected forward through the projectile as a
rarefaction wave. As the rarefaction wave passes through the projectile, it unloads
the projectile from the high pressure. In a large impact, the pressure and associated
temperature are so high that the projectile is almost completely melted and vapor-
ized. When the rarefaction wave reaches the front of the projectile, it enters the
compressed target rock. This is considered the end of the contact/compression stage.
For a small impact, this stage lasts just fractions of a second. For larger impacts, it
can last for several seconds. By the time the rarefaction wave reaches the front of the
projectile it has penetrated up to one projectile diameter or more into the target rock
(Melosh 1989; French 1998).

As the shock wave moves through the target rock it not only melts and crushes
it, but it sets the target rock in motion radially away from the projectile. Thus,
passage of the shock wave sets the stage for the excavation flow generated by the
rarefaction wave, which follows the shock wave.

2.2.2.2 Excavation Stage

The excavation stage begins when the rarefaction wave propagates downward
from the free surface (i.e., Earth’s surface) producing an upward-directed pressure
gradient behind the shock wave and adding an upward component to the radial
velocity, which results in an upward and outward motion of the target rock. This is
the excavation flow that is primarily responsible for opening the transient crater
(Melosh 1989). Excavation flow velocities are highest near the point of impact and
fall off approximately as the inverse power of the distance from the impact point.
The maximum excavation flow velocity is between one-sixth and one-tenth of the
projectile velocity (Melosh 1989), depending on the nature and composition of the
target rock. Thus, for a projectile impacting with a velocity of 24 km/s, some of
the ejecta could be ejected with a velocity as high as 4 km/s.

The diverging excavation flow ejects target material up and away from the
growing crater form producing an inverted cone of ejecta material called an ejecta
curtain. The lower edge of the ejecta curtain defines the outer lip of the growing
crater (Melosh 1989). In small-scale laboratory experiments, this ejecta curtain has
straight sides and forms an angle of about 45° with the target surface (Fig. 2.3).
The apparently coherent ejecta curtain is due to a coincidence in alignment of the
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Fig. 2.3 Ejecta curtain
produced in a laboratory
experiment when a high
velocity projectile was fired
vertically into a horizontal
target. Note that the ejecta
curtain is at an approximately
45° angle to the target
surface. NASA/JPL image
courtesy of Peter Schultz

ejecta particles, each following its own trajectory (Melosh 1989). As the material
is ejected, the crater form grows larger and the ejecta curtain moves outward from
the center of the developing crater. The rarefaction waves, like the shock waves,
lose energy as they move through the target rock. When the shock and rarefaction
waves can no longer excavate or displace target rock, the crater ceases to grow.
This is the end of the excavation stage and the beginning of the modification stage.
The excavation stage takes a lot longer than the contact/compression stage; but
still it takes only seconds to minutes, depending on crater size.

In the upper part of the target rock (excavation zone) the rock is shock meta-
morphosed to varied degrees, fractured, excavated, and ejected beyond the crater
rim, as discussed above; but in the lower region (displaced zone), the rock is driven
downward and outward in a semi-coherent manner (Grieve 1987; Melosh 1989)
(Fig. 2.4). Rock from this region is not ejected. Roughly half of the volume of the
cavity is produced by excavation and half by material that is pushed out of the way
by the shock wave (Stoffler et al. 2006). It is important to note that the formation of
even the largest known terrestrial impact structures did not result in the excavation
of mantle material (Koeberl 2002).

During most impacts, the shock waves and following rarefaction waves move
away from the projectile in a more-or-less hemispherical wave front resulting in
ejecta being thrown out symmetrically around the crater as it is forming. This
produces a generally circular crater with ejecta distributed symmetrically about it.
At really low angles of impact, however, an elongate crater can be produced and
the ejected material is not thrown symmetrically about the crater. The layer of
ejecta found around an impact crater is called an ejecta blanket. The ejecta in the
ejecta blanket exhibits a wide range of shock metamorphic effects and the blanket
thins away from the crater. The ejection, transportation, and distribution of ejecta
(especially distal ejecta), during both high and low angle impacts, are discussed in
more detail in Sect. 2.4.
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Fig. 2.4 Source regions for material ejected or moved aside to form a theoretical transient
impact crater. Vaporized projectile and target rock (stippled) form closest to the point of impact.
The vaporized rock expands upward and outward to form a vapor plume. Next to the vapor region
a layer of melted rock (solid black) forms, which moves downward and outward across the
transient crater floor. Most of the melt stays in the crater, but some lands adjacent to the crater and
is deposited in the ejecta blanket. A small amount of the melt is ejected with the high velocity
ejecta during the initial stage of crater formation and becomes part of the distal ejecta. Most of the
rock from the excavation zone is ejected upward and outward beyond the crater rim to form an
ejecta blanket adjacent to the crater. The ejected rock is excavated from a maximum depth that is
approximately 1/3 of the transient crater depth. The remainder of the crater (displaced zone) is
formed as rock is compressed and shoved downward and outward by the advancing shock wave.
Rock that is displaced outward deforms adjacent rock, uplifting the surface near the rim. From
Melosh (1989), Fig. 5.13, by permission of the Oxford University Press

2.2.2.3 Modification Stage

The modification stage begins as soon as the crater has been completely excavated.
Excavation produces a bowl-shaped depression referred to as a transient crater.
The walls of the transient crater generally collapse under the influence of gravity
shortly after the crater is formed and the floor of the crater is raised by elastic and/
or gravity-driven rebound (Stoffler et al. 2006). In smaller craters any rebound of
the crater floor is small and loose rock debris on the crater walls slides into the
crater and is deposited on the crater floor. In larger terrestrial craters, generally
larger than about 4 km diameter, rebound can occur on a large scale forming a
central uplift (central peak or a central ring of hills) in the interior of the crater and
slump blocks slide down into the crater forming terraces. Both processes result in
increase in diameter and decrease in depth of the crater. Formation of the central
uplift is not well understood, but field studies indicate that deep-seated rock moves
inward and upward in the central part of the crater immediately after formation of
the transient crater. The mass movement may involve a process called acoustic
fluidization (Melosh and Ivanov 1999). Still larger impact structures may have a
ring structure with a series of concentric uplifted and down-dropped blocks or
rings surrounding the central crater. The major part of the modification stage,
during which the impact-related changes take place, lasts for only slightly longer
than the excavation stage. The diameter of the resulting crater is generally about
20-30 times larger than the diameter of the projectile (French 1998). The actual
crater size and morphology depend on the velocity, size, and nature of the
projectile, the angle of impact, and the nature of the target rock.
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On Earth, erosion and infill of a crater can begin shortly after formation due to a
variety of geological processes involving the atmosphere and hydrosphere. In the
case of craters formed in the marine setting, the infill deposits can include a
significant component of material that was reworked and transported into the crater
by strong resurge currents or tsunamis. On a longer timescale, the larger impact
structures can be affected by isostatic rebound (Melosh 1989; Wichman and
Schultz 1989).

The modification stage is not important in forming or distributing distal impact
ejecta and will, therefore, not be discussed further.

2.2.3 Simple Craters, Complex Craters,
and Multi-Ring Basins

Smaller craters, with bowl shapes, are called simple craters, while larger craters
with terraces and a central uplift or peak and/or possibly ring structures are called
complex craters (Fig. 2.5). Fresh simple craters have an apparent depth (from the
original ground surface to the top of the breccia lens) that is one-eighth of the
crater diameter. Complex craters have depth to diameter ratios that are generally
smaller than 1 to 8. Depth to diameter ratios are smaller for sedimentary rock than
for crystalline rocks (Grieve and Pesonen 1992). During the cratering process the
surface layer adjacent to the point of impact is often thrown back over itself to
form an overturned flap with a hinge line under the crater rim (Fig. 2.5). Thus,
rocks near the top of the inner wall of the crater often exhibit an inverted stra-
tigraphy with beds or layers repeated in a reverse order. In addition, ejecta from
the surface layer of the target rock are thrown out first and ejecta from the deepest
level are thrown out last. Thus, the ejecta blanket also has a reverse stratigraphy.
The reverse stratigraphy is one of the characteristics of impact craters that help to
distinguish them from volcanic craters.

The largest known planetary impact structures are multi-ring basins. These
features are a few 100 km up to more than 1,000 km in diameter (e.g., Spudis
1993). Multi-ring basins consist of multiple concentric uplifted rings (horsts)
separated by down-faulted valleys (grabens). They are present on Mercury, Mars,
the Moon, and some of the satellites of Jupiter (e.g., Callisto). They are not
obvious on the Earth, but Vredefort (South Africa), Sudbury (Canada), Chicxulub
(Mexico), Manicouagan (Canada), and Popigai (Russia) impact structures have
been suggested as possible multi-ring basins (French 1998; Spray et al. 2004).

The diameter of an impact crater or structure is one of the most fundamental
and important parameters used in energy scaling and numerical modeling of the
cratering process. However, within the impact and geological communities there is
no agreement as to which feature should be used to define the diameter of an
impact structure (Turtle et al. 2005). There are a number of concentric features that
can be used to define the diameter of an impact structure including: transient
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Fig. 2.5 Cross sections through a hypothetical simple impact crater (a) and a complex crater
with a central uplift (b). Terrestrial craters smaller than 2—4 km diameter are generally simple
bowl-shaped craters, whereas larger craters are generally complex with a central uplift or ring
structure

crater, final rim, external rings, and outer limit of deformation. Therefore, care
must be taken when comparing the diameter of one impact structure with that of
another. For example, the size of Vredefort can be between 80 and 300 km
depending on which feature is used to define its diameter.

2.3 Shock Metamorphism

Shock metamorphism refers to the permanent changes in geological materials
resulting from the passage of a shock wave. Shock metamorphism also includes
shock effects produced during laboratory experiments and nuclear explosions
(e.g., see French and Short 1968). Impact metamorphism is a more restrictive
term referring only to shock effects produced by hypervelocity impact (Chao
1967). The conditions of shock metamorphism are quite different from those
produced by normal geological processes, including normal regional and contact
metamorphism (French 1998) (Fig. 2.6). Normal metamorphism of crustal rock
generally involves pressures <2-3 GPa and temperatures <1,000-1,200 °C
(French 1998; Koeberl 2007); whereas shock waves can produce pressures
>100 GPa near the impact point and >10 GPa in much of the surrounding rock,
and temperatures that can exceed 10,000 °C near the impact point and between
500 and 3,000 °C in large volumes of the surrounding rock (Melosh 1989; French
1998). Another important difference is the strain rate, which is very slow in normal
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Fig. 2.6 Pressure-temperature diagram showing the conditions for regional metamorphism
versus the conditions for shock metamorphism. Also shown are the pressure—temperature
conditions required for formation of various shock metamorphism effects. From French (1998),
Fig. 4.1, with permission from the Lunar and Planetary Institute

metamorphic processes (<107?/s), but rapid in shock metamorphism (up to 10°/s).
The high-strain rate produced during a cratering event is caused by a shock wave
traveling at high velocity through the rock (compressing it to high pressure)
followed immediately by a rarefaction wave, which reduces the pressure to zero or
close to it; i.e., unloads the rock from high pressure. Thus, normal metamorphic
processes take 100,000 s to millions of years, whereas the passage of a shock wave
and, therefore, shock metamorphism, takes a fraction of a second for small impacts
and up to a second or so for larger impacts. High residual temperatures can,
however, remain for a long time and destroy much of the shock metamorphic
effects produced by the high pressure and high-strain rate. The long time required
for most normal metamorphic processes generally results in a mineral assemblage
that is in equilibrium or close to it. Because shock metamorphism occurs rapidly,
disequilibrium processes resulting in quenching and preservation of metastable
minerals and glasses generally occur (French 1998).

In the past, the term impactite was used to refer to vesicular, glassy to finely
crystalline material produced by melting of target rock by heat generated during a
hypervelocity impact of an extraterrestrial body on the Earth (Gary et al. 1972).
More recently, it has been proposed that the term impactite be used as a collective
term to refer to all rocks affected by, or produced by, shock metamorphism
(Stoffler and Grieve 2007). Proximal impactites include impact melt rock, impact
breccia, and shocked rock. Impact melt rock is rock formed by solidification of
impact melt. Melt rock contains variable amounts of clastic debris exhibiting
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different degrees of shock metamorphism. Its groundmass consists of varying
amounts of glass and crystallized melt.

There are three main types of impact breccias: lithic breccia, impact melt
breccia (melt-matrix breccia), and suevite. Lithic breccias are melt-free breccias.
Melt-matrix breccias are a type of melt-bearing breccia in which the melt occurs in
the matrix that typically makes up 25-75 vol. % of the rock (French 1998). The
melt can range from glassy to completely crystalline. Suevite has been described
as a polymict, melt-bearing impact breccia which has a clastic matrix containing
lithic and mineral clasts in various stages of shock metamorphism and cogenetic
impact melt clasts (or glass bombs), which can be in a glassy or crystallized state
(French 1998; Stoffler and Grieve 2007). However, in a more recent study of the
matrix material, Osinski et al. (2004) concluded that the “suevite” is “...more akin
to mixed impact melt breccias.”

Shocked rock is unbrecciated rock that shows unequivocal effects of shock
metamorphism, exclusive of whole rock-melting.

Distal impactites include impactoclastic airfall beds (Stoffler and Grieve 2007).
According to Stoffler and Grieve (2007), an impactoclastic airfall bed is a fine-
grained (pelitic) sedimentary layer “...containing a certain fraction of shock meta-
morphosed material, e.g., shocked minerals and melt particles...” which is
“...deposited by interaction with the atmosphere over large regions of a planet or
globally” (Fettes and Desmons 2007, p. 162). This definition appears to be too
narrow as some of the distal ejecta layers consist largely or almost entirely of mil-
limeter-sized, impact-generated spherules such as microtektites and microkystites
(e.g., the Late Triassic spherule layer and all of the Archean spherule layers). These
distal deposits generally contain a relatively high proportion of debris from the
vaporized projectile and can have high concentrations of platinum group elements,
including iridium. In larger impacts, the size of the Cretaceous-Tertiary impact and
larger, unmelted shock metamorphosed grains as well as impact spherules can be
found globally. In smaller impacts, the unmelted ejecta are restricted to an area closer
to the source crater, while spherules can be ejected over much larger areas.

The degree of shock metamorphism produced by a given shock pressure
depends on the equation of state of the material being shocked, which involves
parameters including compressibility, specific energy, entropy, specific volume,
and phase change (Stoffler et al. 2006). The transition from elastic to plastic
behavior in rocks takes place at shock pressures of approximately 5-12 GPa and
mechanical deformation and transition to high-pressure phases takes place at shock
pressures generally between ~ 10 and 60 GPa. In general, shock features produced
at shock pressures below 10 GPa cannot be distinguished from similar features
produced by normal geological processes (French and Koeberl 2010). At pressures
above 40-100 GPa thermal effects begin to dominate (Stoffler et al. 2006). Whole
rock melting takes place at shock pressures greater than ~40 GPa for sedimentary
rocks, > ~ 60 GPa for felsic rocks, and >80 GPa for mafic rocks (Stoffler et al.
2006). Shock-induced vaporization and melting represent the highest degree of
shock metamorphism. Shock pressures greater than 150 GPa cause vaporization of
rock.



26 2 Impact Crater Formation, Shock Metamorphism, and Distribution of Impact Ejecta

The primary shock effects produced during shock compression and decom-
pression can be subdivided into the following categories: (1) vaporization and
melting, (2) decomposition, (3) phase transformations, and (4) elastic—plastic
deformation (e.g., French 1998; Langenhorst and Deutsch 1998).

2.3.1 Vaporization and Melting

During hypervelocity impacts, much of the projectile and some of the target rock
adjacent to the projectile can be vaporized. The vapor can condense upon cooling
and produce liquid droplets, which can be quenched to produce glassy spherules.
Likewise, melt droplets can be ejected from the crater and can cool to form small
(generally millimeter size or smaller) glassy spherules. Impact-generated melt
droplets which cool too quickly to undergo crystallization form glass bodies
without primary microlites/crystallites (e.g., tektites and microtektites), whereas
melt droplets that cool slowly enough undergo partial crystallization to form
spherules with primary microlites/crystallites (e.g., microkrystites; Fig. 2.7).

At shock pressures between about ~45 and 55 GPa it is possible for selective
mineral melting to occur (French 1998). Occasionally, the post-shock temperatures
will be high enough to melt most major mineral phases; but because of the rapid
melting and quenching there is not enough time for mixing, and the resultant
impactite may consist of a mixture of heterogeneous glasses with close to the
original shapes and compositions of the melted mineral grains (French 1998). Such
impactites are rare because of the narrow range of conditions required to form
them (French 1998). More commonly, most of the melt flows and is mixed before
quenching. Whole rock melting of most dense continental crustal rocks takes place
at pressures exceeding 60-80 GPa (Stoffler et al. 2006). Whole rock melting of
felsic crystalline rocks can start at pressures as low as 60 GPa; whereas whole rock
melting of mafic rocks requires shock pressures >75-80 GPa.

Impact glasses are generally heterogeneous, exhibit flow banding or schlieren,
contain some vesicles, and can contain unmelted or partially melted grains (Fig. 2.8).
Schlieren are streaks of glass with different composition and, therefore, different
color and refractive index from the glass in which they occur. In some cases the silica
melt formed by shock melting of quartz grains does not mix with the rest of the melt
and the resultant glass can contain lechatelierite particles (silica glass produced by
the melting of quartz or other silica phases). Lechatelierite particles are ubiquitous
in most terrestrial impact glasses, including tektites and microtektites (Fig. 2.9).
Formation of lechatelierite during impact melting of dense crystalline rocks can
occur at shock pressures between ~ 30 and 50 GPa (Gratz et al. 1996; Stoffler et al.
2006). The presence of lechatelierite indicates a temperature >1,750 °C (Stoffler and
Langenhorst 1994). Lechatelierite can also be found in fulgurites, which are narrow
tube-like bodies or branching networks of melted soil or sediment produced by
lightning strikes.

Metallic spherules, ranging in size from a few micrometers up to 100 pm or
more, have been found in impact glasses at several impact craters/structures
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Fig. 2.7 Optical microscope images of microtektites and microkrystites. a Australasian
microtektites from Core S095-17957-2 taken in the South China Sea (10.9° N, 115.31° E).
They are mostly splash forms or fragments of splash forms. Most of the whole splash forms are
spheroids, but teardrop-, dumbbell-, and disc-shaped forms are also present. They are mostly
transparent to translucent brown, but some are pale yellow to pale green. See Sect. 4.2 for more
detail about the Australasian microtektites. b Upper Eocene clinopyroxene-bearing (cpx)
spherules (microkrystites) from Ocean Drilling Project Hole 709C (Core 31, Section 4) in the
equatorial western Indian Ocean (3.915°S, 60.552°E). All the cpx spherules appear to be
spherical or fragments of spheres. Teardrop, dumbbell, and disc shapes have not been observed,
but there are numerous examples of composite forms composed of two or more spheres fused
together. The cpx spherules range from translucent to opaque. Most are light-colored, but many
are dark in color and often mottled dark brown and light tan. All contain microlites of clino-
pyroxene and many contain skeletal microlites of nickel-rich spinel. See Sect. 4.6 for more details
about the cpx spherules

including Barringer crater in the USA, Bosumtwi crater in Ghana, Henbury crater
in Australia, the Wabar craters in Saudi Arabia, and Lappajérvi crater in Finland
(see, e.g., El Goresy et al. 1968). The metallic spherules are Ni-rich (up to 90 wt %
Ni) and presumably represent meteoritic contamination from the projectile.
Similar metallic spherules have not been observed in distal impact glasses such as
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microtektites and microkrystites. However, Ni-rich spinel microlites have been
found in the upper Eocene clinopyroxene-bearing spherules (or cpx spherules),
the Cretaceous-Tertiary (K-T) boundary spherules, and in some Precambrian
spherules (e.g., Glass et al. 1985; Kyte and Smit 1986; Bohor et al. 1986; Lowe
et al. 1989; Byerly and Lowe 1994; Pierrard et al. 1998). The relatively low Ti and
high Ni, Mg, and Al contents of spinel crystals in the K-T boundary and upper
Eocene cpx spherules are distinctly different from terrestrial spinels and indicate a
meteoritic source (Kyte and Smit 1986; Pierrard et al. 1998). The high Fes+/Fe,+
ratios of the K-T boundary and upper Eocene cpx spherules indicate highly
oxidizing conditions during crystallization in the atmosphere (Robin et al. 1992).

The small size (generally <10 um) and skeletal to dendritic crystal morphol-
ogies of the K-T boundary, upper Eocene cpx, and Precambrian spherules indicate
rapid crystallization from a melt. The melt may have formed from condensation of
vaporized projectile and target rocks (e.g., see Ebel and Grossman 2005).
Although the Ni-rich spinels are not direct evidence of shock metamorphism, their
occurrence in spherules indicates the presence of meteoritic contamination and
supports an impact origin for the spherules.

2.3.2 Shock-Induced Decomposition or Dissociation

At high temperatures some mineral grains undergo thermal decomposition or
dissociation, forming two or more phases. There are two types of shock-induced
decomposition: (1) thermal decomposition that is caused primarily by the high
residual temperature after the pressure has been released, and (2) decomposition
caused by the action of the shock wave itself. The resultant grains can have the
same bulk composition and shape as the original mineral grains. Zircon, for
example, can be thermally decomposed to form microscopic baddeleyite (ZrO,)
crystals in an SiO, glass matrix (Fig. 2.10) (El Goresy et al. 1968). More recently
it has been proposed that decomposition of zircon may not be solely the result of
high temperature, but could also be shock-pressure induced, which is indicated by
possible relics of a high-pressure ZrO, polymorph; i.e., orthorhombic II ZrO,
(Wittmann et al. 2006). Zircon decomposition takes place at a temperature above
~ 1,700 °C, produced by a shock pressure of ~90 GPa (Kusaba et al. 1985).
Cr-rich spinels can breakdown to eskolaite (Cr,O3) and a Mg, Al phase (perhaps
spinel) (El Goresy et al. 1968).

Al,Si0s5 phases, such as kyanite, sillimanite, and andalusite, can breakdown to
Al,O5 plus SiO, phases (Fig. 2.11). Liu (1974a) reported that kyanite dissociates
into Al,O3; and SiO, phases at pressures >3 GPa. High pressure laboratory
experiments show that kyanite breaks down to corundum plus stishovite at pres-
sures between 14 and 17.5 GPa at temperatures between 1,000 and 2,000 °C
(Schmidt et al. 1997). Some of the sillimanite in shocked gneisses from Haughton
impact structure in Canada shows evidence of breakdown to mullite (Al,O3) plus
amorphous SiO, (Martinez et al. 1993). Laboratory experiments show that at
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Fig. 2.8 Optical microscope
image (transmitted light) of a
thin section of impact glass in
suevite from the Ries crater,
Germany. The glass has a
“granodioritic” composition
and contains schlieren,
vesicles, and mineral clasts
(mostly quartz). From Stoffler
(1984), Fig. 5. Reprinted with
permission from Elsevier

Fig. 2.9 Optical microscope
image (unpolarized light) of a
thin section of an Ivory Coast
tektite containing
lechatelierite and vesicles.
The lechatelierite particles
are lighter gray than the glass
matrix and most in this
section have been drawn out
into ribbon-like shapes

Fig. 2.10 Backscattered
electron image of a shocked
zircon (dark gray) which
partly dissociated to ZrO,
(white) and silica (black). The
Zr0O; is mostly, if not
entirely, baddeleyite; but
there may be trace amounts of
a high-pressure ZrO,
polymorph. The zircon is
from core Yax-1 drilled into
the Chicxulub impact
structure (Yucatan Peninsula,
Mexico). Courtesy of A.
Wittmann
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Fig. 2.11 Scanning electron
image of a part of a shocked
Al,Si05 phase recovered
from a Muong Nong-type
Australasian tektite. The
grain has decomposed into
elongate microlites of
corundum (Al,O3) in SiO,
glass (smooth lower relief).
The grain as a whole has an
Al,Si05 composition, but
X-ray diffraction only
indicates the presence of
corundum

shock pressures above ~58 GPa gem-quality crystals of andalusite decompose
into poorly crystallized y-alumina, well-crystallized o-alumina (corundum) and
X-ray amorphous silica (Schneider and Hornemann 1977). Schneider and
Hornemann (1977) proposed that at shock pressures above 70 GPa andalusite will
decompose into corundum and stishovite.

Biotite, some amphiboles and clinopyroxene, garnet, and staurolite can
decompose into polyminerallic aggregates plus glass (Chao 1968; Feldman 1994).
Some of the decomposition into several phases may involve migration of elements
into and/or away from the shocked mineral grain—i.e., it is not always an
isochemical process. Biotite can decompose into iron oxides (e.g., magnetite and
ilmenite), pyroxene, alkali feldspar, and silica glass (Stoffler 1974). The decom-
position of biotite takes place at shock loads between 20 and 50 GPa (Feldman
1994). The amphibole, hornblende, has been observed to break down, under shock
loads of up to 30-35 GPa, into an aggregate composed of microscopic crystals of
plagioclase, amphibole, clinopyroxene, magnetite, and, rarely, potassium feldspar
(Feldman 1994). Under shock loads of 35-40 GPa, it has been observed that
clinopyroxene decomposes into an aggregate composed of amphibole, plagioclase,
clinopyroxene, and magnetite (Feldman 1994). Garnet begins to decompose or
breakdown, beginning at 30 GPa, into spinel, hypersthene, and alkali feldspar, plus
glass (Stdhle 1975; Feldman 1994). In the Janisjdrvi impact structure (Russia),
staurolite was observed to have decomposed at ~20 GPa into an aggregate of
sanidine, orthopyroxene, hercynite, and glass (Feldman 1994).

Laboratory studies have shown that olivine (Mg, Fe),SiO, dissociates to ring-
woodite [(Mg,Fe)SiOs-perovskite] plus magnesiowiisite (Mg, Fe)O at 23 GPa and
1,600 °C (Chen et al. 1996), and clinoenstatite (MgSiO3) dissociates into a mixture of
wadsleyite ($-Mg,SiO,4) plus stishovite (SiO,) at 25 GPa and 1,000 °C and ring-
woodite (y-Mg,SiO,) plus stishovite (SiO,) at 28 GPa and 1,000 °C (Ito et al. 1972).
Howeyver, as far as the authors know, these dissociates have not been observed in
terrestrial shock metamorphosed rocks. Ringwoodite, wadsleyite, and stishovite are
high-pressure polymorphs and are discussed in more detail in the following section.
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2.3.3 Phase Transformation: High-Pressure Phases

As the shock wave passes through the target rock, some minerals can be trans-
formed into high-pressure phases. High-pressure phases can be produced in a
variety of ways, including: solid state transformation, high-temperature dissocia-
tion of a phase under pressure to produce one or more high-pressure phases, and
melting and recrystallization while the pressure is still high. Some high-pressure
phases have the same composition as common low-pressure phases and are called,
therefore, high-pressure polymorphs. Because of the residual high temperatures
that usually linger long after the shock wave passes through the rock, the high-
pressure phases are often destroyed; but when they survive, they can provide
reliable indicators of shock metamorphism. Some of the high-pressure phases that
are produced by shock metamorphism can also be found in rocks brought up from
great depths in the Earth’s crust and upper mantle; however, the geologic setting,
mineral association, and grain size can generally be used to distinguish between
high-pressure phases produced by shock metamorphism and those produced at
great depths in the Earth’s crust and upper mantle. High-pressure phases can be
found in metamorphosed rocks of ultra-high pressure origin (roots of eroded
mountain ranges) and mafic volcanic rocks such as kimberlites. Because they are
formed at great depths (>60 km), they are subjected to high pressures and high
temperatures for long periods of time before they are exposed at the Earth’s
surface by tectonic uplift and erosion. Thus, they are generally coarsely crystalline
in comparison with high-pressure polymorphs produced in fractions of a second by
the passage of a shock wave.

The high-pressure polymorphs of quartz, i.e., coesite and stishovite (Tables 2.1
and 2.2), are the most commonly recognized high-pressure polymorphs found in
shock metamorphosed rocks. Coesite was first produced in high-pressure labora-
tory studies in 1953, and was first recognized in nature in the shock metamor-
phosed rocks at Barringer crater, Arizona (Chao et al. 1960) (Table 2.2). Stishovite
was also first recognized in shocked rocks from Barringer crater (Chao et al. 1962).
Since their discovery, coesite and stishovite have been found at numerous impact
structures, including the Ries impact structure in Germany (Chao et al. 1960;
Shoemaker and Chao 1961) and the Vredefort impact structure in South Africa
(Martini 1978). Coesite and stishovite have specific gravities of 2.93 and 4.23,
respectively, whereas quartz has a specific gravity of 2.65. Stishovite reverts to an
amorphous state at temperatures as low as 250-300 °C (Dachille et al. 1963; Fiske
et al. 1994), and, therefore, is often destroyed by residual heat after an impact.

Under static conditions in high-pressure laboratory experiments, quartz is
transformed to coesite at a pressure of >2 GPa and to stishovite at a pressure of
10-15 GPa. The short duration of shock compression impedes a direct solid-state
transformation of quartz into coesite and stishovite. Rather, the quartz is melted at
high pressure and coesite and stishovite can crystallize during decompression
(Langenhorst 2002), and because of kinetics stishovite is actually formed at lower
shock pressures than coesite: >12-15 GPa for stishovite versus >30 GPa for
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Table 2.1 High-pressure phases produced by shock metamorphism: basic data

Mineral name/  Composition Crystal Density ~ Low-pressure  First Synthesized
phase structure [g/cmB] polymorph
Coesite SiO, Feldspar- 2.93 Quartz, Coes (1953)
like cristobalite
Stishovite® SiO, Rutile 4.23 Quartz, Stishov and
cristobalite Popova (1961)
Seifertite SiO, o-PbO,-like  4.29 Quartz, Tsuchida and
cristobalite Yagi (1990)
Post-stishovite ~ SiO, Baddeleyite- 4.3 Quartz, Dubrovinsky et al.
SiO, phase like cristobalite (1997)
Diamond C Diamond 3.51 Graphite, coal ~ Bundy et al.
(1955)
Lonsdaleite C Wurzite 341 Graphite, coal ~ Bundy and Kasper
(1967)
Reidite ZrSi0y Scheelite 5.2 Zircon Reid and
Ringwood
(1969)
TiO,lI TiO, Columbite  4.37 Rutile, anatase  Bendeliany et al.
(1966)
Akaogiite TiO, Baddeleyite 4.63 Rutile, anatase  Sato et al. (1991)
Majorite (Mg,Fe)SiO; Garnet 3.74 Enstatite Ringwood and
Major (1966)
Akimotoite (Mg,Fe)SiO; Ilmenite 3.82 Enstatite Kawai et al.
(1974)
(Mg,Fe)SiOs- (Mg,Fe)SiO; Perovskite  4.08 Enstatite Liu (1974b)
perovskiteb
Wadsleyite® (Mg,Fe),SiO, Spinel-like  3.45 Olivine Ringwood and
Major (1970)
Ringwoodite® (Mg,Fe),SiO, Spinel 3.9 Olivine Ringwood (1958)
A KAISi;0g KAISi;0g Hollandite  3.84 K-feldspar Ringwood et al.
phase (1967)
Lingunite NaAlSizOg Hollandite 3.8 Albite Liu (1978)
Xieite FeCr,04 CaTi,0y4 5.63 Chromite Chen et al.
(2003b)
Un-named FeCr,04 CaFe,0,4 5.62 Chromite Chen et al.
FeCr,04 (2003b)
phase
Un-named FeTiO3 Li-niobate ~ Un- IImenite Unknown
FeTiO3 known
phase
Tuite? Ca3(POy,), Ba;(PO,)s 3.45 Merrillite Murayama et al.

(1986)

# In some of the older literature stishovite was called stipoverite.
" This phase is called liusite in some publications
¢ Wadsleyite and ringwoodite are sometimes referred to as the ;-Mg,SiO, phase and y-Mg,SiO,
phase, respectively
9 This phase is called y-Ca3(POy), in some publications
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Fig. 2.12 High-pressure
polymorphs of silica.

a Optical microscope image
of diaplectic quartz glass
(light gray) with strings of
small, high-relief crystals of
coesite (c). From French
(1998), Fig. 4.12, with
permission of the Lunar and
Planetary Institute. b SEM
image of a large

(~30 x 50 pm) silica grain
(darker gray) containing
seifertite (a post-stishovite
SiO; polymorph) in a shock-
melt vein in the Zagami
shergottite. ¢ High
magnification SEM image of
a portion of the seifertite-
bearing grain in b. The bright
lamellae are seifertite and the
alternating darker lamellae
are very dense SiO, glass.

b and c are courtesy of El
Goresy

coesite in dense rock (Stoffler and Langenhorst 1994). However, in porous rock,
both coesite and stishovite form at shock pressures between 15 and 25 GPa
(Greshake et al. 2000). Coesite can be found in ultra-high-pressure metamorphic
rocks and in kimberlites. However, impact-produced coesite can generally be
distinguished from coesite in ultra-high-pressure metamorphic rocks because of its
much smaller grain size and its presence in a disequilibrium assemblage with other
silica phases (e.g., coesite 4+ quartz + silica glass) (Fig. 2.12a) (Grieve et al.
1996). Until recently, stishovite had only been found in impact craters and ejecta;
however, small amounts of stishovite were recently found within diamonds (Wirth
et al. 2007). Since diamonds are formed in deep-seated mantle rocks, stishovite
still remains an excellent indicator of shock metamorphism when found in upper
crustal rocks or sediments (French and Koeberl 2010).

Two post-stishovite polymorphs of silica (Tables 2.1 and 2.2) have been
reported in the Shergotty meteorite (Fig. 2.12b) (Sharp et al. 1999; El Goresy et al.
2000). One phase has an a-PbO,-type structure and has been named seifertite (El
Goresy et al. 2008). The other phase has a baddeleyite-like structure. We are not
aware of either phase having been found in shock metamorphosed terrestrial rocks.

Diamond (Tables 2.1 and 2.2) is a high-pressure polymorph of carbon that can
be produced by shock metamorphism (Fig. 2.13). Shock-produced diamond and
lonsdaleite (a rare hexagaonal diamond modification) form from carbon, such as
graphite or coal, in the target rock. Impact diamonds form by solid-state trans-
formation and can preserve the crystal form of the precursor phase, which is
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Fig. 2.13 An impact-produced diamond from the Popigai impact structure. The surface of the
diamond exhibits some etching preferentially along twin boundaries and fissures, and flakes of
graphite (dark) are present. The photograph was made under circular polarization. Courtesy of
C. Koeberl

Fig. 2.14 High-pressure polymorphs of zircon (reidite) and rutile (TiO,II). a Scanning electron
image of a portion of the surface of a shock metamorphosed zircon crystal (gray) with microlites
of reidite (white) aligned along crystallographic directions within the zircon. The shocked zircon
was recovered from Chesapeake Bay impact structure ejecta in Ocean Drilling Program Site 904
in the northwest Atlantic off the coast of New Jersey (see Glass and Liu 2001). b Backscattered
electron image of a shocked rock fragment containing TiO,II (~40 pm long white crystal in the
upper left quadrant) in a shocked rock fragment from the Australasian microtektite layer in a core
from Ocean Drilling Program Site 1144 in the northern South China Sea (see Glass and Fries
2008)

commonly hexagonal graphite. Diamonds that are formed from graphite are
pseudomorphs and are called “apographitic” diamonds (Masaitis et al. 1995;
Langenhorst et al. 1999). Highly-ordered graphite can be transformed to diamond
at pressures as low as 15 GPa and temperatures above ~ 1,000 °C. Diamond
formation in gneiss is estimated to take place at peak shock pressures in the range
of ~27-40 GPa with a post-shock temperature <2,000 K (~ 1,730 °C) (DeCarli
1998). Shock-produced diamonds can be formed in low-porosity rocks between 35
and 60 GPa (Greshake et al. 2000).

Impact-produced diamonds are polycrystalline, with sizes of individual crystals
generally being <1 pm (e.g., Pratesi et al. 2003). Some impact diamonds from the
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Popigai impact structure in northern Siberia were thought to contain up to 50-60
percent lonsdaleite, a rare hexagonal form of diamond (Masaitis 1998); however,
TEM work was not able to confirm the presence of lonsdaleite, but rather seems to
suggest the presence of stacking faults in the diamonds which apparently mimic
the X-ray diffraction pattern of lonsdaleite (Koeberl et al. 1997a; Hough et al.
1998; Montanari and Koeberl 2000).

Diamonds of impact origin have been found in a number of impact structures,
including: the Popigai impact structure in northern Siberia (Masaitis 1998; Koeberl
et al. 1997a), the Ries impact structure in Germany (Hough et al. 1995), the
Sudbury impact structure in Canada (Langenhorst et al. 1998), and the Lappajérvi
impact structure in Finland (Langenhorst et al. 1999). The Popigai structure is
regarded as the largest diamond deposit on Earth (Deutsch et al. 2000). The
economic significance of the Popigai diamonds may be great, but, at the present
time, it does not seem feasible to mine them commercially because of the lack of
infrastructure in this remote area of northern Siberia (Deutsch et al. 2000; Reimold
et al. 2005a). At the Ries impact structure, shock-produced diamonds have been
found to be intergrown with silicon carbide in suevites (Hough et al. 1995).
Although the occurrence of diamonds in near-surface rocks can be used as a
reliable indicator of a hypervelocity impact, they must be used with care, as
diamonds, like coesite, can form at depths >60 km in the Earth’s crust and then
later be uplifted and exposed at the Earth’s surface.

Nanodiamonds (crystal sizes generally ~3-5 nm) have been found at some
impact sites and have been used as an impact criterion; however, they have been
found in some meteorites and they can be synthesized at low pressures by a variety
of nonequilibrium chemical vapor-deposition techniques (Hazen 1999). Thus, the
use of nanodiamonds as a diagnostic impact criterion is still being debated (see,
e.g., Gilmour 1998; French and Koeberl 2010).

Several other high-pressure polymorphs of carbon have been reported since
2002. El Goresy et al. (2003) reported finding a new cubic (space group Pm3 m),
dense, and super-hard polymorph of carbon in samples from the Ries and Popigai
impact structures. More recently, Ferroir et al. (2010) found evidence two new
ultrahard carbon phases in the Haver6 ureillite meteorite. One is a rhombohedral
carbon polymorph of the R3 m space group with a structure very close to that of
diamond and the other is a theoretically predicted 21R diamond polytype.

In 2001, a high-pressure polymorph of zircon, with a scheelite structure, was
discovered in ejecta from the Chesapeake Bay impact structure (Glass and Liu
2001). It was named reidite (Glass et al. 2002) after Alan F. Reid who first
produced this phase in high-pressure laboratory experiments in 1969 (Reid and
Ringwood 1969). Reidite (Fig. 2.14a) has since been found in shocked rocks from
the Ries impact crater (Gucsik et al. 2004b). Reidite, like diamond, is formed by
solid-state transformation. Shock compression experiments indicate that conver-
sion of zircon to reidite begins at ~20 GPa with the amount of reidite increasing
up to 100 % at about 52 GPa (Kusaba et al. 1985; Fiske et al. 1994). The pressure
at which zircon begins to transform to reidite depends on the composition of the
zircon (van Westrenen et al. 2004). Above 94 GPa, zircon begins to decompose
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into ZrO, (baddeleyite) and SiO, (Kusaba et al. 1985), as discussed in the previous
section. Reidite appears to be stable when heated to 1,100 °C at room pressure
(Kusaba et al. 1985).

Two high-pressure polymorphs of rutile were discovered in shocked gneisses
from the Ries crater: an o-PbO,-structured TiO, phase and a baddeleyite-struc-
tured TiO, phase which has been named akaogiite (Tables 2.1 and 2.2; El Goresy
et al. 2001a,b; Dubrovinsky et al. 2009). The a-PbO,-structured TiO, phase, also
known as TiO, I, has a columbite-type structure. This «-PbO, high-pressure TiO,
polymorph has also been found in the Chesapeake Bay impact structure (Jackson
et al. 2006), in shocked rock fragments from the Australasian microtektite layer
(Fig. 2.14b) (Glass and Fries 2008), and in a sample from the Bosumtwi impact
crater (McHone and Fries 2007). This phase has been produced in shock-loading
experiments at shock pressures of 45 and 75 GPa (Table 2.2). When heated above
500 °C, the experimentally-produced o-PbO,—structured TiO, polymorph quickly
reverts back to rutile (Linde and DeCarli 1969). The baddeleyite-structured TiO,
polymorph, akaogiite, is formed at static loads of 12—-60 GPa (Sato et al. 1991)
(Table 2.2).

A high-pressure polymorph of ilmenite (FeTiO;) with a thombohedral lattice
similar to the Li-niobate structure of MnTiO3 (Tables 2.1 and 2.2) was found in a
shocked gneiss from the Ries impact structure, Germany (Dubrovinsky et al.
2009). This phase was found in association with akaogiite suggesting that it was
subjected to a similar equilibrium peak shock pressure not exceeding 28 GPa.
Dubrovinsky et al. (2009) argued that the original ilmenite was shock compressed
to the perovskite polymorph which then inverted to the less dense Li-niobate
structured phase during the decompression stage because the perovskite poly-
morph of FeTiOj; is unquenchable.

The precursor phases for the high-pressure polymorphs discussed above are
minerals commonly found in continental rocks and, therefore, the high-pressure
polymorphs are good indicators of shock metamorphism for impacts involving
continental crust. However, approximately 60 % of the Earth’s crust is oceanic in
nature and consists of mafic minerals such as pyroxene, olivine, and plagioclase
feldspar. Since most of the terrestrial impacts must have taken place in oceanic
crust, there is a need for shock metamorphic indicators for mafic minerals. There
have been numerous studies of experimentally shocked mafic minerals and static
high-pressure laboratory experiments on mafic minerals that can be used to esti-
mate the pressure and temperature conditions under which they can be formed
(see, for example, Stoffler et al. 1991; Agee et al. 1995; Xie et al. 2006 and papers
listed therein; see also Sect. 2.3.6).

Studies of shock metamorphosed meteorites (chondrites and, to a lesser extent,
achondrites) have provided numerous examples of high-pressure polymorphs of
pyroxene, olivine, feldspar, and other mafic minerals. These high-pressure poly-
morphs are: majorite; (Mg,Fe)SiO;-perovskite; akimotoite; wadsleyite; ring-
woodite; lingunite, a high-pressure polymorph of feldspar with a hollandite
structure; two post-spinel polymorphs of chromite; and tuite, a high-pressure
polymorph of merrilite with a trigonal y-Ca3(PO,), structure (Tables 2.1 and 2.2).
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Fig. 2.15 Images of mafic
high-pressure phases in
shocked meteorites.

a Backscattered electron
image of a section of
meteorite Y75267

(H6 chondrite) showing the
presence of majorite (Maj),
ringwoodite (Rin), akimotoite
(Aki), and lingunite (Lin).
Courtesy of Makoto Kimura.
b Transmission electron
microscope image showing
(Mg,Fe)SiOs-perovskite (Pv)
and clinoenstatite (Cen) from
the Tenham meteorite (L6
chondrite). Courtesy of
Naotaka Tomioka

Ringwoodite, majorite, and wadsleyite are relatively common, but akimotoite,
(Mg, Fe)SiOs-perovskite, and alkali feldspars with a hollandite structure are less
common (Xie et al. 2002).

Formation of high-pressure mafic phases in meteorites can take place by solid-
state transformation or by crystallization from a shock-produced melt while still
under high pressure. Most high-pressure mafic minerals found in meteorites occur
adjacent to or in melt veins in highly shocked meteorites. These phases are
generally quite small, <1 pm up to 100’s of micrometers.

Most mafic minerals (e.g., olivine, pyroxene, garnets) are transformed to
metastable phases or glass, or more likely simply melt when shocked at high
enough pressure to produce high-pressure phases (Jones et al. 2003a). As of 2009,
except for feldspar with a hollandite structure, the high-pressure mafic phases have
not been found in terrestrial impact structures, although majorite has been
observed in ultra-high-pressure metamorphosed terrestrial rocks (van Roermund
et al. 2001). This may be due to different pressure—temperature histories of
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Fig. 2.16 Scanning electron e T -Q,W -
photomicrograph of a grain of ;F Wadsleylte(B) :‘ % W 2
: Y ™

ringwoodite with a
wadsleyite rim. This section
is from an L6 chondrite
(ALH78003). The numbers in
the photomicrograph are
where compositional data
were obtained. Courtesy of
Eiji Ohtani

terrestrial impacts compared with impacts on the meteorite parent bodies (Chen
et al. 1996); or to a paucity of unweathered ultramafic lithologies in terrestrial
impact structures. The precursor minerals for these impact-produced high-pressure
phases are unstable at the Earth’s surface. Thus, unless the transformation was
greater than 50 %, the precursor phase, containing the microlites of the high-
pressure phase, generally would be quickly altered, leaving scattered microlites of
the high-pressure polymorph in clay or some other phase (Jones et al. 2003a). This
would make detection of the high-pressure polymorphs of mafic minerals difficult.
Majorite, (Mg, Fe)SiOs-perovskite, and akimotoite are high-pressure poly-
morphs of enstatite [(Mg, Fe)SiOs] (Tables 2.1 and 2.2). Majorite has a garnet
structure (Smith and Mason 1970). It was first reported by Mason et al. (1968) in
the Coorara meteorite. It has since been found in numerous shock metamorphosed
meteorites (Fig. 2.15a) and in ultra-high pressure terrestrial metamorphic rocks,
but not in terrestrial impact craters or ejecta. Depending on the pressure—tem-
perature conditions, majorite can form by crystallization from a melt at between
~3 and 30 GPa and temperatures between ~ 1,350 and 2,075 °C (Agee et al.
1995). Solid state transformation of pyroxene to majorite can take place between
20 and 24 GPa in temperatures in excess of 2,000 °C (Chen et al. 1996).
Akimotoite (Fig. 2.15a) is a high-pressure polymorph of enstatite with an
ilmenite structure (Tables 2.1 and 2.2; Sharp et al. 1997; Tomioka and Fujino
1999). At static pressures, akimotoite occurs together with ringwoodite between 18
and 25 GPa in the MgSiO3;-Mg,Si0, system (Gasparik 1992). Akimotoite has
been found in or adjacent to shock-produced melt veins in numerous highly
shocked meteorites including: the Tenham (Tomioka and Fujino 1999), Acfer 040
(Sharp et al. 1997), Umbarger (Xie and Sharpe 2004), Yamato 75267 (Kimura
et al. 2003), Yamato 791384 (Ohtani et al. 2004), and Sixiangkou (Zhang et al.
2006a) chondrites and the Yamato 000047 shergottite (Imae and Ikeda 2010).
Tomioka and Fujino (1999) proposed that the akimotoite that they found in the
Tenham meteorite formed by solid state transformation and that the peak pressure
and temperature generated by the shock event were in the range of 22-26 GPa and
>2,000 °C. Akimotoite, along with ringwoodite, is found in veins in the Tenham
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Fig. 2.17 Backscattered electron images of a shocked vein in the Suizhou meterorite
(L6 chondrite) showing high-pressure FeCr,O,4 polymorphs. a A shocked chromite grain (Ch)
that has been partly converted to high-pressure (post-spinel) polymorphs, one with a CaFe,Oy4-
type structure (CF) and one with a CaTi,O4-type structure (CT). Image is from Chen et al.
(2003b), Fig. 3b. Copyright (2003) National Academy of Sciences. b A section showing several
FeCr,04 grains converted partly or completely to the high-pressure polymorph with a CaFe,Oy4-
type structure, which has been given the mineral name xieite. This new mineral is found in
association with olivine (Olv), majorite (Mjt), ringwoodite (Rgt), and lingunite (Lgt). Image is
from Chen et al. (2008), Fig. 1a, with kind permission from Springer Science + Business Media

meteorite (Xie et al. 2006) and in the Acfer 040 meteorite (Sharp et al. 1997),
where they are believed to have crystallized from a melt. Akimotoite is believed to
have crystallized between 21 and 25 GPa in the Tenham meteorite (Xie et al.
2006). In the Sixiangkou meteorite crystallization in the veins is believed to have
occurred at pressures of 20-24 GPa and a temperature >2,000 °C (Zhang et al.
2006a). According to Xie and Sharp (2004) crystallization in the Umbarger melt
veins took place at ~ 18 GPa. These authors pointed out that this is much lower
than the 45-90 GPa pressure that is suggested by the shock effects in the melt
veins using criteria found, for example, in Stoffler et al. (1991). For further
discussion of this problem, see Sect. 2.3.6.
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Fig. 2.18 Backscattered electron image of the Suizhou L6 chondrite showing two grains of tuite
in a fine-grained matrix. The tuite (Tu) is associated with other high-pressure phases such as
majorite (Mjt), ringwoodite (Rgt), and lingunite (NaAlSi3;Og with a hollandite structure, Hlt).
Olv = olivine. Image from Xie et al. (2003), Fig. 2, with permission of the European Journal of
Mineralogy (http://www.schweizerbart.de)

(Mg, Fe)SiO3-perovskite (Fig. 2.15b) is a higher pressure polymorph of enstatite
(Tables 2.1 and 2.2) which has been studied extensively because it has been
inferred to be one of the most abundant minerals in the lower mantle (Chen et al.
2002). The (Mg, Fe)SiO5-perovskite phase was discovered by Tomioka and Fujino
(1997) in the Tenham chondrite meteorite. Sharp et al. (1997) also found evidence
for this phase in the Acfer 040 meteorite. It is estimated that this phase crystallizes
from a melt at between ~25-30 GPa, at a temperature of between ~ 1,900 and
2,100 °C (Agee et al. 1995). In high-pressure laboratory experiments it was found
that MgSiO5-perovskite is stable up to at least ~58 GPa, but above that pressure it
begins to break down to MgO plus SiO, (stishovite) (Saxena et al. 1996). Some of
the (Mg, Fe)SiOs-perovskite phase in the Tenham meteorite is believed to have
formed by solid state transformation of enstatite in the range between 22 and
26 GPa at a peak temperature higher than 2,000 °C (Tomioka and Fujino 1999).

Wadsleyite and ringwoodite are high-pressure polymorphs of olivine
(Mg,Fe),Si0, (Table 2.1 and 2.2). Wadsleyite (Fig. 2.16) has a modified spinel
structure (orthorhombic) and is also referred to as the $-Mg,SiO,4 phase. Under
static pressure at 1,000 °C, this phase forms at ~12 GPa (Ringwood and Major
1970). Ringwoodite (Figs. 2.15-2.18) has a spinel structure (isometric) and is
referred to as y-(Mg, Fe),SiO4. Ringwoodite generally refers to the Mg-rich
(Mg, Fe),SiOy4-spinel end member, but Xie et al. (2002) reported finding the
Fe-rich end member in the Umbarger meteorite (L6 chondrite). In polarized
transmitted light wadsleyite has a bluish-gray color, while ringwoodite has a
distinctive purple or violet color (Walton and Herd 2007). Ringwoodite in shocked
meteorites has been interpreted to form by both solid state transformation and
crystallization from a melt (Ohtani et al. 2004; Miyahara et al. 2009, 2010). Under
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static pressure at 1,000 °C, ringwoodite does not form below ~ 17 GPa (Suzuki
et al. 2000). According to Xie et al. (2006) ringwoodite crystallized from a melt at
a pressure of ~ 18 GPa in the Umbarger meteorite. Other investigators suggest
that ringwoodite forms at shock pressures >25-30 GPa up to at least 60-75 GPa
(Stoffler et al. 1991; Langenhorst and Deutsch 1998). For a given temperature,
wadsleyite forms at a lower pressure than ringwoodite (Inoue et al. 2000).
Laboratory experiments have shown that both wadsleyite and ringwoodite revert
back to olivine at atmospheric pressure and a temperature of ~900 °C (Suzuki
et al. 1980; Ming et al. 1991).

At high pressures, KAISi;Og and NaAlSi;Og (alkali feldspars) are transformed to
a denser phase with a hollandite structure (Tables 2.1 and 2.2). It is unclear whether
there is a complete solid solution between KAISi3Og with a hollandite structure and
NaAlSi;Og with a hollandite structure. The Na-rich end member has been given the
name, lingunite. Lingunite has since been found in some shocked meteorites
(Fig. 2.15a, 2.17b, 2.18). Gillet et al. (2000) reported finding the NaAlSi;Og-hol-
landite high-pressure polymorph of plagioclase (lingunite) in the Sixiangkou
meteorite (L6 chondrite). Tomioka et al. (2000) speculated that lingunite in the
Tenham meteorite probably formed at about ~22-23 GPa at a temperature
>1,200 °C or metastably at relatively low temperature where decomposition into
stable phases was hindered due to sluggish kinetics. Langenhorst and Poirier (2000)
reported finding the KAISi;Og-hollandite high-pressure polymorph in the Zagami
meteorite (basaltic shergottite). The high-pressure KAlSi;Og-hollandite phase forms
atapressure of 9-10 GPa (Yagietal. 1994). Feldspar with a hollandite-type structure
can form by solid state transformation of feldspar or from crystallization at high
pressure of molten feldspar (Gillet et al. 2000).

A high-pressure phase of feldspar (Aby; AnsgOr;) with a hollandite structure has
been reported in strongly shocked anorthosite from the Manicouagan impact
structure, Quebec, Canada (Langenhorst and Dressler 2003). The feldspar is
mostly converted to diaplectic glass. There are some thin (<100 pm) grayish to
brownish shock veins that pervade the rock in an irregular fashion. The veins
contain some birefringent phases that could not be identified by optical microscopy
but were identified as the high-pressure phase of feldspar with a hollandite
structure using transmission electron microscopy. This is the first time that this
phase has been reported in terrestrial impactites.

Two post-spinel polymorphs of chromite (FeCr,O4) have been found in the
Suizhou meteorite (an L6 chondrite) (Fig. 2.17; Tables 2.1 and 2.2). One has a
CaTi,04-type structure and the other has a CaFe,O4-type structure (Chen et al.
2003a, b). The high-pressure chromite polymorph with an orthorhombic CaTi,Oy4-
type structure has been named xieite. Xieite occurs as polycrystalline aggregates in
association with coarser aggregates of ringwoodite, majorite, and lingunite in the
Suizhou meteorite (Fig. 2.17b).

Both high-pressure FeCr,O,4 phases were formed by solid-state transformation
(Chen et al. 2003b). Xieite was formed at shock pressures of 18-23 GPa at tem-
peratures between 1,800 and 1,950 °C (Chen et al. 2008).
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Fig. 2.19 Optical
microscope image of kink
bands in a biotite clast in a
polymict breccia sample from
the Rochechouart impact
structure (France). The
photograph is courtesy of L.
Ferriere

Tuite, a high-pressure polymorph of whitlockite (sometimes called merrillite)
with a trigonal y-Ca3(POy,), structure (Tables 2.1 and 2.2), has been found in the
Suizhou meteorite (Fig. 2.18) (Xie et al. 2002, 2003). This phase was transformed
from whitlockite by a shock-produced solid-state reaction at a pressure of
~23 GPa and a temperature of ~2,000 °C (Xie et al. 2002, 2003). Whitlockite
has not been found on Earth; however, tuite can also form by decomposition of
hydroxylapatite or fluorapatite at pressures above 12 GPa (Murayama et al. 1986),
and these phases are fairly common on Earth.

