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Abstract—We have determined the major and trace element compositions of 176 individual microtektites/
spherules from the Australasian, Ivory Coast, and North American microtektite and clinopyroxene-bearing
(cpx) spherule layers. Trace element contents for up to 30 trace elements were determined by instrumental
neutron activation analysis (INAA), and major element compositions were determined using energy dispersive
X-ray (EDX) analysis in combination with a scanning electron microscope (SEM). In addition, petrographic
data were obtained for the cpx spherules using the SEM and EDX. This is the first trace element study of
individual Australasian microtektites, and the data revealed the presence of a previously unrecognized group
of Australasian microtektites with high contents of Ni (up to 471 ppm). In previous studies the high-Mg
(HMg) Australasian microtektites were thought to be related to the HMg Australasian tektites, but our trace
element data suggest that the high-Ni (HNi) Australasian microtektites, rather than the high-Mg microtektites,
are related to the high-Mg Australasian tektites. We find that Cenozoic microtektites/spherules from a given
layer can be distinguished from microtektites/spherules from other layers as a group, but it is not always
possible to determine which layer an individual microtektite/spherule came from based only on trace element
compositions. The cpx spherules and most of the microtektites have Cr, Co, and Ni contents that are higher
than the average contents of these elements in the upper continental crust, suggesting the presence of a
meteoritic component. The highest Cr, Co, and Ni contents are found in the cpx spherules (and low-Si
cpx-related microtektites). Unetched to slightly etched cpx spherules have Ni/Cr and Ni/Co ratios that
generally lie along mixing curves between the average upper continental crust and chondrites. The best fit
appears to be with an LL chondrite. The moderately to heavily etched cpx spherules have values that lie off
the mixing curves in a direction that suggests Ni loss, probably as a result of solution of a Ni-rich phase
(olivine?). The Ni-rich Australasian microtektites also have Ni values that lie close to mixing curves between
the average upper continental crust and chondrites. However, both the cpx spherules and HNi Australasian
microtektites appear to have Ir (and to a lesser extent Au) contents that are much too low to have Ni/Ir ratios
similar to chondritic values. We have no explanation for the low-Ir and -Au contents except to speculate that
they may be the result of a complex fractionation process. The Ivory Coast and North American microtektites
do not have high enough siderophile element contents to reach any firm conclusions regarding the presence
of, or nature of, a meteoritic component in them. Trace element compositions are consistent with derivation
of the Cenozoic microtektite/spherule layers from upper continental crust. The normal Australasian microtek-
tites appear to have been derived from a graywacke or lithic arenite with a range in clay and quartz content.
The source rock for the high-Mg Australasian microtektites is not known, but the HMg microtektites do not
appear to be normal Australasian microtektites that were simply contaminated by meteorites or ultramafic
rocks. The average Ivory Coast microtektite composition can be matched with a mixture of target rocks at the
Bosumtwi crater. The average composition of the North American microtektites suggests an arkosic source
rock, but with graywacke and quartz-rich end members. However, we could not match the composition of the
North American microtektites with lithologies in impact breccias recovered from the Chesapeake Bay impact
structure that is believed to be the source crater. Likewise, we could not match the composition of the cpx
spherules with mixtures of basement rocks and overlying sedimentary deposits (for which compositional data
are available) at the Popigai impact crater that may be the source crater for the cpx spherules. This may be
because the cpx spherules were derived, in large part, from clastic surface rocks (sandstones and shales) for

which no compositional data are available.Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Microtektites belonging to the Australasian, Ivory Co
and North American tektite strewn fields have been foun
marine sediments adjacent to the respective tektite st
fields. In addition, a layer of clinopyroxene-bearing imp
spherules has been found in deep-sea sediments just
the North American microtektite layer. Geochemical
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petrographic data have confirmed that tektites and micr
tites are distal impact ejecta (see e.g.,Koeberl, 1994; Mon-
tanari and Koeberl, 2000). Australasian microtektites ha
been recovered from�50 sediment cores taken in the Ind
Ocean, western equatorial Pacific Ocean, and Philip
Sulu, Celebes, and South China Seas (Peng et al., 1982;
Glass and Wu, 1993; Prasad and Sudhakar, 1999; Lee and
Wei, 2000). The Australasian microtektites are Middle Ple
tocene in age, and the Australasian microtektite laye
closely associated with the Brunhes/Matuyama (B/M) g

magnetic reversal boundary. Based on paleomagnetic stud-
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ies, the Australasian tektite event appears to have taken
place �12–16 ka before the B/M reversal (Burns, 1989;
Schneider et al., 1992; Lee and Wei, 2000), or �0.8 Ma ago.
This age is in agreement with the radiometric ages deter-
mined for the Australasian tektites (e.g., Izett and Obradov-
ich, 1992; Kunz et al., 2000; Yamei et al., 2000; Lee et al.,
2004). The Australasian strewn field covers nearly 10% of
the Earth’ s surface. The source crater has not been found,
but several different lines of evidence suggest that it may be
in, or near, Indochina (e.g., Stauffer, 1978; Ford, 1988;
Schnetzler, 1992; Glass and Pizzuto, 1994; Koeberl, 1994;
Lee and Wei, 2000; Glass, 2003).