2.3.4 Microscopic Shock-Deformation Features

As previously noted, during an impact event the shock wave travels through the
target rock at supersonic velocities followed immediately by a rarefaction wave
which decompresses the rock. This results in a tremendously high strain rate (>107
times higher than normal metamorphic processes), which can produce a variety of
macroscopic and microscopic features in the target rock, some of which are unique
to shock metamorphism. Microscopic shock-deformation features include: dislo-
cations, kink bands, planar microstructures (including planar deformation fea-
tures), mosaicism and X-ray asterism, and diaplectic glasses (Langenhorst and
Deutsch 1998; French 1998).

2.3.4.1 Dislocations and Kink Bands

Dislocations are linear lattice defects. Formation and migration of dislocations are
mechanisms of deforming crystals under high stress. Transmission electron
microscope studies indicate that shock deformation can produce large numbers of
dislocations per unit area in certain minerals like olivine and pyroxene
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microscope image in
transmitted light of a shocked
quartz grain with one set of
planar fractures (PFs) from
the Aorounga impact
structure, in Chad, Africa.
Note that the spacing between
the PFs is from ~40 to

200 pm and that the fractures
are slightly curved and not
exactly parallel. Courtesy of
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(Langenhorst and Deutsch 1998). Like planar deformation features discussed
below, the dislocations are related to certain orientations within the crystal. In
olivine, for example, the dislocations are almost always of pure screw character
and have the Burgers vector [001] (Langenhorst and Deutsch 1998).

Kink bands (Fig. 2.19) are a type of microscopic deformation in which the
orientation of the crystal lattice is changed or deflected by gliding or slippage and
shortening along slippage planes. They are observed most commonly in phyllos-
ilicate minerals (e.g., micas, chlorite), but are sometimes seen in olivine and
pyroxene. Kink bands can form in biotite in non-porous rocks at shock pressures
>0.5-1 GPa (Stoffler et al. 2006). Although kink bands are common in shock
metamorphosed minerals with sheet structures, they can also be found in tecton-
ically-deformed minerals. According to French and Koeberl (2010), kink bands in
mica are not diagnostic of shock metamorphism since they can be formed by other
geological processes. However, according to Langenhorst and Deutsch (1998),
kink bands in shocked biotite exhibit strong asymmetry compared to kink bands in
tectonically deformed biotite. They further state that the degree of asymmetry,
frequency, and width of kink bands are correlated with shock pressure (Langen-
horst and Deutsch 1998). In the Ries crater, the orientation of kink bands has been
used to reconstruct the original position of ejected and overturned basement
megablocks (Graup 1978).

2.3.4.2 Planar Microstructures

Numerous terms have been used to refer to optically recognizable planar micro-
structures produced by shock compression. Such features have been referred to as
cleavage, deformation lamellae, planar elements, shock lamellae, planar cleavage
fractures, planar features, and planar deformation structures (Stoffler and
Langenhorst 1994, and references therein). In 1990, a group of experts in shock
metamorphism proposed the phrase “planar deformation features” to describe
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Fig. 2.21 Optical microscope images (plane polarized light) of shocked quartz grains exhibiting
planar deformation features (PDFs). a Quartz grain with two well-defined sets of PDFs from Core
LB-05A taken in Bosumtwi impact crater. b Quartz grain with two well-defined sets of PDFs
from Core LB-05B taken in Bosumtwi impact crater. ¢ Quartz grain with two sets of decorated
PDFs in a breccia from Gardons impact structure, Norway. Image from French (1998), Fig. 4.20,
with permission of the Lunar and Planetary Institute. d Detailed view of shocked quartz with
decorated PDFs. The sample is from the Charlevoix impact structure, Quebec, Canada. Image
from Robertson (1975), Fig. 3b

“optically recognizable, planar microstructures diagnostically produced by impact
compression” (Grieve et al. 1990). Stoffler and Langenhorst (1994) proposed a
broad term “planar microstructures” to include both planar fractures and planar
deformation features. Both types of planar microstructures are parallel to rational
crystallographic planes defined by Miller indices. Planar features in quartz,
especially planar deformation features, have been one of the most widely used
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Table 2.3 Typical crystallographic orientations of planar microstructures in shocked quartz
(modified after Stoffler and Langenhorst, 1994)

Crystallographic form Symbol Miller indices Polar angle
Basal pinacoid c (0001) 0.00°
Rhombohedron® {1014}, {0114} 17.62°
Rhombohedron w, o {1013}, {0113} 22.95°
Rhombohedron m, {1012}, {0112} 32.42°
Rhombohedron I,z {1011}, {0111} 51.79°
Hexagonal prism m {1010} 90.00°
Trigonal dipyramid ¢ {1122}, {2112} 47.73°
Trigonal dipyramid S {1121}, {2111} 65.56°
Trigonal prism a {1120}, {2110} 90.00°
Trigonal dipyramid {2241}, {4221} 77.20°
Rhombohedron t {4041}, {0441} 78.87°
Ditrigonal prism k {5160}, {6150} 90.00°
Trigonal trapezohedron X {5161}, {6511} 82.07°
{6151}, {15 1}
Trigonal trapezohedron (3141}, {4311} 77.91°
(4131}, {1341}
Trigonal trapezohedron {2131}, {3211} 73.71°

(3121}, {1231)

The most common orientations of planar microstructures are in bold
# From Ferriere et al. (2009a)

criteria for recognizing shock metamorphosed rocks, whether they be in impact
structures or in distal impact ejecta. Planar microstructures have been observed in
most rock-forming minerals (e.g., quartz, feldspar, olivine), as well as some
accessory minerals such as zircon; however, most studies have concentrated on
quartz. Quartz is an ideal mineral for this purpose, since it is abundant and stable.
It is optically simple and it can record a variety of planar deformation features
which can be correlated with shock pressure (Stoffler and Langenhorst 1994;
French 1998).

2.3.4.2.1 Planar Fractures

Planar fractures (PFs) (Fig. 2.20) are sets (groups) of open fissures parallel to
rational crystallographic planes. They can form in nearly all rock-forming silicates
such as quartz, feldspar, amphibole, pyroxene, olivine, and garnet (Langenhorst
and Deutsch 1998). In quartz, the most common orientations are parallel to
crystallographic planes with low Miller indices such as (0001) or ¢ (basal) and {10
1} or r (rhombohedral) (Stoffler and Langenhorst 1994). PFs can be regarded as
high-pressure cleavage planes. The typical spacing between fractures is >20 um.
PFs develop at relatively low shock pressures, generally around 5-10 GPa (French



48 2 Impact Crater Formation, Shock Metamorphism, and Distribution of Impact Ejecta

30

(a) ® 10 structures
20 687 measurements
c
10 L
0
0 10 20 30 40

50 60 70 80 90

Frequency (%)

< 20{(b) w 7 structures

< 5 178 measurements
2 £ (2241}
2 10

o

o

w

10 20 30 40 50 60 70 80 90

(c) w 10 structures
351 measurements

{2241}

Frequency (%)
S

0+
0 10 20 30 40 50 60 70 80 90

g (d) 64 measurements § "
> 15 Z
& 10 ©w & S am
qg; sic I I pc TX
g I 1l
0 10 20 30 40 50 60 70 80 90
16{(e) Bohm lamellae

7 sources
3835 measurements

Frequency (%)
(o]

10 20 30 40 50 60 70 80
Angle between c-axis and poles of planar features

90

Fig. 2.22 Quartz PDF orientations for different degrees of shock metamorphism and types of
target rocks. a—¢ Samples from craters in crystalline rocks. With increasing shock pressures, the
number of different orientations increases. a The presence of just basal orientations (c) indicates
shock pressures >7.5 GPa, but <10 GPa. The presence of both basal and @ {1013} orientations
indicates shock pressures >10 GPa. b The presence of {2241} orientation along with other
orientations indicates a minimum shock pressure of >14 GPa. ¢ The presence of = {1012}
indicates shock pressures >16 GPa. d PDF orientations for quartz in sedimentary rock from the
Tookoonooka impact structure in Australia. PDFs in quartz from sedimentary rocks have
orientations dominated by high angles to the c-axis. e Planar features produced by normal
regional metamorphism (Bohm lamellae) exhibit a broad range of orientations without any sharp
peaks that center at specific crystallographic planes. PDF orientation data for a—¢ came from
Robertson et al. (1968) and estimated minimum shock pressures are from Grieve and Robertson
(1976); data for d came from Grieve and Therriault (1995); and data for e came from Carter and
Friedman (1965)

1998; Koeberl 2007). Unfortunately, although rare, similar fractures can occur in
tectonically deformed rocks. However, the presence of widespread and closely
spaced PFs is strongly suggestive of shock metamorphism; and PFs can be used as
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Fig. 2.23 Feldspar with multiple sets of PDFs and polysynthetic albite twin lamellae forming
distinctive ladder texture (plane polarized light). The original polysynthetic twin lamellae
(trending NW/SE) are still preserved in most of the grain shown here, but alternate twin lamellae
have either been converted to diaplectic glass (maskelynite) or are crosscut by short, closely
spaced PDFs to form a ladder appearance. This grain is from a moderately shocked amphibolite
fragment in a suevite sample from the Ries crater, Germany. From Stoffler (1966), Fig. 4, with
kind permission from Springer Science + Business Media

Fig. 2.24 SEM image of a
shocked zircon exhibiting
three sets of planar
microstructures. The zircon is
from a charnockite rock
sample from the Vredefort
impact structure, South
Africa. From Kamo et al.
(1996), Fig. 4h with permis-
sion from Elsevier

evidence of shock metamorphism if they are present in minerals without normal
cleavage, or if they occur in planes which are not parallel to the normal cleavage
directions of the host crystal (Langenhorst and Deutsch 1998).

2.3.4.2.2 Planar Deformation Features
Planar deformation features (PDFs) are regular planar microstructures

(Fig. 2.21) that are oriented parallel to rational crystallographic planes of low
Miller indices (Table 2.3; Fig. 2.22; Stoffler and Langenhorst 1994; Grieve et al.
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Fig. 2.25 Examples of shock-produced basal Brazil twins in shock metamorphosed quartz
grains. a Basal Brazil twins (NE/SW trending) in charnockitic gneiss from Vredefort impact
structure, South Africa (crossed polarizers). From Kamo et al. (1996), Fig. 2d, with permission
from Elsevier. b Bright field transmission electron microscope image of Brazil twin boundaries,
(0001) orientation, in quartz in charnockitic rock from the Charlevoix impact structure in Quebec,
Canada. Courtesy of C. Trepmann

1996; Mossman et al. 1998). They often occur in multiple cross-cutting orienta-
tions or sets. Orientations of PDFs in quartz can be determined using a universal
stage or spindle stage to determine the angle between the quartz c-axis and the
poles (normal) to the PDF planes and then plotting the results as in Fig. 2.22 (for
details see Montanari and Koeberl 2000; Ferriere et al. 2009a). Within each set, the
PDFs occur as parallel, planar optical discontinuities that are narrower and more
closely spaced than PFs. They are amorphous (glass) lamellae with the same
composition as the host crystal. PDFs occur as <1-3 um thick lamellae with a
spacing of ~0.5-10 um (Fig. 2.21; Goltrant et al. 1992; Stoffler and Langenhorst
1994). Because fresh PDFs in quartz consist of amorphous silica, they can be
preferentially etched using, for example, HF, to accentuate the PDFs and make
them visible in scanning electron microscope images (e.g., Gratz et al. 1996).

The most common orientations in quartz are: ¢c(0001), w{1013}, {1012}, r{10
1}, and {2241}. Up to 18 sets of PDFs have been observed in a single quartz
crystal, but 3—10 sets are commonly observed in shocked crystalline rock (Stoffler
and Langenhorst 1994). The number of sets increases with increasing shock
pressure and the orientations change with shock intensity. The w{1013} orienta-
tion can form at shock pressures >10 GPa (Stoffler et al. 2006). At shock pressures
>15-20 GPa, PDFs occur in more than one set of specific crystallographic
orientations per grain (Stoffler et al. 2006; Koeberl 2007). Certain PDF orienta-
tions are present at different shock levels (Table 2.4); however, the orientation of
the shock wave to the crystal orientation can also be a factor in determining the
orientations of the PDFs (Langenhorst and Deutsch 1994).

Fresh (usually younger) unaltered PDFs occur in multiple sets of continuous
planes that extend across most of the grain (Fig. 2.21a, b). However, in altered or
metamorphosed grains the original amorphous silica in the PDF planes can be
recrystallized back to quartz. In the process small (usually 1-2 um) fluid
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Fig. 2.26 Mosaicism in a shocked dunite. This is a specimen of Aheim dunite experimentally
shocked to 29.3 GPa (Reimold and Stoffler 1978). The mosaicism is indicated by the blotchy
(darker and lighter patches) within individual olivine crystals. Optical microscope image under
crossed polarizers. Image courtesy of Uwe Reimold

inclusions or decorations develop along the original planes (Grieve and Therriault
1995). The resulting decorated PDFs preserve the orientation of the original PDFs
(Fig. 2.21c, d). PDFs can still be recognized in 2 Ga old rocks that have experi-
enced greenschist facies metamorphism (French 1998). At the Vredefort impact
structure, remnants of PDFs can still be recognized in Archean granitoid gneisses
which have survived amphibolite to granulite facies metamorphism (Gibson and
Reimold 2000).

Porous sedimentary rocks respond differently to shock waves than do nonpo-
rous crystalline rocks (Kieffer 1971; French 1998). PDFs in shocked quartz in
sedimentary rocks, where the individual quartz grains are more isolated and
contrast with the matrix in terms of shock impedance (the product of the density of
the shocked material at 1 bar times the shock wave velocity of the material), have
orientations at higher angles to the c-axis than they do in quartz grains in crys-
talline rocks; and in some cases the w orientations are missing or almost so
(Fig. 2.22d; Grieve and Therriault 1995). In shocked Coconino Sandstone at
Barringer (Meteor) Crater (Arizona, USA), PDFs are relatively rare and coesite is
relatively abundant (Kieffer 1971; Robertson 1980). This may be due to more
shock-wave energy being concentrated at grain interfaces and pore spaces in
sedimentary rocks. These effects may be even more extreme in sediments.

Shock experiments on preheated target rocks have shown that the temperature
of the target rock can have an effect on the nature of the shock metamorphic
features and on the shock pressure required to form shock metamorphic features
(see, e.g., Langenhorst and Deutsch 1994; Huffman and Reimold 1996; and ref-
erences therein). For example, Huffman and Reimold (1996) found, in laboratory
experiments, that the shock pressure required to produce multiple sets of PDFs in
quartz is greater for specimens preheated to 440 °C than for specimens initially at
25 °C. In addition, the character of the PDFs changes, with the PDFs going from
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Fig. 2.27 Debye-Scherrer X-ray diffraction (XRD) patterns of unshocked quartz and quartz
shocked at different pressures. Shock pressures (GPa) are indicated to the right of the XRD
patterns. They are estimated to be accurate to within +5 %. Unshocked powdered quartz
produces solid lines and an unshocked single crystal of quartz produces spots. Single crystals of
quartz shocked at various pressures produce patterns where the dots are smeared out to form
streaks. In this experiment, the propagation of the shock wave was perpendicular to (0001). Note
that the degree of streakiness, and broadening and fading of the streaks increases with increasing
shock pressure. Above about 11 GPa, most of the streaks are solid lines and the pattern looks
more like a powder pattern than a pattern for a single crystal. Above about 30 GPa the lines have
mostly disappeared and the pattern looks like that of an amorphous phase. From Horz and Quaide
(1972), Fig. 8, with permission from Springer

narrow with sharp boundaries when the specimens are initially at 25 °C to wide
with wavy boundaries when the specimens are initially at 440 °C. These
temperature effects could be important in large impacts where shock metamor-
phism can occur at great depths involving rocks already at high temperature
depending on the thermal gradient.

Feldspars can also exhibit planar microstructures, including PDFs. Short and
closely spaced PDFs can be combined with longer and more widely spaced
features, such as deformation bands and albite twins, to produce distinctive ladder
textures (Fig. 2.23) (French 1998). Planar microstructures, including PDFs, have
been observed in several accessory minerals such as apatite, sillimanite, cordierite,
garnet, scapolite, and zircon and in mafic minerals such as olivine, pyroxene, and
amphibole (Stoffler 1972; Bohor et al. 1993; Langenhorst and Deutsch 1998;
French and Koeberl 2010). Not much is known about PDFs in most of these
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Fig. 2.28 Diaplectic quartz glass and diaplectic feldspar glass (maskelynite) in a shocked biotite
gneiss in suevite from the Ries impact crater, Germany. a Diaplectic feldspar glass (light gray,
low relief; e.g., upper right) and diaplectic quartz glass (light gray, higher relief, and fractured;
e.g., middle to lower right). The biotite is dark gray. Plane polarized light. b Same as in a, but
with cross polarized light. Note that quartz and feldspar are dark, indicating that they are
amorphous, but the biotite is light in color due to birefringence, which indicates that it is still
crystalline. From Stoffler and Langenhorst (1994), Fig. 22, with permission of Meteoritics &
Planetary Science, ©1994 by the Meteoritical Society

minerals. However, minerals with low density (i.e., <3 g/lcm®) such as quartz and
feldspar tend to develop more and thicker PDFs than do mafic minerals such as
pyroxene and olivine (Langenhorst and Deutsch 1998).

Shocked zircons with well-defined planar microstructures have been described
from the Cretaceous-Tertiary impact ejecta layer (Bohor et al. 1993; Krogh et al.
1993a, b; Kamo et al. 1996). Some authors have referred to these features as PDFs
(Bohor et al. 1993; Krogh et al. 1993a, b). Kamo et al. (1996) describe similar
planar features in zircons from the Vredefort impact structure “...as single or
multiple sets of parallel, narrowly spaced (<5 pm), planar features that are con-
tinuous across the grain” (Fig. 2.24). In the above papers, the planar features were
observed on the surfaces of etched zircons using scanning electron microscopy
(SEM). Wittmann et al. (2006) describe conspicuous “trails of bubbles” in zircons
from cores drilled into the Chicxulub impact structure as probably “decorated”
PDFs which they propose were formed due to thermally induced crystallization of
ZrSiOy glass in these features.

Leroux et al. (1999) studied experimentally shocked zircons using transmission
electron microscopy (TEM). PDFs were observed by TEM in zircons shocked at
60 GPa. They consist of thin, 10-20 nm wide, planar defects filled with amor-
phous ZrSiO4. The PDFs are very straight and oriented parallel to the {320}
planes. According to Leroux et al. (1999) the PDFs form before the formation of
the high-pressure phase reidite. Leroux et al. (1999) interpreted the optically
resolved planar deformations as manifestations of shock-induced cleavage (planar
fractures) rather than PDFs. However, Timms et al. (2012) mapped some planar
features in lunar zircons, using electron backscatter diffraction, which are <5 pm
wide with spacings typically between 0.1 and 25 pm. The planar features occur
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Fig. 2.29 Birefringence versus average refractive index for shocked quartz from the Ries impact
crater, Germany. Birefringence and refractive index decrease with increasing shock metamor-
phism, from that of unshocked quartz to that of silica glass (lechatelierite). Data from Xie and
Chao (1985), open squares, and Engelhardt and Bertsch (1969), plus symbols

Fig. 2.30 Textures produced by post-impact thermal annealing. a Quartz with ballen texture in a
fine-grained impact melt rock from the New Quebec impact structure, northern Ontario, Canada.
Courtesy of R.A.F. Grieve. b Checkerboard feldspar (between arrows) in an inclusion in the
Vredefort Granophyre from the Vredefort impact structure, South Africa. Crossed polarizers.
From Buchanan and Reimold (2002), Fig. 9, with permission from the Meteoritical Society
©2002

along {001}, {110}, and {112} and were interpreted as PDFs. Wittmann et al.
(2006) state that planar microstructures (PDFs) in zircon develop along with the
transition to reidite. Development of planar microstructures begins at between 20
and 52 GPa with the most pronounced development of planar structures in the
60-80 GPa range.
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2.3.4.2.3 Mechanical Twins

Another type of planar microstructure is mechanical twins. Shock-induced
twinning can occur in minerals with low symmetry. Shock-induced twins are
visible using an optical microscope and appear as narrow (<10 pm) polysynthetic
bands and could be mistaken for exsolution lamellae (Langenhorst and Deutsch
1998). Shock-induced mechanical twins have been observed in quartz, amphibole,
clinopyroxene, ilmenite, sphene, and probably calcite.

Shock-induced mechanical twins have been observed in quartz, using trans-
mission electron microscopy, where they occur as Brazil twins (Fig. 2.25)
oriented parallel to the basal or ¢ (0001) orientation (Leroux et al. 1994; Joreau
et al. 1996). Brazil twins can form in unshocked quartz, but they have not been
observed parallel to the basal c¢ direction (French 1998). Brazil twins have been
produced experimentally at ~8 GPa and under high strain rates. According to
Stoffler and Langenhorst (1994), Brazil twins parallel to ¢ (0001) can be regarded
as a unique shock metamorphic indicator; however, French and Koeberl (2010)
state that such features “may suggest a shock history and should spur further
study”. Brazil twins were previously called PDFs because they could not be
distinguished from PDFs using optical microscopy.

2.3.4.3 Mosaicism, X-Ray Asterism, and Diaplectic Glasses

The passage of a shock wave through a mineral grain can cause deformation of the
crystalline structure which, in addition to the planar microstructures discussed
above, can cause X-ray asterism, and produce mosaicism and diaplectic glass.
These changes are the result of high-strain rate. Mosaicism refers to the internal
fragmentation of a single crystal into a mosaic of slightly disoriented crystal
domains resulting in a highly irregular patchy or mottled optical extinction pattern
(Fig. 2.26), which is different from undulatory extinction common in tectonically
deformed mineral grains. It is due to the very small size (usually in the submi-
croscopic range) of homogeneously extinguishing domains (Stoffler and Langen-
horst 1994).

The degree of mosaicism can be determined using a petrographic microscope or
by X-ray diffraction. Mosaicism can be measured using a petrographic microscope
to determine the scatter in the orientation of the optical axes in different regions of
a crystal exhibiting mosaicism. Using a Debye—Scherrer camera, a single un-
shocked crystal produces an X-ray diffraction (XRD) pattern consisting of discrete
spots indicating a uniform crystalline structure. With increasing shock pressure the
spots spread out to form arcs, and with still higher shock pressures the arcs become
solid lines like those produced by a powder (Fig. 2.27; Horz and Quaide 1972).
The elongation of spots in the XRD pattern of a single crystal is called X-ray
asterism. For quartz, X-ray asterism begins at shock pressures of about 3 GPa and
increases up to about 30 GPa. The degree of asterism is a measure of the degree of
mosaicism. Mosaicism can be produced by a variety of endogenic processes such
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Fig. 2.31 Shatter cone
segment in limestone from
the Haughton impact
structure on Devon Island in
the Canadian Arctic. From
Grieve (2006), Fig. 10.4, with
permission of the Geological
Society of Canada

as crystallization, growth, deformation, recrystallization, and replacement. Thus, it
cannot be considered as a unique indicator of shock metamorphism at the present
time (French and Koeberl 2010).

Beyond 30 GPa, in laboratory shock experiments, quartz lines are no longer
present on the XRD patterns. This indicates complete destruction of the crystalline
structure and formation of what is called diaplectic or thetomorphic glass
(Fig. 2.28). Diaplectic glass is a dense glass that has the shape and composition of
the original mineral grain but, unlike most glasses formed by melting, does not
contain vesicles or flow structures (Stoffler and Langenhorst 1994; French 1998).
Diaplectic glass with plagioclase composition was first recognized in meteorites by
Tschermak (1872) and was given the name maskelynite. Most authors state that
diaplectic glasses are formed by solid-state deformation; however, Langenhorst
(1994) proposed that diaplectic glasses were formed by quenching of high-pressure
melts. Regardless of the exact mechanism of formation, diaplectic glasses are good
indicators of shock metamorphism. Diaplectic quartz glass forms at shock levels
between 34 and 50 GPa in non-porous crystalline rocks, whereas maskelynite
forms at shock pressures between 28 and 45 GPa (Stoffler et al. 2006).

Diaplectic glasses formed from minerals other than quartz or feldspar are rare
but have been observed, e.g., cordierite (Stidhle 1973). Diaplectic glasses can be
distinguished from unshocked minerals and normal glasses formed by melting
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Table 2.5 Shock stage and estimated pressure and post-shock temperature in quartzo-feldspathic
rocks based on observed shock metamorphic effects (modified after Stoffler and Grieve 2007)

Shock metamorphic effects Shock Peak Post-shock
stage  pressure temperature
[GPa] [ °C]
Fractured minerals 0
~5-10 ~ 100
Quartz with planar fractures (PFs) and planar Ia
deformation features (PDFs); feldspar with PDFs
~20 ~170
Quartz and feldspar with PDFs and reduced refractive Ib
index; stishovite and minor coesite
~35 ~300
Zircon with PDFs (at least at TEM scale); diaplectic I
quartz and feldspar glass; coesite and traces of
stishovite; reidite; cordierite glass
~45 ~900
Zircon with PDFs (at least at TEM scale); normal 11
feldspar glass (vesiculated) and diaplectic quartz
glass; coesite; reidite; cordierite glass
~60 ~ 1,500

Reidite; rock glasses or crystallized melt rocks v
(quenched from whole rock melts)
~80-100  >2,500
Rock glasses (whole rock melts condensed from silicate V
vapor); zircon decomposed to baddeleyite and SiO,

based on refractive index measurements, X-ray diffraction, or Raman spectroscopy
(see French and Koeberl 2010, and references therein).

With increasing shock pressure the birefringence and mean refractive index of
mineral grains decrease (Stoffler and Langenhorst 1994). For quartz, the mean
refractive index decreases from about 1.55 for unshocked quartz to about 1.46 for
diaplectic quartz glass (Fig. 2.29). The refractive index of diaplectic glass is close
to, but slightly higher than, that of silica glass or lechatelierite (~ 1.46). Physical
properties of shocked quartz are affected by the number of PDFs present; the more
of these amorphous lamellae that are present, the lower the refractive index and
density of the quartz grain (Langenhorst and Deutsch 1998).

2.3.4.4 Post-Shock Thermal Effects

In addition to shock effects produced during compression and decompression,
post-shock thermal effects can result from the residual high temperatures after an
impact. In a broad sense, these effects can also be regarded as shock metamorphic
indicators. Examples of post-shock effects include ballen texture in quartz and
checkerboard texture in feldspar. Ballen and checkerboard textures are due to
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Table 2.6 Shock stage and estimated pressure and post-shock temperature in shocked sandstone
based on shock metamorphic effects (modified after Stoffler and Grieve 2007)

Shock metamorphic effects Shock  Equilibrium Post-shock
stage  shock temperature
pressure [°C]
[GPa]*
Undeformed sandstone 0
0.2-0.9 ~25
Compacted sandstone with remnant porosity la
~3.0 ~250
(2.24.5)
Compacted sandstone compressed to zero porosity 1b
~55 ~350
(3.6-13)
Dense (non-porous) sandstone with 2-5 vol % coesite, 2
3-10 vol % glass, and 80-95 vol % quartz
~13 ~950
Dense (non-porous) sandstone with 18-32 vol % coesite, 3
trace of stishovite, 0-20 vol % glass, and 45-80 vol %
quartz
~30 >1,000

Dense (non-porous) sandstone with 10-30 vol % coesite, 4
20-75 vol % glass, and 15-45 vol % quartz

Vesicular rock with 0-5 vol % coesite, 80-100 vol % glass 5
(lechatelierite), and 0—-15 vol % quartz

# Ranges of pressure estimates given in parentheses

annealing effects. Ballen texture resembles a cauliflower-like fracture pattern
(Fig. 2.30a). Ballen are somewhat spherical or elongate (ovoid) bodies that range
in size from ~ 10-200 or more micromillimeters and which abut or penetrate each
other (Ferriere et al. 2009b). They consist of o-cristobalite or a-quartz. Ferriere
et al. (2009b) identified five different types of ballen based on mineralogy, texture,
and optical properties. The different types of ballen are interpreted as having
formed as the result of back-transformation of f-cristobalite and/or f-quartz to
o-cristobalite and/or a-quartz over time (Ferriere et al. 2009b). Although some
authors have suggested that ballen quartz can be used as an impact indicator,
French and Koeberl (2010) stated that it is probably premature to call the presence
of ballen quartz by itself a diagnostic indicator of shock metamorphism.

The checkerboard texture (also called sieved texture) in microcline and
plagioclase feldspar is due to ~5-10 pm subgrains (with similar orientations) that
are surrounded by an interstitial mesostasis with a different composition than the
subgrains (Fig. 2.30b; Bischoff and Stoffler 1984; Langenhorst and Deutsch 1998).
The uniform orientation of the subgrains is interpreted as a memory effect of the
orientation of the precursor feldspar grain (Langenhorst and Deutsch 1998).
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Grainy, translucent, brownish quartz grains, called “toasted” quartz, have been
found in shock metamorphosed rocks from several impact structures and in distal
impact ejecta layers (Short and Gold 1996; Whitehead et al. 2002; Glass et al.
2004a). The translucent appearance and brownish color of the toasted quartz
grains are probably caused by enhanced scattering of transmitted light due to the
presence of numerous small (typically <I- ~ 5 um) vesicles in the quartz grains
(Whitehead et al. 2002; Ferriere et al. 2009¢). Whitehead et al. (2002) concluded
that the vesicles or fluid inclusions are located predominantly along PDFs. It has
been proposed that toasted quartz is a post-shock feature, which is probably the
result of hydrothermal or other post-shock modification (Short and Gold 1996) or
that it forms in response to exsolution of water from glass, primarily in PDFs,
during heat-driven recrystallization (Whitehead et al. 2002). More recently,
Ferriere et al. (2009c) concluded that “...toasted quartz is formed by vesiculation
after pressure release, at high post-shock temperatures, and, thus, represents the
beginning of quartz breakdown due to heating.”

2.3.5 Megascopic Shock-Deformation
Features: Shatter Cones

Shatter cones are the only megascopic shock-deformation feature that is unique to
impact or shock metamorphism (Dietz 1968; Sharpton et al. 1996; French 1998;
Wieland et al. 2006). Shatter cones are distinctive curved, striated fractures in
shocked rocks that typically form partial to rarely complete cones (Fig. 2.31).
The striations branch and radiate down from the apices of the cones. When
multiple cone features are partially superposed onto each other, this produces a
unique pattern referred to as “horsetailing”. Shatter cones occur in rocks beneath
the crater floor, usually in the central uplifts of complex impact craters, or in the
crater rims; but they can also be observed in rock fragments in impact breccias.
They can form in all kinds of rocks, but the most well-formed and detailed shatter
cones form in fine-grained rocks, especially carbonates (French 1998). Shatter
cones can range from <1 cm to several meters in height. Shatter cones usually
form at low shock pressures, generally between 2 and 10 GPa, but they may form
at pressures as high as 40 GPa (Milton 1977; Roddy and Davis 1977; French
1998). At higher shock pressures (>10 GPa) shatter cones may contain petro-
graphic shock effects, such as quartz with PDFs or diaplectic glass (Dressler 1990).
They are conical fragments of rock probably produced by tensile fractures which
may have formed during shock unloading after passage of the shock wave through
the rock (Wieland et al. 2006). Shatter cones are not usually found in distal ejecta.
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Ejecta curtain

Slower
ejecta

' Maximum pressure contours

Fig. 2.32 Geometry of the excavation flow. The arrows indicate the direction of movement or
flow of target rock set in motion by passage of the shock wave and following rarefaction wave.
Also shown are peak pressure contours which decrease with distance from the point of impact.
The material along each flow line moves along the same path and is ejected at the same angle and
velocity. The ejecta that follow flow lines that leave the ground closest to the point of impact are
ejected at higher velocities than those that are ejected farther from the point of impact. Note that
material ejected along a given flow line cuts across the pressure contours and thus material
ejected from a given flow line will contain a mixture of shock levels. However, as indicated in the
diagram, high-velocity ejecta will contain a higher portion of melt and heavily shocked material
than will the slower ejecta, which consist primarily of unshocked and weakly shocked rock.
Modified after Melosh (1989), Fig. 5.9

2.3.6 Stages of Shock Metamorphism

Shock-recovery laboratory experiments have been used to calibrate shock effects
under carefully controlled pressure and temperature conditions. However, the
effects of some parameters, such as length of the pressure pulse, presence of phases
with different shock impedance, and grain size, are not yet fully understood
(Stoffler and Langenhorst 1994). Numerous calibration experiments have been
performed on quartz and to a lesser extent feldspar and zircon. Among the rock-
forming minerals, quartz exhibits the widest variety of shock metamorphic
features (Langenhorst 2002). Estimations of the pressure and temperature condi-
tions required to produce various shock metamorphic effects in quartz and feldspar
have been used to develop criteria for recognizing different levels or stages of
shock metamorphism in quartzo-feldspathic crystalline rocks (Table 2.5). Differ-
ent calibration data are required for shock metamorphic stages in porous rocks,
like sandstones, and for mafic rocks and chondrite meteorites, which contain little
or no quartz (Stoffler 1984; Stoffler et al. 1991; Stoffler and Langenhorst 1994).
In porous rock (and sediments), the principal mechanism of energy deposition
by a shock wave is due to the reverberation of shock and rarefaction waves through
grains due to shock wave interaction with other grains (Kieffer et al. 1976).
Collapsing pore walls become local hot spots where the initial deposition of energy
from the shock wave is focused. Thus, high-pressure and high-temperature
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(a)

Rarefaction
wave

Rarefaction
Shock wave

(b) Vapor

plume

Fig. 2.33 Expansion of a vapor plume after a large impact. a Initial stage of vapor formation and
expansion. Flow pattern may be complex as a result of variation in timing of the release of
various parts of the projectile and target rock from high pressure. Pressure release and vapor
formation first occur at the rim of the growing crater so that initial vapor expansion starts there.
b This diagram illustrates the vapor plume at a later stage of crater formation, when the
expanding vapor plume is approximately spherical. At this time the plume front has moved ahead
of the ejecta curtain. The expansion velocity of the plume increases nearly linearly with distance
from the center of the crater to a maximum at the edge of the plume. Reprinted from Melosh
(1989), Fig. 5.6. By permission of Oxford University Press, Inc

transformations can take place locally in shocked rock where the average shock
pressure is not high enough to cause transformations (Table 2.6).

In mafic rocks, where quartz is rare to absent, shock metamorphic stages are
based on shock metamorphism of plagioclase, pyroxene, and olivine (Stoffler and
Grieve 2007) (Table 2.7). In meteorites, calibration of the shock pressures at
which high-pressure polymorphs (e.g., majorite, akimotoite, (Mg,Fe)SiO3-perov-
skite, wadsleyite, ringwoodite) are formed has been done based on shock-recovery
experiments (Stoffler et al. 1991) and on melt-vein crystallization (Agee et al.
1995; Asahara et al. 2004; Xie et al. 2006). The two methods do not agree. Xie
et al. (2006) suggested that the discrepancy is probably due to the limitations of the
shock-recovery experiments. They point out that the duration of shock experiments
are only a few microseconds compared to large impact events where the high
pressure can last up to a few seconds. Shock duration is critical for processes such
as phase transformations. In other words, the over-pressure required for phase
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transformations is dependent on the duration of the shock event. Thus, because of
the short duration of high pressure during laboratory experiments, the pressure
required for transformation must be higher than in a large impact event. On the
other hand, crystallization in melt veins takes place after the peak shock pressure
and thus the pressure at the time of crystallization is lower than the peak shock
pressure. Shock-recovery experiments conducted on olivine and enstatite have not
produced high-pressure polymorphs (Price et al. 1979; Chen et al. 1996;
Langenhorst and Deutsch 1998).

2.4 Ejection and Distribution of Ejecta

Ejecta are removed from the evolving crater and distributed across the Earth’s sur-
face by a variety of mechanisms including: jetting, ejection of target material set in
motion by the combined effects of the shock and rarefaction waves, base surge, and
transport of fine-grained rock material and vaporized projectile and target rock by an
expanding and collapsing vapor plume. The oblique convergence of the curved
surface of a projectile with the target surface produces high pressure regions from
which jets of highly shocked, melted, and vaporized projectile and target material are
squirted at speeds generally greater than the velocity of the projectile (Melosh 1989).
Jetting appears to be more important in oblique (relatively low angle) impacts. Jetted
material is strongly contaminated with projectile material (Koeberl 2002).

The ejecta can be separated into two parts. The first, early part of the ejecta
(formed during the first few seconds after the projectile makes contact with the
target rock) is characterized by strong shock modification and consists only of
vapor and melt (Shuvalov 2003). It is ejected at a wide range of ejection angles
and forms the vapor plume. The total mass of this ejecta is only several percent of
the total ejecta mass (Shuvalov 2003). However, this ejecta has high velocity and
is ejected over a large area. The second part of the ejecta forms during the later
stage of crater formation. The angle of ejection decreases from maximum angles of
60-80° at the beginning of ejection to a few degrees at the end of excavation
(Shuvalov 2003). This ejecta forms an ejecta curtain consisting primarily of shock-
modified and unshocked ejecta. Solid ejecta that is ejected at high velocity is
subjected to high stress gradients and is, therefore, severely comminuted. Ejecta at
any given distance from the source crater has experienced a wide range of peak
pressures; however, the average shock pressure that the ejecta was subjected to
generally increases with increasing distance from the crater (Schultz et al. 1981).

Most of the target material is ejected when it is set in motion up and outward
from the impacted region by the rarefaction wave. The paths of the target material
(set in motion by this process) cut across pressure contours (Fig. 2.32), so that
material ejected along a given path is characterized by a variety of effects related to
different shock levels. When material following a given path crosses the initial
target surface it is ejected ballistically to form the ejecta curtain discussed previ-
ously. Note that the faster ejecta come from near surface deposits and have the
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Fig. 2.34 A Martian crater with a butterfly ejecta pattern. The crater is elliptical (7.5 x 10 km).
A smaller elliptical crater (2 x 3 km) with a butterfly ejecta pattern lies approximately 2 km
uprange (to the left) from the larger crater. Note that the ejecta blanket is most prominent north
and south of the larger and smaller crater. North is up. Mosaic of a THEMIS daytime IR image
(Christensen PR, Gorelick NS, Mehall GL, Murray KC. THEMIS public data releases, planetary
data system node, Arizona State University <http://themis-data.asu.edu>)

highest concentration of heavily shocked material (Fig. 2.32). The slower ejecta
come from greater depths and are, on average, less shocked. Since the ejecta travels
along ballistic paths, the higher the velocity of ejection, the farther the ejecta lands
from the crater for a given angle of ejection. The distance (or range) is given by

R, = 2R, tan~ ' ((ve2 /Rpg)sin®@cos®) /(1 — (vez/Rpg)cos’ @) (2.1)
where Ry, is the ballistic range (or distance from the crater), R, is the target
planet’s radius, v, is ejection velocity of the ejecta, g is the acceleration due to
gravity, and @ is ejection angle (for most ejecta the ejection angle is about 45°).
The equation is for planetary bodies without atmospheres. The Earth’s atmosphere
significantly affects the ejection and distribution of ejecta. Since the average
degree of shock metamorphism increases with increasing velocity, the average
degree of shock metamorphism of the ejecta increases with increasing distance
from the crater (e.g., Vickery et al. 1992).

When impact velocities exceed ~ 10 km/s, most of the projectile and some of
the target rock is vaporized upon pressure release (Melosh 1989). Vaporized
projectile and target expand out of a growing crater at high speed forming a vapor
plume or fireball. Pressure release starts near the rim of the growing crater so that
vapor expansion begins there. The initial stage of expansion may be complex due
to the timing of release of various parts of the projectile and target from high
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pressure, but later the expanding vapor plume is nearly hemispherical (Fig. 2.33).
The temperature in the core of the plume is initially in excess of 10,000 °C, but
cools to less than about 1,000 °C within approximately one minute. At the edge of
the plume the initial temperatures are much lower, but still in excess of ~700 °C
(Pierazzo et al. 1998). The expansion is so rapid that the front of the plume tends to
outrun the ejecta curtain (Melosh 1989). The density and velocity of the gas in the
plume is so great that solid particles and melt can be accelerated up and outward
from the crater. In addition, as the vapor cloud expands it will eventually begin to
condense to form liquid droplets or solid dust particles.

Large impacts, involving projectiles ~ 10 km or larger in diameter, can
produce an ejecta couplet (Vickery et al. 1992). The lower layer, produced by the
main excavation flow, is composed primarily of splash-form spherules and it
extends out at least 20 crater diameters. The upper layer is global in extent and it
consists of the most highly shocked portion of the ejecta; i.e., material that was
entrained in, or condensed from, the vapor plume (Vickery et al. 1992). It contains
most of the vaporized impactor, spherules containing Ni-rich spinels, and shock
metamorphosed rock and mineral grains. Vickery and Melosh (1990) proposed
that if an impact is sufficiently energetic, all of the impactor can be ejected into
space and lost from the Earth and, therefore, would not leave behind any sider-
ophile enrichment (including Ir) in the ejecta layer.

Initial nucleation of the condensates does not occur until the vapor reaches an
altitude equal to 7-20 impactor radii (O’Keefe and Ahrens 1983). For a given size
body, the nucleation height increases with increasing velocity of the impactor. As
an example, the nucleation height for a body with a radius of 5 km and impact
velocity of 30 km/s is >35 km. Since the scale height of the Earth’s atmosphere is
only 7 km, this means that condensation would occur outside the Earth’s atmo-
sphere and the condensate droplets could be propelled on ballistic trajectories that
would result in global distribution (O’Keefe and Ahrens 1983). However, much of
the vapor may never condense, ending up as free atoms or molecules in space
(Melosh 1989). The mean condensate diameter is proportional to the impactor size
for a given velocity (O’Keefe and Ahrens 1983). It has been calculated that the
maximum size of droplets that can condense out of a vapor plume, produced when
a 10-km diameter projectile impacts with a velocity of 25 km/s, is ~400 pm in
diameter (Melosh 1989). Some impact spherules (e.g., spinel-bearing Cretaceous-
Tertiary (K-T) boundary spherules) may have formed by vapor condensation (Kyte
and Smit 1986; Ebel and Grossman 2005).

In impacts large enough to form craters greater than ~3 km in diameter, the
expanding gases can “blow out” the top of the atmosphere (Melosh 1989), which,
for major impacts, can lead to global distribution of impact ejecta. The high-
energy plume ejecta rises through the atmosphere in a column with a width that is
less than or approximately equal to the width of the transient crater (Pierazzo et al.
1998). Particle velocities within the plume rapidly increase as the plume rises
through the atmosphere and isotropically expands at the top of the atmosphere
(Kring and Durda 2002).
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In large impacts, the plume can entrain and transport unshocked to highly
shocked solid grains and melt, which can be ejected out of the atmosphere into
ballistic trajectories around the globe. Shocked mineral grains (e.g., shocked
quartz with PDFs) and spherules can apparently be spread around the globe in this
manner, since shocked quartz with multiple sets of PDFs are found around most of
the globe in the K-T boundary layer. One would expect the high temperature in the
plume to melt or vaporize shocked mineral grains, but thermal heterogeneities in
the plume and/or brief interaction times probably prevent all of them from being
destroyed (Kring and Durda 2002). The Ir anomaly found globally in K-T ejecta
was also distributed via the vapor plume.

Base surge is a gravity-driven density current that flows down and outward
from the rising mushroom cloud of a nuclear or volcanic explosion (Valetine 1998;
Vazquez and Ort 2006; and references therein). It is a mixture of air and dust,
originally in the fireball, that flows over the surrounding terrain. In the late 1960s
and early 1970s, base surge was believed to be an important mechanism for
depositing impact ejecta, especially around lunar craters (Melosh 1989). The
deposition of suevite around the Ries crater in Germany may have been by a base-
surge type of mechanism in which air suspension of the droplets of hot melt and
clasts played a major role (Melosh 1989). Suevite-like ejecta deposits at other
impact structures (e.g., Popigai, Chesapeake Bay) have also been suggested to
have been deposited by base surges (Masaitis 2003; Gohn et al. 2008). On the
other hand, Artemieva et al. (2009) proposed that the suevite outside the Ries
crater may have been produced by phreatomagmatic explosions when the melt
sheet inside the crater was flooded with water. Thus, the role of base surge in the
deposition of impact breccia, especially suevitic breccias, remains controversial.

As previously mentioned, most of the ejecta are distributed more or less
symmetrically around the source crater for near vertical impacts: however, most
impacts are closer to 45°. Oblique impacts produce ejecta blankets with a bilateral
symmetry (Gault and Wedekind 1978; Melosh 1989). As the impact angle
decreases from close to 90°, the ejecta first begin to exhibit a preferential
concentration downrange of the crater (Melosh 1989). At impact angles less than
45°, a wedge-shaped forbidden zone forms uprange from the crater. This wedge
increases with decreasing impact angle. Below about 20° a second forbidden zone
forms downrange of the crater. This bilateral pattern with concentration of ejecta
in a sideways direction, with respect to the direction of the projectile, is called a
butterfly pattern (Fig. 2.34). These patterns have been produced experimentally
and are observed on the Moon, Mars, Venus and other planetary bodies and may
be associated with some terrestrial craters as well (Gault and Wedekind 1978;
Pierazzo and Melosh 2000; Herrick and Forsberg-Taylor 2003).

Distal ejecta, even from moderately sized craters (a few tens of kilometers in
diameter) can be deposited thousands of kilometers from the source crater. In the
case of large impact events, where debris is thrown over much or all of the Earth’s
surface, ejecta that is deposited more than about 400 km from the source crater
was carried above the Earth’s atmosphere before falling back to the Earth (Kring
and Durda 2002). Size sorting will result in larger particles settling out first,
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followed by finer dust-sized particles. If the ejecta are deposited in water, as most
preserved ejecta layers were, there will be additional size and density sorting as the
particles settle through the water column. Thus, distal ejecta deposits should be
normally graded; however, bioturbation in Phanerozoic-aged deposits can rework
the layer and destroy the size grading, especially if the initial thickness of the layer
was less than a few centimeters. On the other hand, it has been suggested that
under some conditions impact ejecta falling through the atmosphere and/or water
may clump together and form density currents that flow to the ground or ocean
floor more rapidly than the single particles themselves (Melosh 2004). Further-
more, the ejecta deposits may exhibit flow structures more indicative of the
velocity of the density currents than of the environment in which they were
deposited. This mechanism may be of importance with respect to the deposition of
the thick Archean spherule layers found in Australia and South Africa (Melosh
2004) (for information about these spherule layers see Chaps. 8 and 9). Interest-
ingly, at least one Paleoarchean spherule layer (S3; 30-cm thick) interpreted as an
un-reworked direct fall-out deposit has normal grading and compositional grading
that would not have occurred if clumping had taken place.

Spherule formation is an important part of the cratering process. Rock material
initially shocked to high pressure approaches the liquid—vapor phase boundary
from the liquid side as it undergoes decompression. The liquid then breaks up into
an expanding spray of liquid droplets (Melosh and Vickery 1991). The liquid
undergoes an initial fragmentation into clumps whose diameters are determined by
a balance between the local kinetic energy and the surface tension of the liquid
(Melosh and Vickery 1991). The diameter of the clumps (d,) is given by the
following equation: d, =~ (40(7//00)”3(Lvi)2/3 , where ¢ is the surface tension
(typically ~0.3 Nm™'), p, is the liquid density (~2,500 kg/m®), L is the
projectile diameter, and v; is the impact velocity (Melosh and Vickery 1991).
Following the initial breakup of the melt is a second generation of droplet
formation which takes place in the more energetic part of the plume as vapori-
zation begins. At this time the ejecta plume is still accelerating and the gas is
moving faster than the melt clumps which results in breaking up the initial clumps
into smaller melt droplets the size of which is determined from a balance between
surface tension and aerodynamic forces. The equilibrium radius of the droplets is
given by: 1, & (0.11L"%*)/v; (Melosh and Vickery 1991). Hassler et al. (2000)
stated that there is an error in this equation and give the equation as r., ~ (0.08L"
2)/v; based on a 1998 personal communication from Symes. According to Melosh
and Vickery (1991), the radius derived from this equation should be valid for the
high-energy portion of the ejecta as long as the impact velocity is close to 20 km/s.
However, higher temperature of the melt, interaction with the ambient atmosphere,
and atmospheric ablation after the droplets decouple from the plume can cause
further reduction in size of the droplets (Melosh and Vickery 1991).

O’Keefe and Ahrens (1982) derived the following relationship for the mean
radius of condensate droplets as a function of projectile diameter and impact
velocity: R, = 1.15 x IO_SdPVZ/ 3 (s/U)_35/6, where R, is the mean condensate
droplet radius, d,, is the diameter of the projectile, V is the impact velocity, ¢ is the
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average initial internal energy of the vapor, and U is the total energy of vapori-
zation. Droplet radius and projectile diameter are in centimeters and impact
velocity is in centimeters per second. Deviation from the mean droplet size
increases with increasing impact velocity.

More recently, Johnson and Melosh (2012a) studied spherule formation in
impact produced vapor plumes and found a simple linear relationship between
average spherule size and size of the impactor. However, they found a complex
dependence of spherule size on impact velocity, such that for a given size impactor,
the average spherule size increases with increasing impact velocity up to ~27 km/s
and decreases with increasing impact velocity at higher velocities. Johnson and
Melosh (2012a) produced a figure (Fig. 13) that shows average diameter of
spherules produced during impacts at impact velocities between 15 and 50 km/s for
projectiles with diameters of 1, 10, 100, 1,000, and 10,000 km; but the calculations
are based on a vapor plume (and, therefore, spherules) composed of silica (SiO5).
They found that a 10 km diameter asteroid impacting with a velocity of 21 km/s
would produce spherules ~250 pm in diameter, which is comparable to the size of
the spherules found globally in the K-T boundary layer. However, it would only
require a 20 km/s impact velocity for a 10 km diameter projectile to produce
basaltic spherules of the same size (Johnson and Melosh 2012a). In another
publication, Johnson and Melosh (2012b) used the thickness of a global spherule
layer to estimate the size of the impacting projectile and then used the average
spherule size and projectile size to estimate the impact velocity (see Sect. 11.3.1).

2.5 Numerical Modeling of the Cratering Process

Over the last few decades, rapid progress in computer capabilities has made it
possible to model impact cratering with increasing realism and complexity
(Pierazzo and Collins 2003). Modeling complicated processes like impact
cratering requires powerful computer codes that can model the propagation of
shock waves as well as the behavior of a broad range in rock types over a wide
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range of stress states. Computer programs used to model the cratering process are
usually called “hydrodynamic computer codes” or simply hydrocodes (Anderson
1987). These computer programs are used to model the propagation of shock
waves and compute velocities, strain, and stress as a function of time. They are
called hydrocodes because initially they did not include strength effects; i.e., the
materials were treated as fluids (Stoffler et al. 2006). For modeling impact
cratering, hydrocodes have been modified to treat material strength and a wide
range in rheological properties for material (rock) behavior. The hydrocode is used
to monitor the effects of external and internal forces on a predefined mesh of cells
that represents the geometry of the object under investigation (Pierazzo and
Collins 2003). During each timestep, the program iterates through the mesh, cell
by cell, and updates the grid positions to account for the effects of internal and
external forces.

The foundations of hydrocode modeling, used to determine the forces acting on
the mesh during each timestep, are: Newton’s law of motion, the equation of
state, and the constitutive model. The equation of state accounts for changes in
density and irreversible thermodynamic processes like shock heating. The
constitutive model describes the response of a material to deformation. In some
recent hydrocodes, all information about ejecta particles (velocity and angle of
ejection, pre-impact location, maximum temperature, and overpressure during
impact) is conserved by markers (Shuvalov 2003). The distribution of size and
different types of particles (i.e., melted, shock-modified, ejecta from specific
depths, etc.) can be displayed for different timesteps. There is presently a major
effort to bridge the gap between numerical models and field observations (see, e.g.,
Meteoritics and Planetary Science Vol. 39, No. 2, 2004).

2.6 Variations in Ejecta with Distance from the Source Crater

The thickness of the ejecta blanket decreases away from the source crater.
McGetchin et al. (1973) compiled data, mainly from explosion experiments, which
they used to derive an equation that relates the thickness of an ejecta blanket to
size of the crater and distance from the crater for lunar impact basins. The
thickness of the ejecta blanket (¢) is a power function of the distance (r) from a
crater with a transient crater radius (R) such that:

t = 0.14R*7(r/R) > (2.2)

with all dimensions in meters. A similar equation is given by Stoffler et al. (1975)
based on experimental hypervelocity impacts into quartz sand. They derived the
following equation:

t = 0.06R(r/R)*%° (2.3)
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Both of these equations are intended for ejecta in the ejecta blanket (i.e.,
proximal ejecta). However, there are some data to suggest that such equations might
also be useful for estimating the thickness of distal ejecta layers (Vickery et al.
1992; Glass and Pizzuto 1994). Thus, thickness of the ejecta layer should decrease
exponentially with distance from the source crater; however, for large impacts
involving global or near global distribution of ejecta, the thickness of the ejecta
layer may be affected by the Earth’s rotation and by processes occurring in the area
of deposition (e.g., reworking by impact-generated tsunamis; see Sect. 2.7.3).

Based on cratering models, surface and near-surface deposits are thrown
the farthest from the source crater and, on average, are the most shocked. Thus, the
average degree of shock metamorphism should increase with increasing distance
from the source crater. For distal ejecta, the degree of shock metamorphism can
be indicated by the ratio of melted to unmelted ejecta which should increase with
increasing degree of shock metamorphism and, therefore, with distance from the
source crater. Vickery et al. (1992) have modeled the impact of the 180-km-diameter
Chicxulub structure and calculated the percent melt in ejecta with distance from the
crater. They found, for example, that the percent melt in the ejecta should be about
50 % at adistance of 1,200 km or ~ 7 crater diameters (i.e., 1,200 km/180 km =~ 7)
from the crater (Fig. 2.35). In distal ejecta, the melted ejecta occur as impact
spherules (e.g., microtektites and microkrystites). Thus, the percent impact spherules
in a distal ejecta layer should increase with increasing distance from the source crater.
Comparison of models predicting how distal impact ejecta should vary with distance
from the source crater with observation of how distal ejecta vary with distance from
the source crater is discussed in Chap. 10, after the descriptions of the known distal
impact ejecta layers in Chaps. 4-9.

2.7 Complications

The model for transport and deposition of impact ejecta discussed above is simplistic
and can be complicated in a number of different ways. Computer modeling suggests
that there is a concentration of distal impact ejecta at the antipodal region, and, due to
the Earth’s rapid rotation, distal ejecta from large impacts can be concentrated in
some areas and depleted in other areas relative to what would be predicted based on
radial decay laws. During and/or after deposition the ejecta can be reworked by
impact generated tsunamis, if the impact were adjacent to or in the ocean.

2.7.1 Effects of Earth’s Rotation and Atmosphere on Transport
and Distribution of Distal Ejecta from Large Impacts

The Earth’s rotation can affect the transport and distribution of impact ejecta
(Alvarez et al. 1995; Kring and Durda 2002), but the effect is generally small
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except for large impacts (impacts producing craters larger than ~90 km in
diameter) where the ejecta is transported over most or all of the globe. One effect
of the Earth’s rotation is that the eastward rotational velocity of the Earth
(0.463 km/s) is added to the ejection velocity of eastbound ejecta and subtracted
from the velocity of westbound ejecta; thus, eastbound ejecta goes up higher and
stays up longer than does westbound ejecta (Alvarez et al. 1995). However,
because the Earth is rotating eastward, particles ejected at high velocity and at high
angles (e.g., greater than 60°) to the east land closer to the source crater than do
particles ejected at the same velocity and angle to the west (Alvarez et al. 1995).
Computer models have suggested that in major impacts, distal ejecta are con-
centrated at the antipodal region (Argyle 1989; Melosh et al. 1990; Kring and
Durda 2002). Because of the Earth’s rotation, the region of high concentration is
smeared out to the west of the antipode (Kring and Durda 2002).

Modeling ejecta distribution from large impacts indicates that the Coriolis
effect due to the Earth’s rotation can also significantly affect ejecta distribution
(Wrobel and Schultz 2003). For example, at high latitudes, all the particles ejected
at high velocities and high angles (i.e., plume-entrained ejecta) from an impact
“turn” toward the equator where they travel westward parallel to the equator, but
without crossing the equator (Wrobel and Schultz 2003). Thus, deposition of
plume-driven ejecta is severely limited east of the crater and enhanced west of the
crater. On the other hand, low angle (45°) impact ejecta, with high enough
velocity, will travel to the opposite hemisphere where it travels around the globe
parallel to the equator. For high latitude impacts, this wrapping around the globe
occurs around the pole in the opposite hemisphere from the impact. For low
latitude impacts the wrapping of the ejecta around the globe can result in signif-
icant depositional increase (up to tenfold) in the amount of ejecta per unit area
relative to expectation from simple exponential decay of ejecta amount/thickness
with distance from the source crater (Wrobel and Schultz 2003) (additional dis-
cussion of this subject can be found in Sect. 4.6.11).

The thickness of an ejecta layer should decrease exponentially with distance
from the source crater. In the case of Chicxulub, the source crater for the Creta-
ceous-Tertiary boundary ejecta layer, the ejecta layer should decrease in thickness
by a factor of ~7 over a distance of 7,000—11,000 km; however, observations
indicate that over those distances the ejecta layer is fairly uniform in thickness,
~2-3 mm (e.g., Smit 1999). Goldin and Melosh (2008) have proposed that
density currents formed by loading of the atmosphere with infalling ejecta (mostly
spherules) may result in lateral transport producing a more even distribution of the
ejecta. Artemieva and Morgan (2009) reaffirmed that models that involve only
ballistic transport of ejecta cannot explain the near uniform thickness of the distal
Chicxulub ejecta layer. They proposed that the ejecta were emplaced non-ballis-
tically by a mechanism termed “floating of impact debris in the atmosphere”, a
mechanism proposed by Colgate and Petschek (1985). According to these authors,
re-entering ejecta heats the atmosphere, which expands upward and outward
redistributing the ejecta.
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2.7.2 Lobate and Ray-Like Ejecta Patterns

As previously mentioned, low angle or oblique impacts can throw ejecta prefer-
entially downrange or to the sides (i.e., at right angles to the trajectory of the
impacting body). This may have happened in the Australasian microtektite strewn
field (see Sect. 4.2.4), which has a tri-lobed appearance. Because the ejecta are not
distributed symmetrically in oblique impacts, variations in the thickness of the
ejecta or number of spherules/unit area from a few sites (or even a few tens of
sites) may not give a clear indication of the location of the source crater.

Long bright ejecta rays extending from younger impact craters on the Moon,
Mercury, and other planetary bodies also indicate that ejecta is not always
distributed uniformly about craters even when the impacts are not at low angles.
The late Eocene clinopyroxene-bearing (cpx) spherule layer may have a ray-like
pattern emanating from the Popigai impact structure (see Sect. 4.6.11), which is
believed to be the source crater of the cpx spherules. Again, such a distribution
pattern would make it difficult to determine the location of the source crater based
on geographic variations in thickness of ejecta or abundance of spherules (number/
unit area) at a few locations. Theoretically, if there are data on ejecta thickness or
spherule abundance at enough sites to define the orientation of the lobes/rays, then
the lobe or ray pattern should point back to the crater. However, in the case of the
0.8 Ma old Australasian microtektite strewn field, it required searching over a
hundred deep-sea cores spread over more than 10 % of the Earth’s surface
(>50,000,000 kmz) in order to determine the lobate shape of that strewn field. This
would be most difficult, if not impossible to do for older impact ejecta/spherule
layers (i.e., older than ~ 100 Ma). However, computer models suggest that ray
formation on Earth may not occur for larger impacts (i.e., impacts the size of
Chicxulub or larger).

Computer models suggest that as impact spherules re-enter the atmosphere they
decelerate due to atmospheric drag and begin to bunch up at an altitude of
~70 km (Goldin et al. 2010). The decelerating spherules compress the upper
atmosphere creating a pressure gradient which leads to a lateral spreading of the
spherules. Horizontal spreading velocities increase with higher spherule fluxes and
smaller spherule sizes. Since spherule fluxes increase with the size of the impact,
wider rays should form around larger craters; and for craters the size of Chicxulub
or larger the rays will be so spread out that only a uniform layer of spherules
should be deposited (Golden et al. 2010).

2.7.3 Reworking of Distal Impact Ejecta by Impact-Produced
Tsunamis

Since ~70 % of the Earth’s surface is covered by oceans, most extraterrestrial
bodies that impact the Earth land in the ocean, but only large bodies could produce
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a crater on the ocean floor in deep (>2 km) water. No impact craters have been
identified on the deep ocean floor; however, they would be difficult to find and
most of the older craters would have been destroyed by plate tectonic processes.
As many as 20 impact craters have been discovered that were formed in shallow
marine water on continental margins (Goto 2008). Impacts into marine environ-
ments can generate tsunamis which can interfere with deposition of the ejecta and/
or rework the ejecta after initial deposition.

Tsunamis can be generated by impacts in several different ways, but probably
the most important are crater-generated and submarine slide-generated tsunamis
(Goto 2008). Crater-generated tsunamis are formed when water rushes into the
crater after its formation. Piling up of the water in the center of the crater produces
a water column which eventually collapses and propagates as a wave outward from
the crater. Submarine slide-generated tsunamis can form when the shock wave or
seismic wave generated by the impact triggers large-scale submarine slides. The
magnitude of the impact-generated tsunamis is primarily dependent on the size of
the submarine slide. Submarine slides can also generate gravity flows (e.g., tur-
bidity currents). The velocity of a tsunami increases with increasing water depth,
but even in the deep ocean basin (4 km depth) a tsunami only travels at a velocity
of ~0.2 km/s and thus is much slower than the velocity of distal ejecta. Therefore,
a tsunami will generally arrive after deposition of the coarser ejecta. However, the
finer ejecta which settles slowly through the atmosphere and water column usually
arrive after passage of the tsunami. As the tsunami wave passes over the shallow
sea floor it erodes and carries sediment up onto the adjacent land surface (run-up).
As the velocity slows down, deposition will start to take place, with coarser debris
deposited first. Later the water flows back out into the ocean basin (backwash)
carrying with it continental debris as well as some of the marine debris carried
inland by the run-up. There may be one or two other smaller run-ups followed by
backwash.

Impact-generated tsunamis can rework ejecta from the same impact causing
dilution of the ejecta and repetition of impact ejecta-enriched layers, which could
be interpreted as multiple impact events. The topmost unit may consist of fine-
grained ejecta from the vapor plume which is enriched in projectile material.
Around the Gulf of Mexico, in neritic to upper-bathyal depths, impact ejecta from
the Chicxulub crater appear to have been reworked by tsunamis generated by the
impact (see Sect. 5.2.2.1 for description of these reworked ejecta deposits). Of
course, the exact nature of a tsunami-reworked ejecta deposit will depend on the
size of the tsunami, distance from the impact site, water depth at the deposition
site, and nature of the adjacent continental shelf and inland area.

Seismic waves generated by a large impact on a continental margin can trigger
gravity flow movements (e.g., submarine slides, slumping, turbidity currents) on
the adjacent ocean floor. Seismic waves travel at velocities close to that of the
ejecta, but there is a lag time between the arrival of the impact ejecta and the
seismic wave due to the time it takes for the ejecta to settle through the atmosphere
and water column. Thus, in deeper water environments (continental slope, conti-
nental rise, and adjacent ocean floor) near the impact site, ejecta will be deposited
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after mass movements generated by arrival of the seismic waves. On the upper
continental slope, the ejecta may be deposited on an older surface exposed by
slumping or other mass movement triggered by the seismic waves. Since the
seismic waves travel at high velocity compared with the velocity of tsunamis, there
is a lag time between the arrival of a seismic wave and an impact generated
tsunami. Therefore, under some conditions, it is possible to find a section where
the lower part consists of gravity-flow deposits, the middle part consists of impact-
generated tsunami deposits with reworked coarse ejecta, and the upper part
consists of fine-grained ejecta (Smit 1999; Goto 2008).



Chapter 3

Distal Impact Ejecta Layers: Recognition,
Confirmation, Dating, and Determining
Source Craters

3.1 Recognition of Possible Distal Ejecta Layers

Discovery of a possible distal impact ejecta layer may begin in the field with
recognition of a relatively thin (<1 m) lithologic layer that seems out of place or
with the discovery of spherules in a well-defined layer, or in the laboratory with
the discovery of a geochemical anomaly (e.g., high Ir) that suggests the presence
of a meteoritic component.

3.1.1 Stratigraphy/Lithology

A thin layer with different lithology from the rocks above and below may be the first
indication of the presence of an impact ejecta layer. Of course, other geological
process can also produce widespread thin layers with a different lithology from the
rock layers above and below it, e.g., volcanic ash layers or turbidites. However, as
discussed below, distal impact ejecta layers can be distinguished from other such
layers by the presence of grains showing evidence of shock metamorphism, and/or
the presence of impact-generated spherules (e.g., microtektites), and/or geochem-
ical anomalies indicating the presence of a meteoritic component. The ejecta layer
may be coarser- or finer-grained than the host rocks and/or have a different
composition from the host rock (e.g., a layer of clay within an otherwise carbonate
section). Distal ejecta layers close to the source crater can contain abundant angular
rock fragments in addition to glassy particles, including impact spherules. For
example, the Acraman impact ejecta layer in South Australia was first recognized
because it consists of a breccia layer in an otherwise fine-grained section of rock
(Gostin et al. 1986; Williams and Gostin 2005; Fig. 3.1). The Acraman impact
ejecta layer is found relatively close (between ~ 3 and ~ 6 crater diameters) to the
Acraman impact structure in South Australia. At greater distances (in terms of
crater diameters) from a source crater, ejecta consist mostly of glassy spherules.
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Fig. 3.1 The Acraman impact ejecta layer in the Bunyeroo Formation, Adelaide Fold Belt,
South Australia (see Sect. 7.2). The ejecta layer consists of angular coarse sand- to gravel-sized
fragments of pink to red porphyritic volcanic rock between layers of green shale and is ~3—4 cm
thick, as indicated by the coin which has a diameter of ~2.1 cm. The ejecta layer occurs about
80 m above the base of the Bunyeroo Formation which is a marine shale unit ~400 m thick. The
ejecta layer stands out in sharp contrast to the rest of the Bunyeroo Formation due to its
coarseness and reddish color

Other rounded particles, called accretionary lapilli, can also be found in some ejecta
layers, but they are usually found in the proximal or more proximal part of the distal
ejecta layer. Unlike impact-generated spherules, accretionary lapilli are not formed
from melt droplets, but rather, as their name implies, by accretion of solid particles
(e.g., glass fragments, mineral grains, rock fragments—see Sect. 3.2.1.1). In the
more distal part of an impact ejecta layer, shock metamorphosed mineral grains can
be sparse to non-existent, depending on the size of the impact and distance from the
source crater. For example, over all of the Ivory Coast and most of the Australasian
microtektite strewn fields only microtektites, but no shocked mineral grains, have
been found so far. However, in the more distal parts of these strewn fields (>100
crater diameters from the source crater), the microtektites, which are the only ejecta
component present (at least in the >63 pm size fraction), have been dispersed by
bioturbation and the layer is not obvious by naked eye inspection.

Impact spherules can be up to several millimeters in size and spherule layers can
often be easily recognized in the field (Fig. 3.2). Depending on the mineralogy of the
spherules in comparison to that of the matrix, impact spherules may stand out in relief
on weathered rock surfaces, and it may be possible to distinguish them from other
types of spherules using a hand lens (Simonson 2003a; see Sect. 3.2.1). Cenozoic-
aged, silica-rich, distal impact spherules (i.e., microtektites) are still mostly
composed of glass. However, glass is unstable and older glass spherules have
generally been altered to a wide variety of phases including: clay (e.g., K-T boundary
spherules in the Western Interior, USA), pyrite (e.g., K-T boundary spherules and
upper Eocene clinopyroxene-bearing spherules), glauconite (e.g., late Triassic
spherules in England, and K-T boundary spherules), goyazite (e.g., K-T boundary
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Fig. 3.2 Neoarchean impact
spherules on the weathered
surface of a specimen from
the Bee Gorge spherule layer
in the Hamersley Basin of
Western Australia. The
spherules stand out in relief
due to differential weathering,
which makes them clearly
visible to the naked eye

spherules in the Western Interior, USA), carbonate and K-feldspar (e.g., K-T
boundary and Neoarchean spherules), and chert or chlorite (e.g., Paleoarchean
spherules). On the other hand, the Late Devonian spherules found in China and
Belgium have remained glassy. Whether or not the glass phase is replaced with
another phase depends on the composition of the glass, the environment of deposi-
tion, and the diagenetic environment. These factors also determine which phase
replaces the glass.
Identification of impact spherules is discussed in Sect. 3.2.1.

3.1.2 Geochemistry

Impact craters are formed when asteroids and comets collide with the Earth.
However, comets probably only account for ~1 % of the impacting bodies (Ivanov
et al. 2002; Chapman 2004). During impacts of large extraterrestrial bodies
(generally asteroidal), the impacting body is destroyed by melting and vaporization.
Smaller bodies can sometimes survive their fiery passage through the Earth’s
atmosphere and subsequent collision with the ground, although they may be
fragmented. Extraterrestrial objects that survive their trip through the atmosphere
and impact with the ground are called meteorites. There are three main groups
of meteorites; in decreasing order of abundance these are: stones, irons, and
stony-irons. The stony meteorites are divided into chondrites and achondrites.
Chondrites are primitive meteorites from undifferentiated asteroids and achondrites,
irons, and stony-iron meteorites are from differentiated asteroids and other planetary
bodies (Dodd 1986; McSween 1987). Chondrites are further divided into ordinary,
enstatite, and carbonaceous chondrites, in decreasing order of abundance. Ordinary
chondrites make up ~74 % (by number) of the meteorites that are observed to fall
on the Earth (McBride 2001). Ordinary chondrites are divided into H (high iron),
L (low iron), LL (low iron, low metal), R (Rumurutites), and K (Kakangari) types,
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Table 3.1 Ni, Co, Cr and platinum group element contents for selected meteorite classes and the
Earth’s crust and mantle

Ni Co Cr Os Ir Ru Pt Rh Pd
Class (ppm) (ppm) (ppm) (ppb) (ppb) (ppb)  (ppb) (ppb)  (ppb)
Meteorites
Carbonaceous chondrites
CI 11000 505 2650 490 465 710 1000 140 560
CM 12300 560 3050 670 580 870 1100 160 630
CV 13200 640 3480 800 730 1200 1250 170 710
CO 14200 680 3520 805 740 1080 1240 nd. 710
CH 25700 1100 3100 1150 1070 1600 1700 n.d. n.d.
Ordinary chondrites
H 17100 830 3500 835 770 1100 1580 210 845
L 12400 580 3690 530 490 750 1090 155 620
LL 10600 480 3680 410 380 n.d. 880 nd. 560
R 14400 610 3640 690 610 960 <1000 n.d. n.d.
K 14600 750 3600 550 550 850 n.d. n.d. n.d.
Enstatite chondrites
EH 18400 870 3300 660 570 930 1290 nd. 820
EL 14700 720 3030 670 560 770 1250 nd. 730
Achondrites
Eucrite 4 4.7 1780 0.008 0.096 n.d. n.d. n.d. 0.4
Howardite 25 18 5300 n.d. n.d. n.d. n.d. nd. 10
Diogenite 25 16 5300 0.7 0.7 n.d. n.d. n.d. 2
Shergottite 79 40 1350 0.979 0.99 1.77 768 096 3.73
Nakhlite 90 48 1770 0.012 0.068 0.31 3.07 0.35 1.74
Chassignite 500 123 5240 1.8 1.42 16.6 6.18 6.7 252

Terrestrial rocks
Continental crust

Upper crust 45 8 37 0.03 0.03 1.06 n.d. 038 2
Whole crust 56 24 126 0.05 0.05 0.1 0.4 0.06 04
Oceanic crust

Oceanic 135 47 270 <0.004 0.02 1.0 2.3 02 <02

crust

Ultramafic rocks and mantle
Ultramafic 1450 110 3090 3.1 32 n.d. 60 nd. 10
Mantle 2108 105 3010 3.1 2.8 n.d. n.d. n.d. n.d.

n.d. no data

Chondrite and eucrite, howardite, diogenite data are from Lodders and Fegley (1998); shergottite,
nakhlite, and chassignite data are from Jones et al. (2003b); upper continental crust, whole
continental crust, oceanic crust, ultramafic rocks, and mantle data are from Mufioz-Espadas et al.
(2003), Wedepohl (1995), Taylor and McLennan (1985), Wedepohl and Muramatsu (1979), and
Wiinke et al. (1984), respectively

the enstatite chondrites into EH (high iron) and EL (low iron) types, and the
carbonaceous chondrites into CI (Ivuna), CM (Mighei), CV (Vigarano),
CO (Ornans), CK (Karoonda), and CH (high iron) types (Table 3.1; Lodders and
Fegley 1998; Weisberg et al. 2000).



3.1 Recognition of Possible Distal Ejecta Layers 81

Most meteorites are enriched in siderophile elements, especially the platinum
group elements (PGEs; Table 3.1) and have different isotopic ratios of some
elements compared with those in the terrestrial crust. Thus, another way to identify
possible impact ejecta layers is to search for evidence of meteoritic contamination.
The presence of an extraterrestrial component can be indicated by anomalously
high contents of siderophile elements or *He and/or by determining osmium and/or
chromium isotopic ratios.

Over the last few decades chemolithostratigraphic analysis has become an
important tool for the study of impactites, including distal impact ejecta layers
(Koeberl 2007). Chemolithostratigraphic analysis involves geochemical and cos-
mochemical studies including: simple chemical characterization of target rocks,
impactites, and distal ejecta layers; determination of the presence of extraterrestrial
components in impactites and distal ejecta layers; identification of the impactor
(projectile) type (e.g., chondrite, iron meteorite); and investigation of environ-
mental changes associated with major impact events (Koeberl 2007 and references
therein).

3.1.2.1 Siderophile and Platinum Group Elements

The detection of small amounts of meteoritic material within a distal ejecta layer
composed of upper continental crust is difficult and it is even more difficult if there
is a mafic or ultramafic component present in the target rocks (Koeberl 1998).
Only elements that are abundant in meteorites but have low abundances in the
Earth’s crust can be used to determine the presence of a meteoritic component in
an impactite or distal ejecta layer (Koeberl 2002, 2007). The most useful elements
for detecting projectile presence and in identifying the projectile are siderophile
elements such as, Ni, Co, and Au, platinum group elements (PGEs; Os, Ir, Ru, Pt,
Rh, Pd), and Cr (Tagle and Hecht 2006; French and Koeberl 2010; Table 3.1). It is
not only the high content of siderophile elements that indicates the presence of
meteoritic contamination, but also the ratios between the siderophile element
abundances.

Iridium is the PGE most used in scanning or searching for evidence of an
impact event recorded in the rock record. Iridium, like other siderophile elements,
is highly enriched in most meteorites compared with the siderophile elements in
the Earth’s crust, especially the continental crust (Table 3.1). The Ir content of
chondrites ranges from ~300 to 1000 ppb, whereas the continental crust usually
has <0.1 ppb Ir. In addition, the Ir content can be determined with greater ease and
sensitivity than the other PGEs (Sawlowicz 1993; Koeberl 2007). Even 0.1 wt %
of a chondritic component will add 0.4 ppb Ir to an impactite (Koeberl 2007),
which is at least one order of magnitude higher than the average upper continental
crust value. Discovery of a positive Ir anomaly is what first suggested that the
Cretaceous-Tertiary (K-T) boundary layer might be an impact ejecta layer
(Alvarez et al. 1980). However, a layer enriched in one or more siderophile
elements is only suggestive of the presence of a meteoritic component and is not
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proof of an impact origin. Without any other chemical, mineralogical, or petro-
graphic data, an Ir anomaly by itself cannot be used to establish the impact origin
of a rock layer (French and Koeberl 2010). It must be demonstrated that the layer
has meteoritic, not terrestrial, ratios between various siderophile elements,
particularly the PGE:s.

Nickel, Co, and Cr have often been used to search for meteoritic contamination
in impactites (e.g., Palme et al. 1978). If the meteoritic content exceeds 0.1 wt %,
it is possible to distinguish between chondrites and iron meteorites, since iron
meteorites have Cr concentrations that are typically ~ 100 times lower than those
of chondrites (Koeberl 2007).

In the past, in order to determine the contribution by the projectile, siderophile
element contents of the target rocks had to be determined. The indigenous
concentrations were then subtracted from the abundances in the impactites in order
to determine the amount and kind of meteoritic contamination. This is not possible
in a distal ejecta layer for which there is no known source crater. However, Tagle
and Hecht (2006) have proposed a method that they say is almost independent of
target composition, especially if PGE ratios are considered. They have used this
method on impact melt rocks. Melt rock compositions are relatively homogeneous,
but the projectile component is unevenly distributed in the melt rock. Thus,
measuring PGE contents of several melt rocks with different projectile/target ratios
and plotting them against each other (e.g., Ru versus Rh) defines mixing trends
that can be used to approximate the projectile elemental ratios (Fig. 3.3a; Tagle
and Hecht 2006). The slopes determined by linear regression of these mixing
trends are almost identical to the projectile elemental ratios. These ratios can then
be compared to PGE ratios in different types of meteorites (Fig. 3.3b). Unfortu-
nately, this method may not work on distal impact ejecta layers, unless the ejecta
are uniform in composition with variable projectile/target ratios. Nor can this
method be used on the impact spherules themselves, since the microtektites and
microkrystites from a given layer generally have a wide range in composition and
microtektites, like tektites, contain very little meteoritic component (usually <0.5
wt %).

Montanari and Koeberl (2000) pointed out that studies of impact glasses from
some small craters indicate that the siderophile elements show strong and highly
variable fractionation in interelement ratios compared with the ratios in the
projectiles. Siderophile element fractionation may also occur in impact melts in
larger craters and in distal impact ejecta (Montanari and Koeberl 2000). A variety
of fractionation effects have been documented for the K-T boundary layer from
around the globe (Evans et al. 1993). High PGE contents were found in the
Acraman impact ejecta layer, but the PGE contents exhibit deviations from
chondritic patterns. These deviations have been attributed to low temperature
hydrothermal processes (e.g., Wallace et al. 1990b). However, Tagle and Hecht
(2006) state that the PGE contents in their samples from the Popigai and
Morokweng impact structures appear to be relatively unaffected by secondary
mobilization processes.
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Fig. 3.3 Platinum group element plots used to identify the projectile for two impact craters.
a Plot of Ru versus Rh for a group of melt rocks and two target rocks from the 35-Ma-old Popigai
impact structure in northern Siberia (see Sects. 4.6.9 and 4.6.10). The slope of the best-fit line
determined by linear regression is 4.45. This is interpreted to be the ratio between Ru and Rh in
the projectile that produced the Popigai impact structure. The melt-rock data plot along a mixing
line between the target rocks (Xs, lower left) and the projectile, which would plot to the upper
right off the diagram (see Table 3.1 for the Ru and Rh contents of various chondrite meteorites).
Data used to make this plot are from Tagle and Claeys (2005). b A plot of Ru/Rh versus Pt/Pd for
various chondrite meteorites (see Table 3.1) and for melt rock from the Popigai and Morokweng
impact structures. The 145-Ma-old Morokweng impact structure is in South Africa. The Ru/Rh
ratio for the Popigai melt rock is the same as obtained in a. The Pt/Pd ratio was obtained in the
same way. The data suggest that the Popigai projectile was an L chondrite and the Morokweng
projectile was an LL chondrite. Modified after Tagle and Hecht (2006), Fig. 8

It is important to demonstrate that the siderophile enrichment occurs in a
discrete layer over a wide area and in different sedimentary environments, as was
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done for the K-T boundary layer (Alvarez et al. 1980). This would help rule out
some local enrichment in siderophile elements that is unrelated to an impact.

3.1.2.2 Osmium Isotopic Method

The osmium isotopic method is another tool for detecting meteoritic contami-
nation in impactites. It is based on '’Os, one of seven stable isotopes of osmium,
which is formed by beta decay of '®’Re, which has a half life of 42.3 & 1.3 Ga
(Koeberl et al. 2002a). Meteorites, with the exception of achondrites, have high Os
contents and low Re contents compared with terrestrial crustal rocks (Table 3.2).
This results in low Re/Os ratios <0.1 compared with terrestrial crustal rocks which
have Re/Os ratios that are usually >10. In the Os isotopic method '®’Os is
normalized to the abundance of '®®Os which is a non-radiogenic isotope. Because
of the low Re/Os ratios in meteorites, the 18705/'880s ratios increased slowly with
time and, therefore, meteorites have low 18705/'880s ratios (~0.11-0.18). As a
result of the high Re/Os ratios in crustal rocks, the 18705/'830s ratios increased
rapidly with time resulting in an average '*’Os/'®®Os ratio in upper crustal rocks of
1-1.2. Because meteorites have much higher Os contents than do terrestrial crustal
rocks, even a small amount of meteoritic contamination in impactites leads to a
large change in Os isotopic ratio (Fig. 3.4). However, contamination from an
achondrite must be much greater in order to be detected, because achondrites have
much lower PGE abundances compared with chondritic and iron meteorites
(Koeberl 2007).

The first use of the osmium isotopic method to search for meteoritic contam-
ination in impact material involved the measurement of Os isotopes in the K-T
boundary clay (Luck and Turekian 1983), but the result was problematic due to
low abundance of Os (Fehn et al. 1986). Development of the negative thermal
ionization mass spectrometer a few years later allowed the measurement of Os
isotopic ratios in samples of a few grams containing below ppb amounts of Os
(e.g., Creaser et al. 1991). The first successful use of the osmium isotopic method
involved the detection of ~0.6 % of a meteoritic component in Ivory Coast
tektites from the Bosumtwi impact crater (Koeberl and Shirey 1993). This method
has been used to confirm the presence of a meteoritic component in several
additional craters (e.g., Aouelloul, Chicxulub, Gardnos, Kalkkop, Manson,
Morokweng, Vredefort) (French et al. 1997; Koeberl et al. 1994; Koeberl and
Shirey 1996; Koeberl 1998, 2002, 2004, 2007).

A problem with the osmium isotopic method is that mantle rocks have
8705/'*80s ratios similar to meteoritic ratios. Therefore, the presence of a mantle
component in the target rocks must be ruled out in order to conclude that
the measured ratios belong to a meteoritic source. Fortunately, PGE abundances in
typical mantle rocks are at least two orders of magnitude lower than those in most
meteorites. Thus, in order to have the same effect on the osmium isotopic ratios as
meteoritic contamination would have, the mantle contribution would have to be
about two orders of magnitude higher. The presence of that high of a mantle content
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Table 3.2 Rhenium and osmium contents and osmium isotope data for meteorites and the
Earth’s crust

Class Re Os Re/Os 18705/18805 Reference
(ppb) (ppb) Value Number
Meteorites
Carbonaceous chondrites
CI 37 449 0.0826 0.12646 2 1
CM 49 614 0.0806 0.12564 3 1
CvV 62 740 0.0837 0.12625 2 1
CO 62 780 0.0797 0.12657 2 1
CR 50 623 0.0800 0.12598 3 1
CK 44 687 0.0644 0.11980 1 1
Ordinary chondrites
H 96 843 0.1145 0.12876 15 1
L 51 611 0.0834 0.12536 2 1
LL 31 366 0.0855 0.12801 2 1
R 43 690 0.0623 2
Enstatite Chondrites
EH 53 605 0.0877 0.12818 6 1
EL 63 720 0.0874 0.12813 8 1
Achondrites
Eucrite 0.010 0.008 1.213 n.d. 1 2
Diogenite 0.060 0.700 0.086 n.d. 1 2
Shergottite 0.096 1.130 0.085 n.d. 9 3
Nakhlite 0.027 0.012 2.238 n.d. 2 3
Chassignite 0.071 1.800 0.039 n.d. 1 3
Irons and Stony-Irons
Irons 1040 11490 0.0905 1.084 13 4
Stony-irons 110 1018 0.1076 1.132 5 4

Terrestrial rocks
Upper continental crust

Loess® 0.474 0.035 14 0.92 16 5
Loess® 0.367 0.031 12 1.05 1 6
Loess® 0.213 0.040 1.22 35 7
Oceanic crust

Upper crust® 1.526 0.021 73 0.213 43 8
Whole crust® 0.50 0.044 11 0.144 n/a

References: 1 = Walker et al. (2002), 2 = Lodders and Fegley (1998), 3 = Jones et al. (2003b),
4 = Hirata and Masuda (1992), 5 = Hattori et al. (2003), 6 = Peucker-Ehrenbrink and Jahn
(2001), 7 = Honda et al. (2002) and Masatushi Honda personal communication, April 21, 2009,
8 = Peucker-Ehrenbrink et al. (2003), 9 = Bernhard Peucker-Ehrenbrink’s website
(www.whoi.edu/hpb/viewPage.do?id=1375&cl=5)

n.d. = no data, n/a = not applicable

# Loess is used as a proxy for the upper continental crust

" Based on analysis of oceanic crust from DSDP Site 504

¢ From a model of the oceanic crust based on data from DSDP Sites 468 and 504
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Fig. 3.4 '870s/'380s versus '®’Re/'®0s showing the mixing relationship between a CI chondrite
and a target rock with a '#70s/"®0s ratio of 1.48 and a '®’Re/'®®0s ratio of 30, which plots well
outside the diagram. The numbers along the mixing line indicate the fraction of a CI chondrite
required to produce the indicated isotopic ratios; i.e., 0.2 indicates a mixture of 20 % CI chondrite
and 80 % target rock, 0.1 indicates 10 % CI chondrite and 90 % target rock, etc. Note that
because Re and Os are orders of magnitude more abundant in most meteorites than in the Earth’s
crust (see Table 3.2), even small amounts of meteoritic contamination can be detected using this
method. Modified after Koeberl and Shirey (1993), Fig. 3
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Fig. 3.5 Marine osmium isotope record for the last 75 Ma. The black dots represent data from
different sources compiled by Klemm et al. (2005). Note the sharp drop in '¥’0s/'®%0s at
approximately 65 Ma and 35 Ma corresponding to the Cretaceous-Tertiary boundary and late
Eocene impacts, respectively. The drop in 18705/'%80s is consistent with an enhanced input of a
meteoritic component at these times. Modified after Klemm et al. (2005), Fig. 1a

in an impactite should be evident in the clast population of a breccia, and/or from
other geochemical data (especially Sr and Nd isotopes) in melt rock (Koeberl 2002).

The marine Os isotopic record of the past 80 Ma is a mixture of terrestrial and
extraterrestrial sources. The marine Os isotopic record clearly shows evidence of
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large meteoritic input at the K-T boundary and in the late Eocene (Fig. 3.5)
(Peucker-Ehrenbrinck 1996; Klemm et al. 2005), which correlates with the K-T
boundary ejecta layer and the late Eocene clinopyroxene-bearing (cpx) spherule
layer (see Sects. 5.2 and 4.6, respectively).

The laboratory procedures (sample preparation, digestion, and measurement) of
the osmium isotopic method are complex (Koeberl et al. 2002a). Furthermore, the
osmium isotopic method does not allow determination of the projectile type
(Koeberl 2002).

3.1.2.3 Chromium Isotopic Method

The Cr isotopic method is based on measurement of the relative abundance of
3Cr, which was produced by the decay of >*Mn with a half life of 3.7 Ma. The
relative abundances of *Cr are measured as the deviations of the >*Cr/>*Cr ratio in
a sample relative to a terrestrial standard.

SBer — | (B3¢ /52 53 /52 _
&°Cr = {( Cr/ Cr)sample/( Cr/ Cr)smndurd 1} x 10,000 (3.1)

Thus, 1 ¢ unit is 1 part in 10*. Measurements are made using a high-precision
thermal ionization mass spectrometer. Terrestrial rocks exhibit very little variation
in the 3Cr/>Cr ratio, because homogenization of the Earth was completed after all
the primordial **Mn had decayed (Shukolyukov and Lugmair 1998, 2000). In
contrast, most meteorite groups (ordinary and enstatite chondrites, primitive
achondrites, and other differentiated meteorites) exhibit variable excesses of 3Cr
relative to terrestrial samples (Lugmair and Shukolyukov 1998). The range of
¢>Cr in most meteorites is about +0.1 to +1, depending on meteorite type
(Table 3.3; Fig. 3.6). Carbonaceous chondrites, on the other hand, exhibit an
apparent deficit in & >>Cr of about —0.4 (Shukolukov and Lugmair 1998, 2000).
These variations in Cr isotopic compositions apparently reflect heterogeneous
distribution of *>*Mn in the early solar system (Lugmair and Shukolyukov 1998).
The negative ¢ value for carbonaceous chondrites is the result of using *Cr/>*Cr
for a second order fractionation correction, since carbonaceous chondrites contain
a presolar >*Cr-rich component (Lugmair and Shukolyukov 1998). This excess
34Cr component allows the carbonaceous chondrites to be distinguished from other
meteorite types. Thus, in addition to confirming meteoritic contamination in a
distal impact ejecta layer, the Cr isotopic method can be used to identify the kind
of projectile (i.e., carbonaceous chondrite, enstatite chondrite, or other types of
meteorites). The presence of an achondrite component in an impactite can only be
determined using the Cr isotopic method (Koeberl 2007).

The Cr isotopic method has been used to determine the projectile type at several
impact craters (e.g., East Clearwater in Canada; Rochechouart in France;
Morokweng in South Africa; Lappajirvi in Finland) and several distal ejecta/
spherule layers (e.g., upper Eocene cpx spherule layer, K-T boundary layer,
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Table 3.3 Chromium concentrations and isotopic data for meteorites and terrestrial rocks

Sample Location® Cr (ppm) &>Cr Ref.
Terrestrial rocks

Terrestrial crust ~ 185 =0 1
Basalt Deccan Traps, India 112 —0.04 £ 0.06 2
Basalt Not given 16 0.03 £ 0.15 3
Pelagic clay Western Pacific 34 —0.02 £+ 0.09 2
Pelagic shale Greenland® 38 0.00 £ 0.13 3
Clay Caravaca, Spain® 40 —0.01 £ 0.07 2
Meteorites

Carbonaceous chondrite CV3 (Allende) 3540 —0.41 £ 0.09 2
Carbonaceous chondrite CI (Orguell) 2530 —0.43 £+ 0.09 2
Ordinary chondrites (H, L) ~3900 ~0.48 2
Enstatite chondrites (EH) 2900 ~0.17 2
Achondrites (eucrites) 1600-3200 0.7+ 1.3 2
Achondrites (angrites) 800-1800 04 + 0.7 2
Achondrites (SNC) Mars meteorites 1600-1800 ~0.22 2
Achondrite (lunar anorthosite) ~240 0.00 £+ 0.09 2
Iron meteorites® 112-200 0.81 +4.91 3

References: 1 = Koeberl et al. (2007a), 2 = Shukolyukov and Lugmair (1998), 3 = Frei and
Rosing (2005)

# Location is only given for the terrestrial samples

® The Isua Supracrustal Belt in West Greenland. The data are an average of four samples

¢ Sample from 10-15 cm below the Cretaceous-Tertiary boundary

4 The isotope data are for five iron meteorites, but the Cr concentration is for only two iron
meteorites

several Precambrian spherule layers in South Africa and Western Australia)
(Shukolyukov and Lugmair 1998, 2000; Shukolyukov et al. 2000; Simonson et al.
2009b; Lowe et al. 2003; Kyte et al. 2003, 2011).

Terrestrial Cr in the target rocks can be a problem (Kyte et al. 2003). A sig-
nificant proportion of the Cr in an impactite or distal ejecta layer (generally at least
1 wt %) needs to be of extraterrestrial origin (Fig. 3.7). The analytical procedure
for the Cr isotopic method is complicated and time-consuming (Koeberl 2007).

More recently, Trinquier et al. (2006) concluded that >*Cr is a far better indi-
cator of meteorite type than is >>Cr. They used the **Cr isotopic method to identify
the K-T boundary projectile as a CM2 chondrite.

3.1.2.4 Helium-3 and Fullerenes

Helium-3 is enriched in extraterrestrial material, particularly interplanetary dust
particles, because of the presence of implanted solar wind helium (Nier and
Schlutter 1990). The *He/*He ratios can be used to determine the amount of
extraterrestrial materials in sediments or sedimentary rocks. Farley et al. (1998)



3.1 Recognition of Possible Distal Ejecta Layers 89

7 Morokweng
he melt rock
Bedout breccia ¢

L .
Precambrian
spherule layers

P-Tr boundary layer e

K-T boundary {H;
layer
——t

» Cpx spherule layer
~e~ lvory Coast tektite

Carbonaceous {'—0—'
chondrites —a—i
—+— Lunar anorthosite

« EH chondrites

+ SNC meteorites
—e— Angrites

* Achondrites
Eucrites ————
-+ Ordinary
chondrites
——
o Terrestrial
—— rocks and
Ho— minerals
——
e et  tplaboratorystandards
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
e53Cr

Fig. 3.6 Epsilon >*Cr values for various meteorite groups and terrestrial samples, including
distal impact ejecta and impact crater melt rock. The laboratory standard has an £**Cr value of
zero by definition. Terrestrial rocks uncontaminated by extraterrestrial material and a lunar
meteorite (anorthosite) also have zero values within error. Most meteorite groups have positive
£7Cr values, but carbonaceous chondrites have negative values. Morokweng melt rock, some
Precambrian spherule layers, the late Eocene cpx spherule layer, and an Ivory Coast tektite all
have positive ¢°Cr values indicating formation by the impact of an ordinary chondrite, enstatite
chondrite, or achondrite. The K-T boundary layer has a negative &*>Cr value suggesting that the
impacting body was a carbonaceous chondrite. A negative value for the Bedout breccia indicates
the presence of a carbonaceous chondrite component, but, as of the time of writing, some
investigators are not convinced of an impact origin for this structure (see Sect. 6.2.3). Likewise,
the negative £*>Cr value for the Permian—Triassic boundary layer at Graphite Peak, Antarctica,
suggests that it has an impact origin and that the projectile was a carbonaceous chondrite; but,
again, the impact origin for this layer is in dispute (see Sect. 6.2.2.5). Data used in the plot are
from Shukolyukov and Lugmair (1998), Koeberl et al. (2002a), Koeberl et al. (2004a), Kyte et al.
(2011), Becker et al. (2006)
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Fig. 3.7 Detection limits for an extraterrestrial component in an impactite using the Cr isotope
method. The detection limit, assuming a chondritic projectile, is plotted (in percent) on the y-axis
as a function of the Cr content in the terrestrial target rocks. For example, if there is 200 ppm of
chromium in the target rock, then the extraterrestrial component in an impact would have to
exceed ~ 1.4 % before it could be detected. Modified after Fig. 2 in Koeberl et al. (2002a)

reported an increase in “He in upper Eocene rocks at Massignano, Italy, which
overlaps at least two positive Ir anomalies, one of which correlates with a Ni-rich
spherule layer. Farley et al. (1998) proposed that the broad rise in *He abundance
was the result of enhanced comet activity in the inner solar system, which probably
resulted in a higher than normal impact rate. In a later publication Farley et al.
(2006) found elevated He abundances in middle Miocene deep-sea sediments,
which they attributed to the breakup of an asteroid. This suggests that dust
particles derived from both comets and asteroids can carry “He. Indeed, the late
Eocene 100-km-diameter Popigai impact structure, which may be the source of the
Ni-rich spherule layer at Massignano, appears to have been formed by the impact
of a L or LL chondrite (Glass et al. 2004b; Tagle and Claeys 2005). An L or LL
chondrite would be from an asteroid, not a comet. It must be stressed that >He is a
proxy for extraterrestrial dust and elevated abundance of *He in a rock layer does
not necessarily indicate an impact event.

Fullerenes are molecules composed entirely of carbon. One type consists of
large hollow, spherical molecules (sometimes called buckyballs) made up of sixty
or more carbon atoms. The central “cage” of these large carbon molecules can trap
gases like helium. Fullerenes, especially Cq, and Co, have been reported from the
Sudbury impact structure, Canada (e.g., Becker et al. 1996; Mossman et al. 2003),
several other impact structures (Elsila et al. 2005), and the Cretaceous-Tertiary
boundary layer (Heymann et al. 1994). Fullerenes can be formed by subjecting
carbon or carbon-bearing gases to high temperatures, and do not require high
pressure or shock waves (French and Koeberl 2010). Thus, fullerenes, by them-
selves, are not an indicator of impact or shock metamorphic conditions. Becker
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and colleagues have stated that the evidence for impact is the presence of extra-
terrestrial >He “caged” in the fullerenes (e.g., Becker et al. 1996, 2001). However,
the observation of *He in fullerenes in impactites has not been confirmed by other
investigators (e.g., Koeberl et al. 2004b; Farley et al. 2005). Thus, at present,
neither the presence of fullerenes, nor their contents, can be used as independent
and diagnostic indicators of meteorite impact (French and Koeberl 2010).

After a distal impact ejecta layer is tentatively identified, based on lithology
and/or a geochemical anomaly, its identification then must be confirmed.

3.2 Confirmation of Impact Origin for a Suspected Distal
Impact/Spherule Layer

The discovery of a spherule layer and/or a positive PGE anomaly, especially if it
occurs over a wide geographic area, may be an indication of a distal impact ejecta
layer; but the identification must be confirmed. Identification of the first craters to
be accepted as impact craters was based on the presence of meteorite fragments.
This association was accepted as confirmation of their impact origin. Unfortu-
nately, during formation of large impact structures with extensive ejecta layers the
impacting body is mostly destroyed (vaporized/melted), and any fragments that
might survive are quickly destroyed by post-impact weathering (French and
Koeberl 2010). French and Koeberl (2010) point out that because there is a
continuous flux of meteorite material onto the Earth’s surface that is unrelated to
large hypervelocity impact events, the presence of preserved meteorite impact
fragments in, or adjacent to, a suspected impact crater does not necessarily indicate
that a hypervelocity impact occurred as there is always the possibility of a coin-
cidental association. The same argument can be made for meteorite fragments in a
suspected impact ejecta layer. Although meteorite fragments rarely survive a large
hypervelocity impact, detectable amounts of a melted/vaporized projectile
component can be found in most distal impact ejecta layers. Geochemical deter-
mination that a spherule layer contains a meteoritic component strongly supports
an impact origin; but for wider acceptance of an impact origin, it should be
demonstrated that the spherules are impact spherules and don’t have some other
more common origin and/or that the layer contains grains exhibiting evidence of
shock metamorphism (e.g., shocked quartz with planar deformation features; high-
pressure polymorphs such as coesite, stishovite, reidite).

Identification of a distal impact ejecta layer, particularly in older rocks, can be
difficult because of sediment reworking (e.g., by bioturbation or impact-generated
tsunami), erosion, diagenetic alteration (particularly of glass), and even regional
metamorphism. Finding impact signatures generally requires closely spaced
samples (<10 cm intervals) and detailed petrographic and geochemical studies.
Such detail is not commonly used when studying Mesozoic, Paleozoic, or
Precambrian sediments/rocks (Claeys 1995).
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3.2.1 Impact Spherules and Their Identification

Most impact spherules are generated during the early stages of crater formation
when a portion of the target rock is melted and ejected. However, some impact
spherules may have formed by vapor condensation—e.g., the Cretaceous-Tertiary
boundary spherules containing Ni-rich spinels. The composition of the impact
spherules will record that of the target rocks diluted in some instances by variable,
sometimes significant, amounts of material from the projectile (meteoritic
component). Spherules with compositions that cannot be matched with some
mixture of normal continental crustal rocks (such as granite, shale, sandstone, and
carbonates) or oceanic crustal rocks (basaltic and possibly ultramafic rocks), with
or without a meteoritic component, should be regarded with suspicion. For
example, spherules composed of >99 wt % silica or with high lead contents are
not likely to be of impact origin. Unfortunately, in addition to impact spherules,
there are a number of other naturally-occurring and manmade spherules, which, at
first glance, can be, and some have been, mistaken for impact spherules. In this
section, we define and describe the kinds of impact spherules, describe other
naturally-occurring and manmade spherules, and discuss how they may be
distinguished from impact spherules.

3.2.1.1 Impact Spherules: Kinds and Description

There are two kinds of silicate glassy impact spherules: microtektites which do not
contain primary microlites/crystallites and microkrystites which do. Impact
spherules can be produced by two mechanisms: as melt droplets or as condensate
droplets. The two types of impact spherules combined with the two formation
mechanisms result in four possible categories of impact spherules that can be
found in distal impact ejecta layers: (1) microtektites produced as melt droplets,
(2) microtektites formed as vapor plume condensate droplets, (3) microkrystites
formed as melt droplets, and (4) microkrystites formed as plume condensate
droplets. We believe that all four kinds have been found in distal impact ejecta
deposits.

Most microtektites appear to have formed as impact melt droplets from
continental impacts into silica-rich target rocks. Most spherules produced as
condensate droplets from an impact plume appear to be microkrystites. This may
be because melt droplets condensed from vapor plumes tend to have mafic
compositions due to much of the vapor being from the projectiles, which are
mostly chondritic in nature. Mafic melt droplets are more likely to undergo at least
partial crystallization as they solidify and thus form microkrystites. In addition to
clinopyroxene and plagioclase, for example, microkrystites formed as vapor
condensate droplets often contain Ni-rich spinels. Microkrystites can also form as
melt droplets from an impact into mafic (e.g., oceanic) crust. Formation of
microkrystites by this process may have been more common in the Precambrian
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(>2.4 Ga ago). Microtektites produced as vapor condensates may be rare, but we
think that some microtektites found in the Late Eocene cpx spherule layer may
have formed by such a process. For the sake of brevity, we will refer to micro-
tektites and microkrystites formed from melt droplets as melt-drop microtektites
and melt-drop microkrystites and we will refer to microkrystites and microtek-
tites formed from condensate droplets as condensate microkrystites and con-
densate microtektites.

Melt-drop microtektites occur, for example, in the Australasian, Ivory Coast, and
North American microtektite layers. These microtektites appear to be microscopic
versions of larger glass bodies called tektites (see Sect. 4.1.2). They are commonly
several hundred micrometers in size, but range up to millimeter size. They increase
in number with decreasing size down to at least 60 pum. However, tektites in the
same strewn field can range in size from ~1 cm up to 10 cm or more (<0.1 g
to ~24 kg; Baker 1963; Chalmers et al. 1976; Koeberl 1992a), but they are too
widely scattered to be used to define an ejecta layer. The larger tektites are the
blocky, layered tektites called Muong Nong-type tektites (see Sect. 4.1.2). Melt-
drop microtektites are mostly spherical in shape, but rotational forms (dumbbell,
teardrop, and disc shapes; Figs. 2.7a and 3.8) are rare to common. It is important to
note that the dumbbell shape is not simply two spheres stuck together, but is an
elongate form in which the two ends have a greater diameter than the interior section
(Fig. 3.8c). Dumbbells are formed by rapid rotation of melt droplets ejected into the
atmosphere. If the rate of rotation is high enough for a given viscosity of the melt,
the dumbbell can pull apart to form two teardrops. Melt-drop microtektites are
usually transparent, but can be translucent or even opaque (depending primarily on
the iron content). Their surfaces are generally pitted and grooved, but can be smooth
(Fig. 3.9). Most of the surface features are due to solution, but some microtektites
produced as melt droplets have high-velocity impact pits on their surfaces
(Fig. 3.91), especially close to the source crater. Melt-drop microtektites often
contain spherical vesicles and lechatelierite particles. The abundance of lechate-
lierite particles varies from strewn field to strewn field and many individual
microtektites do not contain lechatelierite. By definition, melt-drop microtektites do
not contain primary microlites/crystallites (i.e., crystals that crystallized from the
melt as it cooled), but close to the source crater they can contain relict mineral grains
(Fig. 3.10); however, the only relict phase identified to date is quartz. Cenozoic
tektites and microtektites are usually silica rich, but can have a broad range in
composition, with the content of most of the other major oxides varying inversely
with the silica content. They have low water contents (<0.02 wt %) and the iron is
generally highly reduced with almost all occurring as Fe?*.

Condensate microtektites may occur in the Late Eocene clinopyroxene (cpx)
spherule or microkrystite layer. There are two main groups of microtektites found in
the Late Eocene cpx spherule layer: (1) silica-rich (often >80 wt %), transparent
colorless to pale brown microtektites up to a millimeter in size and (2) silica-poor
(generally <70 wt %), transparent to opaque brown or yellow-green microtektites
(Table 4.10). The silica-rich microtektites are mostly spherical, but teardrops and
dumbbells are also present. They are similar to the Australasian, Ivory Coast, and
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Fig. 3.8 Australasian microtektites showing different splash forms. a Two spheres and an oval.
Spheres, oblate spheres, and prolate spheres are the most abundant splash forms in all
microtektite layers. b A teardrop-shaped microtektite, which was probably formed when a
dumbbell-shaped microtektite was pulled apart by centripetal force to form two teardrops due to
rotation while still molten. ¢ Dumbbell-shaped microtektite formed by rotation while still molten.
These microtektites all came from Core V19-153 taken in the northwestern Indian Ocean off
Sumatra

North American microtektites in most respects and we believe that they were also
formed as melt droplets. The silica-poor microtektites are smaller and, based on the
present data, have only spherical shapes and may not contain vesicles or lechate-
lierite particles. They are similar in size, shape, and composition to the cpx
spherules. The high Ni, Co, and Cr content of many of the Si-poor microtektites
indicate that they, like the cpx spherules, have a large meteoritic component from
the projectile (see Sect. 4.6.10). Although similar in composition to the cpx
spherules, there are some differences. For example, the Si-poor microtektites have
higher average Al,03, and lower average MgO and CaO contents (Table 4.10). We
suggest that these microtektites may have, like the cpx spherules, formed as
condensate droplets and that slight differences in composition may have prevented
them from crystallizing.

Based on the above observations, we propose that melt-drop microtektites can
be distinguished from condensate microtektites by: the presence of rotational
forms (teardrops and dumbbells); the presence of vesicles, lechatelierite, and
sometimes rare relict mineral grains; and compositionally, by the absence of an
obvious meteoritic component. To put it another way, unlike the melt-drop
microtektites, condensate microtektites do not occur in rotational forms, do not
contain vesicles, lechatelierite, or relict mineral grains, but can have a significant
meteoritic component.