The Ivory Coast strewn field is much smaller than the Aus-
tralasian strewn-field, and Ivory Coast microtektites have been
found in only 11 cores in the eastern equatorial Atlantic Ocean
(Glass et al., 1991). This layer is also Middle Pleistocene in
age, but is slightly older than the Australasian layer. The Ivory
Coast microtektite layer is found just above the base of the
Jaramillo geomagnetic subchron (Schneider and Kent, 1990)
and appears to be �8 ka younger than the reversal at the base
of the Jaramillo subchron (Glass et al., 1991), that has an age
of 1.07 Ma (Cande and Kent, 1995). This indicates an age of
�1.1 Ma for the Ivory Coast microtektite layer that is the same,
within the errors involved, as the radiometric age of the Ivory
Coast tektites (Glass et al., 1991; Koeberl et al., 1997). The
source crater for the Ivory Coast strewn field appears to be the
10.5-km-diameter Bosumtwi crater in Ghana, based on geo-
graphical location, age, chemical composition, and Sr and Nd
isotopic data (e.g., Schnetzler et al., 1966; Schnetzler et al.,
1967; Jones, 1985; Koeberl et al., 1997; Koeberl et al., 1998).

North American microtektites have been found in upper
Eocene marine sediments on Barbados and in sediment cores
recovered from the Gulf of Mexico, Caribbean Sea, and north-
western Atlantic Ocean (e.g., Donnelly and Chao, 1973; Glass
et al., 1985; Sanfilippo et al., 1985; Keller et al., 1987; Glass et
al., 1998; Glass, 2000). Tektite fragments occurring in the
North American microtektite layer on Barbados have Sr and Nd
isotopic ratios indistinguishable from North American tektites
(Ngo et al., 1985). The North American microtektites are
associated with unmelted impact ejecta, including shocked
quartz and feldspar with multiple sets of planar deformation
features, coesite, stishovite, and reidite (a high-pressure poly-
morph of zircon) (Glass, 1989; Glass and Wu, 1993; Glass et
al., 1998; Glass and Liu, 2001). Radiometric dating of tektite
fragments found in the North American microtektite layer at
Barbados and at Deep Sea Drilling Project (DSDP) Site 612 (on
the upper continental slope off New Jersey) indicates an age of
�35 Ma for this layer (Glass et al., 1986; Obradovich et al.,
1989). This age is consistent with the fission-track, K-Ar, and
40Ar-39Ar ages obtained for the North American tektites
(Zähringer, 1963; Storzer and Wagner, 1971; Albin and Wam-
pler, 1996). The Chesapeake Bay structure has been suggested
as the source of this strewn field based on geographic location,
age, composition, and isotopic data (Poag et al., 1994; Koeberl
et al., 1996). The size of the Chesapeake Bay structure is
generally given as 85 km (Poag et al., 2004); however, some
authors suggest that the diameter of the crater before resurge
may have been only �40 km (e.g., Grieve and Therriault,
2004).
The layer of upper Eocene crystal-bearing or clinopyroxene-
bearing spherules (cpx spherules) occurs at numerous sites
around the globe and may be global in geographic extent (Glass
et al., 1985; Keller et al., 1987; Glass et al., 1998; Glass and
Koeberl, 1999a; Vonhof and Smit, 1999; Glass, 2000; Liu and
Glass, 2001). Where the North American microtektite layer is
present, the cpx spherule layer occurs just below it and often
the two layers overlap. Based on biostratigraphic data, the cpx
spherule layer appears to be �10 to 20 ka older than the North
American microtektite layer (Glass et al., 1998). The cpx
spherules are distinguished from microtektites by the presence
of crystalline phases in the spherules. The most abundant
crystalline phase is clinopyroxene, as indicated by the name,
but Ni- and Cr-rich spinel crystals are also present in many of
the spherules (e.g., Glass et al., 1985; Glass and Burns, 1987).
The cpx spherule layer is associated with a positive Ir anomaly
(Glass et al., 1985; Keller et al., 1987; Vonhof and Smit, 1999;
Kyte and Liu, 2002) and with the extinction of several species
of Radiolaria (Glass et al., 1985; Sanfilippo et al., 1985).