Microkrystites thought to have formed as vapor condensates occur in the Late
Eocene cpx (microkrystite) spherule layer, the Cretaceous-Tertiary (K-T) boundary
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Fig. 3.9 Common surface features observed on Cenozoic microtektites. a Microtektite from the
late Eocene clinopyroxene-bearing spherule layer with a smooth, shiny, featureless surface from
Deep Sea Drilling Project Site 216 in the western equatorial Pacific Ocean. b Pitted Ivory Coast
microtektite from Core K9-56 in the eastern equatorial Atlantic Ocean. ¢ Pitted Ivory Coast
microtektite (from Core K9-56) with V-shaped groove where two spherical microtektites were
fused together. Rotation after fusion caused elongation to produce a dumbbell shape. Overlapping
shallow pits, especially on the right in the upper half, produced a scalloped surface which is common
on Ivory Coast microtektites. d Broken disc-shaped Ivory Coast microtektite (Core K9-56) with
numerous U-shaped grooves. e Smooth to pitted Ivory Coast microtektite (Core K9-56) with cracks
widened by solution. Also present are two prominent protrusions and a few smaller circular elevated
areas. The prominent protrusions are probably silica-rich as indicated by compositional data
obtained for similar protrusions on other microtektites. f Australasian microtektite with an impact
crater on its surface. A small bleb attached to the surface on the left side is silica and iron rich. This
microtektite is from Core V28-238 taken in the western equatorial Pacific Ocean
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Fig. 3.10 Lechatelierite particles in an Australasian microtektite from Ocean Drilling Program
Site 769 in the Sulu Sea. The elongate regions (up to 10 um long) outlined in black are vesicles.
The area outlined in the box is shown at higher magnification in the insert (lower left corner). Qtz
quartz (medium gray); v vesicle (black sphere with white center); g glass: i.e., lechatelierite (light
gray). Several other lechatelierite particles are present in the microtektite, but are out of focus.
Image courtesy of Luigi Folco

layer (e.g., Ebel and Grossman 2005), and probably some of the Precambrian
spherule layers. The glass and silicate phases making up the K-T boundary layer
microkrystites have been replaced by other phases and most of the microkrystites
have been flattened during compaction. The cpx spherules are mostly <200 pum in
diameter (see, e.g., Fig. 4.34), and few, if any are larger than ~400 pm. They occur
as spheres and composite forms (two or more fused together); no rotational forms
have been observed. The cpx spherules appear to break more easily than do
microtektites, and fragments are common (Fig 2.7b). Their surfaces are not pitted
and grooved like microtektite surfaces, but they often exhibit crystalline features
due to crystalline phases which were dissolved or which stand out in relief due to
differential solution (Fig. 3.11). A variety of crystalline textures, primarily skeletal
and dendritic (Fig. 3.12; see also Sect. 4.6.2), are observed on polished interior
surfaces of the cpx spherules. The crystalline textures indicate rapid quenching from
a high temperature. The cpx spherules do not contain vesicles or lechatelierite
particles, although a crystalline silica phase is present in a few. On the other hand,
Ni-rich spinel crystals have been found in many of the cpx spherules and K-T
boundary layer microkrystites (Fig. 3.13). The Ni-rich spinels have compositions
that differ from spinels found in terrestrial rocks (other than impactites) by their
high-Ni content and, in the case of Phanerozoic spinels, by their high ferric/ferrous
ratios, which indicate greater oxidation due to formation in the atmosphere (Pierrard
et al. 1998).
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Fig. 3.11 Crystalline textures on the surfaces of clinopyroxene-bearing (cpx) spherules.
a Scanning electron microscope (SEM) image of a small cpx spherule in the test of an
agglutinated foraminifera. Lath-like crystals (light gray) stand out in relief above the glass matrix
(darker gray). The cpx spherule is from Deep Sea Drilling Project Site 166 in the central
equatorial Pacific Ocean. b SEM image of a portion of the surface of a cpx spherule removed
from an agglutinated foraminiferal test. Clinopyroxene microlites (light to medium gray) with
skeletal textures stand out in relief. Also present on the surface are a number of pits (black with
diameter of ~ 1.5 um) with six-fold symmetry. The origin of these pits is unknown

Some Precambrian spherules in spherule layers older than ~ 2.4 Ga have been
interpreted as diagenetically-altered microkrystites. In the S3 spherule layer (South
Africa; see Sect. 9.2.2), some of the spherules are microkrystites which contain
Ni-rich spinels (chromite). The spinel-bearing microkrystites have been flattened
parallel to bedding in this layer. They average about 650 pm in diameter, but a few
are as large as 1 mm. Thus, they are larger than the cpx spherules and K-T
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Fig. 3.12 Scanning electron
microscope image of a
polished interior surface of a
clinopyroxene-bearing (cpx)
spherule (i.e., microkrystite)
from Ocean Drilling Program
Site 709C in the western
equatorial Indian Ocean.
Clinopyroxene microlites
(light gray) occur in a glass
matrix (darker gray). Skeletal
to octahedral Ni-rich spinel
microlites (white) are
concentrated around the
margin (especially on the left
side). Dark regions are where
a more soluble phase has
been removed by solution

Fig. 3.13 Scanning electron microscope (back-scattered electron mode) images of spinel
microlites on polished surfaces of microkrystites. a Portion of a dark opaque clinopyroxene-
bearing (cpx) spherule (shown in Fig. 3.12) from Ocean Drilling Program Site 709C in the
western equatorial Indian Ocean. The image shows dendritic, skeletal, and octahedral spinel
microlites (white) and larger clinopyroxene microlites (medium gray) in a glass matrix (dark
gray). b Octahedral and dendritic Ni-rich spinel microlites in an amorphous iron oxide matrix of a
K-T boundary spherule from Petriccio, Italy. b is courtesy of Bruce Bohor

boundary microkrystites. Formation as droplets from a vapor plume would seem to
explain why they only occur as spheres, but not teardrop or dumbbell shapes. It
would also explain the absence of vesicles and lechatelierite particles and the
presence of the Ni-rich spinels, which are mostly from the vaporized projectile.
Melt-drop microkrystites may occur in some of the older (>2.4 Ga) spherule
layers (see Sect. 10.4). Like the melt-drop microtektites, some of the Precambrian
spherules interpreted as being altered microkrystites have rotational (teardrop,
dumbbell, disc) as well as spherical shapes, and like the melt-drop microtektites,
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Fig. 3.14 Impact-produced accretionary lapilli in suevite samples from the Ries impact crater,
Germany. a Accretionary lapillus with a very fine-grained outer layer and a concentric dark layer
near the surface. b Accretionary lapillus with a core outlined by a dark band and surrounded by
two concentric layers (light and dark) and a very fine-grained, dark outer layer. From Graup
(1981), Fig. 14. Copyright (1981), with permission of Elsevier

some contain what appear to be relict vesicles, but do not contain Ni-rich spinels
(see, e.g., Sects. 8.2.2.2 and 10.4; Simonson et al. 1998; Sweeney and Simonson
2008). The Middle Paleocene (~60 Ma) Nuussuaq spherules found in western
Greenland (Jones et al. 2005a) are another possible example of microkrystites that
formed as melt droplets. Many of these spherules have been altered, but, unlike the
Precambrian examples, some of these spherules still retain their glassy nature.
Some of the unaltered spherules contain crystals of plagioclase, pyroxene, and
olivine in addition to dendritic Ni-rich spinel (Robin et al. 1996). Like the
Precambrian examples, the Nuussuaq spherules contain vesicles and they are
mostly spherical, but rotational shapes are present. Even though they contain
Ni-rich spinels, the rotational shapes and presence of vesicles suggest that they
were formed as melt droplets rather than as vapor condensate droplets.

Microtektites were originally described as being <1 mm in size (e.g., Cassidy
et al. 1969; Glass 1967; Glass et al. 1979); however, splash-form tektite-like glass
bodies up to several millimeters in size were recognized in the North American
microtektite layer in 1987 (Thein 1987) and in the Australasian microtektite layer
in 1999 (Prasad and Sudhakar 1999). Prasad and Sudhakar (1999) referred to the
millimeter-sized splash forms as minitektites. We propose, therefore, the following
size ranges: microtektites (<1 mm), minitektites (1 mm to 1 cm), and tektites
(>1 cm). We also propose that microkrystites between 1 mm and 1 cm in diameter
be called minikrystites; and if such bodies are found that are >1 cm in size, we
propose that they be called krystites.

Also found in impact ejecta are small rounded bodies formed by accretion; i.e.,
accretionary lapilli. The impact-produced accretionary lapilli, formed by accretion
of fine-grained ejecta particles, generally exhibit concentric layers. Impact-gen-
erated accretionary lapilli have been observed in ejecta from several impacts (e.g.,
Ries Crater, Germany; Chicxulub impact structure, Yucatan Peninsula, Mexico;
Alamo Breccia ejecta, Nevada, USA). Impact-generated accretionary lapilli are
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generally found close to the source crater, but, occasionally they are found in the
more proximal part of a distal impact ejecta layer (e.g., Chicxulub and Sudbury
ejecta layers). Accretionary lapilli range in diameter from <1 mm to 3 cm or more
(Graup 1981; Warme et al. 2002; Schulte and Kontny 2005; Guillemette and
Yancey 2006). Most are spherical, but some are more irregular in shape. They
generally have a distinct core, which is surrounded by concentric layers of accreted
grains (Fig. 3.14). The core is often coarser grained than the outer layers. The
layering is generally visible due to variations in grain size. The long axes of the
grains in the layers are preferentially aligned tangentially to the outer surface.
Occasionally some of the grains in the lapilli exhibit evidence of shock meta-
morphism (Graup 1981; Warme et al. 2002; Addison et al. 2005). The grains may
be composed of silicate minerals or carbonate phases or both depending on the
nature of the target rock. The outermost layer is sometimes finer grained than the
interior layers. Impact-produced accretionary lapilli are similar in appearance,
internal structure, and mode of formation to volcanic accretionary lapilli.
Formation of the accretionary lapilli appears to be facilitated by the presence of
condensed water within the ejecta cloud or plume (Fisher and Schmincke 1994,
Warme et al. 2002; Burns et al. 2003). Turbulence or changing conditions within
the ejecta cloud can cause changes in the size of the accreted grains resulting in the
observed concentric layering.

French and Koeberl (2010) stated, “There are several major problems in
attempting to use spherules as independent evidence of meteorite impact events.”
According to them these are: 1) spherules alone do not provide diagnostic evidence
of origin by impact, 2) many distal ejecta spherule layers do not contain grains that
exhibit unambiguous shock metamorphic effects, 3) the spheroidal shape by itself
is not a unique indicator of impact or even melting and 4) there are many naturally-
occurring and artificial spheroidal objects with similar sizes to impact-generated
spherules. We agree that finding spherules in a stratigraphic layer does not
necessarily indicate that the layer is an impact ejecta layer; it must be demon-
strated that the spherules are impact-generated spherules. However, that is not
always easy to do as there are many kinds of naturally occurring and man-made
spherules that can be, and sometimes have been, mistaken for impact spherules
(for further discussion see below and Sect. 3.5). Most unaltered silicate glass
impact spherules (e.g., Cenozoic microtektites) contain lechatelierite. However,
the spherules in most impact spherule layers have been altered and the glass and
other silicate phases have been replaced by other phases (e.g., the Cretaceous-
Tertiary boundary spherules, the Late Triassic spherules in SW England, and all
the Precambrian spherules). Most of the diagenetically-altered impact spherules
have relict textures indicating quenching from a high-temperature melt and/or they
contain Ni-rich spinels suggesting a meteoritic component. Such spherules can,
and have been, identified as impact spherules on their own. The origin of most of
these spherule layers has been supported by geochemical evidence of a meteoritic
component (e.g., Ir, PGEs, Cr isotopes). Most, but not all, Cenozoic impact
spherule layers have shock metamorphosed grains associated with them. On the
other hand, shock metamorphosed grains have not been identified in most
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Fig. 3.15 Basaltic volcanic spherules from Deep Sea Drilling Project Site 32 in the northeastern
Pacific. a Shiny black spheres. b Teardrop-shaped volcanic spherules. ¢ Dumbbell-shaped
volcanic spherule formed by rapid rotation while still liquid. a and b are from von der Borch
(1971), Figs. 4a and 4c, respectively. Copyright (1971), with permission of Elsevier. ¢ is from
von der Borch (1970)

Precambrian spherule layers. We believe that shocked grains should be associated
with all major spherule layers (see Chap. 10) and that the apparent absence of
shocked grains is the result of diagenesis and/or low- to medium-grade meta-
morphism which destroyed or obscured some or all of the more commonly
identified shock effects. However, a high-pressure polymorph of rutile, TiO,II, has
recently been found in several Neoarchean spherule layers (Smith et al. 2010).
Evidence of shock metamorphism may eventually be found in some of the older
Precambrian (Paleoarchean) spherule layers.

3.2.1.2 Other Naturally-Occurring Spherules

Naturally-occurring spherules can be formed in a variety of ways including: vul-
canism, atmospheric ablation of meteorites (cosmic spherules), bio-precipitation


http://dx.doi.org/10.1007/978-3-540-88262-6_10
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Fig. 3.16 Volcanic accretionary lapilli. a Accretionary lapilli-rich layer in the Tumbiana
Formation in the Hamersley Basin in Western Australia. The Tumbiana Formation is
stratigraphically beneath the Jeerinah Formation, which contains an impact spherule layer (see
Sect. 8.2.6). b A polished section of an accretionary lapillus from the Tumbiana Formation
showing the particulate nature and concentric growth bands. Note the lack of crystallization or
devitrification textures. a and b are from Simonson (2003a), Figs. 1b and 9a, respectively

(ooids), biological processes (e.g., insect egg cases, microfossils), diagenesis (e.g.,
vesicle fillings, framboids, concretions, pyrobitumen spherules). In addition,
rounded mineral grains can be mistaken for spherules. Identification of impact
spherules is not always easy, especially if they have been diagenetically altered as is
the case for spherules in most of the older spherule layers. Many of the above
objects have at one time or another been mistaken for impact spherules.


http://dx.doi.org/10.1007/978-3-540-88262-6_8
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Fig. 3.17 Micrometeorites and cosmic spherules. a A group of micrometeorites/cosmic
spherules recovered by melting ice at the South Pole. Most of the polar micrometeorites/cosmic
spherules are glass- or stony-types; iron-types only make up 1-2 %, compared to 50 % or more in
deep-sea sediments. Most of the glass- and stony-types have chondritic compositions. Courtesy of
Susan Taylor. b A scanning electron microscope (SEM) image of a magnetite cosmic spherule
with a large protruding Ni-rich metallic core recovered from deep-sea sediments. ¢ An SEM
image of a polished section of the iron cosmic spherule in b. The metallic core contains ~21
wt % nickel. Diamond shapes on the polished surface of the spherule are areas scanned by the
electron beam

Volcanic fire fountaining can produce a rain of liquid droplets that quench in
the atmosphere to form glassy bodies (spherules; Fig. 3.15; Wright and Hodge
1965; Heiken 1972; Melson et al. 1988) called volcanic lapilli, if they are between
2 and 64 mm in size. These volcanic spherules are generally spherical, but rota-
tional shapes can also occur. They contain vesicles, and microlites and/or crys-
tallites, but not lechatelierite. They have igneous (often basaltic) compositions and
high water contents (up to several weight percent). Magma has time to become
well-mixed and homogenized prior to eruption. Thus, volcanic spherules from a
given eruption exhibit both inter- and intra-compositional homogeneity.

Volcanic accretionary lapilli consist of a core or nucleus surrounded by
concentric layers of volcanic ash (Fig. 3.16). They form by the addition (accretion)
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Fig. 3.18 Ooids. a Bedding surface of a layer of silicified ooids in the Carawine Dolomite in the
Hamersley Basin, Western Australia. b Dolomite ooid from the Carawine Dolomite showing both
radial texture and concentric growth bands around a coarser-grained nucleus. Note that the radial
texture is due to fibrous fans which diverge out from the core instead of in from the edge as seen
in some diagenetically-altered Cretaceous-Tertiary and Precambrian impact spherules. a and
b are from Simonson (2003a), Figs.1c and 9c, respectively

of concentric layers of moist ash around a central nucleus. Volcanic accretionary
lapilli are found close to their source and are associated with other volcanic ejecta.

Cosmic spherules are generally ablation droplets off meteorites which form as the
meteorites traverse the atmosphere, initially traveling at cosmic velocity. However,
some cosmic spherules may be micrometeorites that survived their flight through the
atmosphere. In general, cosmic spherules consist of magnetite with or without
Ni-rich metallic iron cores or silicate (glass and olivine) plus magnetite (Fig. 3.17).
In addition, a small percent of cosmic spherules are Fe-rich glassy spherules,
generally consisting of magnetite in a glass matrix (Taylor and Brownlee 1991;
Taylor et al. 2000). Most cosmic spherules are magnetic. They are gener-
ally <100 pm in diameter, but can be larger (several hundred micrometers and
rarely up to 1-2 mm) (Taylor and Brownlee 1991; Maurette et al. 1987). They have
meteoritic compositions and do not generally occur in teardrop or, especially,
dumbbell shapes; nor do they contain vesicles. In general, they occur in very low
concentrations throughout the geologic column and, unlike impact ejecta, do not
usually occur in discrete layers, although they can be concentrated in layers with
extremely low accumulation rates.

Ooids (Fig. 3.18) are small rounded accretionary bodies with diameters
generally between 0.5 and 1 mm. They form by precipitation in successive
concentric layers, generally around a nucleus. Ooids usually have aragonite/calcite
composition; however, in ancient rocks the ooids may have been replaced by
another phase (silica for example) and the internal concentric layering may not be
preserved. They have generally spherical, but not rotational, shapes although two
ooids cemented together might look like a dumbbell.

Some calcareous, siliceous, and Ca-phosphate microfossils can superficially
resemble impact spherules. An example of a spherical calcareous microfossil is the
foraminifera taxa Orbulina (Fig. 3.19¢), which can be up to ~1 mm in diameter.
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Fig. 3.19 Spherules of biogenic origin. a Optical microscope image of hollow spheres with
organic walls (probably insect egg cases) recovered from the Cretaceous-Tertiary (K-T) boundary
section near Gubbio, Italy. b Scanning electron microscope (SEM) image of spheres similar to
those in A collected from the K-T boundary clay layer in the Bottaccione section near Gubbio.
Note the hollow nature of one of the spheres that is broken and the fragment of another shell.
¢ An SEM image of some Miocene planktonic foraminifera tests recovered from above the K-T
boundary in the Bottaccione section near Gubbio. The spherical tests are probably Orbulina. d An
SEM image of a polished section of a calcium phosphate spherule recovered from Early to
Middle Devonian carbonate rocks (Telengit Suprahorizon) collected near Slair, Russia, showing
well-defined thin concentric layers. It and other spheres were found in association with conodonts
and are probably conodont pearls. The sample was provided by Emile Izokh. The images in a, b,
and c are courtesy of Alessandro Montanari. b and ¢ were used in Fig. 5.7.6.3 in Montanari and
Koeberl (2000)

Radiolaria are a siliceous microfossil. Most produce silica (opaline) skeletons,
which in some taxa are spherical (e.g., some actinommids) and can be several
hundred micrometers in diameter. However, radiolarian skeletons are not solid, but
rather consist of an open mesh-like structure. Calcium phosphate microfossils,
called conodont pearls, are also spherical (Fig. 3.19d). They range from trans-
parent yellow to translucent brown to opaque black and are up to ~700 pm in
diameter. They are always found in association with conodonts. Other biogenet-
ically-produced spherule-like objects are insect egg cases (Fig. 3.19a, b), which in
some cases can be spherical and can have a translucent yellow to brown color.
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Fig. 3.20 Hematite concretions and pyrite framboids. a Millimeter-size hematite concretions in
the Paria Wilderness of Vermillion Cliffs National Monument on the Utah/Arizona border, USA.
Courtesy of Marjorie Chan. b Millimeter-size hematite concretions found on the Martian surface
by the rover Opportunity. These spherules were nicknamed “blueberries” when first observed
and some investigators suggested that one possibility was that they were impact spherules. After
additional studies, it was concluded that the spherules are hematite concretions. The image is
uncalibrated and no scale was given, but the spherules are typically between 4 and 6 mm in
diameter (Squyres et al. 2004). Image provided by NASA/JPL/Cornell/USGS. ¢ Scanning
electron microscope (SEM) image of a polished section of a mudstone showing pyrite framboids
(light gray circular regions). The mudstone sample is from the Late Cretaceous Hakobuchi
Group, central Hokkaido, Japan. Courtesy of Hisanari Sugawara. d SEM image of a framboid in a
rock fragment from Buncar Spring, Romania. Note that the framboid is composed of numerous
small crystals of uniform size. Courtesy of Rachel Schelble

Detailed studies will show that they are organic material and that they are hollow,
unless filled with fine-grained material or a mineral precipitate. Insect egg cases
were misidentified as impact spherules in outcrop samples taken near the K-T
boundary layer, where their abundance above and below the K-T boundary layer
was used in an attempt to “show” that spherules were not confined to the K-T
boundary layer (Montanari 1986).

Precipitation during sedimentation and/or diagenesis can produce a variety of
spherule-like bodies, such as concretions and framboids, which, at first glance,
could be confused with impact spherules (Fig. 3.20). Concretions (Fig. 3.20a) are
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Fig. 3.21 Fly ash spheres. a Scanning electron microscope image of fly ash spheres. Note the
smooth surfaces with some smaller particles attached to the surfaces, but without pits or grooves.
Courtesy of James C. Hower. b Reflected light optical microscope image of polished sections of
small, mostly solid, spinel-bearing fly ash spheres exhibiting a variety of crystalline textures. The
spinel is most likely magnetite. Some of the darker spheres are composed of silicate glass and
contain vesicles. These fly ash spheres are from a power plant that was burning high-sulfur, high-
volatile C Illinois Basin coal. b is from the “Petrographic Atlas: Fly Ash” prepared by James C.
Hower <http://mccoy.lib.siu.edu/projects/crelling2/atlas/> Frame F83

concentrations of mineral matter in sedimentary rocks that fill the pore space and
produce bodies that are often harder and more resistant to weathering than the
surrounding rock. They are generally ovoid or spherical in shape and can range in
size from microscopic to a meter or more in diameter. They can be composed of a
wide variety of phases including calcite, amorphous and/or microcrystalline silica
(such as chert and flint), iron oxides or hydroxides (such as goethite or hematite),
just to name a few. Sand-sized spherules were observed by the rover, Opportunity,
on Mars (Fig. 3.20b). One of the first suggested hypotheses was that these
spherules might be impact spherules, but after their compositions were determined
it was generally accepted that they were hematite concretions (Squyres et al.
2004).

Framboids (Fig. 3.20c, d) are spherical masses of microcrystallites. They are
generally composed of pyrite, but sometimes consist of greigite (Fe;S,4), magnetite,
or limonite. The microcrystallites produce a raspberry-like surface on the framboids
(Fig. 3.20d). Framboids are generally quite small (<10 pm), but can be as large
as ~ 100 pum in diameter.

High-temperature diagenesis of petroleum can produce pyrobitumen, which can
occur as shiny black spherules or globules. The pyrobitumen spherules are rela-
tively hard and break with conchoidal fracture. They can be associated with larger
irregular masses of pyrobitumen.

Rounded quartz grains were misidentified as microtektites in DSDP Site 242
(e.g., Core 10, Section 4, and Core 15 Section 1; Keller et al. 1983). Although the
overall shapes of the grains are spherical, detailed studies with an optical micro-
scope revealed the presence of crystal faces and under cross polarizers they are
birefringent and clearly are not glass (Glass et al. 1985).


http://mccoy.lib.siu.edu/projects/crelling2/atlas/
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Table 3.4 Chemical composition of fly ash (modified after Openshaw et al. 1992)

Oxide Range Average Standard No. of
(wt %) (wt %) deviation analyses
Si0, 2.2-68 44 13 58
TiO, 0.5-2.6 1.3 0.5 39
ALO; 3.4-39 23 6.5 60
Fe,05 3.6-29 11 6.5 58
MnO 0-0.2 0.1 0.1 14
MgO 0.4-13 2.7 2.7 58
CaO 0.2-31.0 8.2 8.0 58
Na,O 0.2-8.0 1.8 2.0 50
K,O 0.2-8.1 2.0 1.8 49
P,05 0.1-6.0 0.8 1.7 34
SO, 0.1-7.3 1.6 1.9 47
C 0.1-26 4.0 7.3 12

3.2.1.3 Manmade Microscopic Spherical Glass Objects

There are a variety of microscopic manmade products that have spherical shapes
(e.g., glass beads used in reflective paint, fly ash), and some have been mistaken
for impact spherules, including microtektites. The most common type of manmade
glass is the so-called soda lime glass. It generally contains about 70-75 wt %
silica, 5—-10 wt % CaO (or lime), 1-5 wt % MgO, and 13—-17 wt % Na,O (or soda).
The high Na,O content would be very difficult to produce by a random impact onto
the Earth’s surface. Other common manmade glasses are lead glass (sometimes
inaccurately referred to as lead crystal), which is a silicate glass containing 20-35
wt % PbO; and borosilicate glass with 10-25 wt % B,Os;.

Millimeter-sized, transparent, colorless, artificial glass spheres are added to
paint used on road signs and highway markings to make them reflective at
nighttime when headlights shine on them. Thus, outcrops along highways can be
contaminated with glass beads from highway signs and road markings. These glass
beads are mostly spherical; no dumbbell (except where two spheres fused toge-
ther), teardrop, or disc shapes have been observed. Typical sizes generally range
between ~200 and 800 pm in diameter (http://www.virginiadot.org/business/
resources/Materials/MCS_Study_Guides/bu-mat-PaveMarkCh2.pdf; accessed 01/
02/2012). They generally have shiny smooth surfaces without pits or grooves
produced by solution; although they can have pits formed by abrasion, especially if
they are from paint used in highway markings. These glass beads commonly have
a soda-lime composition, but glass beads with other compositions are also used.
The soda-lime glasses have a refractive index of ~1.50; beads with other com-
positions can have refractive indices as high as 1.90.

Another possible outcrop contaminant is fly ash, which is formed during
combustion of coal in coal-burning power plants. As of 2005 more than 150
million tons/year were being produced globally (Matamoros-Veloza et al. 2005).
Today most of the fly ash is collected by electrostatic or mechanical precipitation


http://www.virginiadot.org/business/resources/Materials/MCS_Study_Guides/bu-mat-PaveMarkCh2.pdf
http://www.virginiadot.org/business/resources/Materials/MCS_Study_Guides/bu-mat-PaveMarkCh2.pdf
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in the chimneys of the power plants, but in the past fly ash was not collected and
was deposited over large areas of the surrounding country. Some studies have
shown that fly ash is widespread and can even be used as a historical or geological
tracer (Rose 1996; Olson and Jones 2001; Jordanova et al. 2004). Spherules,
believed to be of industrial origin, were found in all surface sediment samples in
transects across the North Atlantic (Folger 1970).

Fly ash particles are mostly (up to at least 95 %) spherical and range in
diameter between <1 and 200 pm (Fig. 3.21a), although most are between 2 and
20 pm diameter (Openshaw et al. 1992; Kutchko and Kim 2006). Fly ash is
formed by melting of mineral matter in the coal. Fly ash is composed primarily of
silicate glass; but crystalline phases can also be present, including: quartz, mullite,
hematite, magnetite, magnesioferrite, maghemite, and even traces of additional
spinel phases such as trevorite and magnesiochromite (Brownfield et al. 1999).
These mineral phases can exhibit a variety of quench textures (Fig. 3.21b).
Vassilev and Vassileva (1996) suggested that some of the quartz has been fused to
form silica glass. Thus, it appears that some fly ash spheres may contain
lechatelierite particles. Some fly ash spheres contain vesicles and some are even
hollow. The hollow spheres tend to be larger and can make up as much as
15-20 % by volume of the fly ash (Openshaw et al. 1992; Kutchko and Kim 2006).

Magnetic material can make up to ~18 % of the fly ash and the magnetic
component is enriched in Co, Cr, and Ni by factors of 2 to 5 over the nonmagnetic
components (Vassilev and Vassileva 1996; Vassilev et al. 2004), which have Co,
Cr, and Ni contents close to the average for the upper continental crust (Vassilev
et al. 2004). This would suggest an extraterrestrial component, if their origin were
not known. However, they are also enriched in elements such as Mn, Zr, As, and
Zn (Vassilev et al. 2004), which is not compatible with meteoritic contamination.
Fly ash is generally heterogenous and consists primarily of SiO,, Al,O3, Fe,O3 and
CaO, but it also contains minor amounts of TiO,, MnO, Na,O, K,O, and SO;3
(Table 3.4).

The chemical composition and mineralogy of fly ash varies with the type of coal
that was burned to produce it as well as the conditions of combustion. There are two
main classes of fly ash: Class F and Class C (ASTM Standard C618 2008). Class F
fly ash is formed primarily by the combustion of anthracite and bituminous coal.
This fly ash contains a minimum of 70 wt % SiO, + Al,O5; + Fe,0O3 and has low
CaO content (<10 wt %). Class C fly ash is produced by the combustion of lignite
or sub-bituminous coal. It contains a minimum of 50 wt % SiO, + Al,O5; + Fe,Os3
and has high CaO content (generally >20 wt % and as high as 40 wt %).

3.2.1.4 Identification of Impact Spherules

The presence of impact spherules can be used to support the hypothesis that a
stratigraphic layer is a distal impact ejecta layer; but there are numerous kinds of
spherules with a variety of origins (Table 3.5). Therefore, in the absence of
evidence of a meteoritic component or presence of grains exhibiting evidence of
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shock metamorphism, it cannot be assumed that all spherule layers have an impact
origin. It is necessary to demonstrate that the spherules in question are indeed
impact spherules. If the spherules have not been altered, then the task should be
relatively easy. However, the major phase in most impact spherules is glass, which
is unstable and is usually replaced by other phases in deposits older than Cenozoic
and even in some Cenozoic ejecta layers. It must be kept in mind that there are at
least four categories or kinds of impact spherules. At the present time, we know of
no criterion for identification that applies to all four categories (Table 3.5).

The most obvious characteristic of impact spherules, and the one which first
draws the attention of the observer, is their shape. Most impact spherules are
spherical in shape (including prolate and oblate forms), but, as previously pointed
out, many other naturally-occurring objects can have spherical shapes as well.
Microtektites and microkrystites formed as melt droplets can also have rotational
shapes such as dumbbells, teardrops, and discs. The presence of these rotational
shapes can help distinguish impact spherules formed as melt droplets from most
other naturally-occurring spherules except for some volcanic splash forms
(Fig. 3.15). Impact spherules formed as condensate droplets only have spherical
shapes, although there are some rare agglutinates consisting of two or more
spheres fused together.

Many of the other naturally-occurring spherules have surface features that can
be used to help distinguish them from impact spherules. For example, concretions
often have rough surfaces that easily distinguish them from the smooth or pitted
and grooved surfaces of melt-drop microtektites and pyrite framboids are
composed of pyrite microlites which give them a strawberry-like texture
(Fig. 3.20d). Hypervelocity impact pits (or microcraters) are one surface feature
that appears to be unique to melt-drop microtektites and which, might, therefore,
be used to distinguish them from other naturally-occurring spherules (e.g.,
Fig. 3.9f). At the present time, we do not know if hypervelocity impact pits occur
on the surfaces of other types of impact spherules.

Vesicles are common in melt-drop microtektites and appear to be present in
some melt-drop microkrystites, but they have not been observed in microkrystites
or microtektites formed as condensate droplets. The presence of vesicles can be
used to distinguish melt-drop microtektites from most other naturally-occurring
spherules, with the exception of splash-form volcanic spherules (Table 3.5).

Lechatelierite particles can be used to distinguish melt-drop microtektites from
microtektites and microkrystites formed as condensate droplets and from all other
naturally-occurring spherules (Table 3.5). However, the absence of lechatelierite
particles does not necessarily mean that silicate glass spherules cannot be melt-
drop microtektites. Lechatelierite particles are formed by melting of quartz grains.
This means that the target rock must contain silt-sized (or larger) quartz grains. If
it does not, then no lechatelierite particles can form. On the other hand, if the target
rocks don’t contain quartz grains, the impact-produced melt will be silica poor and
the melt droplets are more likely to undergo partial crystallization to form
microkrystites rather than microtektites.
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Fig. 3.22 Basaltic impact
spherules from the Lonar
impact crater, India. Note the
teardrop and dumbbell
shapes, as well as spheres.
Vesicles are exposed on some
of the spherules. Courtesy of
M. Shyam Prasad

The presence of primary microlites/crystallites can, by definition, be used to
distinguish microkrystites from microtektites and from other naturally-occurring
spherules except volcanic spherules. However, if Ni-rich spinel microlites are
present they will indicate an impact, rather than volcanic, origin for the spherules.

If spherules are unaltered, compositional data (major oxide, trace element,
water content, iron oxidation state) can be used to help determine whether or not
they have an impact origin (Table 3.5). There is not time for impact melt to be
thoroughly mixed and homogenized prior to being ejected. Individual melt-drop
microtektites from a given impact can be fairly homogeneous, but as a group they
generally exhibit a wide range in composition, depending on variations in
composition of the target rock. Major oxide versus silica contents for melt-drop
microtektites exhibit linear trends (e.g., Fig. 4.7). On the other hand, igneous
magma has time to become well mixed and homogenized prior to eruption. Thus,
volcanic spherules from a given eruption exhibit both inter- and intra-composi-
tional homogeneity. This characteristic is utilized when using volcanic ash layers
for stratigraphic correlation. Thus, compositional data from volcanic spherules plot
in clusters rather than along linear trends. Most other naturally-occurring spherules
have restrictive compositions which in most cases can be used to distinguish them
from unaltered impact spherules. For example: ooids are composed of aragonite/
calcite (CaCOs); many cosmic spherules are composed of magnetite (Fe;0,) with
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Fig. 3.23 Dendritic spinel
microlites on the surface of a
flattened, diagenetically-
altered cpx spherule from the
late Eocene section at
Massignano, Italy

or without Ni-Fe metal; spherical biogenic microfossils are generally composed of
calcite, silica (SiO,), Ca phosphate, or organic matter; concretions can be
composed primarily of iron oxides or silica; framboids are generally composed of
iron sulfide unless replaced by another phase; and pyrobitumen spherules are
organic and therefore carbon rich. Deutsch et al. (2010) proposed that some calcite
spherules in the K-T boundary in the Gulf of Mexico are primary (unaltered) ejecta
formed from carbonate melt. They proposed that it may be possible to develop
criteria for distinguishing primary textures in melt-drop carbonate spherules from
textures characteristic of alteration and diagenesis using back-scatter diffraction
techniques.

Tektites and melt-drop microtektites have low water contents and usually low
Fe®*/Fe®* (see Table 4.4). The water contents of tektites and melt-drop micro-
tektites are usually <0.02 wt %. This is at least an order of magnitude lower than
the water contents of volcanic glasses. The Fe**/Fe* ratios of tektites and melt-
drop microtektites are usually <0.2, but some North American microtektites have
higher ratios that overlap those of volcanic glasses (Giuli et al. 2008). The reason
for the higher Fe’*/Fe** in some of the North American microtektites is not
known. Determining the water content should be a good way to distinguish
between impact and volcanic spherules; however, Fe**/Fe* may not be as useful
as we originally thought. Microkrystites and condensate microtektites may also
have low water contents and low Fe3+/Fe2+, but to our knowledge this has not been
demonstrated.

Impact-generated accretionary lapilli form close to the source crater and are rare
in distal impact ejecta layers. By themselves, it might be difficult to distinguish
impact-generated accretionary lapilli from volcanic accretionary lapilli (Table 3.5).
However, it should be possible to identify impact-generated accretionary lapilli
because of the lack of associated volcanic ejecta and presence of other impact
spherules and/or impact ejecta exhibiting evidence of shock metamorphism. Some
impact-produced accretionary lapilli contain shock metamorphosed grains — for
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Fig. 3.24 Clinopyroxene-bearing spherules replaced by pyrite. a Clinopyroxene-bearing (cpx)
spherule replaced by pyrite. Note that the crystalline texture of the cpx spherule has been
preserved. Both lath-shaped and dendritic textures are present. b Close-up of a cpx spherule
replaced by pyrite with lath-shaped crystal outlines preserved. Both a and b are from Ocean
Drilling Program Site 709 in the northwest Atlantic off New Jersey, USA

example some accretionary lapilli found in the Sudbury ejecta layer contain shocked
quartz grains with PDFs (Addison et al. 2005).

In summary, unaltered impact spherules should be easy to distinguish from
most other naturally-occurring spherules, with the possible exception of volcanic
spherules. Melt-drop microtektites can be identified by their characteristic splash
forms including rotational shapes, absence of primary microlites/crystallites,
presence of lechatelierite, and composition (especially their low water content and
reduced iron; Table 3.5). However, as previously mentioned, individual micro-
tektites may not contain lechatelierite and, depending on the nature of the target
rock, it is theoretically possible that none of the microtektites in a given layer will
contain lechatelierite. Microkrystites, which by definition contain primary micr-
olites/crystallites, can be difficult to distinguish from volcanic spherules since both
contain primary microlites/crystallites, but not lechatelierite. Furthermore, melt-
drop microkrystites, like volcanic spherules, can have rotational as well as
spherical shapes and can contain vesicles. However, the melt-drop microkrystites
in a given layer should have a broader range in composition than do volcanic
spherules and the compositional trends of melt-drop microkrystites would most
likely not fall along igneous compositional trends. On the other hand, melt-drop
microkrystites could have close to a basaltic composition depending on the nature
of the target rock and percent meteoritic contamination. Although not distal,
impact spherules found at the Lonar impact crater in India (Fig. 3.22) have basaltic
compositions (Fredriksson et al. 1973; Fredriksson et al. 1978). The Lonar glass
spherules can be distinguished from volcanic spherules by the presence of relict
inclusions and schlieren and their generally lower water and, perhaps, higher FeO/
Fe,O; ratios (Fredriksson et al. 1973; Fredriksson et al. 1978). In addition, some of
the spherules are slightly enriched in Ir (Morgan 1978). If present, Ni-rich spinels
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Fig. 3.25 Quartz grains with planar features. a Quartz grain from the Toba volcano, Sumatra,
showing poorly to moderately well-defined lamellar features. These lamellae were probably
produced by explosive volcanism. They lack sharpness and are generally discontinuous and do
not meet the definition for planar deformation features (PDFs). From Alexopoulos et al. (1988),
Fig. 1c. b Shocked quartz grain from the Ames impact structure, Okalahoma, USA, exhibiting
two well-defined sets of PDFs, which are sharp and generally continuous. See Fig. 2.21 for other
examples of shocked quartz with PDFs. This image was on the Dec. 1996 cover of AAPG
Bulletin, vol. 12. Courtesy of Glen Izett

and/or compositional evidence of a meteoritic component in the spherules can be
used to distinguish microkrystites from volcanic or most other types of spherules
(Table 3.5). Glass spherules of impact and volcanic origin are common in most
lunar fines and researchers have developed criteria for distinguishing between
them (Delano 1986 and references therein), some of which are the same criteria as
those discussed above.

Most impact spherules older than Cenozoic age have been diagenetically
altered and the original phases (glass, silicate crystals) have been replaced by other
phases such as: smectite, glauconite, K-feldspar, goyazite, calcite, pyrite,
stilpnomelane, quartz, chlorite. This makes their identification difficult, especially
in the absence of evidence for the presence of a meteoritical component and/or
grains exhibiting evidence of shock metamorphism. However, it can be done, at
least in some cases. If the shapes have been preserved, diagenetically-altered melt-
drop microtektites can be distinguished from most other spherule types by the
presence of rotational forms (i.e., teardrops, dumbbells, discs) as well as perfect
spheres and oblate and prolate spheres. Depending on the nature of the alteration,
evidence of internal vesicles may likewise be preserved (Simonson 2003a).
However, volcanic lapilli can also occur as splash forms (i.e., spheres, teardrops,
dumbbells) and contain vesicles. Thus, it may be difficult to distinguish between
volcanic spherules and impact spherules, if they have been diagenetically altered.
However, if the altered spherules contain preserved crystalline textures indicating
rapid quenching, then they are not altered microtektites; rather they may be altered
volcanic spherules or microkrystites. The presence of Ni-rich spinel microlites
would indicate that the spherules are microkrystites. Fortunately, spinel is a stable
phase and can generally withstand weathering, diagenesis, and low temperature
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Fig. 3.26 Shocked quartz with planar deformation features (PDFs). a Scanning electron
microscope image of a shocked quartz grain etched with HF. The grain is from the Cretaceous-
Tertiary boundary at Deep Sea Drilling Project Site 596 in the South Pacific. Etching
preferentially removed the glass in the lamellae to reveal two sets of PDFs. Courtesy of Bruce
Bohor. b Transmission electron microscope image of PDF lamellae in shocked quartz from the
late Eocene clinopyroxene-bearing spherule layer at Massignano, Italy. The amorphous lamellae
are light-colored in this image. Bright spots in the lamellae originate from tiny crystallites
reflecting under Bragg conditions. From Langenhorst (1996), Fig. 1d

metamorphism. This makes Ni-rich spinel especially useful in recognizing older,
diagenetically-altered microkrystites.

Although more difficult than for unaltered spherules, the impact origin of
diagenetically-altered spherules can be established. For instance, Late Eocene
spherules found at Massignano, Italy, have been replaced by clay and flattened by
the overburden. However, based on their stratigraphic age and the presence of
Ni-rich spinels in the pancake-shaped spherules and on their surfaces (Fig. 3.23;
Pierrard et al. 1998) these spherules were interpreted to be diagenetically-altered
microkrystites belonging to the Late Eocene cpx spherule layer (Glass et al.
2004a). Likewise, pyrite spherules recovered from Late Eocene sediments in the
NW Atlantic off New Jersey have been identified as diagenetically-altered cpx
spherules (Glass et al. 1998). These spherules not only retained the shape of the
cpx spherules, but they also preserved the crystalline structure of the cpx micro-
lites and have, therefore, different surface features (compare Fig. 3.20d with
Fig. 3.24) and internal structures than pyrite framboids. Numerous diagenetically-
altered Precambrian spherule layers (>2.4 Ga old) have been identified as having a
probable impact origin based on their character and geological context and on the
nature of the spherules. The occurrence of a coarse spherule-bearing layer in an
otherwise fine-grained, slowly deposited sedimentary sequence suggests a sudden
catastrophic event (Hassler and Simonson 2001; Simonson 2003a) and a high
abundance of spherules (>10 vol %) to the exclusion of formerly molten,
irregularly-shaped (e.g., shard-like) particles is suggestive of impact, rather than
volcanic, origin (Simonson 2003a). The spherules are generally spherical, but in
most of the spherule layers rotational shapes are also present. Relict crystalline
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textures in some indicate rapid cooling and some contain relict vesicles; and, as
previously mentioned, spherules in one of the layers contain Ni-rich spinels. Shock
metamorphosed grains are found in a few of these older Precambrian spherule
layers, but are apparently absent from most. However, geochemical anomalies
associated with these spherule layers indicate the presence of a meteoritic
component and support an impact origin.

The identification of a spherule layer at just one site or location can be prob-
lematic, especially if the spherules have been diagenetically altered and the layer
does not contain evidence of a meteoritic component or shock metamorphism. It is
important to demonstrate that the spherule layer can be found in different envi-
ronmental and diagenetic settings as well as at the same stratigraphic level over a
large area, involving distances of hundreds or thousands of kilometers. This will
help rule out other possible origins for the spherules and help support an impact
origin for the spherule layer.

Manmade glass spherules put in paints used for highway markings and road
signs can superficially resemble microtektites, but can be distinguished from them
by their high Na,O contents. Fly ash is a more widespread artificial contaminant.
Because fly ash spheres are composed primarily of silicate glass and because of the
presence of quench textures and Ni-rich spinels (e.g., trevorite), it is possible that
these spherules could be mistaken for microkrystites. The generally high SO;
content (average of ~ 1.6 wt %) should be useful in distinguishing fly ash spheres
from impact spherules. The best way to deal with artificial contaminants is to avoid
them.

3.2.2 Shock Metamorphism

The most convincing evidence for an impact origin of a suspected distal impact
ejecta layer is the confirmation of the presence of shock metamorphosed grains.
Description and illustrations of most of the known shock metamorphic effects are
found in Sect. 2.3. Many of these shock metamorphic effects have been observed in
distal impact ejecta layers. The best diagnostic indicators of shock metamorphism
are: PDFs (primarily in quartz, but also in feldspar), diaplectic glasses, high-pres-
sure phases (especially coesite, stishovite, reidite, TiO,II), and decomposition (e.g.,
breakdown of zircon to baddeleyite plus SiO,). The most often recognized shocked
grains are quartz grains with multiple sets of PDFs. An impact origin for the K-T
boundary layer was proposed in 1980 based on elevated siderophile element
contents (Alvarez et al. 1980), but the impact origin was highly controversial until
1984 when shocked quartz grains with multiple sets of PDFs were discovered in the
K-T boundary layer at Brownie Butte, Montana (Bohor et al. 1984). These shocked
quartz grains also contained traces of stishovite, which, along with coesite, is
another commonly used indicator of shock metamorphism.

Care must be taken in identifying planar features in quartz as PDFs since they
can be confused with non-impact planar microstructures formed by normal
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geological processes (Fig. 3.25). These include deformation lamellae (Bohm
lamellae), growth lines, extinction bands, deformation bands (kink bands), and sets
of open or healed fractures (French and Koeberl 2010 and references therein).
Shock-produced deformation lamellae (PDFs) are sharp, thin (<1 pm thick),
parallel, closely spaced (14 pm in highly shocked grains), and tend to extend
continuously across the entire grain (Alexopoulos et al. 1988). In addition, they
generally occur in three or more sets per grain, they are confined to individual
grains (i.e., they do not cross grain boundaries), and they consist of glass lamellae
(when fresh) or arrays of small fluid inclusions (when decorated) (French and
Koeberl 2010). They have specific orientations parallel to crystallographic planes
within the crystal (Fig. 2.22). Tectonically-produced Bohm lamellae are generally
less well-defined, slightly curved, sub-parallel, occur in only one or two sets or
directions, commonly consist of bands that are >10 pm wide, and are usually
spaced at distances of >10 um (Alexopoulos et al. 1988; Stoffler and Langenhorst
1994). Because of their near-planar and near-parallel appearance, tectonically-
produced Bohm lamellae are sometimes confused with shock-produced PDFs,
especially by investigators unfamiliar with true PDFs. In order to avoid misi-
dentification, the orientation of the planar features thought to be PDFs should be
determined as discussed above and in Sect. 2.3.4.2.2. Unlike PDFs, the non-impact
planar microstructures have relatively random orientations and form a broad bell-
shaped distribution when plotted in a histogram of frequency versus angles
between the quartz c-axis and the poles of the planar features (Fig. 2.22).
Measurements of the orientations of PDFs have generally been done using a
universal stage on a petrographic microscope. Unfortunately most, if not all,
microscope manufacturers no longer make universal stages and there are not many
researchers left who know how to use them. PDF orientation can also be determined
using a spindle stage; but these are also rare, and this method is less precise and more
time-consuming than using a universal stage (Koeberl 2002). In addition, a spindle
stage cannot be used to measure the orientation of PDFs in grains in thin sections.
Some researchers believe that the combination of chemical etching and scanning
electron microscopy (Fig. 3.26a) can be used to distinguish between true PDFs
found in shock metamorphosed quartz and planar features produced by tectonic
deformation (Gratz et al. 1996). Other researchers claim that PDFs are best iden-
tified using transmission electron microscopy or TEM (Fig. 3.26b; Langenhorst
1996; Grieve et al. 1996). However, TEM is very expensive and time consuming,
especially sample preparation, which involves ion-beam thinning of the grains.
Other indicators of shock metamorphism that have been observed in distal
ejecta layers are high-pressure polymorphs such as coesite, stishovite, reidite, and
TiO,II. Coesite and stishovite have been found in several distal impact ejecta
layers including the Australasian and North American microtektite layers, the
upper Eocene clinopyroxene-bearing (cpx) spherule layer, and the K-T boundary
layer. These phases can be identified using X-ray diffraction (XRD), Raman
spectroscopy, transmission electron microscopy, or nuclear magnetic resonance.
Care should be taken when using XRD to identify coesite since barite has a similar
pattern to that of coesite and has been misidentified as coesite on at least one
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occasion (Fudali 1969). Reidite has been found in shocked zircons recovered from
the North American microtektite layer (Glass and Liu 2001). TiO,Il, a high-
pressure phase of rutile and anatase, has been found in the Australasian
microtektite layer (Glass and Fries 2008) and in some Precambrian spherule layers
in Western Australia and South Africa (Smith et al. 2010).

Shocked zircons exhibiting multiple sets of planar features and granular
textures have been reported in the K-T boundary layer (e.g., Bohor et al. 1993).
Under certain rare conditions, shocked zircons can be used to date the impact that
produced the ejecta layer (e.g., the U-Pb method; see Sect. 3.3.2) and to help
identify the target rock (e.g., Krogh et al. 1993a, b).

Both quartz and zircon are found in continental crust, but most of the Earth’s
crust is oceanic and, therefore, composed mostly of mafic minerals. The percent of
mafic rock making up the Earth’s crust was probably greater in the Precambrian,
particularly during the Archean (Powell 2001; Taylor and McLennan 2009). Most
impacts would, therefore, have been into mafic crust. Impacts into mafic crust are
not likely to produce microtektites due to the low silica content of mafic rocks.
Furthermore, quartz, and to a lesser extent zircon, will not be found in most of the
ejecta layers produced by such impacts. This may be at least part of the explanation
for why shocked quartz and zircon have not been reported in the older (>2.4 Ga)
Precambrian spherule layers (a single quartz grain with PDFs was reported for the
Jeerinah spherule layer by Rasmussen and Koeberl 2004). However, pyroxene and
olivine, as well as feldspar, which are common in mafic rocks, can be converted to
high-pressure polymorphs (see Sect. 2.3.3) and have been found in shocked mete-
orites. As of 2010, except for hollandite, these high-pressure polymorphs
(e.g., majorite, akimotoite, ringwoodite) had not been observed in shocked terres-
trial rocks; but the search for them should continue, particularly in the older
Precambrian spherule layers. In the absence of shocked quartz, these high-pressure
polymorphs may be the best bet for confirming the impact origin of the older
Precambrian spherule layers. However, most mafic minerals (e.g., olivine, pyrox-
ene) transform to metastable phases including glass when highly shocked, and are
easily altered to secondary hydrous phases in sea water (Jones et al. 2003b).

3.3 Dating and Correlation of Distal Impact Ejecta Layers

Dating of distal impact ejecta layers is needed in order to correlate the layers and
to help identify the source crater, which is discussed below.

3.3.1 Stratigraphy

Stratigraphic dating is a powerful tool for determining the age of distal impact
ejecta layers. The absolute age precision of the chronostratigraphic timescale is
continually being improved. Biostratigraphy is usually the first information used to
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Fig. 3.27 Step-heating age spectra diagram (age versus fraction of *°Ar released) for an Ivory
Coast tektite indicating an YOAr-3°Ar plateau age of ~1.05 Ma. Modified after Koeberl et al.
(1997b), Fig. 11a

determine the age of an ejecta layer. The North American microtektite layer has
been correlated throughout the Gulf of Mexico, the Caribbean Sea, and NW
Atlantic, and the late Eocene cpx spherule layer and the K-T boundary layer have
been correlated around the globe using biostratigraphy; but not all sites have
sufficient fossils for precise age dating. Unfortunately, as a general rule, the
Precambrian spherule layers cannot be dated or correlated using biostratigraphy.
An exception is the use of acritarchs to locate the Acraman impact ejecta layer at
sites in the Officer Basin, South Australia (Hill et al. 2007).

There are definite limits to biostratigraphic dating and correlation. Based on
high-resolution biostratigraphy (using mostly planktic foraminifera) it was
proposed (Keller et al. 1987) that there are three upper Eocene spherule layers.
Another investigator (Hazel 1989), using the graphic correlation method involving
a wide range of microfossil and magnetopolarity data, concluded that there were
six and possibly more upper Eocene spherule layers over a one million year period.
Based on the composition and petrography of the spherules, other researchers
argued for only two layers: a younger North American microtektite layer and an
older clinopyroxene-bearing spherule layer (Glass and Burns 1987; Glass 1990b).
The two-layer hypothesis was supported by Wei (1995) who concluded that it is
consistent with the biostratigraphic data. The two-layer model also appears to be
supported by Sr and Nd isotopic data (Whitehead et al. 2000; Liu et al. 2006; Liu
et al. 2009). The argument over the number of upper Eocene spherule layers, for
which there was an abundance of data, indicates the limits of biostratigraphy for
high-resolution correlation.

Magnetostratigraphy has been used to correlate and date spherule layers of
Cenozoic and, to a lesser extent Mesozoic age. Correlation of the Australasian
microtektite layer at various sites was based primarily on the association of this
layer with the Brunhes/Matuyama geomagnetic reversal (e.g., Glass 1972a; Glass
et al. 1979) and correlation of the Ivory Coast microtektite layer was based on the
occurrence of this layer just above the base of the Jaramillo subchron (Glass et al.
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1991). In both cases the correlation of these layers from one core to the next was
supported by the appearance and composition of the microtektites. The K-T
boundary layer can also be correlated using magnetostratigraphy; it occurs in
magnetochron C29R (Smit 1999). Earlier studies were not successful in attempts to
correlate the North American microtektite and clinopyroxene-bearing spherule
layers (e.g., Glass et al. 1985); however, more recent research suggests that these
layers occur in magnetochron 16n.1n (Liu et al. 2009). Magnetostratigraphy cannot
be easily used to correlate Paleozoic or Precambrian distal impact ejecta/spherule
layers.

Another way to correlate ejecta layers is by use of geochemical anomalies such
as Ir anomalies or carbon isotope anomalies. A positive Ir anomaly is associated
with the late Eocene cpx spherule layer and the K-T boundary ejecta layer. In both
cases researchers have taken advantage of this relationship to locate the late
Eocene cpx spherule layer and the K-T boundary ejecta layer at new sites. This has
been especially useful in locating the cpx spherule layer at new sites (e.g., Vonhof
and Smit 1999; Liu et al. 2009), since the cpx spherule layer cannot be detected by
visual observation of the sediments in which the layer has been found.

Large impacts can have global climatic effects which can then cause changes in
the biota. Such changes can cause shifts in the marine carbon isotope ratios, which
can be recorded in carbonate sediments. The late Eocene cpx spherule layer, the
K-T boundary ejecta layer, and the Acraman ejecta layer have a carbon isotope
shift or spike associated with them, which can be used to correlate these layers
from site to site and to help locate new sites.

The above biostratigraphic, magneotostratigraphic, chemostratigraphic, and
stable isotope stratigraphic methods can be used for correlation of spherule layers,
but any ages assigned to spherule layers using these methods are based on
calibration using radiometric dating.

3.3.2 Radiometric Dating

The most direct way to determine the chronological age of a distal ejecta layer is to
date the layer using a radiometric dating method. If a layer contains impact-
produced glass (e.g., microtektites), then it can be dated using the fission-track,
K-Ar, and/or Ar—Ar methods. The fission-track method involves counting tracks
produced during the spontaneous fission of ***U. The sample (mineral grain or
glass) is mounted, polished, and then etched to make the tracks visible. They can
be counted at high magnification using an optical microscope. The number of
tracks per unit area is related to the age of the sample and the uranium content of
the sample. The uranium content can be determined by having the sample
irradiated with a known flux of thermal neutrons and then counting the induced
tracks formed by the radiation. For young samples (<1 Ma) and low U content, a
large surface area is required. The tracks can be annealed over time, especially if
the samples are exposed to even moderately high temperatures. The Australasian,



3.3 Dating and Correlation of Distal Impact Ejecta Layers 123

544 + 5 Ma— 500~
0.08 | J&

450/ unshocked
B o zircons

400 . )
zircons with

0.06 . 350 /T planar features
) Concordia zircons with planar features
@ i curve 300 ’ and granular textures
& o
o)
2004 |
&

0.02 |

T~655+3Ma
000 i L i i il L L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

207ppy/235

Fig. 3.28 U-Pb concordia diagram for single shocked zircons from the Cretaceous-Tertiary
boundary layer, Berwind Canyon, Raton Basin, Colorado, USA. Shocked zircons suffered Pb
loss. The most shocked zircons (granular grains with strawberry texture) lost the most Pb and the
least shocked lost the least amount of Pb. The shocked zircons define a mixing line. The upper
intercept of the mixing line defines the age of the source rocks for the zircons (~ 540 Ma) and the
lower intercept indicates the time of shock metamorphism or impact (i.e., ~65 Ma). Courtesy of
Sandra Kamo

Ivory Coast, and North American microtektites were dated using the fission-track
method (Gentner et al. 1970; Glass et al. 1973). In order to get enough surface area
to obtain a statistically significant age, the microtektites were ground down,
polished, etched, and after the tracks were counted the same microtektites were
ground down, polished, re-etched and the tracks on the new surface were counted.
This procedure was repeated until the microtektites were ground away. This
method can be done with little expense as long as the researcher has a good optical
microscope and access to a nuclear reactor where the samples can be exposed to a
known flux of thermal neutrons. However, it requires skill to get a good polish on
exposed cross sections and it can be time-consuming. This method is generally
being replaced by the Ar—Ar method, but there may still be times when this
method would be best (e.g., samples with young ages and very low potassium
contents).

The K—Ar method has been used to date tektites from all the known tektite
strewn fields (e.g., Zdhringer 1963; Gentner et al. 1967). The K—Ar method is
based on the decay of “’K to *°Ar with a half life of 1.27 Ga. In this method the
YK and “°Ar contents are determined using different subsamples. The K—Ar
method requires relatively large samples depending on the amount of potassium
present in the samples and the age of the samples. Individual Cenozoic micro-
tektites, for example, could not be dated by this method because of their small size.
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The most reliable isotope dating methods used to date impact products are the
“OAr-*?Ar and U-Pb methods (Jourdan et al. 2009). The K-Ar method has
generally been replaced by the “°Ar-*Ar method, which does not require large
samples and which is more accurate than the K—Ar method. In the YOAr-*°Ar
dating method, the 40K and *°Ar contents are determined for the same sample. The
samples are bombarded with a known flux of neutrons in a nuclear reactor. This
converts some of the **K to **Ar (the amount of conversion depends on the amount
of neutron bombardment). The 3 Ar and *°Ar contents are then determined in the
samples using a mass spectrometer. The **Ar content indicates how much *’K is
present and, since the 4OK/K ratio is known, the *°K content can be used to
calculate the “°K content of each sample.

Prior to ~ 1980, the “°Ar and **Ar contents were determined by melting the
sample in a single step. Now the samples are heated with a laser to successively
higher temperatures in a series of steps. An age can be determined for each heating
step. The argon released at lower temperatures comes from more open or leaky
domains and the ages are considered to be unreliable. At higher temperatures, the
Ar comes from less open domains resulting in better ages. In a plot of age versus
cumulative fraction of **Ar release (or temperature steps), it is hoped that at higher
temperatures a series of heating steps gives the same age, resulting in a plateau
(Fig. 3.27). If a sample does not produce an age plateau, the ages obtained for the
sample are considered to be unreliable.

The Cenozoic tektites have all been re-dated using the “°Ar-**Ar method (e.g.,
Izett and Obradovich 1992; Koeberl et al. 1997b; Yamei et al. 2000; Laurenzi et al.
2003). Tektite glass from the North American microtektite layer has been dated
using the “°Ar->?Ar method with good results (Glass et al. 1986); however, single
step heating of four Ivory Coast microtektites did not produce reliable ages
because of a combination of young age, relatively low K contents, and small
sample sizes (Koeberl et al. 1997b).

Although the K—Ar and “°’Ar->’Ar methods can theoretically be used to date
samples as old as the Earth, in practice older samples often give younger, unre-
liable ages due to Ar loss. Since Ar is a noble gas, it does not combine with other
elements in crystalline structures and undergoes partial or complete loss if the
sample is heated. The only component in a distal ejecta layer that can be dated by
the K—Ar or *°Ar-*?Ar method to give the age of the impact is impact-produced
glass, generally in the form of microtektites. Individual microtektites are not large
enough to date using the K—Ar method, but can be dated using the YOAr-*°Ar
method if they are sufficiently old or contain enough potassium. However, the
older the ejecta layer the more likely the glass has been heated or has been
replaced by another phase resulting in Ar loss.

Some shock metamorphosed grains, found in distal impact ejecta layers, can be
dated using the U-Pb or Pb—Pb method to determine not only the time of formation
of the mineral grain, which gives information about the target rock, but also the
age of the impact event that produced the ejecta layer. Uranium has two long-lived
radioisotopes (**°U and ***U) which decay to stable Pb isotopes. Uranium-235
decays to 2°’Pb with a half life of 0.7 Ga and ***U decays to *°°Pb with a half life
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of 4.47 Ga. After correction for Pb present at the time of formation, the 2°°Pb/***U
ratios can be plotted versus the 2°’Pb/***U ratios determined for the samples. If the
measured parent-daughter ratios for the samples fall on the concordia curve
(a hypothetical curve that shows how the parent-daughter ratios should evolve or
change through time), it indicates a closed system and the ages should be correct.
If the parent-daughter ratios plot below the concordia curve, then lead loss in
indicated. If different grains experienced different amounts of lead loss during an
event, then the parent-daughter ratios of the samples will fall below the concordia
curve and they may define a linear array or mixing line with the upper intercept of
the concordia curve indicating the original time of formation of the mineral grain
(primary age) and the lower intercept indicating the time of lead loss or distur-
bance (e.g., time of impact) (Fig. 3.28). Co-linearity of the discordant grains
indicates that the upper (primary) and (lower) secondary (or disturbance) ages are
valid (Krogh et al. 1993a, b). The conventional way to determine the isotopic
ratios for U-Pb dating is by using a mass spectrometer, such as a thermal
ionization mass spectrometer (TIMS) or a multi-collector inductively-coupled
plasma mass spectrometer (MC-ICP-MS). Relatively new analytical improve-
ments in Pb—Pb zircon dating using thermal extraction TIMS allow age dating with
a precision of ~0.2 Ma for Precambrian zircons (Davis 2008).

Zircons are ideal for U-Pb dating of distal impact ejecta layers because they
incorporate small amounts of U during crystallization, have a very high thermal
blocking temperature, are resistant to weathering, and do not anneal under
conditions that would recrystallize other phases (Krogh et al. 1993a). In addition,
zircons exhibit a range of shock metamorphic effects which can be used to confirm
that they are part of the impact ejecta and not just some detrital grains that got
mixed in with the ejecta.

Shocked zircons (ranging in mass between 1 to 3 pg), from the K-T boundary
layer, were dated with the U-Pb method using a mass spectrometer (Krogh et al.
1993a, b). The zircons exhibited a range in shock effects. Some of the zircons did
not exhibit any visible shock effects, some had PDFs, some PDFs and granular
textures, and some granular (polycrystalline) textures without PDFs. The zircons
gave mostly discordant ages which defined a linear array with the least shocked
zircons plotting near the upper intercept, indicating the primary ages of the zircons
(~544 £+ 5 Ma), and the most shocked zircons plotted down close to the lower
intercept giving an age of 65.5 £ 3.0 Ma for the time of the impact (Fig. 3.28).

An attempt to date zircons in blocky (Muong Nong-type) Australasian tektites
using an ion probe was unsuccessful (Deloule et al. 2001). All the zircons gave
highly discordant ages which were probably the result of partial to complete
resetting of the isotopic system during the impact. However, two spots on a
shocked zircon from a Muong Nong-type Georgia tektite gave discordant results
indicating a primary age of crystallization of 0.6 £ 0.1 Ga, which is in agreement
with Sr and Nd model ages of North American tektites, i.e., the age of the
precursor material that was melted to make the tektites (Shaw and Wasserburg
1982; see Sect. 3.4.2).
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Uranium/Pb dating using a sensitive high-resolution ion microprobe
(SHRIMP) can be used to measure the age of a grain at micrometer scale (Jourdan
et al. 2009). Dating of zircons in volcanic ash layers or volcanic flow rocks above
and/or below a spherule/ejecta layer can be used to put limits on or bracket the age
of the layer. This has been done for some Precambrian spherule layers. SHRIMP
dating of zircons from two tuff layers was used to put age constraints on three
Precambrian spherule layers in the Hamersley region of the Pilbara craton in
Western Australia (Rasmussen et al. 2005). The new age data suggested that two
of the spherule layers (the Carawine and Jeerinah) were formed by the same
impact event (see Sect. 8.4.1).

Rutile may also be useful for U-Pb dating of distal impact ejecta layers, as it
too is fairly resistant to weathering and can exhibit shock metamorphic effects (i.e.,
high-pressure polymorphs). To our knowledge, rutile has not yet been used for
dating ejecta layers, although Kohl et al. (2007) made a reconnaissance study of
using rutile to date Precambrian spherule layers in the Barberton Greenstone Belt
in South Africa. The dating was used to put an age constraint on a possible new
Archean impact spherule layer.

The U-Pb method was used to date carbonate associated with two Precambrian
impact spherule layers in the Hamersley Region in Western Australia (Woodhead
et al. 1998). Two good isochron ages were obtained, but the relationship of these
ages to the spherule layers is not clear. However, Woodhead et al. (1998) argued
that the ages represent depositional or early diagenetic ages and can, therefore, be
used to constrain the age of the spherule layers. These ages appear to be consistent
with zircon ages from volcanic ash layers in this section.

Studies indicate that ~90 % of target rocks affected by an impact preserve
their pre-impact ages because the shock conditions are insufficient to reset most
isotopic dating systems (e.g., Deutsch and Schirer 1994). Because of this problem,
it has been suggested that in some cases the (U-Th)/He method might be a better
dating method than, for example *“’Ar->’Ar and U-Pb, because the (U-Th)/He
system is more likely to be completely reset during an impact (van Soest et al.
2009). This method is less precise than 40Ar-3¥Ar and U-Pb; however, initial
results using this method to date three previously well-dated impact structures (van
Soest et al. 2009) indicate that this method might provide a suitable alternative
dating tool that can give accurate and fairly precise ages. Minerals that can be
dated using this method include: apatite, zircon, monazite, titanite, xenotime, and
magnetite.

3.4 Search for Source Craters of Distal Ejecta Layers

Correlating a distal ejecta layer with a specific impact crater allows for correlation
between an impact structure and biologic and climatic changes recorded in the
rock record. If an ejecta layer can be found at several widely spaced geographic
locations, it should be possible to determine the general location and size of the
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Table 3.6 Strontium and neodymium isotopic data and model ages for Cenozoic tektites (from
Shaw and Wasserburg 1982)

Tektites® ena (0)° e5:(0)°
Australasian (7) —10.9 to —12.2 134.6 to 212.5
Ivory Coast (3) —19.5 to —20.2 267.4 to 301.1
Central European (4) -9.8 242.4 to 268.6
North American (6) —6.1 to —6.7 114.3 to 129.3
TR % (Ga) TS (Ga)
Australasian (7) 1.07 to 1.17 0.348 to 0.536
Ivory Coast (3) 1.84 to 1.91 2.12 to 2.44
Central European (4) 0.88 to 0.96 0.392 to 0.566
North American (6) 0.62 to 0.67 0.515 to 0.568

# Numbers in parentheses are the number of specimens analyzed
® Referenced to (**Nd/"**Nd)cyur = 0.511847
¢ Referenced to (¥’Sr/%®Sr)yr = 0.7045

source crater. This was done successfully for the K-T boundary layer with the
discovery of the Chicxulub impact structure on the Yucatan Peninsula in Mexico.
Studies of distal impact ejecta layers can provide information regarding the age,
location, and size of the source crater, and nature of the target rock.

3.4.1 Age of the Source Crater

Determining the age of the ejecta layer based on stratigraphic means or radio-
metric dating of the impact glass or shocked mineral grains such as zircon or rutile,
as discussed above, will also indicate the time of formation or age of the source
crater. Because of the errors involved in dating, the age of the ejecta layer will not
be enough to prove that an ejecta layer was derived from a given crater, but it can
narrow down the possible choices and could put limits on where the source crater
might be located. As discussed above, U-Pb zircon ages from the K-T boundary
ejecta layer were used to support Chicxulub as the source crater for this ejecta
layer. Strontium and Nd model ages (see Sect. 3.4.2) for the North American
tektites/microtektites narrowed down the possible location of the source crater to
the Atlantic and Gulf coastal plains and adjacent continental shelf where the
source crater (Chesapeake Bay structure) was eventually found (see Sect. 4.5.9).

3.4.2 Nature of the Target Rock

Distal impact ejecta can contain both melted (e.g., microtektites) and unmelted
components. The unmelted components give direct information regarding the
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Fig. 3.29 Sr/Nd isotope plot for tektites showing the differences between the strewn fields. The
Sr/Nd isotopic data also indicate the provenance of the source rocks. Data from North American,
Central European, and Ivory Coast tektites are from Shaw and Wasserburg (1982). Australasian
tektite data are from Shaw and Wasserburg (1982) (diamonds) and Blum et al. (1992) (squares)

petrography and composition of the target rocks. In 1983, a layer of fragmented red
felsic volcanic rock was discovered in the late Neoproterozoic Bunyeroo Forma-
tion (a marine mudstone unit) in the Flinders Range in South Australia by Vic
Gostin (Williams and Gostin 2005). Gostin et al. (1986) ruled out glacial-ice
rafting, debris flow, and fluvial deposition as the origin of this fragmental layer.
Radiometric dating of the volcanic rock making up the fragmental layer indicated
an age of 1575 Ma, which is close to the age of the Gawler Range Volcanics to the
west (Gostin et al. 1986). It was soon learned that a 90-km-diameter crater, the
Acraman impact structure, had been discovered by George Williams (Williams
1986) ~250 km west of where the fragmental layer was found. Gostin and col-
leagues searched for and found PDFs in quartz grains in the felsic volcanic rocks
from the fragmental layer and eventually concluded that the layer was impact
ejecta from the Acraman impact structure (Gostin et al. 1986). Thus, the age and
petrography of the fragmental rocks in the ejecta layer provided the evidence to
correlate the ejecta with the Acraman impact structure.

In the absence of rock fragments, the size and kinds of shocked mineral grains
in an ejecta layer can indicate the nature of the target rocks. In the absence of both
shocked rock fragments and shocked mineral grains, the composition of impact
glass in an ejecta layer can indicate the major oxide, trace element, and isotopic
composition of the target rock, although some of the more volatile elements may
have been lost during glass formation. If an impact structure is suspected of being
the source of impact glass (e.g., microtektites) in an ejecta layer, mixing calcu-
lations can be used to determine if the glass composition can be matched by a
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mixture of target rocks at the proposed crater site. For example, the major and
minor element compositions of the Ivory Coast tektites and microtektites were
matched to a mixture of target rocks at the Bosumtwi impact crater, Ghana, West
Africa (Koeberl et al. 1998). Mixing calculations are important to define the
indigenous contents of siderophile elements in the glass, which is important for the
determination of the possible presence and identification of an extraterrestrial
component in the glass (Koeberl 2007). An example of a mixing model is the
harmonic least-squares (HMX) mixing calculation program of Stockelmann and
Reimold (1989) which allows the usage of any number of components (e.g., target
rocks) and component or mixing parameters (e.g., element abundances), and can
include the analytical uncertainties in the model computations.

Heavy mineral studies can be used to correlate an ejecta layer with its source
crater (Thackrey et al. 2009). The heavy mineral assemblage can help define the
nature of the target rocks and the heavy mineral assemblage in an ejecta layer can be
compared with the heavy mineral assemblage at proposed source craters. In addi-
tion, some heavy minerals (e.g., zircon, rutile) can be radiometrically dated, which
can provide information about the provenance of the target rocks, and, in some cases,
can provide the age of the impact/ejecta layer. Of course, it is necessary to dem-
onstrate that the heavy minerals are part of the ejecta layer and not just locally
derived detrital grains. The most convincing way is to demonstrate that the heavy
minerals show evidence of shock metamorphism. Additional evidence that the
heavy minerals in the ejecta layer are part of the ejecta is to demonstrate that the
heavy mineral assemblage of the ejecta layer is distinctly different from that in the
layers above and below the ejecta layer. Once it is demonstrated that the heavy
minerals are part of the ejecta, then selected heavy minerals can be dated using one
or more of the methods discussed above. Most heavy minerals are relatively stable
and this makes the heavy mineral assemblage a good choice for correlation purposes.

Another very important method that can be used to help determine the nature of
the source rock involves Sm—Nd and Rb-Sr systematics. The Sm—-Nd system is
based on the a-decay of 1478m to "**Nd with a half-life of 106 Ga, and the Rb—Sr
system is based on the f-decay of ®’Rb to ¥’Sr with a half-life of 48.8 Ga. Sm-Nd
and Rb-Sr isotopic analyses of impact glasses (e.g., tektites, microkrystites) can be
used to put constraints on the age and provenance of the target rocks which were
melted to form them (Shaw and Wasserburg 1982). Sm—Nd and Rb-Sr isotopic
data for impact glasses can be used to determine &ng and &g, values where

= [("Nd/"Nd 143Nd /" Nd —1| x 1000 3.2
ond |: ( / ) sample/ ( / ) standard X ( )
and

osr = [(87sr/865r) / (87Sr/86Sr> —1} x 1000 (3.3)
sample standard

The eng and &g, values can be used to characterize the glasses and to compare
them with enq and &g, values determined for target rocks at possible impact craters.
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In addition, Sm—Nd and Rb-Sr isotopic data for impact glasses can be used to
calculate model ages. Model ages are essentially based on a one point isochron
with an assumed initial value. The Nd model age, TR VR, is interpreted as the time
of formation of the source terrain that was weathered to produce the sediments
which were melted to form the impact glasses (CHUR = Chondritic Uniform
Reservoir, which has the "*’Sm/'**Nd and '**Nd/'"**Nd of chondrites and pre-
sumably the bulk Earth). Weathering does not disturb the Sm—Nd isotopic system.
However, the Rb—Sr isotopic system can be severely disturbed during weathering
and sedimentation, resulting in an increase in the Rb/Sr ratios (Koeberl 1994). The
Sr model ages, TEF, under the favorable conditions of very high Rb/Sr ratios, are
close to the time of deposition of the sediment that was melted to produce the
impact glass (UR = Uniform Reservoir and is the Rb/Sr equivalent of CHUR,;
Shaw and Wasserburg 1982). The Nd and Sr model ages of impact glasses can be
used to help identify the source crater.

Shaw and Wasserburg (1982) found that Cenozoic tektites have distinct neg-
ative eng values and large variable &g, values (Table 3.6), which are characteristic
of old continental crust (Fig. 3.29). They also determined the Nd and Sr isotopic
ages for Cenozoic tektites (Table 3.6). Based on Nd model ages for the North
American tektites and microtektites, researchers concluded that the target rocks
that were melted to produce the North American tektites and microtektites were
derived from late Precambrian crust (~0.62-0.67 Ga old), which narrowed the
location of the source crater to the Appalachian mountain belt and the adjacent
coastal plains and continental shelf (Atlantic and eastern part of the Gulf Coast)
(Shaw and Wasserburg 1982; Ngo et al. 1985; Stecher et al. 1989). This area is
consistent with the location of the Chesapeake Bay impact structure, which was
later discovered and is now believed to be the source crater for the North American
tektites/microtektites (Poag et al. 1994; Koeberl et al. 1996).

The methodology of Rb-Sr and Sm-Nd isotopic analysis is fairly routine. It
involves whole-rock powders or mineral separates which are spiked with an iso-
topic standard and dissolved. The various elements are separated, mostly by ion
exchange, and the isolated elemental fractions are then subjected to thermal ion-
ization mass spectrometry to determine the isotopic ratios (Papanastassiou and
Wasserburg 1981; Koeberl 2007).

3.4.3 Size of and Distance to Source Crater

Various kinds of information about an ejecta layer can be used to estimate the size
of and/or distance to its source crater. One method involves using the relationship
between thickness of an ejecta layer and the distance from and size of the source
crater. Other methods involve using spherule size or compositional data (e.g., Ir
content) to estimate the size of the source crater. Another method uses some
parameter/feature of the ejecta layer that varies radially away from the source
crater to estimate the distance to the source crater.
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As previously indicated (Sect. 2.6), the thickness of an ejecta layer decreases as
a power function (with an exponent of approximately —3.3) with distance from the
source crater. For example, the K-T boundary layer is about 45 cm thick at Haiti,
which, at the time of impact, was only ~900 km from the Chicuxlub impact
structure. At sites that vary between 2300 and 13,900 km from Chicxulub at the
time of the impact the K-T boundary ejecta layer only varies between about 1 and
3 cm in thickness. The thickness of an ejecta layer by itself will not indicate how
far the site is from the source crater. For example, a 10 cm thick ejecta layer could
be ~40 km from a 10-km-diameter crater or ~650 km from a 100-km-diameter
crater. However, if the thickness of an ejecta layer is known for three or more
widely scattered locations, it should be possible to use equations that relate ejecta
thickness to size of and distance to the source crater (as discussed in Sect. 2.6) to
determine the location and size of the source crater (Hildebrand and Stansberry
1992).

If the thickness of an ejecta layer is known for several widely spaced sites, it
may be possible to determine the size and location of the source crater by trial and
error. A crater size can be assumed and then used to calculate the distance to the
source crater for each ejecta site using the thickness of the ejecta layer at each site.
Circles are then drawn around each site using the calculated distance to the source
crater for each site as the radius. If there is a lot of overlap, then a smaller crater
diameter is used to calculate the distance from each ejecta site to the source crater.
If the circles based on this crater diameter do not all overlap, the chosen crater size
is too small. This process is repeated until all the distance circles around the ejecta
sites overlap or come into contact with each other at the same location. This is the
predicted location for the source crater and the crater diameter used to get this fit is
the predicted crater size. For ejecta layers older than ~ 10 Ma, plate reconstruc-
tions need to be done before doing the calculations. Hildebrand and Stansberry
(1992) used the ejecta thickness at three different K-T boundary ejecta layer sites
to calculate the size of and distance to the source crater. They found good
agreement with the size and location of the Chicxulub impact structure, which is
believed to be the source crater of the K-T boundary ejecta layer (see Sect. 5.2.6
for details).

Attempts to determine the geographic location and size of the source crater of
an ejecta layer based on geographic variations in thickness of the ejecta layer
provide at best a rough estimate. The thickness of an ejecta layer can be altered by
a number of processes including slumping, erosion and redeposition, tectonic
deformation, and compaction. In addition, calculations indicate that the Coriolis
effect due to the Earth’s rotation can significantly modify the distribution of ejecta
(Wrobel and Schultz 2003). As a result, radial decay laws (e.g., Egs. 2.2 and 2.3)
will not always accurately predict the thickness of a distal ejecta layer. Conversely,
the size of the impact crater may not be accurately predicted based on thickness of
its distal ejecta layer at a given distance from the source crater. The degree and
nature of the modification depends on the geographic latitude of the impact
(Wrobel and Schultz 2003).
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As discussed in Sect. 2.4, it has been suggested that the size of impact spherules
formed as condensate droplets (O’Keefe and Ahrens 1982) or formed as melt
droplets (Melosh and Vickery 1991) can be used to estimate the size of the
impacting body and, therefore, the source crater. Some authors have used
the equations that relate spherule size to projectile size to estimate the size of the
projectiles for several of the Precambrian spherule layers. Melosh and Vickery
(1991) used the maximum size of the spherules in the S3 spherule layer in South
Africa to estimate a projectile diameter up to 160 km. However, Byerly and Lowe
(1994) used a smaller spherule size for that layer and estimated the projectile
diameter to be only 24 km. Glikson and Allen (2004) used O’Keefe and Ahrens’
(1982) equation to estimate the size of the projectile responsible for the Dales
Gorge Precambrian spherule layer in Western Australia and obtained a projectile
diameter of 15-25 km. Glikson and Allen (2004) also used Melosh and Vickery’s
(1991) equation to calculate a projectile diameter of 16-30 km for the same
spherule layer. Hassler et al. (2000) used a corrected version of Melosh and
Vickery’s (1991) equation (see Sect. 2.4) to calculate a projectile diameter
of ~4.9 km for the Bee Gorge spherule layer (Western Australia).

Alvarez et al. (1980) used the Ir content of the K-T boundary layer to estimate a
projectile size of ~ 10 km. A projectile this size could have produced a crater the
size of the Chicxulub impact structure which was later discovered and identified as
the source crater for that layer. Several investigators have used the Ir concentra-
tions in South African Precambrian spherule layers to estimate the percent
extraterrestrial components in the layers and then used that to calculate the size of
the projectile for each layer. The calculations are based on the assumptions that the
spherule layers were global in extent and that the Ir fluxes determined for one or
two sites were close to the average flux for each layer. Based on the measured Ir
concentration, Kyte et al. (2003) estimated that the Ir fluxes in the S2, S3, and S4
spherule layers were 162, 16,200, and 2700 ng/cm?, respectively. This indicates
projectile diameters that are just slightly larger, 7 times larger, and 3 times larger,
respectively, than the Chicxulub projectile, or about 11, 70, and 30 km in diam-
eter. If the diameters of the craters produced by these projectile were 18 times
larger than the projectile diameters as is apparently the case for Chicxulub (i.e.,
180 km/10 km = 18), then the crater sizes for the S2, S3, and S4 spherule layers
would have been ~200, 1260, and 540 km in diameter, respectively. Glikson and
Allen (2004) made similar calculations for the S4 spherule layer (South Africa)
and the Bee Gorge and Dales Gorge spherule layers (Western Australia) and
obtained projectile diameters of 46, 16, and 28 km, respectively. The 46 km
diameter for the S4 layer is larger than the 30-km-diameter size obtained by Kyte
et al. (2003) and larger than the size estimated for this layer by Glikson and Allen
(2004) using spherule size data as discussed above. Likewise, the 16 km diameter
for the Bee Gorge projectile is much larger than the 4.9 km diameter obtained by
Hassler et al. (2000) using spherule size.

In addition to the thickness of an ejecta layer, several other parameters/features
exhibit systematic change with distance from the source crater. For example,
Bohor and Izett (1986) determined the maximum size of shocked quartz grains in
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11 K-T boundary layer sites around the globe and found that the largest shocked
quartz grains occur in North America. From this they concluded that the source
crater must be somewhere in or near North America. This helped focus the search
for this crater. The Chicxulub crater, believed to be the source crater for the K-T
boundary ejecta layer, was eventually found on the Yucatan Peninsula, Mexico.
Other parameters/features of distal eject layers that vary systematically with dis-
tance from the source crater include: percent glass (impact spherules), percent
broken spherules, abundance of impact pits on the surface of spherules, and per-
cent alkali content of glassy spherules. With additional data about how these
parameters/features vary with distance from the source crater it may be possible to
use some or all of them to indicate the distance to the source crater for a given
ejecta layer. Variations in distal impact ejecta with distance from the source crater
are discussed in more detail in Chap. 10 (Sects. 10.1.2 and 10.2), after discussion
of the known distal impact ejecta layers in Chaps. 4-9.

3.5 Examples of Spherules Misidentified as Impact Spherules

Dark-colored glassy spherules were recovered from Tertiary clays at Deep Sea
Drilling Project Site 32 in the northeast Pacific (von der Borch 1970). The greatest
number of spherules was recovered from lower to middle Tertiary sediments over
a 20 m interval. They are dark brown to black in color and range from translucent
to opaque. When broken, the thin edges are translucent greenish-brown. The
spherules range between 0.3 and 1.2 mm in size and are mostly spherical, but
teardrops are fairly abundant and dumbbells are also present (Fig. 3.15). The
external surfaces range from smooth and highly glossy to rough and dull. Spherical
bubble cavities are common and some spheres are essentially hollow. In the initial
study of these spherules, it was concluded that they are microtektites or micro-
lapilli of volcanic origin (von der Borch 1970). However, in retrospect, several
lines of evidence suggested that they were of volcanic origin: 1) the spherules were
scattered over 20 m of core instead of being confined to a single well-defined
layer; 2) the spherules were associated with phillipsite and altered ash and scat-
tered shards; 3) spherules with dull surfaces have a thin devitrified crust; 4) X-ray
diffraction studies suggested the presence of possible microlites of calcic plagio-
clase and clinopyroxene; and 5) the mineralogy along with the high refractive
index of the glass (1.60 to 1.61) suggested a composition equivalent to a basaltic
glass. In a later study, von der Borch (1971) reported that the composition of the
spherules was similar to that of oceanic tholeiite (i.e., basalt) and he concluded that
they have a volcanic origin.

A researcher wrote to one of the authors (BPG) saying that he did not under-
stand why there was so much excitement in finding microtektites since he was
finding them all through the cores he was studying from the Antarctic Ocean. It
later was discovered that a colleague of his was doing sedimentation experiments
with artificial glass beads and some of the smaller beads were carried throughout
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the core laboratory by the air conditioning system and deposited on all the exposed
cores. The lack of lechatelierite inclusions and surface pits and grooves commonly
found on microtektites, as well as, their soda lime compositions was an indication
that the glass beads were manmade, rather than microtektites.

In 1970, Dieter Storzer and colleagues studied some spherules which had
allegedly been recovered from Cretaceous deposits in Switzerland (Storzer 1992).
Because of their chemical composition and virtually zero fission-track ages, it was
concluded that these spherules were manmade contaminants. Storzer (1992)
reported the discovery of numerous glass spherules in a drill core from Gabon,
West Africa, in 1986. The spherules were splash forms (spheres, teardrops,
dumbbells) ranging in size from 100 pm to 1 mm. No fission tracks were observed
in the spherules, indicating an age of <10 ka, which is considerably less than the
late Cretaceous stratigraphic age of the core. Their major oxide compositions were
similar to those of blast furnace slag or mineral wool shot. Mineral wool shot
refers to the non-fibrous particles produced during the manufacturing of glass
wool. It was concluded that the Gabon glass spherules were artificial contaminants
(Storzer 1992). In 1987, spherules interpreted as being of impact origin were found
in Molino de Cobo, Spain (Keller et al. 1987). These spherules are similar in major
oxide compositions to the Swiss spherules. Storzer (1992) concluded that both the
Swiss and Molino de Cobo spherules are surface contaminants of modern indus-
trial origin, probably mineral wool shot.

Keller (1986) also reported finding microtektites at a quarry in Cynthia,
Mississippi, USA. Later work on splits of the same samples showed that the
“microtektites” were probably glass beads from a nearby lightweight aggregate
plant that produces aggregate by firing or sintering clay (Byerly et al. 1990).
The glass spherules range between 75 and 250 pum in diameter. Many have smaller
spheres down to 5-10 pm welded to their surfaces (Byerly et al. 1990). The
smaller spherules are pale yellow to pale yellow—brown, but the larger ones are
nearly black. Most of the larger spherules contain vesicles and those >200 pm in
diameter generally contain a large central vesicle that makes up over half of the
volume of the spherule. These spherules have much lower SiO, contents (down to
40 wt %) and higher Al,O3 (up to 24 wt %) and CaO (up to 38 wt %) than the
typical Cenozoic microtektites (Byerly et al. 1990). They are generally holohya-
line, but some contain small inclusions of lechatelierite and rare quenched
microlites of aluminous pyroxene and magnetite. The spherules are associated
with irregular glassy particles which are highly vesicular and which contain
lechatelierite and partially fused mineral grains including zircon. Byerly et al.
(1990) pointed out that production of this type of lightweight aggregate and its
transport produces a contamination problem for samples collected from outcrops
along railways, highways, or in developed areas.

It is clear from the above discussion that one must be careful when taking
samples at an outcrop. The exposed surface rock should be removed before taking
samples; but even this may not be sufficient in outcrops where root cavities from
dead plants and cracks in the rocks can serve as conduits for surface contamination
to make its way down into the subsurface deposits. Contamination can be a major
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problem, especially near industrialized areas (Byerly et al. 1990; Storzer 1992);
but contamination can also be a problem along roads and railroad tracks (see, e.g.,
Montanari 1986; Montanari and Koeberl 2000). It is equally important to avoid
contamination of samples in the laboratory. Sieves, in particular, can be a major
source of contamination and must be cleaned thoroughly and viewed with a
microscope to make sure that no grains are caught in the mesh before re-using. It
would be best to avoid using sieves whose past histories are not known.



Chapter 4
Cenozoic Microtektite/Ejecta Layers

4.1 Introduction
4.1.1 Background

The earliest recognized and some of the best studied distal impact ejecta layers are
Cenozoic in age. The first to be discovered and one of the best defined Cenozoic
distal ejecta layers is the Australasian microtektite layer. It was first reported in
1967 (Glass 1967). The Ivory Coast microtektite layer was reported a year later.
Discovery of the North American microtektite layer was reported in 1973. Still
later, it was recognized that clinopyroxene-bearing spherules found associated
with the North American microtektites belonged to a slightly older impact event.
When the Australasian and Ivory Coast microtektite layers were first reported, they
were recognized as being part of the Australasian and Ivory Coast tektite strewn
fields, respectively. The origin of tektites was not, at that time, unanimously
agreed upon. A number of different origins had been suggested including: silica-
rich meteorites, lunar volcanic glass, lunar impact debris, terrestrial volcanic
bombs, terrestrial impact glass, glass objects formed by fusion of dust in the
atmosphere by lightning, straw silica glass, and manmade glass (Baker 1963;
Barnes 1939; Barnes and Barnes 1973, and references therein). By the time of the
lunar Apollo Program, most researchers believed that tektites were formed by
impact on the Moon or by impact on the Earth. With the return of the first lunar
samples came the death of the lunar hypothesis for the origin of tektites
(Schnetzler 1970). John A. O’Keefe attempted to resuscitate the lunar hypothesis
by proposing that tektites were formed by lunar volcanism (see e.g., O’Keefe
1976), but most investigators continued to accept the terrestrial impact origin for
tektites (e.g., Taylor and Koeberl 1994; Koeberl 1994).

The Cenozoic microtektite/microkrystite layers are discussed in this chapter.
Because the microtektites are microscopic tektites found in marine deposits and
because much of the evidence for an impact origin for these glasses has been
derived from the study of tektites, tektites are briefly discussed in the next section
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prior to discussion of the microtektite layers. Following the discussion of the
Cenozoic microtektite/microkrystite layers, we discuss the Darwin glass, Libyan
Desert Glass, and the impact glasses found in Argentina. The Darwin glass and
Libyan Desert Glass are not found in situ in stratigraphic layers, but appear to be
distal impact ejecta. The Argentina impact glasses range in age from Pleistocene to
Miocene. Some of the glasses are found in stratigraphic context, but most, if not
all, of these glasses appear to be proximal impact glasses. Except for the Rio
Cuarto glasses, the source craters are not known.

After the discovery of the Cretaceous-Tertiary boundary impact ejecta layer and
the proposal that the impact that produced that layer was responsible for the mass
extinction at the end of the Cretaceous Period (Alvarez et al. 1980), more geologists
became aware of impact ejecta layers and their importance. Many investigators
began searching for additional impact ejecta layers associated with other mass
extinctions. Several additional possible/probable Cenozoic distal impact ejecta
layers have been described. However, most of these are based on a single outcrop
and/or lack definitive proof of an impact origin. These possible/probable Cenozoic
distal impact ejecta layers are discussed briefly at the end of this chapter. A list of
the Cenozoic spherule and ejecta layers discussed in the chapter is given in
Table 4.1.

4.1.2 Tektites and Tektite Strewn Fields

Tektites are silica-rich glass bodies formed by impact melting of terrestrial surface
deposits (Koeberl 1994; Artemieva 2008). They are thrown away from the source
crater and are found in the distal part of the ejecta. The geographical area over
which they are found is called a strewn field. There are four well-known Cenozoic
tektite strewn fields: Australasian, Ivory Coast, Central European, and North
American (Fig. 4.1). The ages for these tektites range from 0.78 Ma for the
Australasian to 35 Ma for the North American (Table 4.2).

There are three types or forms of tektites based on their shapes: Muong Nong-
type (or layered), splash forms, and ablated or flanged tektites (Fig. 4.2). The
Muong Nong-type tektites (named after a region in Laos) are blocky, layered
tektites, some of which are larger than any of the splash-form or ablated tektites.
The Muong Nong-type tektites are up to several tens of centimeters in size and can
weigh as much as 24 kg (Koeberl 1992a). Petrographic and geochemical data
indicate that they were not heated as intensely as the splash and ablated forms. For
example, unlike the splash and ablated forms, they contain relict mineral grains
(Fig. 4.3) and they have higher water contents compared to the splash-form and
ablated tektites (Glass and Barlow 1979; Koeberl 1992b). Muong Nong-type
tektites are believed to have been deposited closer to the source crater than were
the ablated tektites and most of the splash-form tektites; and 198¢ data indicate that
they came from a greater depth in the target deposits than did the splash-form and
ablated tektites (Koeberl 1994; Ma et al. 2004).
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Fig. 4.1 Map showing the locations of the Cenozoic tektite/microtektite strewn fields. Formation
ages of the tektites are shown in parentheses

Splash-form tektites occur as spheres, teardrops, dumbbells, and disc shapes.
They are generally a few centimeters to 10 or more centimeters in size. The
ablated tektites are splash-form tektites which were thrown up out of the atmo-
sphere and were reheated and ablated as they came back down through the
atmosphere. Some of the melted glass flowed back to form a flange around the
periphery of these tektites (Fig. 4.2e, f). Flanged tektites are generally only a few
centimeters in size. The best examples of ablated tektites are found in the Aus-
tralasian strewn field where they are believed to be farther from the source crater
than the splash-form tektites and, especially, the Muong Nong-type.

Tektites generally appear opaque black in reflected light, but the Central
European tektites are transparent to translucent green. In transmitted light, a thin
section of a tektite is generally transparent green. The surfaces are usually pitted
and grooved due to solution while lying on the Earth’s surface. Tektites contain
lechatelierite particles (melted quartz grains) (Fig. 2.9), but are generally devoid of
any crystalline material; the main exception being rare relict mineral grains, found
in some Muong Nong-type tektites, which show evidence of shock metamorphism
(Glass and Barlow 1979). Tektites can also contain vesicles, sometimes quite
large, and schlieren or flow lines.

As previously mentioned, tektites are silica rich (Table 4.3). The silica content
is generally between 66 and 83 wt %. The other major oxides vary inversely with
the silica content (e.g., Fig. 4.4). Individual tektites are relatively homogeneous
except at below about a 10 pm scale. However, plots of major oxides versus silica
for a group of tektites from a given strewn field show well-defined compositional
trends. The major and minor element and isotopic compositions are consistent with
formation from sediments generally derived from post-Archean crust (Koeberl
1990, 1994).


http://dx.doi.org/10.1007/978-3-540-88262-6_2

143

Introduction

4.1

(6861 TE 32 10U201S) BJN ThL PUE 9]¢ U20mIAQ ST OFUEI ) ‘popn[oul dxe K3SIOf MON JJO dHUB[Y MN U UT Z[9 a)IS JO WO SJUWSEI) dJ13e) oY) 10§ eIep IS/qy I

001 19318} Arejuawipas oYy donpoid 0y payisodop pue papoId sem UOIYM UIRLI) 90IN0S Jo 98y
(001 1031€) 2y JO dFe [ruonIsOdop “o°T) UONEUONSE) IS/qY Jofew pue SuLyEom Jo dui], |
Sunep IV /1V,,, JO/pue ‘Iy—3] YOrI-UOISSY UO PIseq SN} Jo IFY ,,

BAnD
‘(¢ snesnyoesseIy
(9007) 1199903 pue yosmaQ p06¥ ‘PIeAQUIA S BUMEA
Kegq oxeadesoy)y  ‘(g861) Sinqrassepy pue meys  0'1-90  —00F~  (9661) Ie[dwep pue uiqry yse~ ‘eI1090) (SEXQL) V'S (] UBOLLWY YLON
(€007) ‘Te 19 1Zuame | BLISNY
“(z007) yoddry pue UIOYIOU ‘AUBULIOn)
REIN (2861) SInqIassep\ pue meys 60 ST zIemyds “(S661) ‘T8 19 19ZI01S 9pI~ wRIsam ‘orqnday yoaz) ueadoing [enud)
muunsog (7861) SInqIassep\ pue meys 61 0S6 (9L661) ‘T 19 119903 ']~ BOLIJY ‘1S80D) AIOAT 1580 AIOA]
RIUBWISE ],
‘erensny ‘saIof]
‘eAr[ ‘Sumipeg ‘odulog
‘reuntg ‘saurddryiyq
) ‘eIsAe[eIN
‘(e1poquie) ‘puerey],
(euryoopuy (0007) 'T& 10 WEX ‘SO ‘WRUIAIA)
ur £jqeqoxd (z661) T8 10 wnig (S661) T8 19 zuny| BUIYOOPU] ‘PUBS]
ng) umowyup) ‘(z861) Smquossepy pue meqs 6T T—+0'T  0ST—SLT ‘(Z661) USTAOPRIGQ pue 13z] Z0'0 F 8L°0 UBUTRH ‘BUIYD UIYNOS uelsefensny
(en) o938  (BN) 23e (eN) ,93e
19)RID 90IN0S SOOUQIOJOY  [opow PN [opoul IS SOOUQIQJOY  UONRULIO] uones0| PIoY umans
SPIOY umans AMNSL, 'y AYEL



144 4 Cenozoic Microtektite/Ejecta Layers

1cm

Fig. 4.2 Photographs of Australasian tektites showing the various types or forms. a Spherical-
shaped indochinite (tektite from Indochina). Note pits and etched flow lines. b Dumbbell-shaped
indochinite. Some pits and U-shaped grooves are present. ¢ Teardrop-shaped indochinite with a
pitted surface. d Muong Nong-type indochinite exhibiting some obvious layering. e Ablated
australite. The anterior surface shows flow rings. The posterior surface, which is partially covered
with the flange, is smooth and is a remnant of the original spherical surface. f Thin section of an
ablated australite with the anterior surface at the bottom and posterior surface at the top. A section
of the flange is evident on both sides. Flow lines or schlieren are evident throughout the tektite.
a—c, e, and f are from Glass (1982). Reprinted with permission of Cambridge University Press

The water content of tektites is generally quite low (<0.02 wt %; Koeberl
1994; Beran and Koeberl 1997; Watt et al. 2011). The low water content may be
due to “bubble stripping” (Melosh and Artemieva 2004). Vapor bubbles form in
the shocked melt at relatively high pressures and when the melt is accelerated out
of the crater at close to 50 g. Under these conditions vapor bubbles rapidly travel
through the melt, carrying water vapor and other volatiles, and burst at the tektite
surface (Melosh and Artemieva 2004). Tektite glass is relatively reduced as
indicated by its low ferric to ferrous iron ratios (Fudali et al. 1987; Giuli et al.
2010). Sm-Nd isotopic data indicate that the source terrain for the sediments
which were melted to produce the tektites ranges from 0.6 to 1.9 Ga (Table 4.2),
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Fig. 4.3 Mineral inclusions recovered from Muong Nong-type indochinites. All are still at least
partly enclosed in tektite glass. a Aluminum silicate (Al,SiOs) grain (dark with a translucent
core) composed of submillimeter-sized corundum crystals (not obvious in this optical microscope
image; see Fig. 2.11) in an SiO, glass matrix. b Octahedral chromite crystal (~80 pm across) in
the right side of the glass fragment. ¢ Rounded zircon crystal (~40 x 50 pm) in the center of a
glass fragment. d Scanning electron microscope image of a polished section of a zircon (light
colored), exhibiting a granular texture, in a glass matrix (dark gray). e Two rutile grains (black)
in a glass fragment. Note that the glass is darker around the grains. This is due to the higher Ti
content of the glass as a result of incipient melting of the rutile grains. f Quartz grain
(~60 x 120 um), with a few vesicles, attached to glass (at the bottom). a, ¢, e, and f are optical
images taken in transmitted light. b was taken in reflected light. d is a scanning electron
microscope image taken in backscattered electron mode. a and e are courtesy of Joy Deep Dass
(Figs. 3c and 4c, respectively, in Dass 1999)


http://dx.doi.org/10.1007/978-3-540-88262-6_2
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Table 4.3 Tektite compositions

Australasian Ivory

Australites (17) Philippinites (17) High Mg (10) Muong Nong (19) Coast (11)
SiO, 70.42-78.79 68.9-72.1 64.8-77.0 77.08-81.73 66.17-68.48
TiO,  0.55-0.81 0.75-1.02 0.66-0.77 0.53-0.72 0.54-0.61
ALO; 9.36-13.70 12.33-15.23 10.7-13.3 8.60-11.41 16.28-17.72
Fe,0; 0.23-1.01 0.50-1.20
FeO 3.46-4.60 4.04-4.81 3.85-8.63 3.18-4.15 5.84-6.45
MgO  1.50-2.48 2.32-2.93 1.83-7.95 1.19-1.65 2.98-4.39
CaO 2.13-5.09 2.50-3.97 1.79-3.73 1.03-1.63 1.21-1.52
Na,O 1.12-1.52 1.18-1.76 0.62-1.38 0.77-1.07 1.53-2.08
K,0 2.08-2.55 2.17-2.56 1.34-2.56 2.24-2.55 1.73-2.13

Central European North American

Bohemia (43)  Germany (15) Austria (7) Bediasites (21) Georgiaites (24)

Si0,  71.9-81.0 77.2-81.1 77.8-85.1 71.89-80.17 78.9-83.4
TiO,  0.23-0.50 0.26-0.42 0.24-0.35 0.59-1.05 0.42-0.57
ALO;  8.96-12.7 8.94-11.8 8.10-10.6 11.19-17.56 10.3-12.3
Fe,0; 0.00-0.45

FeO  1.28-2.86 1.32-2.51 1.02-1.78 2.29-5.26 1.85-3.68
MgO  1.52-3.73 1.06-2.73 1.25-2.10 0.37-0.95 0.49-0.76
Ca0  2.05-4.48 0.93-3.85 1.46-3.30 0.49-0.96 0.40-0.53
Na,O  0.25-0.60 0.28-0.70 0.19-0.49 1.20-1.84 0.78-1.06
K,O  2.88-3.77 3.06-3.75 2.62-3.90 1.60-2.43 2.28-2.58

Note Australites are from Australia, philippinites are from the Philippines, indochinites are from
Indochina, the high-Mg tektites are mostly from Java, Muong Nong-type tektites are blocky,
layered tektites from Indochina, Bohemia is in the Czech Republic, bediasites are from Texas,
and georgiaites are from Georgia, USA

Compositional data are from the following sources: australites, Taylor (1962); philippinites and
indochinites, Schnetzler and Pinson (1963); high-Mg tektites, Chapman and Scheiber (1969);
Muong Nong-type tektites, Koeberl (1992a); Ivory Coast tektites, Koeberl et al. (1997b); Central
European tektites from Bohemia and Germany, Lange (1996); Central European tektites from
Austria, Koeberl et al. (1988); bediasites, Chao (1963); georgiaites, Albin et al. (2000)

FeO values given in bold indicate that total iron is reported as FeO

Numbers in parentheses indicate the number of analyses

while Rb-Sr isotopic data indicate sedimentation ages for the target rocks that
range from 15 to 950 Ma (Shaw and Wasserburg 1982; Blum et al. 1992). Sur-
prisingly, meteoritic contamination is generally below detection limit; however,
Koeberl and Shirey (1993) found up to 0.1 % meteoritic component in Ivory Coast
tektites using the Os isotopic method.

At first glance, tektites, with the exception of the Central European tektites, can
be mistaken for obsidian (volcanic glass), but they can be distinguished from
obsidian by their petrography and composition (Table 4.4). Unlike volcanic glass,
tektites do not contain microlites or crystallites, but they do contain lechatelierite
particles. Tektites generally have lower alkali (Na,O and K,0O) and higher MgO
contents for a given silica content. More importantly, tektites can be distinguished
from volcanic glass by their lower water content and lower Fe**/Fe* ratios.
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Fig. 4.4 Al,O3, FeO, Na,0, K,0, and TiO, contents versus SiO, contents for australites (tektites
from Australia). Note that oxide contents vary inversely with SiO, contents. CaO and MgO
contents also vary inversely with SiO,, but were not included in the figure for the sake of clarity.
Compositional data used in these plots are from Schnetzler and Pinson (1963) and Chapman and
Scheiber (1969)

Table 4.4 Comparison between tektites and volcanic glass

Tektites Volcanic glass
Morphology
Evidence of aerodynamic ablation Sometimes No
Splash forms (teardrops, dumbbells, etc.) Common Rare
Petrography
Contain microlites/crystallites No Yes
Contain shocked relict mineral grains Rarely No
Contain lechatelierite Yes No
Chemistry
Water content <0.02 wt % >0.1 wt %
Fe**/Fe?* ratio Low (generally <0.2) High (generally >0.2)

The evidence for an impact origin for tektites includes the ubiquitous presence
of lechatelierite particles, the presence of rare shock-metamorphosed mineral
grains in some Australasian, Central European, and North American Muong Nong-
type tektites, and the evidence for up to 0.1 % meteoritic component in some Ivory
Coast tektites as mentioned above. Evidence of shock metamorphism in mineral
grains recovered from some Muong Nong-type tektites includes X-ray asterism,
breakdown of zircon to baddeleyite and silica glass, and breakdown of an Al,SiO5
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phase to corundum plus silica glass (Glass and Barlow 1979; Glass et al. 1995;
Dass 1999; Fig. 4.3). Furthermore, shocked quartz grains (exhibiting planar
deformation features or partially converted to coesite and/or rarely stishovite) and
shock-metamorphosed rock fragments have been found in the Australasian and
North American microtektite layers (this is discussed in more detail in Sects. 4.2.7
and 4.5.7). In addition, to date source craters have been identified for three of the
four Cenozoic tektite strewn fields.

The source crater for the Ivory Coast tektites is the Bosumtwi crater in Ghana,
the Central European source crater is the Ries crater in Germany, and the North
American source crater is the Chesapeake Bay structure on the east coast of the
U.S.A. Identifications of the source craters are based on geographic location, age
(Ar-Ar, Rb-Sr, Sm-Nd), and composition (Horn et al. 1985; Engelhardt et al.
1987; Poag et al. 1994; Koeberl et al. 1996, 1997b, 1998; Deutsch and Koeberl
2006). The source crater for the Australasian tektites has not been found, but most
investigators believe that it is somewhere in the Indochina area (e.g., Schnetzler
1992; Koeberl 1994; Ma et al. 2004; Glass and Koeberl 2006). The evidence for
identification of the source craters is discussed in more detail below.

Most tektite researchers agree that tektites are distal impact glasses (e.g., Koeberl
1994), and 19B¢ concentrations measured in Australasian and Ivory Coast tektites
suggest that tektites are derived from surface or near surface deposits (e.g., Ma et al.
2004; Serefiddin et al. 2007). However, the details of tektite/microtektite formation
and how they are distributed from the source crater are unknown, or at least not
agreed upon. Some authors have proposed that tektites formed by jetting (e.g.,
Vickery 1993); but, according to expectations from model calculations, melt pro-
duced by this process should be enriched in projectile (meteoritic) material, and
tektites generally show no evidence of meteoritic contamination. Other authors have
proposed that tektites (or a restricted population of tektites) might have been formed
by melting of surface sediments and ejection of melt by the impact-heated and
compressed atmosphere prior to the projectile making contact with the Earth’s solid
surface (Scott 1999). However, it does not seem likely that such a mechanism could
explain the widespread geographic distribution of most tektite strewn fields.

It has been proposed that, if an impact is big enough, a vapor plume is formed
that can accelerate molten blobs of impact melt into space where they solidify to
form glass bodies (e.g., tektites and microtektites). These bodies can then travel
above the atmosphere along ballistic trajectories before falling back to Earth
forming tektite strewn fields that can extend thousands of kilometers across the
Earth’s surface. Numerical modeling indicates that high-velocity (35—40 km/s)
impacts into a dry target with impact angles of 30 to 50° may provide the best
conditions for tektite production (Artemieva 2001, 2008). Numerical simulations
suggest that cm-sized melt masses can move in the post-impact flow with local gas
velocity without appreciable drag and along ballistic-like trajectories.

Thousands of papers and several books have been written about tektites. For
more information about these unusual glasses the reader is referred to one or more
of the following books or review articles: O’Keefe (1963) (this book, edited by
John A. O’Keefe, summarizes what was known about tektites up to the early
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1960s), Barnes and Barnes (1973) (this is a collection of some of the most
important papers on tektites up until the early 1970s), Glass (1990a) (this paper is a
brief summary of what was known about tektites and microtektites as of the late
1980s), O’Keefe (1976) (this book, written by John A. O’Keefe, summarizes what
is known about tektites, but with emphasis on supporting the lunar volcanic origin
for tektites), Koeberl (1994) (this paper summarizes the geochemistry of tektites
and what is known about the origin of tektites by hypervelocity impact), and
McCall (2001) (this book summarizes much of what we know about the tektite
strewn fields, with emphasis on the Australasian strewn field).

4.2 The Australasian Microtektite Layer

Australasian microtektites were discovered in deep-sea sediments in the mid 1960s
(Glass 1967). As of 2007, Australasian microtektites had been identified in over
60 cores (Prasad et al. 2007). The Australasian strewn field is the largest of the
Cenozoic tektite/microtektite strewn fields in terms of its known geographic
extent. This microtektite layer is closely associated with the Brunhes—Matuyama
geomagnetic polarity reversal boundary (Glass 1972a; Schneider et al. 1992). The
Australasian microtektites are believed to be associated with the Australasian
tektites based on their geographic proximity, age, and chemical compositions
(Glass 1967, 1972a; Cassidy et al. 1969; Gentner et al. 1970). More recently,
microtektites have been found in the Transantarctic Mountains in Antarctica.
These microtektites appear to belong to the Australasian strewn field (Folco et al.
2008, 2009, 2010a).

4.2.1 Description of the Australasian Microtektites

Unbroken Australasian microtektites are generally spherical in shape, but other
splash forms (teardrops, dumbbells, discs) are also present (Fig. 4.5a). Estimates
of the percent abundance of spherical shaped microtektites ranges from 62 to 90 %
(Smit et al. 1991; Prasad and Sudhakar 1996; Lee and Wei 2000). Rarely, irregular
but rounded forms have also been observed. Glass fragments make up from <1 to
~40 % of the glass particles at a given site. It is generally the larger microtektites
that are broken.

Most Australasian microtektites are less than a millimeter in diameter or length,
but some splash forms are a millimeter or more in length. At one site in the central
Indian Ocean, 29 microtektites with sizes ~ 1 mm were recovered from a box core
with a cross section of 30 x 30 cm (Prasad and Sudhakar 1999). Sixteen of these
minitektites were spherical with diameters up to 2.03 mm. The remainder were
dumbbells, teardrops, disc, and oval shapes. The largest was an oval-shaped
minitektite with a length of 3.75 mm (Prasad and Sudhakar 1999). The
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Fig. 4.5 Images of Australasian microtektites. a Optical microscope image of a group of
Australasian microtektites from Deep-Sea Drilling Project Site 1144 in the northern South China
Sea. Microtektites consist of splash forms and fragments. The splash forms are mostly spherical
in shape, but teardrop and dumbbell shapes are also present. Vesicles can be seen in many of the
microtektites. Most are transparent, but some are translucent. b A backscattered-electron image
of a quartz inclusion in an Australasian microtektite from Core SO95-17957-2 taken in the South
China Sea. The grain has presumably undergone incipient melting preferentially along planar
features (perhaps planar deformation features). The melt was quenched to form lechatelierite
lamellae (darker gray). b is courtesy of Luigi Folco

Australasian microtektites increase in abundance with decreasing size. In one core,
the number of microtektites was determined to increase in abundance with
decreasing size down to at least 38 pum, but most of the mass (over 90 wt %) was
in the >125 pm size range (Cassidy et al. 1969).

The Australasian microtektites generally range from transparent colorless, to pale
yellow, to greenish yellow, to dark brown in color (Smit et al. 1991; Prasad and
Sudhakar 1996; Lee and Wei 2000; Glass and Koeberl 2006). The darker colored ones
are generally translucent, but can be opaque. The transparent colorless microtektites
are usually smaller than the darker ones. There are also some transparent bottle-green
microtektites. The percent abundance of each color varies from site to site.

Most Australasian microtektites exhibit some surface sculpturing due to solu-
tion in the pore water in the sediment, although some have shiny smooth surfaces
(Figs. 4.5a and 4.6a). The most common surface features are pits (Fig. 4.6b and c;
Glass 1974, 1984a). In addition, circular features are observed protruding above
the surface of some microtektites (Fig. 4.6d). These are believed to be silica-rich
inclusions which were originally at the surface of the microtektites, but underwent
solution at a much lower rate than the adjacent glass. Some microtektites have flow
lines that have been etched out on the surface (Smit et al. 1991). The bottle-green
microtektites generally have badly corroded surfaces (Fig. 4.6f). In addition to the
surface features formed by solution, high velocity impact pits have been observed
on the surface of some of the Australasian microtektites (Fig. 3.9f; Prasad and
Sudhakar 1998).


http://dx.doi.org/10.1007/978-3-540-88262-6_3
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Australasian microtektites are generally holohyaline; however, some Austral-
asian microtektites in the South China Sea region do contain rare quartz inclusions
in addition to some sub-micrometer sized Fe-rich crystals and a Zr phase, probably
zircon (Folco et al. 2010a). Bubble cavities are common and schlieren (flow lines)
and lechatelierite particles have been observed in some Australasian microtektites
(Cassidy et al. 1969; Smit et al. 1991; Glass and Koeberl 2006).
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Fig. 4.6 Scanning electron microscope images of Australasian microtektites exhibiting a variety
of surface features. a Image of a microtektite with a relatively smooth surface. This microtektite
has a shiny smooth surface in reflected light. b Microtektite with numerous small pits scattered
over most of the surface. Near the top and slightly to the right there is a smooth circular area
(~50 pm in diameter) that is elevated above the surrounding surface. The elevated circular area
is probably silica rich and is elevated due to solution of the surrounding glass. This microtektite
has a frosted appearance in reflected light. ¢ A microtektite with numerous moderately large (up to
almost 100 um diameter) pits scattered over its surface. An ~70 pm diameter elevated circular
area (probably silica rich) is present near the fop and slightly to the left in this image. Elevation of
the circular area is likely due to differential solution between it and the surrounding glass. d A
heavily pitted microtektite with a U-shaped groove (~25 pm across) and two elevated circular
protrusions: one near the top (~80 um diameter) and one protruding at the upper right
(~10 pm). They are elevated ~ 10 pm above the adjacent surface. Elevation is presumably due
to differential solution. e This microtektite has a large number of irregular pits and some narrow
U-shaped grooves, and a raised circular area barely visible on the lower left (~30 pm diameter).
Some of the pits appear to be micro-impact craters which have been modified by dissolution.
f This is a high-Mg, bottle-green, microtektite. The corroded appearance is typical for the high-
Mg microtektites. a and b are from Core RC12-328 and RC12-327, respectively, from the
northwest Indian Ocean. ¢ is from Core LSDH-23G-1 taken in the southwest Indian Ocean and
d is from Core V16-70, which was also taken in the southwest Indian Ocean. e is from Core V20-
138 taken in the Philippine Sea and f is from Core V19-153, taken in the eastern equatorial Indian
Ocean south of Sumatra

4.2.2 Composition of the Australasian Microtektites

Based on their appearance and composition, the Australasian microtektites can be
divided into two end-member groups: (1) normal microtektites, which are generally
transparent pale yellow to brown in color, and (2) bottle-green, highly corroded,
magnesium-rich (up to 24 wt % MgO) microtektites. The normal Australasian
microtektites are the most abundant and have major and trace element compositions
similar to the Australasian tektites; however, the microtektites have a broader range
in composition than the tektites and extend down to lower SiO, contents (Table 4.5;
Fig. 4.7; Cassidy et al. 1969; Frey et al. 1970; Glass 1972a, b; Glass et al.
2004b).Yellow-green Australasian microtektites have compositions that are inter-
mediate between the normal and high-Mg, bottle-green microtektites (Cassidy et al.
1969). The normal Australasian microtektites have trace element contents similar to
the average trace element content of the upper continental crust. Glass et al. (2004b)
identified a high-Ni group of normal Australasian microtektites with higher Ni and
Co and generally higher Cr contents than the other normal Australasian micro-
tektites (Table 4.5). The Cr, Co, and Ni contents of the high-Ni Australasian mi-
crotektites are positively correlated with each other and with the FeO and MgO
contents, and are negatively correlated with the other major oxides. This is sug-
gestive of meteoritic contamination; but the ratios between Cr, Co, and Ni contents
are closer to mantle ratios than to meteoritic.
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Fig. 4.7 Al,O;, FeO, Na,O, MgO, and TiO, contents versus SiO, contents for Australasian
tektites and microtektites and Transantarctic Mountain microtektites. Note that the tektites and
microtektites (including the Transantarctic Mountain microtektites) fall along similar compo-
sitional trends. The same is true for CaO and K,O versus SiO,, which are not shown here. The
microtektites extend the trends down to lower SiO, contents with corresponding increases in the
other major oxides, with the exception of K,O (not shown) and Na,O. The Transantarctic
Mountain microtektites generally have higher Al,O5 and lower Na,O contents for a given SiO,
content compared to the Australasian tektites and microtektites. Australasian tektite composi-
tional data are from Schnetzler and Pinson (1963) and Chapman and Scheiber (1969).
Australasian microtektite compositional data are from Glass (1972a) and Glass et al. (2004a).
Transantarctic Mountain microtektite data are from Folco et al. (2009)

4.2.3 Age

The Australasian microtektite layer is closely associated with the Brunhes—
Matuyama (B-M) geomagnetic polarity reversal boundary. In cores with low sedi-
ment accumulation rates (i.e., <l cm/ka), the microtektite layer is generally on or
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Fig. 4.8 Relationship between the Australasian microtektite layer and Brunhes—Matuyama (B—
M) geomagnetic reversal boundary in Core V29-39 and Core 6H from Ocean Drilling Project
Hole 767B. The microtektite layer in Core V29-39 is ~9 cm above the B-M boundary, but at
Hole 767B the microtektite layer is ~80 cm below the B-M. The difference is apparently due to
post-depositional remanent magnetization (see Sect. 11.2.2)

slightly above the B—M reversal boundary. However, in cores with high sediment
accumulation rates, the microtektite layer is below the B-M reversal boundary
(Fig. 4.8). This apparent inconsistency is probably due to post-depositional rema-
nent magnetization (see Sect. 11.2.2). Detailed studies of the relationship indicate
that the microtektites were deposited ~ 12 ka before the B-M reversal (Burns 1989;
Schneider et al. 1992). The age of the B-M reversal boundary is estimated to be
~0.78 Ma (Izett and Obradovich 1994; Sarna-Wojcicki et al. 2000). This indicates a
stratigraphic age of ~0.78 Ma for the Australasian microtektite layer. This is con-
sistent with the formation age of 0.7 £ 0.1 Ma for the Australasian microtektites as
determined by fission-track dating (Gentner et al. 1970) and it is consistent with the
0.78 + 0.02 Ma formation age of the Australasian tektites determined by *°Ar-**Ar
dating (Izett and Obradovich 1992; Kunz et al. 1995; Yamei et al. 2000). More
recently, “°Ar-**Ar plateau ages for eight Australasian tektites indicate an age of
0.786 & 0.013 Ma for the Australasian tektites (Trieloff et al. 2007).


http://dx.doi.org/10.1007/978-3-540-88262-6_11
http://dx.doi.org/10.1007/978-3-540-88262-6_11
http://dx.doi.org/10.1007/978-3-540-88262-6_11
http://dx.doi.org/10.1007/978-3-540-88262-6_11
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Fig. 4.9 Map of the Australasian tektite/microtektite strewn field. The dashed line encloses the
area where Australasian tektites (Xs) and microtektites have been found. Circles indicate sites on
the seafloor where cores have been taken that contain Australasian microtektites. Australasian
microtektites have also been found in the Transantarctic Mountains (see Sect. 4.2.8). Core sites
where both microtektites and unmelted ejecta (e.g., shocked quartz and coesite) have been found
are indicated by solid black circles. Core sites where only microtektites were found are indicated
by open circles. Open diamond shapes east of the Philippines indicate sites where only unmelted
ejecta have been found at the same stratigraphic level as the microtektite layer at other sites. A
dotted line separates the region where unmelted ejecta have been found in the microtektite layer
from the sites where only microtektites have been found. The shaded oval (with a plus sign in its
center) in northern Indochina marks the area where a source crater would best explain the
distribution of the Australasian microtektites (see Fig. 4.16 and Sect. 4.2.10)

4.2.4 Geographic Occurrence

Australasian microtektites have been found mostly in the Indian Ocean, but they
have also been found in the western equatorial Pacific Ocean, the Philippine, Sulu,
Celebes, and, more recently, South China Seas (Fig. 4.9; Glass and Koeberl 2006;
Prasad et al. 2007, and references therein). The strewn field may be divided into
three lobes; one extending from the Indochina area into the southwest Indian
Ocean towards the southern tip of Africa, one extending from Indochina down
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through Australia toward Antarctica, and one extending from Indochina to the east
out into the western Pacific. The boundary of the Australasian microtektite strewn
field is based on where the number of microtektites falls below detection limit,
which is generally less than ~0.5/cm”. The shape of the strewn field shown in
Fig. 4.9 is based on where Australasian tektites and microtektites have been found
and not found; but the absence of tektite/microtektites at a given site can be due to
a number of factors (e.g., erosion). Thus, the absence of microtektites in a core
may or may not indicate that microtektites did not fall in that area. Microtektites
believed to be Australasian microtektites have been found in the Transantarctic
Mountains in Antarctica (see Sect. 4.2.8). In addition, glass spherules referred to
as microtektites have been found in a loess layer in northwestern China.

Nineteen glass spherules, believed to be microtektites, were recovered from
loess deposits in the Luochuan Province of northwest China (Li et al. 1993). The
glass spherules were found in the L8 loess unit. According to Li et al. (1993), the
layer containing the glass spherules lies 40—70 cm above the Brunhes—Matuyama
(B-M) reversal boundary. The spherules range between 65 and 220 um in size and
are mostly spherical- to kidney-shaped, but some have a teardrop or elongated
shape. They range from transparent to translucent and they range in color from
green to amber and yellow. The surfaces of the spherules are etched and exhibit
pits and grooves (Li et al. 1993). They contain spherical bubble cavities less than
10 pm in diameter. There is no mention of the presence or absence of microlites/
crystallites or lechatelierite particles. Based on their geographic location, age of
deposition, appearance, and chemical composition, Li et al. (1993) proposed that
these spherules are microtektites and they might belong to the Australasian
microtektite strewn field.

Based on their major oxide compositions, Li et al. (1993) divided the Chinese
spherules into four chemical groups: normal, bottle-green, high aluminum, and
silica-magnesium (Si-Mg). Li et al. (1993) referred to the spherules in the first
three groups as microtektites and the spherules in the fourth group as glassy
“Si-Mg microspherules.” The composition of only one normal ‘microtektite’ was
given and it had a silica content of ~85 wt %. The Australasian microtektites do
not have a silica content that high (see Table 4.5). The average composition plus/
minus one standard deviation for three bottle-green ‘microtektites’ is:
Si0, = 51.59 + 4.06, Al,O3 = 15.52 £ 2.89, FeO =9.75 £ 0.85, MgO =
7.03 £+ 1.04, CaO = 0.52 + 0.45, Na,O = 0.53 £ 0.91, K,0 = 8.43 £ 0.68,
TiO, = 0.85 + 0.87 (in wt %; Li et al. 1993). Compared with the composition of
the high-Mg (bottle-green) Australasian microtektites (see Table 4.5), the bottle-
green Chinese ‘microtektites’ have high FeO and very high K,O (more than an
order of magnitude) and very low MgO and CaO contents. The average compo-
sition plus/minus one standard deviation for seven high-Al,O3 ‘microtektites’ is:
SiO, = 48.95 + 4.71, AlL,O; = 37.64 £ 9.63, FeO = 2.58 £ 1.73, MgO =
1.99 £ 1.58, CaO = 0.27 £ 0.29, Na,O = 1.00 + 1.12, K,0 = 5.11 £ 4.39,
TiO, = 0.15 + 0.21 (in wt %; Li et al. 1993). The high-Al,0; Chinese ‘micro-
tektites’ appear to be the most abundant, but they are very rare among the
Australasian microtektites, making up less than 1 % by number. Compared with
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Fig. 4.10 Australasian microtektite and Ir distribution at Ocean Drilling Program Site 758 in the
northeast Indian Ocean. Note that the peak Ir content correlates with the peak abundance of
microtektites. Australasian microtektite data from Schneider et al. (1992) and Ir data from
Schmidt et al. (1993)

the high-Al,O5 Australasian microtektites, the high-Al,O3 Chinese ‘microtektites’
have lower average MgO and very low CaO and TiO, (but with some overlap) and
most have much higher (an order of magnitude) K,O contents. The glassy Si-Mg
microspherules are composed of approximately equal amounts of SiO, and MgO
with less than 2.3 wt % FeO, less than 1.5 wt % Al,O3 and Na,O, less than
0.5 wt % CaO, less than 0.2 wt % K,0, and only a trace amount of TiO,. None of
the Australasian microtektites have compositions similar to these spherules.
Li et al. (1993) proposed that these spherules might have formed as ablation
droplets off of meteorites, but we are not aware of any meteorite types with this
low FeO content.

In summary, there is not enough petrographic data to determine whether or not
the Chinese glass spherules are microtektites; and, even if they are microtektites,
the presently available compositional data do not support the proposal that they
may be part of the Australasian strewn field.

4.2.5 Nature of the Australasian Microtektite Layer

Calling the Australasian microtektite layer a layer is technically incorrect, because
there is not a discrete layer of microtektites in any of the cores studied up until
2010. It would be more correct, but more verbose, to refer to it as a microtektite-
bearing layer. The layer is not generally evident in the cores, even if one knows
where to look. There is no obvious change in lithology across the microtektite-
bearing layer and the microtektites generally cannot be seen in the sediment, even
with a hand lens. All of the Australasian microtektite-bearing sediments have been
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Fig. 4.11 Backscattered electron image of a shock-metamorphosed rock fragment, from the
Australasian microtektite layer, containing a TiO, grain consisting primarily of the TiO,II high-
pressure polymorph (bright acicular grain ~5 x 40 um). The rock fragment shows evidence of
partial melting and vesiculation. This specimen is from Ocean Drilling Program Site 1144 in the
northern South China Sea

affected by bioturbation and the microtektites have been generally scattered over a
vertical interval of at least 20 cm (Figs. 4.8 and 4.10). In the core with the greatest
abundance of microtektites (Core 37x, Ocean Drilling Program Site 1144),
microtektites make up <1 vol. % of the sediment, even in the part of the layer with
the highest concentration. At this site, prior to bioturbation, the microtektite layer,
including the unmelted ejecta, would have had a thickness of only about 2 mm
(Glass and Koeberl 2006). At most of the sites, prior to bioturbation, the original
“layer” would have consisted of microtektites scattered over the ocean floor with
only a small fraction of the microtektites in contact with another microtektite.

4.2.6 Iridium Anomaly Associated with the Australasian
Microtektite Layer

A small positive Ir anomaly has been found associated with the Australasian
microtektite layer at Ocean Drilling Program (ODP) Site 758 on the Ninetyeast
Ridge in the northeast Indian Ocean (Schmidt et al. 1993; Koeberl 1993a). The
peak Ir concentration is ~ 170 £ 5 ppt, which is only two times the background
level (Fig. 4.10; Schmidt et al. 1993; Koeberl 1993a). The peak Ir abundance is
associated with the peak abundance of Australasian microtektites. The best esti-
mate of the net fluence is 1.3 £ 0.7 ng/cm2 (Schmidt et al. 1993). A small, but
significant, anomaly in the elemental abundances of Co and Ni was also found to
be associated with the microtektite layer (Koeberl 1993a).
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Fig. 4.12 Image of detritus, including three transparent pale-yellow microtektites ranging
between ~ 300 and 500 um in diameter, collected from a weathering pit or fracture on the top of
the Victoria Land Transantarctic Mountains in Antarctica. Courtesy of Luigi Folco

4.2.7 Unmelted Ejecta in the Microtektite Layer

Shocked quartz with PDFs and/or coesite has been found associated with the
Australasian microtektites at 12 sites (Glass and Wu 1993; Glass and Koeberl
2006). In addition, coesite and shocked quartz have been found at the same
stratigraphic level as the Australasian microtektites at three sites that have no
microtektites. All 15 of these sites are within ~ 3000 km of the Indochina area.
Shock-metamorphosed rock fragments containing coesite and stishovite have been
found at three of the 15 sites (Glass and Koeberl 2006); these three sites are in the
South China Sea. The high-pressure phase TiO,II (Fig. 4.11) was identified in
several rock fragments from two of the South China Sea sites (Glass and Fries
2008). The shocked-rock fragments appear to have been derived from fine-grained
sedimentary deposits. They have major and trace element compositions similar to
those of the Australasian tektites and microtektites (except for generally higher
volatile element contents), suggesting that they may be fragments of the source
rocks which were melted to form the Australasian tektites and microtektites (Glass
and Koeberl 2006).

4.2.8 Transantarctic Mountain Microtektites

Transparent, splash-form, silicate glass spherules found on the tops of the Tran-
santarctic Mountains in Victoria Land, Antarctica, have been identified as
Australasian microtektites (Folco et al. 2008, 2009). They, along with thousands of
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micrometeorites/cosmic spherules, were found in fine-grained, local detritus
trapped in weathering pits, joints, and fractures on glacially eroded summits of
Miocene age. The glass spherules are mostly spherical in shape (~98 %)
(Fig. 4.12), but oblate and prolate ellipsoid and rare lens shapes are also present
(Folco et al. 2009). They range up to at least 800 pum in diameter, but the lower
size range is not known at the present time. Most are transparent pale yellow in
color; the rest are transparent pale green. The Transantarctic Mountain glass
spherules have smooth surfaces without any pits or grooves or other evidence of
solution. This is probably due to the cold, dry environment of Antarctica. Some of
the Transantarctic Mountain spherules contain one or a few vesicles up to 20 pm
in diameter. They do not contain any crystalline phases, but examination with an
optical microscope indicates that several of the spherules contain what appear to
be silica-rich inclusions. Electron microprobe analysis of one of these inclusions
confirmed that it is silica rich (SiO, up to ~93 wt %). Like tektites and micro-
tektites, the Transantarctic Mountain glass spherules have very low water contents
(average ~0.0085 wt % or 85 ng/g; Folco et al. 2009). Identification of the
Transantarctic Mountain glass spherules as microtektites is supported by their:
(1) silicate glass nature; (2) splash-form shapes; (3) petrography (absence of
crystalline phases and presence of silica-rich glass inclusions); (4) major oxide and
trace element compositions, which are similar to those of previously known
microtektites; (5) low water content; and (6) widespread geographic distribution
(they are found over a region at least 500 km across) (Folco et al. 2008, 2009).

Several lines of evidence suggest that the Transantarctic Mountain micro-
tektites are Australasian microtektites: age, major oxide and trace element com-
positions and Sr and Nd isotopic compositions. A **Ar->°Ar total fusion analysis of
25 individual microtektites provided an isochron age of 1.4 £+ 1.5 (20) Ma and a
multi-grain stepwise heating “°Ar-*°Ar analysis of eleven microtektites indicated a
“plateau-isochron” age of 0.76 & 0.98 (26) Ma (Folco et al. 2008). The large
uncertainty in the *°Ar->?Ar age of the Transantarctic Mountain microtektites is
due to the presence of excess argon, their low K content, and their young age.
More recently, a fission-track age of 0.85 £ 0.17 Ma was determined for the
Transantarctic Mountain microtektites (Folco et al. 2011). This age is better
constrained than the *°Ar->’Ar ages and is consistent with the 0.78 Ma age for the
Australasian tektites and microtektites.

Like Australasian microtektites, the Transantarctic Mountain microtektites can
be divided into two groups based on color and composition: (1) pale yellow, or
normal microtektites, with relatively high SiO, contents (usually >67 wt %) and
low MgO contents (<6 wt %; Table 4.5), and (2) pale green microtektites with
relatively low SiO, contents (<62 wt %) and high MgO contents (>10 wt %).
Approximately 99 % of the Transantarctic Mountain microtektites are the normal
type and only ~1 % are pale green or high-Mg microtektites. The normal Tran-
santarctic Mountain microtektites have major oxide contents and compositional
trends similar to those of the Australasian microtektites, except the normal
Transantarctic Mountain microtektites appear to have a more restricted range in
composition and lower average K,O and especially Na,O contents for a given
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silica content compared to the Australasian microtektites (Table 4.5; Fig. 4.7;
Folco et al. 2009).

The trace element contents of the Transantarctic Mountain microtektites are
also similar to the trace element contents of the Australasian microtektites. The
average trace element contents of the Transantarctic Mountain microtektites are
generally within a factor of two of the average trace element contents of the
Australasian microtektites and most Transantarctic Mountain microtektite trace
element contents overlap those of the Australasian microtektites, except for Ni
(Folco et al. 2009). Even though there is some overlap, the average Cr, Co, Zn, Rb,
Cs, and U, in addition to Ni contents of the Transantarctic Mountain microtektites
are lower, but within a factor of ten, of the average contents of the those elements
in the Australasian microtektites.

Transantarctic Mountain microtektites have ®’Sr/*°Sr ratios and &gy values
within the range reported for Australasian tektites (Shaw and Wasserburg 1982;
Blum et al. 1992; Ho and Chen 1996; Lee et al. 2004; Folco et al. 2009), but they
have ¥’Sr/*®Sr ratios and &g, values that are slightly lower than those reported for
Australasian microtektites (Shaw and Wasserburg 1982; Folco et al. 2009;
Table 4.6). The enq values reported for the Transantarctic Mountain microtektites
(Folco et al. 2009) are only slightly lower than the enyg values reported for
Australasian tektites (Shaw and Wasserburg 1982; Blum et al. 1992; Table 4.6).

No &ng values have been reported for the Australasian microtektites. The TGHUR

age of the Transantarctic Mountain microtektites is within the range of T4~ ages
reported for the Australasian tektites, but the two T[SjrR model ages obtained for the
Transantarctic Mountain microtektites are both much higher than Tg~ ages
determined for the Australasian tektites (Table 4.6). However, the TSR ages
obtained for the Transantarctic Mountain microtektites are within the range
obtained for two Australasian microtektite measurements (Shaw and Wasserburg
1982; Folco et al. 2009; Table 4.6). No TSEIUR model ages have been reported for
the Australasian microtektites. Thus, the present Sr and Nd isotopic data indicate
that the Transantarctic Mountain microtektites were derived from the same, or
very similar, target rock as the Australasian microtektites.

The lower average volatile element (Na, K, Zn, Rb, Cs) contents of the Tran-
santarctic Mountain microtektites, compared to the volatile element contents in
previously described Australasian microtektites, suggest that the Transantarctic
Mountain microtektites were on average more intensely heated than the Australasian
microtektites found closer to the proposed source crater location in Indochina
(see Sect. 4.2.10). The Transantarctic Mountain and Australasian microtektites have
TR > TR R suggesting a recent decrease in the ®’Rb/*°Sr ratio, which is consistent
with volatile element loss (Papanastassiou and Wasserburg 1981; Folco et al. 2009).
The lower average Cr, Ni, and Co contents of the Transantarctic Mountain
microtektites compared with the abundances of Cr, Ni, and Co in the Australasian
microtektites could indicate less meteoritic contamination in the Transantarctic
Mountain microtektites compared to the average Australasian microtektite.

Assuming that the Transantarctic Mountain microtektites do belong to the
Australasian strewn field, this means that the strewn field extends ~ 3000 km
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Fig. 4.13 Map showing the Transantarctic Mountain microtektite collection sites and the
Australasian tektite/microtektite strewn field. Also shown is the M 14 core site (plus sign) in the
equatorial western North Pacific (~8° N, 176° W) where microtektites were found. The M14
microtektites were interpreted to be 2.14-2.3 Ma old (Peng 1994), but are similar to Australasian
microtektites in appearance and composition (see Sect. 4.7.1). The oval-shaped region extending
from the Gulf of Tonkin up through northern Vietnam and eastern Thailand into southern China is
believed to be the general location of the Australasian tektite/microtektite source crater (see
Fig. 4.16 for more detail). Modified after Folco et al. (2009), Fig. 1b

farther to the south southeast than was previously known (Folco et al. 2008, 2009;
Fig. 4.13). The low volatile content of the Transantarctic Mountain microtektites
compared to the volatile content of Australasian microtektites found closer to the
proposed source area location in Indochina and the absence of teardrop- and
dumbbell-shaped Transantarctic Mountain microtektites may indicate changes
with distance from the source crater (Folco et al. 2009, 2010b).

4.2.9 Geographic Variations Within the Australasian Microtektite
Strewn Field

The number of microtektites (>125 pm dia.)/cm2 has been calculated for most of
the Australasian microtektite-bearing sites (Glass and Pizzuto 1994; Glass et al.
1997; Lee and Wei 2000; Glass and Koeberl 2006; Prasad et al. 2007). Abundance
(number/cm?) of microtektites, percent microtektite fragments versus whole splash
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Fig. 4.14 Abundance (number >125 pm/cmz) of Australasian microtektites versus distance (for
~ 60 core sites) from the proposed source area in Indochina. For this plot a hypothetical crater
location at 22° North Latitude and 104° East Longitude was used. See Sect. 4.2.10 for discussion
regarding the probable location of the Australasian tektite/microtektite source crater. This plot
includes some data from Lee and Wei (2000) and Prasad et al. (2007)

forms, and the percent unmelted ejecta (shocked quartz and rock fragments) all
decrease with distance from the Indochina area (Glass and Pizzuto 1994; Glass
et al. 1997; Glass and Koeberl 2006; Figs. 4.14 and 4.15). In addition, the abun-
dance of microtektites containing quartz inclusions also decreases with distance
from the Indochina area. Furthermore, quartz inclusions have not been observed in
microtektites found farther than ~3000 km from the Indochina area (Folco et al.
2010a). As previously mentioned, shocked quartz and shocked-rock fragments also
occur within ~3000 km of the Indochina area in Australasian microtektite-bear-
ing cores containing the greatest abundances of microtektites and the highest
percent of fragmented microtektites.

As a result of a study of over 4,600 microtektites from 11 cores, taken in the
Central Indian Ocean at distances between ~ 3,900 and 5,000 km from the sug-
gested source crater location in Indochina, Prasad et al. (2010) found that the
number of microimpact craters on the surfaces of the Australasian microtektites
decreases with distance from the proposed source crater location in Indochina (see
Sect. 10.1.2.4). In addition, at sites closer to the proposed source crater location
the microcraters are small in diameter (generally less than ~30 um) and were
apparently formed by hypervelocity impacts, but those farther from the source
crater are, on average, larger (generally greater than ~40 pm in diameter) and
were formed by lower velocity impacts (Prasad et al. 2010).

Smit et al. (1991) suggested that the fragmentation of the larger microtektites
may have been due to stress developed during cooling while the microtektites were
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Fig. 4.15 Percent glass fragments and percent unmelted ejecta versus distance from a
hypothetical source crater at 22° North Latitude and 104° East Longitude. The percent glass
fragments is the percent of the total number of glass particles (fragments and splash forms) which
are fragments. Data from two sites are from Schneider et al. (1992), data from two other sites are
from Lee and Wei (2000), and data from one site are from Smit et al. (1991). Unmelted ejecta
refer to shocked-rock fragments and shocked quartz grains containing planar deformation
features or coesite. Note that both the percent glass that are fragments and the percent unmelted
ejecta decrease with distance from the proposed source crater location

still in flight. This does not seem to explain why the larger tektites survived, nor
does it seem to explain why there was higher fragmentation closer to the Indochina
area. It may be that the larger microtektites were still hot when they landed in the
ocean and the thermal shock caused some of them to fragment. (The ocean may
have been cold relative to the atmosphere, which would have been heated by
the impact and by ejection of melt and hot rock debris into the atmosphere.) Thus
the larger microtektites that fell closest to the source crater would have been the
hottest and would have experienced the greatest thermal stress and the most
fragmentation (Glass et al. 1997). On the other hand, unfragmented tektites, which
are much larger than the microtektites, have been recovered from the central
Indian Ocean (Prasad and Rao 1990; Prasad and Sudhakar 1999). It appears that
at least some of the fragmentation was due to high-velocity impacts as the
microtektites reentered the atmosphere (Prasad and Khedekar 2003).

Assuming that the Transantarctic Mountain microtektites belong to the
Australasian strewn field, Folco et al. (2010b) documented that the average alkali
content of the Australasian microtektites decreases with distance from the
proposed location of the source crater in Indochina (see Sect. 10.1.2.7).
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4.2.10 Parent Rocks and Estimated Location and Size
of the Source Crater

The source crater for the Australasian tektites/microtektites had not been found as
of 2010, but the parent rock is believed to have been near-surface, fine-grained
sedimentary deposits of, perhaps, Jurassic age. Most authors agree that the source
crater must be somewhere in the Indochina area.

Geochemical studies of the Australasian tektites suggest that the parent (or
source) rock was a sedimentary deposit or rock similar to a graywacke (Taylor and
Kaye 1969). The size, shape, and mineral assemblage of the relict mineral
inclusions found in some Muong Nong-type Australasian tektites are consistent
with a sedimentary source, perhaps coarse silt or sand-sized (Glass and Barlow
1979). Beryllium- 10 studies suggest that the Australasian tektites (and presumably
microtektites) were derived from surface or near surface deposits, and that the
ablated australites (found in Australia) come from closer to the surface than the
large, blocky, layered (Muong Nong-type) tektites (Pal et al. 1982; Ma et al. 2004).
Blum et al. (1992) interpreted Sr isotopic data (Table 4.6) as indicating that the
source rock was a sedimentary deposit or rock of Jurassic age and suggested that
the Australasian tektites may have been derived from Jurassic formations found in
Indochina that consist of sandstone and conglomerate interlayered with micaceous
shale and siltstone. Other authors have proposed loess or loess-like deposits as the
source rock for the Australasian tektites based on Sr and Nd isotope data (Wasson
and Heins 1993; Wasson and Mezger 2007).

Since the ablated tektites found in Australia must have been thrown out of the
atmosphere before reentering and being ablated, they must have been thrown
farther from the source crater than the unablated splash-form tektites. Furthermore,
the higher volatile contents, greater chemical heterogeneity, and presence of relict
mineral grains in the Muong Nong-type tektites indicate they were not heated as
intensely as the splash-form and ablated tektites and, therefore, were probably
deposited closer to the source crater. Thus, geographic variation in the types of
tektites in the Australasian tektite strewn field indicates a source crater in or near
Indochina. This is consistent with '°Be data, which indicate that the australites
were derived from shallower depths in the target rocks than were the Muong
Nong-type tektites found in Indochina. Several source crater locations have been
proposed based on tektite data (Stauffer 1978; Ford 1988; Schnetzler et al. 1988;
Schnetzler 1992; Hartung and Koeberl 1994; Koeberl 1994; Ma et al. 2004), but
none have so far resulted in discovery of the source crater.

The location of the source crater has been estimated based on the location that
best explains the geographic variation in the abundance of the Australasian
microtektites (Glass and Pizzuto 1994; Lee and Wei 2000; Glass and Koeberl
2006; Prasad et al. 2007). This is determined by selecting possible crater locations
(for example using locations defined by the intersection of lines of latitude and
longitude at some arbitrary interval, e.g., every 5°), determining the distance
between a given location and every microtektite-bearing core location, and then
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calculating R? values for each location by doing regression analysis (abundance
versus distance) for each theoretical crater location. The R? values are then con-
toured to find the location that gives the highest R? value and thus explains the
geographic distribution of microtektite abundance the best. Unfortunately, this
method is not very sensitive and the location that best explains the geographic
variation in abundance covers a fairly large area (Fig. 4.16). The most recent
results indicate an area that includes eastern Thailand, most of Laos, north and
central Vietnam, and the adjacent Gulf of Tonkin. These results are consistent with
predicted source crater locations based on Muong Nong-type tektite distribution
and geographic variations in composition of tektites in Indochina (Schnetzler
1992) and in '“Be data (Ma et al. 2004).

The size of the Australasian tektite/microtektite source crater has been esti-
mated using equations that relate crater size to thickness of the ejecta layer at a
given distance from the source crater. Since the location of the Australasian tektite/
microtektite source crater is not known for certain, it is necessary to assume a
location in order to use one of the equations that relates thickness of an ejecta layer
to the distance from (and size of) the source crater. The thickness of the ejecta
layer is based on the volume of microtektites found in a column of sediment
through the microtektite layer at each site. Since the equations that relate ejecta
size to thickness of the ejecta layer at a given distance from the crater were derived
for proximal ejecta, using the distal microtektite layers to estimate the size of the
source crater involves a large extrapolation. Estimates for size of the Australasian
source crater made using this method range from 32 to 120 km diameter (Glass
and Pizzuto 1994; Lee and Wei 2000; Glass and Koeberl 2006; Prasad et al. 2007).
However, the abundance of North American microtektites at a given distance from
the 85-km-diameter Chesapeake Bay impact structure, which is believed to be the
source crater of the North American tektite/microtektite strewn field, appears to be
higher than the average abundance of Australasian microtektites at the same
distance from the proposed source crater location for the Australasian tektite/
microtektite strewn field (Fig. 4.17). This suggests that the source crater for the
Australasian strewn field is probably smaller than 85 km in diameter. However,
the target area of the Chesapeake Bay structure at the time of the impact consisted
of three layers: a water layer ~300 m deep, a middle layer ~600-1000 m thick
composed mostly of water-saturated unconsolidated sediments, and a basal layer
composed of crystalline basement rock. The impact produced a 40-km-diameter
crater in the basement rock and a much larger crater in the overlying weaker
sediment layer. The flow of water as it rushed back into the crater may have
enlarged it still further (Collins and Wiinnermann 2005; see Sect. 4.5.9). This
would suggest that the Australasian source crater could be much smaller than the
Chesapeake Bay structure if, for example, the impact was into consolidated
sediment, which is in agreement with estimates of a 33-43 km diameter for the
Australasian source crater (Glass and Koeberl 2006; Prasad et al. 2007).
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Fig. 4.16 Plot of contours of R? values obtained by regression analyses of the abundance of
microtektites (>125 pm/cm?) at hypothetical source crater sites versus distance from each site.
Hypothetical crater sites were chosen at the intersection of lines of latitude and longitude. The R?
value obtained for each hypothetical crater site indicates how well that site explains the
geographic variation in abundance of microtektites. The R? values for each hypothetical crater
site are plotted on a map and contoured. Tt is assumed that the location that gives the highest R?
value should indicate the probable location of the source crater. The highest R? value (0.84) is for
a location at 22°N, 104°E. However, the R? values in the oval region between 26°N, 102°E and
19°N, 107°E are all similar and any location within the oval could explain the geographic
distribution in microtektite abundances equally well. Modified after Glass and Koeberl (2006),
Fig. 10

4.3 The Ivory Coast Microtektite Layer

The Ivory Coast microtektites were discovered just 1 year after the Australasian
microtektites (Glass 1968); however, as of 2010, the Ivory Coast microtektites had
only been reported in deep-sea cores from 10 sites and they are not as abundant as
the Australasian microtektites.

4.3.1 Description of the Ivory Coast Microtektites

The Ivory Coast microtektites are generally spherical in shape (~90 %), but oval,
disc, dumbbell, and teardrop shapes are also present (Glass 1968). The spherical
microtektites are generally less than 1 mm in diameter, but some dumbbell and
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Fig. 417 Log number of microtektites (>125 pum)/cm? versus log distance from the source
crater for the Australasian and North American strewn fields. The Australasian plot is based on a
hypothetical source crater at 22°N, 104°E (see Fig. 4.16). The North American plot is based on
the Chesapeake Bay structure being the source crater. Note that data for the North American
strewn field plot above the best fit correlation line for the Australasian strewn field, suggesting
that the Australasian source crater, if it is near the hypothetical location used, is probably slightly
smaller than the Chesapeake Bay structure. The diameter of the Chesapeake Bay structure is
usually given as 85 km, but may have been ~40 km prior to backwash

teardrops are up to 1.2 mm in length. Most of the Ivory Coast microtektites are
transparent to translucent and in transmitted light have an olive brown to olive
green color. The remainder are mostly transparent colorless to yellow green, and a
few are bottle green. Some are translucent dark brown to opaque black. The Ivory
Coast microtektites range from glassy smooth to very irregular and badly pitted. U-
shaped grooves and pits are common surface features (Fig. 3.9b—e; Glass 1974).
Overlapping shallow pits give many of the Ivory Coast microtektites a scalloped
appearance (Fig. 4.18a). Some irregular shapes were formed by fusion of two or
more microtektites and V-shaped grooves, presumably formed by solution, mark
the surface expression of the plane where the forms were fused together (Fig. 3.9¢).
Some of the Ivory Coast microtektites have circular elevated regions (Fig. 4.18b).
These protrusions were apparently formed by differential solution with the
protrusions being more silica rich than the surrounding glass (Glass 1974, 1984a).
As a group, the Ivory Coast microtektites appear to have undergone more solution
than have the Australasian microtektites. Like the Australasian microtektites, some
of the Ivory Coast microtektites contain bubble cavities and lechatelierite particles.
The Ivory Coast microtektites are free of any crystalline phases.

4.3.2 Composition

Like Ivory Coast tektites, the Ivory Coast microtektites can generally be distin-
guished from the Australasian microtektites by their higher MgO/CaO ratio (>2)
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Fig. 4.18 Scanning electron microscope images of Ivory Coast microtektites (from Core K9-56)
showing surface features. a This microtektite is covered with large, shallow overlapping pits
which give it a scalloped appearance. b This microtektite shows some pitting and has a silica-rich
hemisphere sitting on top of a pedestal. The flat surface of the hemisphere is ~ 15 um above the
adjacent microtektite surface and parallel to it. The difference in elevation between the top of the
hemisphere and the adjacent microtektite surface is probably due to differential solution and the
flat surface probably represents the original surface level of the microtektite. This suggests that
the microtektite has experienced ~ 15 um of solution. The small conical-shaped protrusion on
the surface of the microtektite at the rop left (just below the “B”) is probably the remainder of a
column that once supported a smaller silica-rich body

and a higher Na,O/K,O ratio (average > 1; Fig. 4.19). Like the Australasian
microtektites, the Ivory Coast microtektites can be divided into two main groups:
(1) normal microtektites with compositions similar to those of the Ivory Coast
tektites (Fig. 4.20); and (2) bottle-green microtektites with low SiO, (as low as
49 wt %) and high MgO (up to 21 wt %; Glass 1969, 1972b).

The trace element contents of the Ivory Coast microtektites are also similar to
those of the Ivory Coast tektites (Fig. 4.21); however, the Ivory Coast microtektites
have slightly higher averages of refractory lithophile elements, except for Rb and U
and slightly higher averages of the siderophile elements Cr, Co, Ni, and Ir compared
with those of the Ivory Coast tektites (Koeberl et al. 1997b; Glass et al. 2004b).
Compared to the Ivory Coast tektites, the Ivory Coast microtektites have lower
average volatile elements, especially Zn, which is the most volatile of the volatile
elements for which we have data. The higher refractory element abundances and
lower volatile abundances in the Ivory Coast microtektites compared with the Ivory
Coast tektites may be due to more intense heating of the microtektites.

The rare earth element (REE) contents are also slightly higher in the Ivory
Coast microtektites compared to the REE contents of the Ivory Coast tektites
(Fig. 4.22; Koeberl et al. 1997b; Glass et al. 2004b). In contrast to the chondrite-
normalized REE patterns of the Australasian, Central European, and North
American tektites, which have the shape, abundances, and a distinctive negative
Eu anomaly like the post-Archean upper crust, the Ivory Coast tektites and
microtektites do not have a negative Eu anomaly and the overall pattern is more
similar to that of Archean rocks (Koeberl et al. 1997b).
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Fig. 4.19 Na,O/K,0 versus MgO/CaO for Ivory Coast and Australasian microtektites. The plot
shows that as a group Ivory Coast microtektites can be distinguished from Australasian
microtektites. Data for the Ivory Coast microtektites is from Glass (1969) and Glass and Zwart
(1979b). Australasian microtektite compositional data are from Cassidy et al. (1969), Glass
(1972a, b), Burns (1990), Smit et al. (1991), Prasad and Sudhakar (1996, 1999)

4.3.3 Age

Ivory Coast microtektites have a fission-track age of 1.09 £ 0.20 Ma (Gentner
et al. 1970). The Ivory Coast microtektites appear to have been deposited ~8 ka
after the onset of the Jaramillo magnetostratigraphic normal subchron (Glass et al.
1991), which has been dated as 1.07 Ma. This indicates an age of ~1.06 Ma for
the Ivory Coast microtektites. This age is indistinguishable from the “°Ar-**Ar age
of 1.1 £ 0.05 Ma for the Ivory Coast tektites (Koeberl et al. 1997b). An attempt to
date the Ivory Coast microtektites using the *°Ar-**Ar method was unsuccessful
due to their small size and young age (Koeberl et al. 1997b).

4.3.4 The Ivory Coast Strewn Field

The Ivory Coast microtektites have been found at ten sites in the eastern equatorial
Atlantic (Fig. 4.23; Glass et al. 1991). The Ivory Coast strewn field covers a
relatively small area compared with the Australasian or North American strewn
field. The highest abundance of microtektites in this strewn field, ~80 micro-
tektites (>125 pm)/cm?, is found at the V19-297 core site. The abundance drops
off radially from that site down to <1 microtektite/cm®. No shock-metamorphosed
rock or mineral grains have been found in the Ivory Coast microtektite layer. No
one to our knowledge has attempted to look for an Ir or other geochemical
anomalies that might be associated with this layer. However, because of the small
size of the proposed source crater (see below), and distance from the proposed
source crater, an Ir anomaly would not be expected.
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Fig. 4.20 Major oxides versus SiO, for Ivory Coast tektites and microtektites and Bosumtwi
crater fallback spherules. The Bosumtwi crater fallback spherules have compositional trends
similar to those of the Ivory Coast tektites. The Ivory Coast microtektites also have compositions
quite similar to those of the Ivory Coast tektites, but extend the compositional trends down to
much lower silica contents. Data for the Ivory Coast tektites are from Cuttitta et al. (1972) and
Koeberl et al. (1997b). Data for the Ivory Coast microtektites are from Glass (1969) and Glass
and Zwart (1979b). Data for the Bosumtwi fallback spherules are from Koeberl et al. (2007b)

4.3.5 The Source Crater: Bosumitwi

Several lines of evidence indicate that the source crater for the Ivory Coast tektite/
microtektite strewn field is the 10.5-km-diameter Bosumtwi impact crater in
Ghana (6° 30’ N, 1° 25" E; for a discussion of the geology of this crater, see
Koeberl and Reimold 2005). Cohen (1963) suggested that the Bosumtwi crater
might be the source of the Ivory Coast tektites based on location (Fig. 4.23) and
similarity in major oxide composition between the Ivory Coast tektites and impact
glasses found at Bosumtwi crater. The age of the crater had not been determined
by radiometric dating, but the crater was believed to be of Pleistocene age. Later,
K-Ar and fission-tack studies indicated that the Ivory Coast tektites and Bosumtwi
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Fig. 4.21 Average trace element contents for Ivory Coast (IVC) microtektites normalized to the
average Ivory Coast tektite contents. Note that in most cases the average Ivory Coast microtektite
trace element contents are within a factor of two of the average trace element contents of the
Ivory Coast tektites. A major exception seems to be the much lower Au content of the Ivory Coast
microtektites compared to that of the Ivory Coast tektites. Trace element contents are from
Koeberl et al. (1997b)
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Fig. 4.22 Plot of CI chondrite normalized rare earth element (REE) contents for Ivory Coast
tektites and microtektites and for the average Archean and post-Archean upper continental crust.
Note that the REE pattern of the Ivory Coast microtektites is similar to that of the Ivory Coast
tektites and that neither the Ivory Coast tektites nor microtektites have a negative europium
anomaly and that both have REE patterns more similar to that of the Archean continental crust
than to that of the post-Archean upper continental crust. CI chondrite data are from Lodders and
Fegley (1998); upper continental crust data are from Taylor and McLennan (2009) and Ivory
Coast tektite and microtektite data are from Koeberl et al. (1998) and Glass et al. (2004b),
respectively

impact glasses have similar ages (e.g., Gentner et al. 1967; Storzer and Wagner
1977). More recently, the similarity in age between the Ivory Coast tektites and
Bosumtwi crater glasses was supported by “°Ar-*’Ar and fission-track dating of
the Ivory Coast tektites (Koeberl et al. 1998). Schnetzler et al. (1966) found that
the Ivory Coast tektites have Rb—Sr model ages similar to the Rb—Sr model ages of
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Fig. 4.23 Map of the Ivory Coast tektite/microtektite strewn field. Also shown is the location of
Bosumtwi impact crater, which is believed to be the source crater for the Ivory Coast tektites and
microtektites. The numbers in parentheses after the core numbers are the estimated number of
microtektites (>125 pm)/cm? for that site

the Bosumtwi crater rocks. This similarity in Rb—Sr ages was confirmed by Shaw
and Wasserburg (1982), who also demonstrated a similarity in Sm—Nd model ages.

The similarity in chemical composition between the Ivory Coast tektites and
Bosumtwi crater glasses and target rock was supported by Schnetzler et al. (1967)
and Jones (1985). In more detailed studies, Koeberl et al. (1997b, 1998) and Glass
et al. (2004b) confirmed that the major and trace element compositions of the Ivory
Coast tektites and microtektites are similar to the major and trace element com-
positions of the Bosumtwi crater glasses and rocks (Table 4.7). It has been shown
that the composition of the Ivory Coast tektites and microtektites can be matched
with a mixture of the major target rocks found at Bosumtwi crater (Table 4.8;
Koeberl et al. 1998; Glass et al. 2004b).

The Ivory Coast microtektites appear to decrease in abundance with distance
from Bosumtwi crater (Glass et al. 1991; Fig. 4.24), as would be expected if
Bosumtwi is the source crater. However, there is a great deal of scatter, which is
not surprising since the microtektite-bearing sites are between ~ 120 and 240
crater diameters from the Bosumtwi crater. The thickness of the Ivory Coast
microtektite layer, estimated from the number of microtektites (>125 um)/cmz,
was used to calculate the size of the source crater at Bosumtwi’s location using an
equation that relates the thickness of an ejecta layer to size and distance from the
source crater. The crater size estimated this way is 12.6 £ 3.4 km, which is the
same (within one standard deviation) as the diameter of the Bosumtwi crater. Thus,
geographic variation in abundance of the Ivory Coast microtektites and estimated
thickness of the microtektite layer is consistent with Bosumtwi being the source
crater of the Ivory Coast microtektites.
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Table 4.7 Major oxide and trace element compositions of Ivory Coast microtektites, Ivory Coast
tektites, and Bosumtwi suevite and fallback spherules

Microtektites (16) Microtektites (4) Tektites (11)  Suevite® (11) Spherulesb(IS)
Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.

Si0, 66.4 2.0 67.4 1.2 67.58 0.59 69.46 329 67.10 253
TiO, 0.55 0.04 0.59 0.02 056 0.02 070 0.08 064 0.11
ALOs; 169 0.5 17.1 0.2 16.74 037 17.02 1.26 15.30 1.48

FeO 6.65 0.58 6.40 0.23 6.16 0.15 6.47 245 590 0.76
MgO 4.27 1.25 3.70 0.86 346 0.35 1.56 059 333 1.39
CaO 1.73 0.37 1.22 0.30 1.38 0.11 1.52  0.67 288 0.79
Na,O 1.92 0.23 1.63 0.29 1.90 0.16 1.89  0.58 2.55 0.47
K,O 1.60 0.39 1.86 0.27 1.95 0.11 1.39 042 1.85 0.28

Sc 11.3 1.2 17.9 0.7 14.7 1.2 15.3 53 17.7 2.7
Cr 281 139 292 54 244 20 373 45 151 48
Co 233 4.0 32.7 1.7 267 25 19.9 127 482 10.8
Ni 122 51 224 63 157 52 106 108 373 204
Zn 6 2 12 2 23 18 73 16 n.d. n.d.
Rb 51 15 66.7 13.2 66 10 514 17.7 80 49

Sr 256 60 325 31 260 70 301 56 n.d. n.d.
Zr 131 25 215 15 134 27 122 19 312 174
Ba 533 85 620 027 374 94 563 83 545 221
La 19.4 35 25.9 2.3 207 24 18.9 5.1 18.8 1.6
Ce 41.7 6.9 55.1 59 419 40 388 85 41 4
Nd 19.8 3.1 273 33 21.8 29 18.2 48 23 3
Sm 3.76 0.65 5.10 0.41 395 057 353 074 376 036
Eu 1.17 0.23 1.43 0.12 1.20 0.07 1.07  0.18 142 0.24
Tb 0.50 0.09 0.74 0.04 056 0.09 047 010 05 0.2
Yb 1.69 0.27 2.07 0.18 1.79  0.23 1.57 028 21 0.4
Hf 3.19 0.47 4.28 0.14 338 029 322 024 431 1.12
Ta 0.34 0.07 0.42 0.04 034 0.06 030 008 05 0.1
Th 3.39 0.53 3.99 0.22 354 043 294  0.61 4.09 224
8] 0.57 0.17 0.64 0.12 094 0.27 1.05  0.58 1.1 0.4

Note Numbers in parentheses are the number of analyses. Major oxides given in wt % and trace
element contents are in ppm. Total iron given as FeO

Ave. average, S.D. Standard deviation (£1), n.d. not determined

Sources Microtektite data from Glass et al. (2004b; 16 analyses) and Koeberl et al. (1997b; four
analyses) and tektite data from Koeberl et al. (1997b); suevite data from Boamah and Koeberl
(2003); glass spherule data from Koeberl et al. (2007b)

 For these samples an average of 7.68 wt % was lost on ignition; thus, for comparison with the
tektite and microtektite data the major oxide total was normalized to 100 wt %

® The glass spherules are from the uppermost fallback unit in Bosumtwi impact crater

Microtektite-like glass spherules (spheres, ovals, teardrops, dumbbells, discs)
with compositions similar to the compositions of Ivory Coast tektite/microtektites
(Table 4.7; Fig. 4.20), except for higher CaO contents, were found in the upper-
most layer (~5 cm thick) of fallback ejecta inside the Bosumtwi crater (Koeberl
et al. 2007b). Whole splash forms in this layer make up nearly 40 % by number of
the particles in the 250-500 pum size fractions.
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Table 4.8 Comparison of the average Ivory Coast microtektite composition with the composi-
tion of a mixture of Bosumtwi crater target rocks derived using mixing calculations

Observed composition Calculated composition Observed minus calculated

Average S.D.
SiO, 66.4 2.0 66.78 —0.38
TiO, 0.55 0.04 0.64 —0.09
Al,O3 16.9 0.5 17.0 —-0.10
FeO 6.65 0.58 6.42 0.23
MgO 4.27 1.25 3.95 0.32
CaO 1.73 0.37 1.64 0.09
Na,O 1.92 0.23 2.01 —0.09
K,0 1.60 0.39 1.59 0.01
Sc 11.3 1.2 16.9 -5.6
Rb 51 15 46.9 4.1
Zr 131 25 128 3
La 19.4 3.5 23.1 3.7
Yb 1.69 0.27 1.69 0.0
Hf 3.19 0.47 3.1 0.09
Th 3.39 0.53 2.90 0.49

Major oxides are in wt % and minor elements in ppm. All iron given as FeO. S.D. Standard
deviation (1)

The best match for the calculated composition was obtained for a mixture of 78.9 % average
phyllite-graywacke and 21.1 % Pepiakese “granite” (Glass et al. 2004b)

In summary, the conclusion that the Ivory Coast tektites/microtektites were
derived from the Bosumtwi crater is supported by similarity in age and compo-
sition (both major and trace element) between the tektites/microtektites and
Bosumtwi crater glasses (including fallback spherules) and rocks. Also the
geographic variation in abundance of Ivory Coast microtektites and calculated
thickness of the Ivory Coast microtektite layer versus distance from Bosumtwi
crater are consistent with Bosumtwi being the source crater.

4.4 The Central European Tektite Strewn Field

Central European tektites have been found in the Czech Republic, Austria, and
Germany (Trnka and Houzar 2002; Fig. 4.25). These tektites were originally
called moldavites after the Moldau River. Tektites found in the Czech Republic
(Bohemia) were first mentioned in the scientific literature in 1788 by Joseph Mayer
and tektites found in Slovakia (Moravia) were first mentioned in 1878 (Barnes
1963). More recently, tektites of the same composition and age have been found in
Germany and Austria (Rost et al. 1979; Koeberl et al. 1988; Storr and Lange 1992;
Fig. 4.25). The Central European tektites are generally transparent with a deep
green color. They are considered semiprecious stones and are used in jewelry
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Fig. 424 Log number of microtektites (>125 um)/cm” versus log distance from Bosumtwi
impact crater. There is a great deal of scatter, but the general trend is that the microtektite
abundance decreases with distance from Bosumtwi. Data are from Glass et al. (1991)

(Bouska et al. 1993). Compared with tektites from other strewn fields, the Central
European tektites are silica rich; the SiO, contents range from 72 to 85 wt %
(Table 4.3). Like most other tektite groups, the Central European tektites have rare
earth element patterns consistent with post-Archean continental crust (Koeberl
et al. 1988).

The Central European tektites have been dated using the fission-track, K—Ar,
and “°Ar-*Ar methods. Published ages range from 14 to 15.3 Ma (Laurenzi et al.
2003). Storzer et al. (1995) determined the mean value of 17 age determinations
published prior to 1995 using the K/Ar and *“°Ar-*’Ar methods and obtained an age
of 14.82 + 0.32 Ma. More recently determined “°Ar-*’Ar ages for 12 specimens
give a somewhat lower average age of 14.4 £+ 0.2 Ma (Schwarz and Lippolt 2002;
Laurenzi et al. 2003), but within the quoted errors the newer determinations are
indistinguishable from the older ones.

The 24-km-diameter Ries impact crater, in Germany, has been suggested as the
source crater for the Central European tektites based on its proximity to the strewn
field, similarity in age (within experimental errors), and systematic changes in size
and composition of tektites with distance from Ries (Cohen 1963). Strontium and
Nd isotopic data support the conclusion that the Central European tektites were
derived from the Ries crater (Shaw and Wasserburg 1982; Horn et al. 1985). The
major and trace element compositions of the Central European tektites are similar
to, but not exactly the same as, the composition of the Upper Freshwater-Molasse
unit (referred to as the OSM unit based on the German name for the unit), which is
the uppermost stratigraphic unit at Ries (Bouska et al. 1973; Delano and Lindsley
1982; Engelhardt et al. 1987).
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Fig. 4.25 Map of the Central European tektite strewn field. Crosshatched area (gray) indicates
where the Central European tektites have been found. Ries Crater (not on this map), ~250 km
east of the strewn field, is believed to be the source crater. Modified after Bouska (1998), Fig. 3.
Reprinted with the permission of Chemie der Erde

Microtektites belonging to the Central European tektite strewn field have not
been found and the tektites have not been found in situ. The Central European
tektites are found as transported or reworked objects in sedimentary units ranging
from Middle Miocene to Holocene (Bouska 1998; Trnka and Houzar 2002) and
thus lack the stratigraphic control that has been useful for studying microtektite
layers in marine sediments. Therefore, we do not know whether or not the Central
European tektites are associated with unmelted ejecta and/or geochemical
anomalies.

4.5 The North American Microtektite Layer
4.5.1 Introduction

The first North American microtektites were discovered in the core catcher of core
31 from Deep Sea Drilling Project (DSDP) Site 149 in the Caribbean Sea (Donnelly
and Chao 1973). Donnelly and Chao (1973) recovered a few glass spherules which
they suggested belonged to the North American strewn field based on their age,
proximity to the North American strewn field, and similar major oxide
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compositions. Shortly after that, Glass et al. (1973) reported the discovery of over
6,000 microtektites in Lamont Doherty Earth Observatory Core RC9-58, also from
the Caribbean Sea. This core has been important in the study of the North American
microtektite layer and the relationship between the North American microtektite
layer and the slightly older clinopyroxene-bearing (cpx) spherule layer. North
American microtektites were then found at DSDP Site 94 in the Gulf of Mexico
(Glass and Zwart 1979a). They were later found on Barbados in the West Indies
(Sanfilippo et al. 1985). As of 2010, Barbados is the only location where micro-
tektites have been found on land. This is the only site where large samples can be
recovered from a Cenozoic microtektite layer. Another very important find in the
study of this microtektite layer was the discovery of a thick layer of North American
microtektites and associated tektite fragments and shocked-rock and -mineral
grains at DSDP Site 612 in the northwest Atlantic off New Jersey (Thein 1987).
This is the first site where tektite fragments and shock-metamorphosed grains were
found associated with a microtektite layer and the thickness of the layer (at least
8 cm) suggested that Site 612 is much closer to the source crater than any other
North American microtektite-bearing site (Glass 1989).

4.5.2 Description of the North American Microtektites

Like the Australasian and Ivory Coast microtektites, the North American micro-
tektites are generally less than a millimeter in size; however, at DSDP Site 612 in
the northwest Atlantic, microtektites up to several millimeters in size have been
recovered (Keller et al. 1987; Glass 1989). In addition, centimeter-sized tektite
fragments have been reported from this site (Thein 1987). In Core RC9-58 from
the Caribbean Sea, microtektites as small as 30 pm in diameter were observed
(Glass et al. 1973). Most (>80 %) of the North American microtektites are
spherical, but ellipsoid forms, usually oblate, are also common (~15 %); the
remainder are irregular forms plus teardrop and dumbbell shapes (Fig. 4.26; Glass
and Zwart 1979a). Some fused forms (two or more microtektites fused together)
were also observed. Most of the North American microtektites are transparent and
range in color from pale yellow to brown; however, translucent dark brown to
opaque black microtektites have also been recovered (e.g., Glass et al. 1973; Glass
and Zwart 1979a). Thin edges of the larger tektite fragments recovered from Site
612 are transparent with a yellow green to dark olive green color.

The North American microtektites exhibit a wide range of surface textures,
from smooth (shiny) to extremely rough with deep pits (Glass and Zwart 1979a).
Most are fairly smooth with irregular pitting. A few are very finely pitted, which
gives them a frosted appearance. Some have relatively large circular pits and some
have raised circular areas that are enriched in silica compared to the adjacent glass
(Fig. 4.27). Star-shaped pits were observed on several North American micro-
tektites from the Caribbean Sea (Core RC9-58; Fig. 4.27). Grooves are not as
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Fig. 4.26 Photomicrograph of North American microtektites from Core RC9-58 (see Fig. 4.29)
from the Caribbean Sea. Note that fragments are abundant and that spheroids make up most of the
splash forms. The microtektites range from transparent pale yellow—brown to opaque black

common on the surfaces of the North American microtektites as they are on the
Ivory Coast microtektites (Glass 1974; Glass and Zwart 1979a).

Most of the North American microtektites are fairly uniform in color, but some
have faint flow lines or schlieren. Spherical bubble cavities are common and many
of the microtektites contain lechatelierite inclusions which are often sinuous or
irregular in shape (Donnelly and Chao 1973; Glass and Zwart 1979a). White
opaque inclusions of cristobalite were identified in some North American micro-
tektites from the Gulf of Mexico and Caribbean Sea (Glass et al. 1973; Glass and
Zwart 1979a). At Site 612 in the northwest Atlantic, some glass fragments and
microtektites contain quartz grains, a few of which were partially melted to form
lechatelierite (Glass 1989). Several of the glass fragments have fine-grained
crystalline textures near the outer edges which may indicate diagenetic alteration
following hydration (Thein 1987). In addition, many of the glass fragments and
microtektites at Site 612 have pyrite coatings and a few even appear to have been
partly replaced by pyrite (Glass 1989).

4.5.3 Composition

The North American microtektites have a wide range in major oxide compositions
with silica ranging generally between 63 and 83 wt % (Table 4.9, Fig. 4.28; Glass
et al. 1985, 1998, 2004b; D’Hondt et al. 1987; Koeberl and Glass 1988). The other
major oxides, except for Na,O, generally vary inversely with the silica content.
Although the average silica content varies from one site to another, there is a great
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Fig. 4.27 Scanning electron microscope images of North American microtektites from Core
RC9-58 taken in the Caribbean Sea. a A relatively smooth microtektite. b A microtektite with
large star-shaped pits, but otherwise relatively featureless. These star-shaped pits have only been
found on North American microtektites from the Caribbean Sea. Their origin is unknown.
¢ Close-up view of a star-shaped pit. The sides of the pit look like they are vertical or almost so.
There appears to be a thin (a few microns) outer layer (light colored). Below the outer layer is
another layer (dark gray) that is ~10 um thick. The ~8 pm diameter light-colored doughnut
shaped object in the lower right is a calcareous nannofossil (coccolith). d A microtektite with
shallow overlapping pits and numerous protrusions, most with circular caps with a larger
diameter than the conical-shape pedestal on which they sit. All the caps are roughly the same
height above the adjacent surface. The caps are silica-rich and less soluble than the rest of the
microtektite. The difference in height between the top of the protrusions and the adjacent glass is
due to differential solution and indicates that the microtektite has undergone ~ 29 pm of solution

deal of overlap and the microtektites from all the sites fall on the same compositional
trends. There is a rough correlation between color and silica content of the North
American microtektites, with the lighter-colored microtektites having higher silica
contents. The North American microtektites with silica contents greater than
~70 wt % have compositions similar to the compositions of the North American
tektites, although the microtektites have a greater range in oxide contents (Table 4.9,
Fig. 4.28). Like North American tektites, the microtektites generally have low MgO
and CaO contents for a given silica content compared with tektites in the other strewn
fields (see Tables 4.3, 4.9).
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4.5.4 Age

A fission-track age of 34.6 & 4.2 Ma was determined for the North American
microtektites from Core RC9-58 in the Caribbean Sea (Glass et al. 1973). North
American tektite fragments recovered from the microtektite layer on Barbados were
determined to have age an of 35.4 & 0.6 Ma (2¢ error) using *’Ar->°Ar laser-probe
dating (Glass et al. 1986), and tektite fragments in the North American microtektite
layer from Site 612 yielded an “°Ar-*° Ar plateau age of 35.5 £ 0.3 Ma (Obradovich
et al. 1989). These ages are in agreement with the 35.4 £ (0.2 Ma age obtained for
North American tektites from Georgia, U.S.A. (Albin and Wampler 1996).

4.5.5 Geographic Occurrence

North American microtektites have been found in the Gulf of Mexico, in the
Caribbean Sea, on Barbados, and in the northwest Atlantic off the coast of New
Jersey (Fig. 4.29). Core E67-128 from the Gulf of Mexico contains only a few
scattered microtektites (Keller et al. 1983, 1987; Glass et al. 1985) and Core 31
(DSDP Site 149) from the Caribbean Sea contains a large core gap that truncates
the upper part of the microtektite layer (Glass and Zwart 1979a). North American
microtektites were found at two sites on Barbados, both on the east coast: Bath
Cliff, near Bathsheba, and Gay’s Cove ~ 17 km north of Bath Cliff (Saunders et al.
1984; Sanfilippo et al. 1985). The layer has also been found at two sites in the
northwest Atlantic: DSDP Site 612, which was mentioned above, and ODP Site
904 (McHugh et al. 1996), which is only a few kilometers north of Site 612. Harris
et al. (2009) have reported finding shocked-quartz grains and microtektite frag-
ments in a 3-cm thick gray clay layer of late Eocene age in the Bracewell Kaolin
mine in eastern Jefferson County, Georgia. The major oxide composition of the
glass shards is similar to that of the silica-poor (~64 %) North American
microtektites, but with much higher Na,O contents (~6 wt %). Without
additional compositional data or any detailed petrographic information, it would
be difficult to distinguish these glass fragments from volcanic ash.

4.5.6 Relationship to the Clinopyroxene-Bearing
Spherule Layer

Crystal-bearing spherules are found associated with the North American micro-
tektites in cores from the Gulf of Mexico and Caribbean Sea (John and Glass 1974;
Glass and Zwart 1979a). The major crystalline phase in these spherules is clino-
pyroxene and, therefore, they are often referred to as clinopyroxene-bearing
spherules or cpx spherules. Because they are impact spherules containing primary
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Table 4.9 Major oxide (wt %) and trace element (ppm) of North American microtektites and
tektites

Microtektites® Microtektites Tektite frags. Bediasites® (35) Georgiaites®

(25) Barbados® (30)  Site 904° (28) 24

Average S.D.  Average S.D. Average S.D. Average S.D.  Average S.D.
Si0, 734 4.8 78.0 3.1 746 22 76.36 242 81.8 1.0
TiO, 0.73 0.15 0.62 0.12  0.71 0.08 0.77 0.13 0.1 0.04
AlLO; 14.1 20 129 1.7 139 1.2 13.77 1.56 112 0.5

FeO 4.37 1.30 2.84 .11 4.03 0.62 4.01 0.84 2.64 040
MgO 1.73 0.87 0.88 024 1.12 0.18  0.69 021  0.61 0.07
CaO 1.64 0.80 1.11 0.66  1.00 021  0.56 020 045 0.03
Na,O 1.06 023 0.89 023  0.65 026 1.51 020 094  0.07
K,O 2.92 047 272 053 321 052  2.04 028 244  0.08

(25) (D ® (9-18) (23)

Sc 13.2 54 46 n/a 12.9 1.8 14 5 8.7 1.0
Cr 65 51 50 n/a 46.4 16.8 45 13 n.d. n.d.
Co 17.5 9.3 20 n/a 13.6 6.0 12 2 7.5 1.1
Ni 58 57 n.d. n/a 48 71 13 4 7.4 1.9
Ga 25 35 n.d. n/a 12 5 13 2 n.d. n.d.
Rb 116 49 n.d. n/a 179 37 63 8 76 5

Sr 187 72 n.d. n/a 149 45 102 34 163 8
Zr 213 86 n.d. n/a 284 73 221 34 187 14
Sb 1.96 2.79 n.d. n/a 0.72 0.74  nd. n.d n.d. n.d
Cs 5.70 337 6 n/a 14.3 6.5 2 0 1.74 0.22
Ba 554 164 n.d. n/a 541 122 527 181 572 25
La 424 156 15 n/a 51 14.5 39 10 21.1 2.0
Ce 79.8 283 38 n/a 102.8 29.7 79 12 46.2 4.0
Nd 40.6 16.7 20 n/a 50.7 12.3 n.d. nd. 20.6 2.0
Sm 7.79 2.89 45 n/a 9.78 222 15 1.2 4.07 0.43
Eu 1.58 0.56 0.59 n/a 1.61 0.25 1.64 0.24 099 0.09
Gd 6.24 2.28 n.d. n/a 8.49 1.82  nd. n.d. 3.44 0.40
Tb 1.01 0.33 0.8 n/a 1.30 0.19 1.02 0.17 n.d. n.d.
Tm 0.51 0.19 n.d. n/a 0.70 0.08 n.d. n.d. n.d. n.d.
Yb 348 1.29 35 n/a 4.26 0.42 3.13 0.50 1.91 0.17
Lu 0.53 0.19 3 n/a 0.59 0.09 049 0.08 0.29 0.03
Hf 5.30 2.18 n.d. n/a 7.39 1.05 6.9 0.8 4.64 0.39
Ta 1.30 0.43 n.d. n/a 1.42 0.60 nd n.d. 0.57 0.05
Th 11.1 4.1 4 n/a 15.6 5.2 7.9 1.2 5.81 0.51
U 2.06 0.94 n.d. n/a 3.36 0.85 2.1 0.5 1.46 0.15

Number in parentheses indicates number of analyses. Total iron reported as FeO

S.D. Standard deviation, n.d. no data, n/a not applicable

# Compositional data for microtektites from DSDP Sites 94 and 149 and Core RC9-58 (Glass
et al. 2004b)

® Major oxide data from Burns (1985). Trace element data are for a composite of two micro-
tektites (Koeberl and Glass 1988)

¢ Major oxide and trace element data from Glass et al. (1998)

d Major oxide data from Chao (1963). Trace element data from Cuttitta et al. (1967) and Haskin
et al. (1982)

¢ Albin et al. (2000)
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Fig. 4.28 Major oxide contents versus SiO, for North American tektites and North American
microtektites. Except for K,O versus SiO,, the microtektites have compositional trends similar to
the compositional trends of the North American tektites, but extend those trends down to lower
SiO, contents. Tektite data are from Chao (1963), Schnetzler and Pinson (1963), King (1966),
Cuttitta et al. (1967), Garlick et al. (1971), O’Reilly et al. (1983), Dod et al. (1985), and Glass
(1989)

microlites/crystallites, they can also be called microkrystites. They were originally
believed to belong to the North American microtektite layer and their occurrence
in cores in the equatorial Pacific and eastern equatorial Indian Ocean were inter-
preted as indicating that the North American microtektite layer extended across the
equatorial Pacific into the eastern Indian Ocean (Glass et al. 1979; Glass 1982).
However, it was eventually shown that the cpx spherules belong to a different,
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Fig. 4.29 Map of the North American tektite/microtektite strewn field. Only one tektite was
found at Martha’s Vineyard. Scattered microtektites, but no well-defined microtektite layer was
found in Core E67-128. Also shown is the location of the Chesapeake Bay impact structure

slightly older (~ 10-15 ka) event (e.g., Glass 1986; Glass et al. 1998). The cpx
spherule layer is discussed in Sect. 4.6.

4.5.7 Unmelted, Shock-Metamorphosed Ejecta Associated
with the North American Microtektite Layer

Shock-metamorphosed grains were discovered in the North American microtektite
layer at DSDP Site 612 on the upper continental slope off New Jersey (Thein 1987).
This was the first time that unmelted shock-metamorphosed grains had been found
associated with any microtektite layer and it provided further evidence of the
impact origin of the microtektites. Thein (1987) described shocked quartz and
feldspar grains that exhibit multiple sets of planar deformation features from the
tektite/microtektite layer at this site. White opaque grains containing coesite and,
sometimes, stishovite were also found to be common in this layer (Glass 1989).
Many of the quartz, feldspar, and coesite-rich grains appear to be coated with a
layer of glass (Bohor et al. 1988). In addition, there are also shock-metamorphosed,
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fine-grained rock fragments that contain coesite and stishovite. The layer of tektite
fragments and millimeter-sized splash forms are concentrated in an ~8 cm thick
layer at this site. The shocked rock and mineral grains are most abundant in the
upper 3 cm of the layer, where they make up ~42 % of the grains in the >250 pm
size fraction.

Shocked quartz and coesite were later found in the North American microtektite
layer on Barbados and at sites in the Gulf of Mexico and Caribbean Sea (Glass and
Wu 1993) and at ODP Site 904 just north of DSDP Site 612 in the North Atlantic
(Glass et al. 1998; Fig. 4.30a). In addition, a layer (~2 cm thick) of shocked quartz
(Fig. 4.30b) and coesite was found at Site 903, close to Site 904 (Glass et al. 1998)
and at Site 1073, approximately 62 km northeast of Site 612 (Liu et al. 2009). No
tektite fragments or microtektites were found at either of these sites, but based on
their geographic proximity and stratigraphic age the ejecta at these sites are
believed to be from the same impact as the North American tektites/microtektites.
Shocked zircons (Fig. 4.30c, d), some containing a high-pressure polymorph of
ZrSiOy, were found in the North American tektite/microtektite layer at Sites 612,
903, and 904 and on Barbados (Glass and Liu 2001). This was the first time this
phase was found occurring naturally. It was named reidite after Alan F. Reid who
produced this phase in laboratory experiments in 1969 (Glass et al. 2002).

4.5.8 Geographic Variation Within the North American
Strewn Field

The abundance of tektites/microtektites varies greatly within the North American
tektite/microtektite layer, with the highest abundance at DSDP/ODP Sites 612 and
904 in the northeast Atlantic and the lowest abundance found on Barbados. At
Sites 612 and 904 the layer is 8 and 3 cm thick, respectively, and it consists almost
entirely of tektite fragments, millimeter-sized splash forms, and unmelted shock-
metamorphosed rock and mineral grains. On Barbados the tektite fragments and
microtektites have an abundance of 877 (>125 pum)/cm? (Glass et al. 1998). This
abundance is greater than that found in the Australasian strewn field except for a
few sites within ~3000 km of the Indochina area where the source crater is
believed to be. This suggests that even the site with the lowest abundance of
microtektites in the North American strewn field is not close to the edge of the
strewn field. The North American microtektite strewn field may be much larger
than shown in Fig. 4.29.

Not only are the microtektites and tektite fragments more abundant at DSDP/
ODP Sites 612 and 904, but the percent glass fragments and abundance of
unmelted shock-metamorphosed ejecta is greater than at other sites in the strewn
field (Glass and Wu 1993; Glass et al. 1997, 1998). These observations suggested
that Sites 612 and 904 are close to the source crater (e.g., Glass 1989), and, as
indicated in the next section, this appears to be the case.
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Fig. 4.30 Shocked quartz and zircon from the North American microtektite layer/Chesapeake
Bay impact ejecta layer. a Quartz grain from the North American microtektite layer at Ocean
Drilling Program (ODP) Site 904 in the northwest Atlantic off the coast of New Jersey, U.S.A.
One set of NE-SW trending PDFs is present. b Quartz grain with two sets of PDFs from ODP Site
903 in the northwest Atlantic, ~8 km north-northwest of Site 904. The North American
microtektite layer is not present at this site, but the shocked-quartz grain was found in an ejecta
layer with the same stratigraphic age as the North American microtektite layer and is believed to
be from the same impact (see Glass et al. 1998). ¢ Scanning electron microscope (SEM) image of
the surface of a shocked zircon with granular or strawberry texture from the North American
microtektite layer at ODP Site 904. d SEM image of the surface of a shocked zircon containing
lamellae of reidite (white) in zircon (gray) from ODP Site 904

4.5.9 The Source Crater: Chesapeake Bay

Based on Sm—Nd and Rb-Sr systematics, Shaw and Wasserburg (1982) suggested
that the North American tektites were derived from relatively young (~ 0.6 Ga)
crustal material, probably on the Appalachian orogenic belt or the Atlantic or Gulf
Coastal Plains or adjacent continental shelves. Ngo et al. (1985) determined the
Sm-Nd and Rb-Sr systematics for tektite fragments and microtektites from
Barbados and obtained the same results as Shaw and Wasserburg (1982) obtained
for the North American tektites (Fig. 4.31). This not only supported the conclusion
that the tektite fragments and microtektites found on Barbados belong to the North
American tektite strewn field, but it supported the proposed source area. On the
other hand, Stecher et al. (1989) studied the tektite fragments found at Site 612 and
obtained a much wider range in Sr and Nd isotopic values than previously obtained
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for North American tektites and microtektites. The isotopic data obtained for the
DSDP Site 612 tektite fragments indicate that they were derived from an older
crustal source region (0.8-1.0 Ga) and target rocks were apparently deposited
more recently (i.e., ~400 Ma ago). However, the isotopic data plot along a trend
that, if extrapolated, goes through the values previously obtained for North
American tektites (Fig. 4.31), and the isotopic values for the Site 612 tektites still
indicate a source area along the eastern continental margin of North America.

The abundance of tektite fragments and shock-metamorphosed unmelted ejecta
at Site 612 suggested that the source crater was close to that site; how close,
depended on the size of the crater (Glass 1989). Glass (1989) further pointed out
that the Paleogene sediments are carbonate rich in the southern part of the Atlantic
Coastal Plain and adjacent continental shelf and, therefore, if the crater was south
of Site 612 and on the coastal plain or adjacent continental shelf, it had to be fairly
close, since the North American tektites/microtektites have low CaO contents.

The Chesapeake Bay impact structure (Fig. 4.32) was first reported in 1994 and
was immediately recognized as a possible source of the North American tektites
and microtektites (Poag et al. 1994; Poag and Aubrey 1995). The water depth at
the time of impact was several hundred meters. The diameter of the crater is
reported to be ~85 km (Poag et al. 2004), but it may have been smaller prior to
backwash which filled in the crater and increased the diameter (Collins and
Wiinnermann 2005). Biostratigraphic data indicate that formation of the crater was
coeval with the deposition of the North American microtektite layer (Poag et al.
1994; Poag and Aubry 1995). Major and trace element and Sr and Nd isotopic data
for outcrop samples of target lithologies and crater-fill breccias from the Chesa-
peake Bay impact structure are generally consistent with derivation of the North
American tektites and microtektites from this structure (Koeberl et al. 1996;
Deutsch and Koeberl 2006); however, the exact target lithology or lithologies that
were melted to produce the tektites and microtektites remained unknown as of
2010.

4.6 The Clinopyroxene-Bearing Spherule Layer
4.6.1 Introduction

As previously mentioned, the upper Eocene clinopyroxene-bearing spherules (cpx
spherules) were originally thought to belong to the North American microtektite
layer and their presence in the equatorial Pacific and eastern Indian Ocean was
interpreted to indicate that the North American strewn field extended across the
Pacific and into the Indian Ocean. After the identification of an Ir anomaly at the
Cretaceous-Tertiary (K-T) boundary, which was interpreted to indicate a major
impact event associated with a mass extinction event 65 Ma ago (Alvarez et al.
1980), several researchers began to search for additional Ir anomalies that might be
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Fig. 431 A plot of &yg versus &g, for North American tektite fragments from the North
American microtektite layer on Barbados, West Indies, and Deep Sea Drilling Project Site 612 in
the Northwest Atlantic off New Jersey, U.S.A. Note that the Barbados tektite fragments plot with
the other North American tektites (from Texas and Georgia), while the Site 612 tektite fragments/
microtektites plot in a linear trend to the right in the diagram. However, an extrapolation of the
best fit line through the Site 612 data intersects the data for the Texas, Georgia, and Barbados
tektites. Neodymium and strontium isotopic data for the Central European, Ivory Coast, and
Australasian tektites are plotted for comparison with the North American tektite/microtektite
data. North American tektite data are from Shaw and Wasserburg (1982). Barbados and Site 612
data are from Ngo et al. (1985) and Stecher et al. (1989), respectively. Central European and
Australasian tektite data are from Shaw and Wasserburg (1982). Ivory Coast tektite data are from
Shaw and Wasserburg (1982) and Koeberl et al. (1998)

associated with other major impact events. Ganapathy (1982) reported a positive Ir
anomaly about 30 cm below the peak abundance of North American microtektites
in Core RC9-58 from the Caribbean Sea. In order to determine more precisely the
relationship between the Ir anomaly and the North American microtektite layer,
the samples that Ganapathy used for Ir studies were searched for microtektites. It
was found that what was thought to be a single layer was actually two layers: an
upper layer composed primarily of microtektites and a lower layer composed
primarily of cpx spherules (Glass et al. 1982). The peak abundance of the cpx
spherules was found about 25 cm below the peak abundance of the microtektites
(Fig. 4.33), and the Ir anomaly was clearly associated with the cpx spherules. This
result should have been interpreted to indicate that there were two impact events:
one that produced the cpx spherules and associated Ir anomaly and a younger
impact that produced the North American microtektite layer. Instead the authors
proposed that there was only one impact and that the separation into two layers
may have been produced by differential settling in the sediment due to density
differences between the microtektites and the denser cpx spherules (Glass et al.
1982). However, laboratory experiments, done after the paper by Glass et al.
(1982) was published, indicated that the larger, but lower density, microtektites
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Fig. 4.32 Map showing the location of the outer rim, inner basin, and central peak of the
Chesapeake Bay impact structure. Modified after Poag et al. (2004), Fig. 1.4

would settle deeper into unconsolidated sediment than would the smaller, but
denser, cpx spherules (Burns 1985). In later publications, the cpx spherules were
recognized as belonging to an older impact event, ~10-15 ka older than the North
American microtektite event.

4.6.2 Description of Cpx Spherules

Cpx spherules are generally opaque, but translucent forms also occur (Fig. 4.34).
The opaque cpx spherules have a wide range of colors including: white, tan,
brown, or black. Many have a mottled appearance. The translucent cpx spherules
are usually pale yellow in color and can sometimes have a yellow to bluish
opalescent appearance (Fig. 4.34). The cpx spherules are generally <200 pum in
diameter. Most whole cpx spherules are spherical in shape, but some are irregular
in shape and fused forms consisting of two or more spheres fused together are also
fairly common. Some have blebs or small spherules attached to their surfaces or
embedded into them. Fragments of the translucent cpx spherules are common and
some of the fragments are larger than the largest whole form (Fig. 4.34). Teardrop-
and dumbbell-shaped cpx spherules have not been observed. The surfaces of the
cpx spherules range from glassy smooth to rough with a dull luster (John and Glass
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Fig. 4.33 Vertical distribution of North American microtektites, cpx spherules, and Ir in Core
RC9-58 from the Caribbean Sea. The lower cpx spherule layer contains microtektites as well as
cpx spherules. Most, if not all of the microtektites in the cpx layer are probably part of the cpx
layer, but some may have come from the younger North American microtektite layer due to core
disturbance and/or bioturbation. Note that the Ir anomaly is definitely associated with the older
cpx spherule layer and not with the younger North American microtektite layer. The iridium data
are from Ganapathy (1982)

1974; Glass and Zwart 1979a). Crystalline textures are present on the surfaces of
some of the cpx spherules. In some spherules the crystalline phase has been
removed, leaving voids or pits with crystalline outlines; but in other spherules the
adjacent glass has been partially removed by solution, leaving the crystalline phase
standing out in relief (Fig. 3.11).

Interior polished surfaces of the opaque cpx spherules reveal a wide variety of
crystalline textures including: dendritic, feathery, bladed, skeletal, and equant
(John and Glass 1974; Glass et al. 1985; Glass and Burns 1987; Fig. 4.35). The
most common crystalline phase in the cpx spherules is clinopyroxene; however,
skeletal and equant microlites of Fe-rich, Fe- and Cr-rich, Ni- and Fe-rich, and
Ni-, Cr-, and Fe-rich spinels have also been identified (John and Glass 1974; Glass
et al. 1985, Glass and Burns 1987; Fig. 4.36). The spinel microlites are usually
scattered around the interior of the spherules, but in some spherules the spinel
microlites are concentrated at the surface (Fig. 3.12). The translucent cpx
spherules have a cryptocrystalline texture and are birefringent (Glass et al. 1985).
Like the opaque cpx spherules, the major crystalline phase in the translucent,
cryptocrystalline spherules is clinopyroxene. Unlike microtektites, the cpx spherules
do not contain bubble cavities or lechatelierite particles. However, silica inclusions
with crystal shapes are present in some of the cpx spherules (Fig. 4.35d). Based on
the crystal shapes, the silica crystals may be cristobalite (Glass et al. 1985), but this
could not be confirmed with micro-Raman spectrography.
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Fig. 4. 34 Photomicrograph of cpx spherules (late Eocene microkrystites) from Ocean Drilling
Program Site 709 in the northwestern Indian Ocean. Note that all the spherules are spheres or
fragments; no dumbbells or teardrops are present. The spherules range from translucent pale
yellow to blue to opaque white, dark gray or tan; some have a mottled appearance. Note also that
the largest cpx grains are fragments, which are usually white opaque and cryptocrystalline in
nature. Image is from Liu (2006), Fig. 10, with permission

Some of the cpx spherules have voids with crystalline shapes (Fig. 4.35¢ and f).
The voids generally have prismatic, hopper, chain, or dendritic shapes and were
probably produced by dissolution of a more soluble phase or phases. Based on
crystal habit, it has been proposed that the phase responsible for the prismatic,
hopper, and chain-like voids was probably olivine (Glass et al. 1985). The voids
with feathery or dendritic textures (Fig. 4.35f) may have been formed by disso-
lution of Fe-rich pyroxene skeletal microlites (Glass et al. 1985).

Glass spherules (microtektites) without any crystalline phases have been found
associated with the cpx spherules (Fig. 4.37; Glass et al. 1985; Glass and Koeberl
1999; Liu et al. 2009). Microtektites in the cpx spherule layer are generally
transparent to translucent and occur in a wide range of colors including colorless,
pale brown, brown, and green. At some of the sites many of the microtektites are
larger than any of the cpx spherules. Most of the microtektites are spherical, but
disc, teardrop, and dumbbell shapes are also present, and fragments are common at
many of the sites. Spherical microtektites up to 1.1 mm in diameter have been
recovered from the cpx spherule layer. Most have shiny smooth surfaces, but many
are pitted. Lechatelierite particles have not been identified in the microtektites
from the cpx spherule layer, but during energy dispersive X-ray analysis, one of
the microtektites was found to contain a silica-rich area that was probably
lechatelierite (Glass and Koeberl 1999).
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Fig. 4.35 Scanning electron microscope image of polished sections of cpx spherules showing
internal crystalline textures. a Image of a cpx spherule, from Deep Sea Drilling Project (DSDP)
Site 166 in the central equatorial North Pacific, showing lath-shaped clinopyroxene crystals (light
gray) in a glass matrix (dark gray). Small white crystals in the glass matrix are spinels. b Chain-
like clinopyroxene crystals (light gray) and small (<1 um) spinel crystals (white) in a glass
matrix (dark gray) in a cpx spherule from DSDP Site 216 in the northeast Indian Ocean.
¢ Clinopyroxene (light gray) with a feathery texture in a glass matrix (dark gray). This spherule is
from DSDP Site 69 in the central equatorial Pacific. d Silica crystals (dark gray) in a glass matrix
(gray) in a cpx spherule from Site 216 in the northeast Indian Ocean. e Crystal-shaped voids
(black) in a glass matrix (gray) in a cpx spherule from DSDP Site 94 in the Gulf of Mexico.
f Missing crystalline phase (black Y-shape regions) in a glass matrix (gray). Trains of small
(«1 pm) crystallites (white) may be Fe-rich clinopyroxene. This spherule is from Site 94 in the
Gulf of Mexico. All scale bars are 10 pm except for the one in a, which is 20 um
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Fig. 4.36 Scanning electron microscope images of polished sections of cpx spherules showing
spinel microlites. a Skeletal spinel crystals (white) and clinopyroxene crystals (light gray) in a
glass matrix (dark gray) in a cpx spherule from Deep Sea Drilling Project (DSDP) Site 216 in the
northeastern Indian Ocean. b Skeletal and octahedral spinel crystals (white) and clinopyroxene
crystals (light gray) in a glass matrix (dark gray). Black regions are where a phase was removed
by solution. This cpx spherule is from DSDP Site 166 in the equatorial Pacific. ¢ Skeletal spinel
crystal (light gray) in a glass matrix (dark gray) in a cpx spherule from DSDP Site 94 in the Gulf
of Mexico

4.6.3 Composition

The cpx spherules have a wide range in major oxide compositions (Table 4.10;
Fig. 4.38; Glass et al. 1985, 2004b; D’Hondt et al. 1987; Marchand and Whitehead
2002). The wide range in compositions may be due, at least in part, to the presence
of a crystalline phase in a glass matrix which makes getting representative com-
positions of the spherules difficult. In addition, the missing phases in many of the
cpx spherules mean that the original compositions of those spherules are unknown.
However, there are some observed differences in major oxide compositions
between the cpx spherules and the Cenozoic microtektites (particularly the North
American microtektites) that appear to be real. Compared with the North Amer-
ican microtektites the cpx spherules generally have lower Al,O3 and TiO, and
higher MgO and CaO contents for a given SiO, content (Tables 4.9, 4.10;
Fig. 4.38; Glass et al. 1985, 2004b; D’Hondt et al. 1987; Marchand and Whitehead
2002; Liu et al. 2009). Generally, the FeO and/or CaO (and often MgO) contents
are approximately equal to or higher than the Al,O3 contents (Glass et al. 2004b).
The light-colored cpx spherules (including the translucent cryptocrystalline ones)
generally have lower FeO and higher CaO contents than do the dark opaque cpx
spherules (Table 4.10).

The trace element contents of cpx spherules are highly variable, especially Cr,
Co, Ni, and the volatile elements (Table 4.10; Glass et al. 2004b). Compared with
upper continental crust, the cpx spherules have high Cr, Ni, and Co contents
(Fig. 4.39), with an average Cr content of ~990 + 795 ppm and an average Ni
content of ~ 1495 £ 1249 ppm (Glass et al. 2004b). Furthermore, the dark cpx
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Fig. 4.37 Photomicrograph Ly .
of microtektites recovered
from the cpx spherule layer at
Ocean Drilling Program Site
709 in the northwest Indian
Ocean. Most are transparent,
but there is a wide range in
color from clear to yellow—
brown to green. There are
more glass fragments than
whole splash forms. The
splash forms are mostly
spherical, but several
elongate forms are also
present. Image is from Liu
(2006), Fig. 12, with
permission

spherules generally have higher Cr, Ni, and Co contents compared with the light-
colored cpx spherules (Table 4.10).

The microtektites found in the cpx spherule layer can be divided into two
groups based on their appearance and composition: (1) transparent colorless to
pale brown microtektites with high SiO, contents (>74 wt %), and (2) transparent
to opaque microtektites with low SiO, contents (<75 wt %; Table 4.10;
Fig. 4.38). The high-silica cpx microtektites have low MgO and CaO contents
(generally <1 wt %). They have compositions similar to the North American
microtektites, except for their very low Na,O contents (generally <0.4 wt %) and
generally higher Al,O; contents for a given SiO, content (Vonhof and Smit 1999;
Glass and Koeberl 1999; Glass et al. 2004b; Liu et al. 2009; Fig. 4.38). The
colorless, silica-rich microtektites have low FeO contents (<2.5 wt %) and the
pale brown, silica-rich microtektites have high FeO contents (>2.5 wt %). The
low-silica microtektites generally have major oxide and trace element composi-
tions similar to the cpx spherules, and like the cpx spherules they also have high
Cr, Ni, and Co contents (Table 4.10, Fig. 4.39).

4.6.4 The Number of Upper Eocene Spherule Layers

There has been much controversy regarding the number of upper Eocene spherule
layers (Keller et al. 1983, 1984, 1987; Glass 1984b, 1986, 1990b, 2002; Glass et al.
1985; D’Hondt et al. 1987; Glass and Burns 1987; Hazel 1989; Miller et al. 1991;
Wei 1995; Whitehead et al. 2000; Marchand and Whitehead 2002; Liu et al. 2006,
2009). Glass et al. (1979) assumed that the crystal-bearing or cpx spherules were
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Fig. 4.38 Major oxide contents versus silica content for North American microtektites, cpx

spherules, and microtektites from the cpx
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spherule layer. Note that the cpx spherules have
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erally higher Al,O3 content and much lower Na,O

part of the North American microtektite layer and thus only recognized one upper
Eocene microtektite/spherule layer. Keller et al. (1983, 1984) proposed that there
were at least three upper Eocene microtektite layers. By 1985, Glass and col-
leagues had recognized that the cpx spherules were not part of the North American
microtektite layer, but belonged to a slightly older event (e.g., Glass et al. 1985).

Keller et al. (1987) agreed that there

was only one microtektite layer, correlated

with the North American tektite strewn field; however, they argued that the cpx
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Fig. 4.39 Upper-continental-crust-normalized average trace element data for cpx spherules and
microtektites from the cpx spherule layer. The high-SiO, microtektites from the cpx spherule
layer generally have trace element contents within a factor of 2 or 3 of the average trace element
contents of the upper continental crust. Note however, that both the cpx spherules and low-SiO,
microtektites have 1-2 orders of magnitude higher Cr, Co, and Ni than that of the average upper
continental crust. They also appear to have higher Sb contents than that of the average upper
continental crust. The high average Cr, Co, and Ni contents appear to be the result of meteoritic
contamination (see Sect. 4.6.10). Upper continental crust data are from Lodders and Fegley
(1998). Cpx microtektite data are from Glass et al. (2004b)

spherules (which they called crystal-bearing microspherules) occurred in two
closely spaced layers based on biostratigraphy and major oxide composition
(Keller et al. 1987; D’Hondt et al. 1987). Glass and Burns (1987) continued to
argue in favor of a single cpx spherule layer plus the North American microtektite
layer. However, Miller et al. (1991) suggested that there are least three, maybe
four, upper Eocene microtektite/spherule layers based on biostratigraphy and Sr
isotope stratigraphy primarily at Site 612 on the upper continental slope off New
Jersey.

Hazel (1989) studied the known upper Eocene spherule layer occurrences using
the graphic correlation method and concluded that there must be at least six,
possibly more, spherule layers. Glass (1990b) reviewed the petrographic and
compositional data, as well as the biostratigraphic data, and again concluded that
there were probably only two, four at most, upper Eocene microtektite/spherule
layers. As late as 1993, Keller and colleagues still argued for three, possibly four,
upper Eocene microtektite/spherule layers (Molina et al. 1993). Wei (1995) did a
more in-depth study of the biostratigraphy of the upper Eocene microtektite/
spherule layers and concluded that the available data are consistent with one
couplet of microtektite-microkrystite (cpx spherule) layers in the upper Eocene;
i.e., the North American microtektite layer and the slightly older cpx spherule (or
microkrystite) layer. The two-layer model was further supported by Whitehead
et al. (2000) and Liu et al. (2006, 2009) based on Sr-Nd isotopic data and by
Marchand and Whitehead (2002) based on a statistical study of compositional data
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for the upper Eocene spherules. Thus, the present data appear to indicate that there
are only two widespread upper Eocene spherule layers: (1) the North American
microtektite layer, and (2) the slightly older cpx spherule layer.

4.6.5 Age of the Cpx Spherule Layer

The cpx spherules have not been radiometrically dated. Biostratigraphic data
indicate that the cpx spherule layer is late Eocene in age (e.g., Glass et al. 1985;
Keller et al. 1987; Wei 1995). The cpx spherule layer occurs below the North
American microtektite layer and various estimates suggest that it is 10—15 ka older
(e.g., Sanfilippo et al. 1985; Glass 1986; Glass et al. 1998). Tektite fragments from
the North American microtektite layer on Barbados and at DSDP Site 612 in the
northwest Atlantic have been dated, using 40Ar—39Ar, at 354 + 0.6 and
35.3 £ 0.3 Ma, respectively (Glass et al. 1986; Obradovich et al. 1989). North
American tektites from Georgia have been dated at 35.4 £ 0.2 Ma using K-Ar
(Albin and Wampler 1996). These data suggest an age of ~35.4 Ma for the North
American microtektite layer and thus for the cpx spherule layer. The cpx spherule
layer appears to occur within magnetochron 16n.1n (Jovane et al. 2006; Florindo
and Roberts 2005; Liu et al. 2009), which ranges in age between 35.343 and
35.526 Ma (Cande and Kent 1995). This implies an age of ~35.4 + 0.1 Ma for
the cpx spherule layer in agreement with the age estimated from the radiometric
age of the slightly younger North American tektites/microtektites.

4.6.6 Geographic Distribution of Cpx Spherules

Cpx spherules have been found below or overlapping the North American
microtektite layer in the northwest Atlantic Ocean, Caribbean Sea, and Gulf of
Mexico (Figs. 4.33 and 4.40). The cpx spherule layer has also been found along
the equatorial Pacific and Indian Oceans, and in the South Atlantic (Fig. 4.4; Glass
et al. 1985; Keller et al. 1987; Liu et al. 2009). At several sites in the northwest
Atlantic (DSDP/ODP Sites 612, 903, and 904) and in a site in the Tasman Sea
(DSDP Site 592), the cpx spherules have been partly or completely replaced by
pyrite, preserving the crystalline textures (Fig. 3.23; Glass et al. 1998; Liu et al.
2009). Pancake-shaped clay spherules (Fig. 4.41), many containing or coated with
Ni-rich spinel crystals (Fig. 3.14), have been found associated with an Ir anomaly
in Massignano, Italy (Pierrard et al. 1998). These pancake spherules are believed
to be diagenetically altered cpx spherules that have been flattened by the weight of
the overlying rocks (Glass et al. 2004a). Silica-rich microtektites, but no cpx
spherules, have been found at a site in the South Atlantic (ODP Site 699). The
microtektites at Site 699 are associated with an Ir anomaly. Although no cpx
spherules were found at this site, the microtektites are believed to belong to the
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cpx spherule layer because of the stratigraphic age, association with an Ir anomaly,
and similarity in appearance and major oxide composition to microtektites found
associated with cpx spherules at other sites in the South Atlantic (Liu et al. 2009).
Likewise, colorless glass spherules (probably microtektites) and an associated Ir
anomaly, but no cpx spherules were found at ODP Site 738 in the Southern Indian
Ocean (Liu et al. 2009).

At Bath Cliff on Barbados, an Ir anomaly is found below the North American
microtektite layer. Cpx spherules are not found associated with the Ir anomaly at
this site, but the Ir anomaly is believed to be the same Ir anomaly found associated
with the cpx spherule layer at other sites. It has been suggested that the cpx
spherules were dissolved by ground water at this site (Sanfilippo et al. 1985). At
the Fuente Caldera section, Spain (Fig. 4.40), Ni-rich spinels are found at a level
believed to be coeval with the Ir anomaly and pancake spherules with Ni-rch
spinels at Massignano, Italy (Robin and Molina 2006). It is possible that the
Ni-rich spinel crystals at this site are remnants of spinel-bearing cpx spherules
which have been destroyed by diagenesis or ground water solution.

The cpx spherule layer has been observed at 29 sites around the globe
(Fig. 4.40) if the following sites are included: Massignano, Italy; the sites where
the cpx spherules have been replaced with pyrite; Site 699, where only silica-rich
microtektites have been recovered; Site 738, where an Ir anomaly and glass
spherules, but no cpx spherules, have been observed; Barbados, where there is only
an Ir anomaly; and the Fuente Caldera section, Spain, where Ni-rich spinel crystals
have been recovered. The widespread geographical distribution of the cpx
spherules suggests that the layer may be global in extent. However, the presently
known distribution can be inferred to indicate a ray-like pattern (see Sect. 4.6.11).

4.6.7 Associated Ir Anomaly and Shock-Metamorphosed
Grains

An Ir anomaly appears to be a normal characteristic of the upper Eocene cpx
spherule layer and has been identified at every site with the cpx spherule layer in
which Ir has been measured (Liu et al. 2009). The peak Ir content generally
coincides with the peak abundance of spherules at each site and ranges from as low
as 40 pg/g at DSDP Site 292 in the western equatorial Pacific to as high as
4100 pg/g (4.1 ppb) at core site RC9-58 in the Caribbean Sea (Table 4.11;
Fig. 4.33). A better indication of the amount of Ir in the spherule layer at each site
is the estimated fluence which varies from 0.6 to 42 ng/cm2 (Liu et al. 2009).
Neither the peak abundance nor the fluence appears to exhibit any systematic
geographic variation. Study of a large sample from the cpx spherule layer at ODP
Site 709 in the northwest Indian Ocean indicates that the bulk of the iridium
(~95 %) is in the silt- and clay-sized fractions (i.e., <63 pm; Liu et al. 2009).
Only ~5 % of the Ir is found in the spherules in the >63 pm size fraction.
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Fig. 4.40 Map showing the sites where the cpx spherule layer has been found. The layer was not
found on Barbados, but an Ir anomaly was found below the North American microtektite layer on
Barbados that is interpreted to indicate the former existence of the cpx spherules, prior to
solution. At Massignano, Italy, flattened clay spherules containing, and sometimes coated with,
Ni-rich spinel crystals are interpreted as being diagenetically altered cpx spherules. At Fuente
Caldera, Spain, Ni-rich spinel crystals have been found at the appropriate stratigraphic level for
the cpx spherule layer, but no spherules have been reported. No cpx spherules but microtektites
and an associated Ir anomaly have been found at Ocean Drilling Program (ODP) Site 699 in the
South Atlantic and at ODP Site 738 in the Indian Ocean sector of the Southern Ocean. These
microtektites appear to be of the correct biostratigraphic age to belong to the cpx spherule layer.
Locations of the Popigai and Chesapeake Bay impact structures are indicated with black stars.
Modified after Liu et al. (2009), Fig. 1

As discussed above, pancake-shaped spherules containing, and sometimes
coated with, Ni-rich spinel microlites have been found associated with an Ir
anomaly at Massignano, Italy (Pierrard et al. 1998; Glass et al. 2004a). These
spherules are believed to be diagenetically altered and compacted cpx spherules
(Glass et al. 2004a). Shocked quartz with multiple sets of PDFs was discovered in
the spherule layer at Massignano (Clymer et al. 1996; Fig. 4.42). Assuming that
the spherules are diagenetically altered cpx spherules, this is the first time that
shocked quartz has been recognized in the cpx spherule layer. More recently,
coesite was found in the cpx spherule layer at DSDP Site 216 and coesite and
shocked quartz were discovered in the cpx spherule layer at ODP Site 709 (Liu
et al. 2009); both of these sites are in the equatorial Indian Ocean. No shock-
metamorphic grains have been reported in the cpx spherule layer at any other site;
but at most sites the cpx spherule layer has not been searched in detail for shocked
mineral grains.
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Fig. 4.41 Scanning electron microscope image of a pancake-shaped spherule from an upper
Eocene section at Massignano, Italy. These spherules are often coated with Ni-rich spinel crystals
(see Fig. 3.14). The spherule layer is associated with an Ir anomaly and shocked quartz with
multiple sets of planar deformation features (see Fig. 4.42). The spherules are composed of an
iron-rich clay (perhaps nontronite). They are interpreted to be diagenetically altered cpx spherules
which have been flattened by the weight of the overburden

4.6.8 Nature of the Target Rock: Chemical Composition
and Sr-Nd Isotopic Data

Langenhorst (1996) concluded that the characteristics of the shocked quartz found
in the cpx spherule layer at Massignano, Italy, imply a nonporous, quartz-rich,
near-surface rock as its source. However, the relative abundance of coesite com-
pared with the abundance of shocked quartz in the cpx spherule layer in the
northwestern Indian Ocean (ODP Site 709), indicates that the source rock was
porous, i.e., probably sandstone (Liu et al. 2009).

Sr and Nd isotopic studies of the cpx spherules and associated microtektites
from several sites indicate that they were derived from the same source rocks
(Whitehead et al. 2000; Liu et al. 2006; Fig. 4.43a). The Tyr and Tcyur model
ages indicate that the cpx spherules and microtektites were formed from Prote-
rozoic sedimentary deposits, mostly ranging in age between 0.9 and 1.5 Ga (TS,
which were derived from source rocks, mostly ranging in age between 1.5 and
2.1 Ga (TSH"R; Fig. 4.43b).

The wide range in major and trace element contents of the cpx spherules sug-
gests that the target rock was heterogeneous. It must be kept in mind, however, that
some of the variation in composition of the cpx spherules is due to a missing phase
(or phases). In addition, there is evidence that many of the cpx spherules have a
significant meteoritic component from the projectile (see Sect. 4.6.10). The light-
colored cpx spherules have higher CaO and lower FeO contents than do the darker
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Table 4.11 Iridium data for cpx spherule-bearing sites

Site/Hole Location Peak Ir
Ir (pg/g) fluence (ng/cmz)

ODP Hole 1090B Agulhas Ridge, S. Atlantic 1046 15
ODP Hole 699A Georgia Rise, S. Atlantic 666 13
ODP Hole 689B Maude Rise, S. Atlantic 156 2.5
ODP Hole 689D Maude Rise, S. Atlantic 188 2.5
ODP Hole 709C Mascarene Plateau, W. Indian Ocean 309 8.8
ODP Hole 738B Kerguelen Plateau, S. Indian Ocean 157 1.2
Massignano Italy 200 4.7
Gay’s Cove Barbados, Caribbean Sea 200 12
RC9-58 Venezuela Basin, Caribbean Sea 4100 42
DSDP Site 149 Caribbean Sea >410 >4
DSDP Site 292 Equatorial Pacific 40 1.5
DSDP Site 315 Equatorial Pacific 250 7
DSDP Site 462 Equatorial Pacific 220 15
DSDP Site 612 Equatorial Pacific 104 0.6

Data from Liu et al. (2009)

Fig. 4.42 Shocked-quartz grains from an upper Eocene section at Massignano, Italy. The
shocked quartz is associated with an iridium anomaly and diagenetically altered cpx spherules
containing and/or coated with Ni-rich spinel crystals (see Figs. 3.14 and 4.41)

cpx spherules. At ODP Site 786 in the northwestern Pacific the cpx spherules have
CaO contents as high as 26 wt % (Liu et al. 2009). They also generally have higher
MgO contents (up to 18 wt %), but the spherules with the higher MgO contents also
have high Cr and Ni contents, which indicate a meteoritic component. If we only
consider the spherules at this site with lower Ni and Cr contents, the MgO content is
not quite as high, but still as high as ~ 14 wt %.

The composition of the source rocks for the low-CaO, dark cpx spherules was
estimated by determining the average composition of the unetched to slightly
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Fig. 443 Neodymium and Sr isotope data (a) and model ages (b) for cpx spherules and
associated microtektites, Popigai impact crater impactites and target rocks, as well as, North
American tektites. Cpx spherule data are from Whitehead et al. (2000) and Liu et al. (2006). Data
for Popigai impactites and target rocks are from Holker et al. (1997), Whitehead et al. (2000), and
Kettrup et al. (2003). North American microtektite data are from Shaw and Wasserburg (1982),
Ngo et al. (1985), Stecher et al. (1989), Glass et al. (1998), and Whitehead et al. (2000). a is
modified after Liu et al. (2009), Fig. 8. b is modified after Liu (2006), Fig. 48

etched dark cpx spherules and using the average Ni content to correct for the
supposed meteoritic component (see Sect. 4.6.10). This gave a composition of:
74 wt % SiO,, 9.2 wt % Al,03, 1.9 wt % FeO, 3.1 wt % MgO, 8.1 wt % CaO,
1.0 wt % Na,0, 24 wt % K-,0, and 0.4 wt % TiO, (Glass et al. 2004b).



208 4 Cenozoic Microtektite/Ejecta Layers

The low Al,O5 contents of both the dark- and light-colored spherules indicate
that shale and graywacke can be ruled out as major source rocks for the cpx
spherules. Arkoses and lithic arenites are possible source rocks. The high CaO and
MgO contents of the light-colored cpx spherules suggest that some of the target
rocks contained a carbonate component. The low SiO, contents of the cpx
spherules indicate that quartz arenites were not a major source rock. However, the
presence of silica-rich microtektites in the cpx spherule layer does suggest that a
silica-rich rock, such as a quartz arenite, was at least a minor component of the
target rock.

4.6.9 Popigai: The Source Crater

Several researchers have proposed that the 100-km-diameter Popigai impact
structure in northern Siberia is the source of the cpx spherule layer (Langenhorst
1996; Poag 1997a; Vonhof and Smit 1999; Whitehead et al. 2000; Kettrup et al.
2003; Glass et al. 2004b; Liu et al. 2006). The main evidence in favor of this
conclusion is the age, size, and Sr—Nd isotopic data. The Popigai impact crater has
an “°Ar-*?Ar age of 35.7 £+ 0.8 Ma (Bottomley et al. 1997). Within the errors
involved, this is the same age as the cpx spherule layer. Several late Eocene impact
craters with similar ages are known, but Popigai is the largest and probably the
only one large enough to spread ejecta around the globe. Furthermore, Sr and Nd
isotopic data for the cpx spherules and associated microtektites fall within the
range of values determined for Popigai impactites and target rocks (Fig. 4.43). In
addition, the meteoritic component in the cpx spherules and microtektites appears
to be the same as in Popigai impactites (see below) and the cpx spherule layer
appears to show systematic changes with distance from Popigai (see Sect. 4.6.11).

4.6.10 Meteoritic Contamination and Projectile Identification

The cpx spherules have Cr, Ni, and Co contents ranging up to 3,250, 5,854, and
260 ppm, respectively, which are interpreted to indicate the presence of a mete-
oritic component (Glass et al. 2004b). Assuming that the source rock for the cpx
spherules had close to the average Ni content of the upper continental crust, the
high Ni contents imply a high percent contamination by the projectile, up to at
least 50 wt % (depending on the composition of the projectile) for cpx spherules
with the highest Ni contents. This would require much higher Ir and Au contents
than were measured (Glass et al. 2004b). The low Ir and Au contents might be the
result of fractionation of the meteoritic component prior to incorporation into the
cpx spherules.

Compositional plots involving Cr, Ni, and Co exhibit a great deal of scatter,
which is most likely due in part to the dissolution of a more soluble phase (or
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Fig. 4.44 Nickel versus Co (a) for relatively unaltered (i.e., no void regions where a soluble
phase was removed by solution) cpx spherules and Ni/Cr versus Ni/Co (b) for relatively unaltered
cpx spherules and various chondrite meteorite types. Note that the cpx spherules plot closer to the
L chondrites than to other chondrite types. Cpx data are from Glass et al. (2004b) and meteorite
data are from Lodders and Fegley (1998)

phases) in these spherules. The Ni contents of the cpx spherules and low-SiO,
microtektites are positively correlated with FeO, MgO, Cr, and Co (Glass et al.
2004b). This correlation is best illustrated using only compositional data from cpx
spherules which exhibit little or no evidence of dissolution as indicated by scan-
ning electron microscopy. A plot of Ni versus Co contents for cpx spherules, that
exhibit little or no dissolution, shows a strong positive correlation between these
two elements (Fig. 4.44a). The slope of the correlation line (~21) is interpreted to
indicate the Ni/Co ratio of the projectile (see Tagle and Hecht, 20006, for discussion
of geochemical identification of projectile material in impactites). A similar plot of
Ni versus Cr indicates a Ni/Cr ratio of 2.41. The Ni/Co and Ni/Cr ratios are closest
to those of the L chondrites (Fig. 4.44b), suggesting that the projectile was an L
chondrite.

The interpretation that the cpx spherules contain an L chondrite component is
consistent with the identification of an ordinary chondrite, most likely an L
chondrite, as the projectile that produced Popigai crater (Tagle and Claeys 2005).
Initial Cr-isotopic measurements of a concentration of cpx spherules from ODP
Site 709 in the northwestern Indian Ocean and a magnetic coarse fraction of the
cpx spherule layer from Massignano, Italy, obtained ¢°Cr values of 0.39 + 0.04
(20) and 0.26 £ 0.04 (20), respectively (Kyte et al. 2011). These values indicate a
meteoritic component, and are consistent with an ordinary chondrite, but Kyte
et al. (2011) favor an H chondrite because of an ~35 Ma spike in cosmic-ray
exposure ages for the H chondrites that indicates a major collision event in the
asteroid belt at this time. Kyte et al. (2011) proposed that a large fragment from
this collision could have produced the Popigai impact crater and dust from the
impact may have produced an upper Eocene *He peak observed at Massignano,
Italy (Farley et al. 1998; Farley 2009).
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4.6.11 Geographic Variations Within and Ray-Like Nature
of the Cpx Spherule Strewn Field

Liu et al. (2009) proposed that the cpx spherule strewn field may have a ray-like
structure (Fig. 4.45a). Furthermore, they suggested that the rays appear to follow
ejecta trajectories from Popigai as proposed by Wrobel and Schultz (2003)
(Fig. 4.45b). Liu et al. (2009) proposed three rays: (1) a high angle ejecta ray that
extends across Europe, the North Atlantic, through the Caribbean and Gulf of
Mexico, and most of the way across the equatorial Pacific, (2) a nominal (45°)
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Fig. 4.45 Geographic distribution of cpx spherules (a) and calculated trajectories for Popigai
impact ejecta (b). a Presently available data can be interpreted as indicating that the cpx
spherules fell along rays that originate from Popigai impact crater. Black dots indicate sites
where the cpx spherule layer has been found (see also Fig. 4.40) and open circles indicate sites
where cpx spherules were not found at what appears to be the appropriate stratigraphic level.
Also shown in the figure are the locations of three other late Eocene impact structures. The
Chesapeake Bay structure appears to be the source of the late Eocene North American tektites/
microtektites. Wanapitei and Mistastin appear to be too small to be the source of the cpx
spherules. b Calculated trajectories for Popigai impact ejecta. Solid black lines are low-angle
(45°) ejecta trajectories and the solid gray lines are high-angle ejecta trajectories. Note that two
of the rays in a (i.e., the ray that passes through the Indian Ocean and continues into the South
Atlantic and the ray that goes down through the western Pacific) appear to follow low-angle
trajectories and that one ray appears to follow high-angle trajectories through Europe, across the
North Atlantic, and along the equatorial Pacific. a is modified after Liu et al. (2009), Fig. 3, with
permission of the Geological Society of America; and b is from Wrobel (2008), Fig. 2

ejecta ray that extends through the western Indian Ocean and into the South
Atlantic, and (3) a nominal ejecta ray that extends down through the western
Pacific into the Indian Ocean sector of the Southern Ocean (Fig. 4.45a). Within the
Indian Ocean/South Atlantic ray, the abundance of cpx spherules/microtektites
decreases and the percent microtektites increases with distance from Popigai
(Fig. 4.46). The western Pacific ray may show similar variations with distance
from Popigai, but the data are not as reliable. Three of the closest sites to Popigai
(Massignano and ODP/DSDP Sites 709 and 216 in the northern Indian Ocean) are
the only sites where coesite and/or shocked quartz have been found in the cpx
spherule layer.

The ray-like distribution pattern of the cpx spherules and variations in nature of
the ejecta with distance from Popigai are consistent with the Popigai structure
being the source crater for the cpx spherule layer.

4.6.12 Formation of Cpx Spherules

Ebel and Grossman (2005) concluded that the Ni-rich spinel-bearing spherules
found in the Cretaceous-Tertiary (K-T) boundary layer were formed by conden-
sation from the impact-generated vapor plume. By analogy, the cpx spherules were
also probably produced by condensation from an impact-generated plume and
would, therefore, be examples of condensate spherules as discussed in
Sect. 3.2.1.1. The lack of vesicles and lechatelierite particles and the lack of
teardrop, dumbbell, and disc shapes, seem to support such an origin. If so, this
might have implications concerning the relationship between the compositions of
the cpx spherules and the composition of the target rocks.
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Fig. 4.46 Abundance of cpx spherules (a) and percent microtektites in the cpx spherule layer
(b) versus paleodistance from Popigai along the proposed Indian Ocean/South Atlantic ray (see
Fig. 4.45a). a Abundance is based on the number of cpx spherules >125 pm in size per cm?® at
each site. Paleodistance is based on plate reconstruction that indicates the location of the tectonic
plates in the late Eocene, which is then used to estimate the distance between Popigai and each
site at the time of the impact. b Percent abundance of microtektites in the cpx spherule layer is
based on the number of microtektites in the cpx spherule layer at a given site versus the number
of microtektites and cpx spherules. Data for these plots are from Liu et al. (2009)

4.6.13 Associated Climatic and Biological Changes

Alvarez et al. (1980) discovered an Ir anomaly at the K-T boundary which they
attributed to a major impact event that may have been responsible for the mass
extinction at the end of the Cretaceous Period ~ 65 Ma ago. Confirmation of an
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impact event at the end of the Cretaceous Period was presented 4 years later when
Bruce Bohor and colleagues announced the discovery of shocked quartz con-
taining multiple sets of PDFs from the K-T boundary layer (Bohor et al. 1984).
That same year, Raup and Sepkoski (1984) proposed that there have been periodic
mass extinction events approximately every 26 Ma. They further stated that two of
the mass extinction events, the terminal Cretaceous and late Eocene, have been
linked to meteorite impacts. Later, Raup proposed a kill curve that related percent
species extinction with the size of an impact as indicated by crater size (e.g., Raup
1992). According to Raup’s impact-kill curve, a 100-km-diameter impact crater
should correlate with the extinction of at least 50 % of the species. Poag (1997b)
pointed out that the two large impacts during the late Eocene (i.e., the Popigai and
Chesapeake Bay) are not associated with any apparent immediate extinction pulse.
He proposed a revision of Raup’s kill curve (see Sect. 11.3.2 for more detail) and
suggested that the collective environmental effects of the two large late Eocene
impacts may have either delayed the terminal Eocene-early Oligocene mass
extinction event or produced the threshold conditions necessary for it to take place.
Poag (1997b) pointed out that there is evidence of a warm pulse that briefly
interrupted the Eocene—Oligocene cooling trend. He speculated that the warming
pulse may have resulted from elevated CO, levels derived from degassing of
carbonate target rocks as a result of one of the late Eocene impacts. However,
more recent studies suggest that the cpx spherule layer may be closely associated
with a sharp drop in surface water temperature (or increase in ice volume) and an
increase in surface productivity.

Vonhof et al. (2000) interpreted oxygen- and carbon-isotope data across the cpx
spherule layer at ODP Site 689 in the South Atlantic as indicating accelerated
climatic cooling and an increase in surface-water productivity, respectively. A
decrease of 0.4-0.5 %o in deep-water benthic foraminiferal 6'°C values was found
to be coincident with the cpx spherule layer at three sites: DSDP Site 612
(NW Atlantic), Core RC9-58 (Caribbean Sea), and ODP Site 1090 (South
Atlantic) (Pusz et al. 2009). However, Spezzaferri et al. (2002) interpreted changes
in planktonic foraminiferal assemblages across the cpx spherule layer at Massig-
nano, Italy, as indicating that cooling started immediately after the impact and was
then interrupted by a warming episode due to a short-term, impact-induced,
greenhouse episode. Liu et al. (2009) reported oxygen isotope data for ODP Site
738 in the southern Indian Ocean associated with the occurrence of glass spherules
and an Ir anomaly, which they interpreted as indicating the cpx spherule layer
(Fig. 4.47). The oxygen isotope data indicate a sharp drop in surface water tem-
perature (or sharp increase in ice volume) coincident with the cpx spherule layer,
similar to what was observed at Site 689 by Vonhof et al. (2000) in the South
Atlantic. Neither Vonhof et al. (2000) nor Liu et al. (2009) reported evidence of a
warming pulse following the cooling event. On the other hand, Pusz et al. (2009)
state that their high-resolution bulk-carbonate and benthic foraminiferal §'*0
records for four sites (Core RC9-58, and DSDP/ODP Sites 612, 689 and 1090)
show no global temperature change coincident with the cpx spherule layer.
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Fig. 4.47 Plot of 6'30, number of spherules per gram, and iridium concentration (pg/g) through
a late Eocene section at Ocean Drilling Program Site 738 in the Indian Ocean sector of the
Southern Ocean. No cpx spherules were observed at this site, but the biostratigraphy, Ir anomaly,
and presence of glass spherules suggests that this layer is equivalent to the cpx spherule layer.
Note the increase in 8'%0 (going up section), which indicates a cooling event following the
impact. Mbsf meters below sea floor and VPDB Vienna Pee Dee belemnite. Modified after Liu
et al. (2009), Fig. 15

Fig. 4.48 Microtektites
recovered from Core M14
taken in the North Pacific (8°
00.15'N, 176° 10.65'W). See
Fig. 4.13 for core location
and relationship to the
Australasian strewn field.
These microtektites have
compositions similar to
Australasian microtektites,
but appear to be older.
Courtesy of Hanchang Peng

4.7 Additional Probable Cenozoic Distal Ejecta Layers

Additional probable distal ejecta layers have been described. They are: (1)
microtektites of Pleistocene age found in a single core from the North Pacific, (2)
microtektites of Early Pliocene age recovered from the core catcher of a core taken
on the Tasman Rise, and (3) a spherule bed of Paleocene age found in Nuussuaq on
the western coast of Greenland. All of these spherule layers have been found in
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Fig. 4.49 Images of transparent green spherules found in the core catcher of Core 22X from
Ocean Drilling Program Site 1169 on the Tasman Rise in the southeast Indian Ocean. a An
optical microscope image of a group of spherules, showing that they are spheroids with shiny
smooth surfaces. b A scanning electron microscope image of a Tasman Rise sphere showing what
appear to be two or three high-velocity impact pits on the surface. a and b are courtesy of D. Clay
Kelly (these images were published in Kelly and Elkins-Tanton, 2004, Figs. 3a and b,
respectively)

only one location and no evidence of shock metamorphosed grains has been
reported for any of these layers.

4.7.1 North Pacific Microtektites

Peng (1994) described glass spherules found in a core (M14) taken in the North
Pacific (8° 00.15’ N, 176° 10.65" W). The spherules are generally pale yellow-
green. They are mostly spherical in shape, but dumbbell shapes also occur
(Fig. 4.48). Most are ~200 um in diameter and the largest has a diameter of
~340 pm. Their major oxide compositions are similar to the major oxide com-
positions of Australasian microtektites, except for their low Na,O contents
(0.11-0.18 wt %; Tables 4.5 and 4.12). Peng (1994) concluded that the glass
spherules are microtektites. No petrographic data were given, but their appearance
and major oxide compositions are consistent with this conclusion. Based on
magnetostratigraphy and biostratigraphy, Peng (1994) concluded that this micro-
tektite layer occurs at the Pliocene—Pleistocene boundary (2.14-2.30 Ma).
Assuming that this is correct, the North Pacific microtektites must be ejecta from
an older impact than the one which produced the Australasian tektites/microtek-
tites. However, three lines of evidence suggest that they may belong to the
Australasian tektite/microtektite strewn field: (1) proximity to the strewn field, (2)
abundance of microtektites, and (3) similarity in composition between the North
Pacific microtektites and the Australasian microtektites.

The M14 core site lies along an extension of the east-west lobe of the
Australasian microtektite strewn field (Fig. 4.13). It is about 7,700 km from the
proposed source area in Indochina (see, e.g., Glass and Koeberl 2006). At that
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Table 4.12 Major oxide (wt %) and trace element (ppm) compositions of North Pacific mi-

crotektites, Tasman Rise microtektites, and Nuussuaq spherules

North Pacific microtektites®

Tasman Rise microtektites®

Nuussuaq Spherules® (30)

©) @) Average Standard
deviation

SiO, 68.49-70.54 56.43-60.61 48.6 0.3
TiO,  1.06-1.34 0.71-0.81 1.1 0.1
ALO; 15.89-18.95 17.40-19.97 14.3 0.2
Cr;0; nd n.d. 0.2 0.1
FeO 3.45-4.96 6.57-9.03 12.8 0.3
MnO  nd. 0.12-0.14 <0.1 n.a.
MgO  2.33-3.62 4.81-8.35 6.4 0.3
CaO 1.93-5.06 5.01-5.81 8.1 0.1
Na,O 0.11-0.18 0.85-1.09 2.0 0.5
K,O 1.25-2.78 0.44-0.52 0.6 0.1
SO; n.d. n.d. 0.3 0.1
Sc 13.3-27.9 29-34 28 4.1
Cr 84.3-225 152-512 1615 718
Co <4.7-21.7 14-37 299 181
Ni 220-1380 n.d. 4269 2910
Rb 56.2-137 6-13 n.d.
Sr n.d. 420-520 n.d.
Y n.d. 19-21 n.d.
Zr n.d. 140-154 n.d.
Nb n.d. 5-6 n.d.
Ba n.d. 470-600 343 124
La 40.5-89.1 20-24 17.2 2.8
Ce 80.5-155 50-55 33.6 5.6
Nd <61-97.9 24.8-29.5 17.4 2.3
Sm 6.15-13.7 5.1-6.2 39 0.6
Eu <1.7-4.98 1.3-14 1.2 0.1
Yb <0.9-5.24 1.8-2.9 2.6 0.4
Lu 0.62-1.53 0.2-0.4 0.25 0.04
Hf <3.9-17.1 3.3-4.0 2.4 0.3
Ta <1.6-1.8 0.4-0.5 n.d.
Th 15.1-31.1 5.6-7.2 3.12 0.74
U n.d. 0.0-0.8 0.66 0.30

Total iron reported as FeO; numbers in parentheses are number of analyses; n.d. no data

# H. Peng (personal communication, June 14, 1992)
b Kelly and Elkins-Tanton (2004)

¢ Trace element data are based on only 14 analyses. All iron originally reported as Fe,Os. Ir is

3.5 + 1.7 ppb. Robin et al. (1996)

distance from the proposed source area at other sites within the Australasian
microtektite strewn field the number of microtektites (>125 pm in size)/cm?® is
about 8 £ 7 (Fig. 4.14). Peng (1994) stated that the microtektites occur over a
30 cm interval and that the average number is 15 microtektites/100 g. This
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suggests that the number of microtektites at this site is about 9/cm?, which is in
agreement with the number expected for this distance from the proposed Aus-
tralasian strewn field source crater location (Fig. 4.14). The lower Na,O contents
of the North Pacific microtektites could be due to a greater degree of heating of
microtektites which were thrown farther from the source crater, as has been
suggested for the Transantarctic Mountain microtektites (see Sect. 4.2.8). Some of
the North Pacific microtektites have high Ni, Co, and Ir contents compared with
most Australasian microtektites; however, a group of Ni-rich Australasian
microtektites has been identified (Glass et al. 2004b) which have Ni and Co
contents that overlap the Ni and Co contents of the North Pacific microtektites.

Thus, it seems that there are a lot of coincidences or the age data are incorrect.
In order to confirm that the North Pacific microtektites are part of an older strewn
field and do not just represent an extension of the Australasian strewn field, it will
be necessary to: (1) determine the abundance of the spherules (number/cmz) more
precisely, (2) describe the petrography of the spherules (e.g., do they contain
lechatelierite particles?), and (3) determine their radiometric age and/or their
stratigraphic age at other nearby sites.

4.7.2 Early Pliocene (4.6-12.1 Ma) Tasman Rise Microtektites

Forty-eight bottle-green glassy spherules were recovered from the core catcher of
core 22x (202.14 m below the sea floor) at ODP Site 1169 along the western
margin of the Tasman Rise in the southeastern Indian Ocean south of Tasmania
(Kelly and FElkins-Tanton 2004). The spherules range in size from ~ 100 to
900 um. They are generally spherical, but ellipsoidal forms were also recovered
(Fig. 4.49a and b).

The surfaces are smooth and generally without pits or grooves, although one
has what appear to be microimpact craters on its surface (Kelly and Elkins-Tanton
2004). The major oxide and trace element contents of four of the spherules indicate
that the spherules have a small range in composition internally and from spherule
to spherule (Table 4.12). Compared with most Cenozoic microtektites, the South
Tasman Rise spherules have low SiO, (~56-60 wt %) and K,O
(~0.4-0.5 wt %) contents. Based on biostratigraphy, the age of the glass spher-
ules appears to be late-middle Miocene to earliest Pliocene, ~4.6-12.1 Ma (Kelly
and Elkins-Tanton 2004).

Based on the size, shape, and composition of the Tasman Rise glass spherules,
their identification as microtektites seems reasonable. The apparent absence of
lechatelierite particles makes this identification less certain, but the high-Mg,
bottle-green Australasian microtektites also do not contain lechatelierite. The
presence of what appear to be hypervelocity impact pits on one of the Tasman
Rise microtektites is consistent with an impact origin and the homogeneity of the
spherules and lack of any crystalline phases indicate that they must be distal ejecta.
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Kelly and Elkins-Tanton (2004) point out that within the large uncertainty in
the age of the Tasman Rise microtektites, they could be the same age as the HNa/K
“australites” discussed below (Sect. 4.8.4). The composition of the Tasman Rise
microtektites is similar in some respects to that of the HNa/K “australites,” but
there are a number of differences. The Tasman Rise microtektites have lower SiO,,
Na,O, and K,0 and higher Al,O3, MgO, and TiO, and generally higher CaO and
FeO contents compared to the HNa/K “australites” (Tables 4.12 and 4.13).
However, with the exception of Na,O, which is much too low, the HNa/K
“australites” fall on or close to the extrapolated trends, major oxides versus SiO,,
of the Tasman Rise microtektites (Fig. 4.50). The low Na,O content could be
explained if the Tasman Rise microtektites were heated more intensely than the
HNa/K “australites.” This would explain the homogeneity of and lack of vesicles
and lechatelierite particles in the Tasman Rise microtektites.

Before the Tasman Rise microtektites can be considered as belonging to a new
strewn field or part of the HNa/K “australites,” they need to be found at additional
sites and their age needs to be better constrained, preferably by radiometric dating
(e.g., using the “°Ar-**Ar method). Strontium and Nd isotopic studies also should
be done.

4.7.3 Paleocene Nuussuaq Spherule Bed

Glassy spherules (Fig. 4.51a) have been found in several sandstone beds in the
Abraham Member of the Agatdalen Formation in Nuussuaq on the western coast
of Greenland (Margolis et al. 1991b). Volcanic deposits are common in this area.
The Nuussuaq spherules are found in a 3-m-thick interval of dark green-gray
marine shales and sandstones (Robin et al. 1996). They occur in 1-4 layers ranging
in thickness from a few millimeters up to more than 10 cm (Jones et al. 2005a).
They are abundant, nearly close-packed, and surrounded by delicate glass spherule
fragments and altered glass (Jones et al. 2005a). The spherules can easily be seen
in the field on weathered rock surfaces. The spherule-bearing Abraham Member at
Nuussuaq has been correlated with the Asuk Member of the Vaigat Formation on
Disko Island, which is ~50 km from Nuussuaq (Robin et al. 1996). The Asuk
Member is highly unusual for its content of reduced iron (Nordenskiold 1872);
some of the blocks of Ni-Fe metal weigh up to several tons. The metal contains
high contents of Ir and other siderophile elements (Klock et al. 1986).

The Nuussuaq spherules are between 100 pm and 1 mm in diameter and mostly
spherical, but a few are teardrop or dumbbell in shape (Robin et al. 1996). The
glass spherules vary between colorless and light brown with yellow, gray, and
reddish bands. Glass shards with irregular shape (some cuspate) and similar in size
to the spherules are also relatively common. Microlites in the glass range from
absent to abundant. Nearly all the spherules and glass shards contain vesicles
ranging from 20 to 200 pm (Robin et al. 1996; Fig. 4.51a). Some of the vesicles
are filled with secondary minerals (e.g., calcite, zeolite?). Many of the spherules



4.7 Additional Probable Cenozoic Distal Ejecta Layers 219

are partly altered to palagonite clay-like minerals and some are completely pala-
gonatized (Jones et al. 2005a). Jones et al. (2005a) also described some carbonate
spherules within the unaltered glass spherules. Some of these carbonate spherules
appear to be completely enclosed within unfractured silicate glass and may be
immiscible carbonate melts that were trapped as fine droplets within the silicate
liquid (Jones et al. 2005a).

Flow banding, indicated by contorted brighter and darker zones and by trains of
small inclusions (a few micrometers in diameter), is visible in back-scattered
electron images. The inclusions are mostly spherical in shape, but octahedral and
skeletal shapes were also observed. The inclusions are most abundant in the brown
glass (which is Fe-rich) and they consist of iron oxide, iron sulphide (pyrite,
pentlandite, chalcopyrite), and sometimes Ni-Fe metal (Robin et al. 1996).
Inclusions of plagioclase, pyroxene, olivine, chromite, and spinel (MgAl,Oj3),
some of which are partly dissolved in the glass matrix, have also been observed.
Minute cruciform and skeletal Ni- and Cr-rich spinel crystals (Fig. 4.51b) with
magnesioferrite compositions are also present (Margolis et al. 1991b). Some of the
Ni-rich spinel crystals have almost pure native nickel at their centers (A.P. Jones,
personal communication, 2009).

The average composition of the Nuussuaq spherules corresponds to that of a
basalt or basaltic-andesite (Table 4.12). However, compared with basaltic glass the
spherules are highly enriched in Fe, Ni, Cu, and Ir (Robin et al. 1996; Jones
et al.2005a). Cobalt, Ni, Cu, and Ir contents are positively correlated with iron
content (Robin et al. 1996). The spherules have a wide range in siderophile
contents from one spherule to another and even within a given spherule (Robin
et al. 1996).

Dinoflagellates from the Abraham Member place it in the NP5-6 Zone (Piasecki
etal. 1992), which is approximately the Danian/Thanetian boundary (i.e., ~60 Ma).
Nannofossil data and magnetostratigraphy indicate that the spherules fell close to the
onset of the West Greenland flood lavas (~61-62 Ma ago; Jones et al. 2005a).

Margolis et al. (1991b) were the first to propose that the Nuussuaq spherules may
have been produced by impact, based primarily on their exotic glass chemistry,
presence of skeletal crystals of Ni- and Cr-rich magnesioferrite, and morphologies
similar to tektites and to Cretaceous-Tertiary boundary spherules. In particular they
suggested that the Nuussuaq spherules may have been produced by the impact of an
extraterrestrial body into an active flood-basalt province. However, they also said
that the Nuussuaq spherules might be due to an exotic type of volcanic eruption.

According to Robin et al. (1996) the high Cu content of the spherules and the
nonmeteoritic Ir/Cu, Ir/Ni, and Ir/Co ratios of the spherules exclude a meteoritic
origin for these elements. They state that the compositional characteristics of the
spherules indicate a purely terrestrial origin, likely to be the result of contami-
nation of a basaltic-andesitic melt with sulphide liquid formed by reduction of a
magma which came into contact with carbon-bearing sediments. This mechanism
was previously proposed to explain the Ni—-Fe metal found on Disko Island.

Jones et al. (2005a) suggested that the Nuussuaq spherules should be reinter-
preted as impact ejecta. Their main evidence is the presence of highly oxidized
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Fig. 4.50 Major oxides versus SiO, for Tasman Rise microtektites and HNa/K “australites.”
Note that with the possible exception of Na,O, the Tasman Rise microtektites and HNa/K
“australites” fall along the same or similar compositional trends. Data for the HNa/K
“australites” are from Chapman and Scheiber (1969). Data for the Tasman Rise microtektites are
from Kelly and Elkins-Tanton (2004)

Ni-rich spinel crystals in the spherules, which they state is a signature of meteorite
impact. The Ni-rich spinel is comparable in morphology, size, and composition to
Ni-rich spinel which has been found in some confirmed impact deposits. Jones
et al. (2005a) described a few quartz grains that have unusual melt textures and
anomalous isotropic and tartan-textured plagioclase that they believe is due to
shock metamorphism; however, grains with diagnostic evidence of shock meta-
morphism have not been reported. French and Koeberl (2010) concluded, based on
the texture, mineralogy, and chemistry of the Nuussuaq spherules (which they
called Disko microspherules) presented by Jones et al. (2005a) and by the apparent
differences between the Nuussuaq spherules and similar volcanic material, that the
Nuussuaq spherules may have an impact origin. If the Nuussuaq spherules do have
an impact origin, they may be examples of microkrystites produced as impact melt
droplets (i.e., melt-drop microkrystites).
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Fig. 4.51 Nuussuaq spherules from the Abraham Member of the Agatdalen Formation in Central
Nuussuaq on the western coast of Greenland. a Group of spherules. b Scanning electron
microscope image of a polished section of a Nuussuaq spherule showing numerous skeletal Ni-
rich spinel crystals. Some of the Ni-rich spinels have almost pure native Ni at their centers. a is
from Robin et al. (1996), Fig. 5a, with permission from Elsevier. b is courtesy of A. P. Jones

4.8 Distal Impact Glasses not Found in Stratigraphic
Layers

Glasses believed to be of impact origin and ranging in age from ~0.8 to 24 Ma
have been found at the Earth’s surface in several different locations. These are: (1)
Darwin glass found in Tasmania, (2) Libyan Desert Glass found in western Egypt,
(3) tektites found at Tikal in Guatemala, (4) glasses (South-Ural glasses and
urengoites) found in Siberia, and (5) high Na/K tektites found in Australia. All of
these glasses are almost certainly impact glasses, but none have been found in
stratigraphic context.

4.8.1 Guatemalan (Tikal) Tektites (0.8 Ma)

While sorting and classifying glass artifacts found during the excavation of Mayan
ruins at Tikal, Guatemala, 11 glass bodies were separated, based on their shape,
size (1.3-3 cm in longest dimension), and color (clear brownish-green), from the
commonly found obsidian artifacts (Moholy-Nagy and Nelson 1990). Three of the
glass bodies were studied and found to be free of phenocrysts, microlites, or
schlieren (Essene et al. 1987; Hildebrand et al. 1994). However, spherical vesicles
up to ~0.5 mm were observed.

The Tikal glasses are homogeneous, not only within a specimen, but from
specimen to specimen (Essene et al. 1987). The major oxide composition closely
resembles that of andesite (Table 4.13) with a SiO, content of ~63 wt % (Essene
et al. 1987). However, the major oxide composition is also similar to that of the
high-Na/K (HNa/K) “australites” (Table 4.13; see Sect. 4.8.4). In general, the
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Table 4.13 Major oxide (wt %) and trace element (ppm) contents of Tikal tektites, South-Ural

glass, urengoites, and high-Na/K “australites”

Tikal tektites®

South-Ural glassb (1) Urengoitesb 3)

High Na/K “australites”* (8)

Range Range
Si0,  62.7 66.87 89.4-95.5 62.2-63.9
TiO, 0.9 0.35 0.11-0.23 0.53-0.65
AlLO; 17.6 14.10 1.39-4.84 15.8-17.1
Cr,O3 n.d. n.d n.d. n.d.
FeO 5.6 0.43 0.32-1.03 5.54-6.88
MnO n.d. 0.02 <0.04-0.04 n.d.
MgO 1.8 3.75 0.69-1.38 3.57-4.68
NiO n.d n.d n.d. n.d.
CaO 5.1 12.08 1.00-2.50 4.49-6.00
Na,O 3.7 1.96 0.04-0.16 2.75-3.91
K,0 1.8 0.25 0.35-1.08 0.90-1.12
Sc n.d. n.d. n.d. n.d.
Cr n.d. n.d. n.d. 220-385
Co n.d. n.d. n.d. 41-68
Ni n.d. n.d. n.d. 630-875
Y n.d. 8.1 0.98-7.23 <15-18
Zr n.d. n.d. n.d. 130-170
Ba n.d. 64 26-209 300-395
La n.d. 25.5 9.5-16.2 n.d.
Ce n.d. 49.3 33.03-24.70 n.d.
Pr n.d. 5.30 2.10-3.62 n.d.
Nd n.d. 18.12 7.95-13.26 n.d.
Sm n.d. 3.26 1.38-2.29 n.d.
Eu n.d. 0.72 0.35-0.57 n.d.
Gd n.d. 2.94 1.49-2.84 n.d.
Tb n.d. 0.33 0.21-0.32 n.d.
Dy n.d. 1.73 1.10-1.61 n.d.
Ho n.d. 0.40 0.27-0.37 n.d.
Er n.d. 0.92 0.72-0.94 n.d.
Tm n.d. 0.11 0.10-0.14 n.d.
Yb n.d. 1.01 0.84-1.05 n.d.
Lu n.d. 0.12 0.12-0.14 n.d.

Number in parentheses is number of analyses. All iron given as FeO

% Essene et al. (1987)
® Deutsch et al. (1997)
¢ Chapman and Scheiber (1969)

lithophile-incompatible elements are low relative to their abundances in tektites
from the four major Cenozoic tektite strewn fields; however, an upper crustal
affinity is evident (Hildebrand et al. 1994). The water content was found to range
from 0.006 to 0.008 wt %, which is within the range of water contents of tektites
(Beran and Koeberl 1997). The magnetic properties are similar to those of Muong

Nong-type tektites (Senftle et al. 2000).
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The petrography and composition are consistent with the Tikal glass objects
being tektites; however, lechatelierite was apparently not observed. It is assumed
that the Tikal tektites were originally collected from unknown locations and
transported by the Mayans to the city of Tikal. The age of these glasses has been
determined by “°Ar->’Ar dating, but the experimental error is quite large (i.e.,
800 £ 100 ka; Hildebrand et al. 1994). The age and composition appear to rule
out association with any known tektite strewn field, but additional studies are
needed.

4.8.2 Darwin Glass

Dawin glass (Fig. 4.52a) is an impact glass found in western Tasmania. It was
traded by Tasmanian aborigines thousands of years before its discovery by Euro-
peans in the middle of the 1800s (Storey 1987). The glass occurs as irregular
fragments, twisted masses, or chunks up to 10 cm in size. The color ranges from
white, translucent pale green, dark green, dark brown, gray, to black. The glasses
are generally vesicular and often exhibit flow structure marked by bands of ellip-
tical vesicles. Spherical bubbles and elliptical bubbles are about equally abundant
(Barnes 1967). Some specimens of Darwin glass have a frothy appearance.

Splash-form Darwin glasses (mini Darwin glasses), <5 mm in size (Fig. 4.52b),
have also been found scattered across the Darwin glass strewn field (Howard
2008). The splash forms consist of spheres and rotational forms such as teardrops
and dumbbells. They range in color from transparent pale yellow, to translucent
yellow—brown, to opaque dark brown. Their surfaces are rough due to pitting.

Darwin glass contains bubbly to frothy lechatelierite particles (Barnes 1967).
Spencer (1933) reported finding metallic spherules in Darwin glass, but this has
not been confirmed by later studies (O’Keefe 1976). Coesite and tourmaline were
discovered in Darwin glass (Reid and Cohen 1962). The presence of lechatelierite
and coesite confirms the impact origin of these glasses, while the presence of
tourmaline suggests the material that was melted to produce the glass must have
been terrestrial.

Darwin glass is silica rich; the silica content averages approximately
84-89 wt % (Table 4.14; Meisel et al. 1990). The splash-form, mini Darwin
glasses have compositions similar to those of the larger Darwin glasses
(Table 4.14). The major and trace element compositions indicate that these glasses
were probably derived from terrestrial sediments similar to an argillaceous sand-
stone (Taylor and Solomon 1964). Some of the Darwin glasses are enriched in Cr,
Co, and Ni, which is suggestive of meteoritic contamination (Meisel et al. 1990;
Howard 2008). The Ir content is too low to indicate a meteoritic component
(Meisel et al. 1990), but there may have been some fractionation of the siderophile
elements.

Darwin glass is found associated with quartzite rubble and in many places
underlies 9-18 cm of peat formed in glacial times (Barnes 1963). It has been
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Fig. 4.52 Darwin glass. a Polished interior section of Darwin glass showing a few large (mostly
elongate) vesicles. Variations in color and alignment of the long axes of the large vesicles
indicate internal layering probably due to flow of the melt prior to solidification. b Mini Darwin
glass or splash forms. Note that most are spherical, but elongate forms such as teardrops and
dumbbells are common. Most are translucent pale yellow—brown to brown, but some are opaque
white or dark brown. All show evidence of solution etching. Courtesy of Kieren T. Howard

proposed that the glass formed during a period of Pleistocene glaciation (Barnes
1963). Laser fusion “°Ar->’Ar ages indicate that the Darwin glass has an age of
~816 £ 7 ka (i.e., mid-Pleistocene; Lo et al. 2002), which is similar to the age of
the Australasian tektites, particularly the age of 803 £ 3 ka reported by Yamei
et al. (2000). The similarity in age between the Australasian tektites and Darwin
glass is intriguing. It may be a coincidence or it may indicate the breakup of the
projectile and the simultaneous formation of at least two craters and associated
strewn fields (Gentner et al. 1969; Lo et al. 2002).

Darwin crater has been suggested as the source of Darwin glass (Ford 1972;
Fudali and Ford 1979; Howard and Haines 2007; Howard 2008). The crater is
~1.2 km in diameter and is located at the southeast edge of the Darwin glass
strewn field. As of 2011, no conclusive evidence of shock metamorphism has been
found in the crater (Howard and Haines 2007; Howard 2008) and its impact origin,
therefore, remains unconfirmed. However, the compositions (major and trace
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Table 4.14 Major oxide (wt %) and trace element (ppm) compositions of Darwin glass and
Libyan Desert Glass

Darwin glass Libyan Desert

Macro® (18) Mini® (78) Glass® (11)

Range Average Range Average Average Standard deviation
SiO, 84.0-89.3 86.1 75.2-93.2 84.4 98.37 0.89
TiO, 0.52-0.62 0.56 0.13-0.70 0.56 0.12 0.06
Al,O3 5.79-8.47 7.25 1.98-10.7 7.37 1.19 0.69
FeO 1.06-3.78 2.51 0.74-6.20 2.87 0.12 0.09
MgO 0.61-2.51 0.85 0.19-3.67 1.56 0.01 0.00
CaO 0.03-0.23 0.09 0.00-0.22 0.09 0.01 0.00
Na,O 0.02-0.06 0.04 0.02-0.19 0.08 0.005 0.001
K,0 1.51-2.93 2.04 0.61-2.40 1.71 0.009 0.003
Sc 6.0-8.1 7.1 3.9-9.8 6.8 0.79 0.42
Cr 48-522 86 39.4-372 120 5.74 2.64
Mn 32-282 44 n.d. 13.2 3.62
Co 4.6-39.0 11 4.2-59.7 20.4 0.26 0.14
Ni 30-536 120 35-842 246 2.5 2.0
Ga 3-9 5 n.d. n.d. 1.1 0.5
Rb 71-137 95 35-118 68 0.46 0.12
Sr n.d. n.d. 7.9-24.3 14.8 24 7
Zr 254-547 397 181-920 417 196 47
Nb n.d. n.d. 6.0-14.6 11.2 n.d.
Sb 0.2-0.6 0.4 n.d. n.d. 0.09 0.03
Cs 2.54.5 3.3 1.6-6.7 33 0.09 0.06
Ba 182-450 291 167-385 293 37.09 12.87
La 35.0-46.5 40.3 17.1-45.5 35.1 6.91 1.99
Ce 70.0-97.8 87.7 41.2-105 78.3 15.11 4.26
Nd 290-42 347 16.1-43.4 322 6.01 2.07
Sm 6.6-9.0 7.7 3.4-8.6 6.7 1.06 0.35
Eu 0.9-1.5 1.3 0.7-1.8 1.3 0.17 0.07
Yb 2.74.5 3.8 1.3-4.4 3.1 0.53 0.16
Lu 0.5-0.8 0.6 0.1-0.6 0.5 0.07 0.02
Hf 11-20 15 n.d. n.d. 4.30 1.10
Ta 1.1-1.6 1.3 n.d. n.d. 0.28 0.13
Th 12-19 16.3 6.6-19 14 2.59 0.83
U 1.9-5.4 2.8 0.4-3.6 1.5 0.96 0.28

Numbers in parentheses are number of analyses. All iron given as FeO

4 Meisel et al. (1990)

° Howard (2008). Mini Darwin glass refers to splash forms <5 mm in size
¢ Koeberl (1997)

elements) of the Darwin glasses can be produced from a mixture of the target rocks
at Darwin crater (Meisel et al. 1990; Howard and Haines 2007; Howard 2008).
Furthermore, Sr and Nd isotopic data are consistent with Darwin crater being the
source crater (Howard 2008), and glasses found in the crater have ages similar to
the age of the Darwin glass (Gentner et al. 1973).
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4.8.3 South-Ural Glass

Koroteev et al. (1994) reported finding a tektite-like object in a placer deposit
(Astaf Evskaya) in the Southern Urals near Magnitogorsk (Fig. 4.53). This spec-
imen (A-1) is rounded, weighs ~90 g, and is pale green. It has a flow texture with
small vesicles (Koroteev et al. 1994). The South-Ural glass contains ~67 wt %
Si0,, ~14 wt % Al,O3 and it has low iron (0.4 wt % total iron reported as FeO)
and low K5O (0.25 wt %) and unusually high CaO (~ 12 wt %; Table 4.13). The
major oxide composition and the steeply negative CI-normalized REE distribution
pattern indicate sediments of crustal origin as a precursor (Deutsch et al. 1997).
Like tektites, the South-Ural glass has a low water content (< <0.09 wt %) and the
iron is highly reduced (Koroteev et al. 1994). The South-Ural glass appears to be a
tektite. It has an age of 6.2 £ 0.3 Ma, based on K-Ar dating (Koroteev et al.
1994). The age and composition indicate that it is not part of any previously known
tektite strewn field.

4.8.4 High Na/K “Australites”

Chapman and Scheiber (1969) identified a group of australites from four different
locations in Australia which have lower SiO, (~63 wt %) and higher Na,O and
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Fig. 4.54 Location of the Libyan Desert Glass (LDG) strewn field and the BP and Oasis craters.
Modified after Koeberl (1997), Fig. 1

lower K,O contents, and, thus, higher Na/K ratios than other australites or Aus-
tralasian tektites (Tables 4.3 and 4.13). Their oxygen isotopic (Taylor and Epstein
1969) and strontium isotopic (Compston and Chapman 1969) compositions also
clearly distinguish them from other australites. Like other tektites, the high Na/K
(or HNa/K) tektites contain lechatelierite particles and exhibit flow structures
(Chapman and Scheiber 1969). Earlier fission-track dating of the HNa/K “aus-
tralites” gave an age of ~3—4 Ma and indicated that the HNa/K “australites” are
older than the other australites. Storzer (1985) obtained a mean fission-track age of
8.35 & 0.90 Ma for three HNa/K “australite” specimens and Storzer and Miiller-
Sohnius (1986) obtained a mean K—Ar age of 11.0 £ 0.7 Ma for the same three
specimens. More recent *°Ar-*’Ar dating indicates an age of 10.2 & 0.5 Ma for
the HNa/K “australites” (Bottomley and Koeberl 1999). It is clear that the HNa/K
“australites” were formed in an older impact event than were the other australites
and Australasian tektites. Within the quoted errors, the Tasman Rise microtektites
have the same age as the HNa/K “australites” and may, therefore, belong to the
same strewn field; however, additional studies are required (see Sect. 4.7.2).

4.8.5 Libyan Desert Glass

In 1932, during a routine survey of the Libyan Desert in western Egypt,
P. A. Clayton found masses of silica glass strewn across the exposed surface of
sandstone bedrock in the linear corridors between large N-S trending seif dunes
(Clayton and Spencer 1934). The glass is found over an oval area ~ 130 km long
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Fig. 4.55 Photographs of Libyan Desert Glass specimens in field where they were found.
a Translucent pale yellow specimen. b Opaque white specimen. Courtesy of Christian Koeberl

by 50 km wide (~ 6500 km2) (Fig. 4.54). In a 1981 expedition, it was estimated
that the total mass of glass in the strewn field exceeds 1.4 x 10° g and that the
original mass may have been 10,000 times greater (i.e., >1.4 x 10" g or 14
million metric tons) (Weeks et al. 1984).

Libyan Desert Glass (Fig. 4.55) ranges in size from 30 cm down to <1 cm. The
largest known piece weighs 26 kg (Diemer 1997). Most are transparent to trans-
lucent. They exhibit a range in color from almost colorless, to pale yellow, pale
yellow-green, and gray. Some are milky white and almost opaque. A few contain
dark brown layers or schlieren, and vesicles. In some cases the schlieren produce a
layered appearance, probably due to flow. Vesicles often have an elongated shape
parallel to the layering. The exposed surfaces are lustrous with a smooth polish,
but the buried surfaces are dull, finely-textured, and rough, probably due to
solution etching by water. Some of the pieces show evidence of working by
prehistoric man.

Lechatelierite particles are abundant in Libyan Desert Glass (Barnes 1967).
White spherulitic inclusions, observed in many specimens, have been identified as
cristobalite (Kleinmann 1969; Barnes and Underwood 1976; Greshake et al. 2010).
One possible tourmaline inclusion has also been reported (Barnes and Underwood
1976). Zircons that have partially decomposed to baddeleyite plus silica glass have
been identified in some specimens (Kleinmann 1969; Storzer and Koeberl 1991).
Rutile and decomposition products of titanomagnetite (Kleinmann 1969) and
low-Ca, Al-rich orthopyroxene inclusions (Greshake et al. 2010) have also been
identified in Libyan Desert Glass.

Libyan Desert Glass is extremely silica rich; the SiO, content generally varies
between ~97 and 99 wt %, with an average of ~98 wt % (Table 4.14; Barnes
and Underwood 1976; Fudali 1981; Koeberl 1997). Most lithophile major and
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trace element contents vary inversely with the silica content and the rare earth
element abundance pattern is typical of upper continental crustal rocks (Koeberl
1997). However, Co, Ni, and Ir are significantly enriched in the rare dark streaks or
bands that occur in some Libyan Desert Glass specimens (Rocchia et al. 1997;
Murali et al. 1989; Koeberl 1997). In addition, Ni content is positively correlated
with the Fe and Mg contents. The enrichments in Co, Ni, and Ir contents and
positive correlation with Fe and Mg content indicate the presence of a meteoritic
component. Murali et al. (1997) suggested that the siderophile element ratios in the
dark streaks indicate that the meteoritic component is chondritic. Barrat et al.
(1997) found significant PGE concentrations in the dark streaks. The CI chondrite
normalized PGE pattern indicates the presence of a chondritic component. Re—Os
isotopic data for the dark bands confirms the presence of a meteoritic component
(Koeberl 2000).

Lechatelierite together with cristobalite indicate that the quartz-dominated
source rock was quickly heated to at least 1,550 °C. Rapid quenching of SiO, melt
resulted in the crystallization of fS-cristobalite, which reverted to o-cristobalite
(Greshake et al. 2010). The breakdown of zircons to baddeleyite plus SiO, indi-
cates that the glass experienced temperatures in excess of 1,676 °C. Thus, the
petrography of the Libyan Desert Glass indicates that the glass was formed by
melting and rapid quenching of a quartz-rich source rock during a hypervelocity
impact.

Attempts to date the Libyan Desert Glass by K—Ar have failed (e.g., Zdhringer
1963; Horn et al. 1997); however, the glasses have been dated using the fission-
track method. Corrected fission-track ages for Libyan Desert Glass range from 28
to 29.5 Ma (e.g., Gentner et al. 1969; Storzer and Wagner 1977; Bigazzi and de
Michele 1997; Horn et al. 1997).

Although petrographic and chemical data support an impact origin for the
Libyan Desert Glass, no source crater has been confirmed. Two impact structures
have been proposed as possible source craters: (1) the 3.2-km-diameter BP structure
and (2) the 18-km-diameter Oasis impact structure (Martin 1969; Underwood and
Fisk 1980; Murali et al. 1988; Koeberl 1997). These impact structures are
~ 150 km west to southwest of the Libyan Desert Glass strewn field (Fig. 4.54).
Petrographic and geochemical data indicate that the target rocks at both structures
could be the parent material for the Libyan Desert Glass (Abate et al. 1999);
however, Sr and Nd isotopic studies indicate that the Nubian rocks found at these
craters are not a possible precursor for the Libyan Desert Glass (Schaaf and Miiller-
Sohnius 2002). Furthermore, the ages of these structures are not known well enough
to determine if either could be the source crater.

Some researchers have proposed that Libyan Desert Glass was formed more
locally. Indeed, sandstones from the Libyan Desert Glass strewn field exhibit
evidence of shock metamorphism including undulatory extinction, mosaicism,
partial isotropization, and multiple sets of planar deformation features (e.g.,
Kleinmann et al. 2001); however, no evidence of an impact crater has been found
in this area. Wasson (2003) and Boslough and Crawford (2008) have proposed that
the Libyan Desert Glass was formed by radiative melting from a low-altitude
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airburst. However, a more recent oxygen isotope study of the Libyan Desert Glass
and underlying sands and sandstones does not support this hypothesis. The §'%0
values measured for 25 Libyan Desert Glass specimens range from 9.0 to 11.9 %o
(Vienna Standard Mean Ocean Water) and are clearly different from the sands and
sandstone found in the same area which have 6'%0 values ranging from 12.6 to
19.5 %o (Longinelli et al. 2011). Thus, the underlying sands and sandstones could
not have been melted to form the Libyan Desert Glass. On the other hand, quartz
grains separated from the underlying sands do have 8'®0 values compatible with
the Libyan Desert Glass values suggesting that the modern surface sand inherited
quartz from the target rock. If the Libyan Desert Glass were formed locally, as
suggested by some studies, then it is probably not distal ejecta.

4.8.6 Urengoites

Three glass bodies (U-1, U-2, U-3) were recovered from Late Pleistocene sandy
fluvioglacial deposits in the northern part of West Siberia near Novy Urengoi (66°
07' N, 78° 57" E; Fig. 4.53; Masaitis et al. 1988; Deutsch et al. 1997). The largest
specimen measured 3.5 x 2.7 x 1.6 cm and weighed 19.35 g. The other two
smaller samples were found about 40 km from the largest specimen. The glasses
are pale green to bottle-green in color and they exhibit flow structure. The larger
sample contains vesicles up to 5 mm in diameter and lechatelierite (Masaitis et al.
1988). The glasses are silica rich with SiO, contents between ~ 89 and 96 wt %
(Table 4.13; Deutsch et al. 1997). The average REE distribution patterns match
that of the average upper crust (Deutsch et al. 1997). The iron in the glass appears
to be highly reduced; all three contain only ferrous iron (Masaitis et al. 1988). The
water content is quite low (0.008-0.024 wt %) and in the range observed for
tektites (Beran and Koeberl 1997). Thus, these glasses are impact glasses with
characteristics similar to those of known tektites, except for the very high silica
contents. Masaitis et al. (1988) named the glasses urengoites.
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The urengoites have a mean age of 23.6 £ 1.6 (20) Ma based on fission-track
and K—Ar dating (Komarov et al. 1991; Koroteev et al. 1994; Deutsch et al. 1997).
Rubidium-strontium and Sm-Nd systematics of the urengoites indicate that the
precursor material was heterogeneous and was derived from Paleoproterozoic
continental crust which underwent Rb/Sr fractionation and partial Sr homogeni-
zation in Jurassic time (Deutsch et al. 1997).

The age of the urengoites is, within errors, indistinguishable from the age of the
~24 km diameter Haughton impact structure in northern Canada, which has an
age of ~23 Ma based on *’Ar-’Ar and fission-track dating (Jessberger 1988;
Omar et al. 1987). However, the distinct difference in Nd—Sr isotope parameters
between urengonites and Haughton impact structure target material (e.g., see
Fig. 4.56) indicates that the Haughton impact structure is not likely to be the
source crater for the urengoites.

4.9 Other Proposed Cenozoic Distal Ejecta Layers

Three other ejecta layers have been proposed: (1) the Younger Dryas “impact”
layer, (2) a Late Pliocene “ejecta” layer in the Ross Sea near Antarctica, and (3)
the Paleocene-Eocene event layer. No convincing evidence for an impact origin
has been given for any of these layers.

4.9.1 Younger Dryas “Impact” Layer

Firestone et al. (2007) have proposed that ~ 12.9 ka ago one or more low-density
extraterrestrial objects (probably comets) exploded over North America, partially
destabilizing the Laurentide Ice Sheet and triggering the Younger Dryas cooling
event, which in turn contributed to extinctions of Pleistocene megafauna and the
termination of the Clovis culture. The authors also proposed that the impact event
triggered wildfires, which caused continent-wide burning of the biomass. More
recently, Marlon et al. (2009) used charcoal and pollen data from 35 sites to assess
how fire regimes in North America changed through the last glacial-interglacial
transition and concluded that their data did not support continent-wide wildfires at
12.9 ka ago.

According to Firestone et al. (2007), evidence for this Younger Dryas event is
found just below a carbon-rich black layer (“black mat”), dating to ~12.9 ka. The
“black mat,” which was previously found at numerous Clovis-age sites across
North America, appears to be contemporaneous with the abrupt onset of the
Younger Dryas cooling. The evidence for impact includes: an Ir anomaly, mag-
netic spherules, fullerenes containing *He, and nanodiamonds. The Ir anomaly was
found in the bulk sediment from just below the Younger Dryas boundary at five of
these 12 sites. The peak abundance of Ir ranges from 0.5 up to 3.75 ppb (near the
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detection limit of the method used; Firestone et al. 2007). The authors also
reported that the Younger Dryas boundary is modestly enriched in Ni; however,
there does not appear to be any correlation between Ni content and Ir content.

A peak abundance of magnetic spherules was found at or near the Younger
Dryas boundary at eight of nine sites (Firestone et al. 2007). The spherules range
between 10 and 250 pm in size. The average abundance was ~ 390/kg, with the
highest abundances in the northern sites. Analyses of some of the spherules
indicated that they are enriched in titanomagnetite. Several sites yielded what
appear to be silicate spherules (Firestone et al. 2007), but no petrographic or
compositional data were presented. In a more recent study, Surovell et al. (2009)
were not able to confirm the presence of peaks in the content of magnetic spherules
at or near the Younger Dryas boundary.

Fullerenes, containing *He, were found associated with the Younger Dryas
boundary at three out of four sites (Firestone et al. 2007). Firestone et al. (2007)
also described glass-like carbon up to several centimeters in diameter found in the
Younger Dryas boundary sediments at most sites. They stated that nanodiamonds
are found in the glass-like carbon at nine out of nine of the Younger Dryas
boundary sites.

No crater of the appropriate age is known. Firestone et al. (2007) suggested that
the lack of a crater may be due to fragmentation of an extraterrestrial body
(probably a comet) in the atmosphere resulting in multiple airbursts or craters.
They further suggested that if the impacts were at low angles (<30°) into the
Laurentide Ice Sheet, they may have left negligible, if any, shock effects. Pinter
and Ishman (2008a, b) argue that none of the evidence from the Younger Dryas
boundary sediments requires an impact event and suggested that micrometeorite
debris and associated Ir anomaly in the layer could have been concentrated by
variation in clastic input and other terrestrial mechanisms.

The strongest evidence for an impact 12.9 ka ago is the occurrence of alleged
nanodiamonds (Firestone et al. 2007). However, Pinter and Ishman (2008a) said of
the reported nanodiamonds that “...this material was identified only obliquely and
requires rigorous corroboration.” More recently, Kennett et al. (2009) claimed that
nanometer-sized diamonds, identified by selected area electron diffraction patterns,
are abundant at multiple locations across North America at the lower Younger
Dryas boundary dated at 12.9 £ 0.1 ka. French and Koeberl (2010) state that
images of the “diamonds” published by Kennett et al. (2009) are not of “sufficient
quality, magnification, and resolution to allow an easy comparison with meteoritic
diamonds” and the reported X-ray d-spacings “are not uniquely characteristic of
diamonds.” Daulton et al. (2010) searched without success for nanodiamonds in
two Younger Dryas deposits. They concluded that “previous studies misidentified
graphene/graphene oxide aggregates as hexagonal diamond and likely misidenti-
fied graphene as cubic diamond.”

In summary, none of the evidence given in support of an impact at ~12.9 ka
ago requires an impact and no definitive proof of an impact has been given. The
debate concerning a possible impact associated with the Younger Dryas event
continued (see, e.g., Bunch et al. 2010; Paquay et al. 2010); but Pinter et al. (2011)
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in a paper entitled “The Younger Dryas impact hypothesis: A requiem” concluded
that none of the 12 proposed Younger Dryas impact signatures have been subse-
quently corroborated by independent tests (see also Pigati et al. 2012). They
further stated that of the 12 original proposed lines of evidence for an impact,
seven were found to be non-reproducible; and the remaining signatures appear to
represent either non-catastrophic mechanisms and/or terrestrial rather than extra-
terrestrial or impact-related sources.

4.9.2 Late Pliocene “Ejecta” in the Ross Sea, Antarctica

Gerard-Little et al. (2006) reported finding what they interpreted to be impact
ejecta in late Pliocene sediments from six cores taken in the Ross Sea near Ant-
arctica. They reported finding dense, black, K-rich “impact” glasses that do not
contain vesicles, and “microtektites” that are mostly spherical and are more
abundant in the >150 um size fraction. The “microtektites” are composed of silica
and some of the “microtektites” exhibit exfoliation. No detailed petrographic or
compositional data were given and no diagnostic evidence of shock metamorphism
was reported.

4.9.3 The Paleocene-Eocene Event

The Paleocene-Eocene boundary (~55 Ma) is marked by an abrupt negative
carbon isotope excursion (i.e., sharp decrease in 6'°C values) recorded in marine
and terrestrial deposits (Kennett and Stott 1991; Koch et al. 1992). The negative
carbon isotope excursion is coincident with a rapid oxygen isotope excursion
referred to as the Paleocene-Eocene thermal maximum (Zachos et al. 1993). The
largest deep-sea benthic extinction over the last 90 Ma (Thomas and Shackleton
1996) and a major radiation in mammals took place at about this time (Maas et al.
1995). The most widely accepted explanation for the carbon isotope excursion is
the sudden dissociation of oceanic methane hydrate (e.g., Dickens et al. 1997).
However, Kent et al. (2003) proposed that the negative carbon isotope excursion
may have resulted from the impact of an ~ 10-km-diameter comet which would
have introduced a significant amount of '*C-enriched carbon.

Kent et al. (2003) proposed that the carbon released into the atmosphere from
the comet would have oxidized to form CO,, which would have caused a green-
house warming. This could have caused corrosive and warmer (and therefore less
oxygenated) bottom waters resulting in the extinction of benthic foraminifera
coincident with the carbon isotope excursion. In addition, the warmer bottom
water could have eventually resulted in thermal dissociation of methane hydrates,
enhancing the thermal maximum and causing more extinctions.
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Evidence for an impact at this time includes a small Ir anomaly at the
Paleocene-Eocene boundary (Fig. 4.57) and an unusual abundance of magnetic
nanoparticles that coincide with the onset of the carbon isotope excursion. A small,
but reproducible, Ir anomaly was found associated with the carbon isotope
excursion in an expanded bathyal section at 