It has been suggested, based on similarity in age and Sr and
Nd isotopic compositions, that the source crater for the cpx
spherule layer may be the 35.7 � 0.8 Ma old (Bottomley et al.,
1997) 100-km-diameter Popigai impact crater in northern Si-
beria (Whitehead et al., 2000). Additional support for Popigai
as the source of the cpx spherules is found at Massignano, Italy,
where shocked quartz and pancake-shaped smectite spherules,
containing Ni- and Cr-rich spinel crystals, have been found
associated with a positive Ir anomaly in upper Eocene deposits
with the same age, as far as can be determined, as the cpx
spherule layer (Montanari et al., 1993; Clymer et al., 1996;
Pierrard et al., 1998). The pancake spherules appear to be
diagenetically altered and flattened cpx spherules. According to
Langenhorst (1996), the nature of the shocked quartz is con-
sistent with derivation of this layer, and thus, the cpx spherules
from the Popigai crater. At Massignano there is a second Ir
anomaly just above the one that is associated with the pancake
spherules, that Montanari and Koeberl (2000) suggest could be
associated with the North American strewn field.

Microtektites have been found associated with the cpx spher-
ules at several sites in the equatorial Pacific, Indian Ocean, and
Atlantic sector of the Southern Ocean. It has been suggested
that the microtektites found within the cpx spherule layer at
Ocean Drilling Program (ODP) Site 689 in the Southern Ocean
(Glass and Koeberl, 1999a; Vonhof and Smit, 1999) and DSDP
Site 216 in the Indian Ocean (Glass and Koeberl, 1999b)
belong to the North American strewn field. However, more
recent Sr and Nd isotopic data suggest that the microtektites in
the cpx spherule layer at these sites (and presumably those in
the equatorial Pacific Ocean sites) have the same source as the
cpx spherules (Whitehead et al., 2000; Liu et al., 2001)

The number of upper Eocene microtektite/spherule layers
has been a matter of debate, with estimates ranging from two
(Glass et al., 1985; Glass and Burns, 1987), to three (Keller et
al., 1987), or six or more (Hazel, 1989). Most of the debate is
concerned with the number of cpx spherule layers, but Miller et
al. (1991) proposed that the microtektite layer at Site 612, off
New Jersey, is older than the microtektite layer on Barbados.
However, most authors now agree that there are just two layers:
1) the North American microtektite layer and 2) the cpx spher-

ule layer (Glass, 1990; Wei, 1995; Vonhof and Smit, 1999;
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Montanari and Koeberl, 2000; Whitehead et al., 2000; March-
and and Whitehead, 2002).

There have been a limited number of previous trace element
studies of Cenozoic microtektites and cpx spherules. The first
trace element studies of microtektites were done by Frey et al.
(1970) and Frey (1977). Due to limitations in the sensitivity of
their analytical methods they could not analyze individual
microtektites, but had to analyze a group of microtektites. Frey
et al. (1970) presented trace element data for a composite of
five Australasian microtektites and for a composite of ten Ivory
Coast microtektites. Frey (1977) published some trace element
data (Sc, Cr, Co, and a few rare earth elements) for a composite
of 16 bottle green or high-magnesium (HMg) Australasian
microtektites and a composite of 16 HMg Ivory Coast mi-
crotektites. Trace element data for four individual Ivory Coast
microtektites were reported by Koeberl et al. (1997). Nagasawa
et al. (1986) determined the trace element compositions of 11
North American microtektites from the Gulf of Mexico (DSDP
Site 94), the Caribbean Sea (DSDP Site 149), and Barbados.
Koeberl and Glass (1988) presented trace element data for four
individual North American tektite fragments and a composite
of two North American microtektites from Barbados and two
tektite fragments from the North American microtektite layer at
Site 612 in the NW Atlantic Ocean. Glass et al. (1998) reported
trace element data for eight tektite fragments in the North
American microtektite layer at Site 904, 4 km north of Site 612.
Trace element data for eight microtektites from the cpx spher-
ule layer at ODP Site 689 in the South Atlantic sector of the
Southern Ocean were published in Glass and Koeberl (1999a).

In this study, we determined the trace element and major

Fig. 1. Map of the Australasian, Ivory Coast, and North A
parentheses. Generalized regions of tektite occurrences on
American microtektite-bearing core sites indicated by solid c
known extent of each strewn field. The dotted line inside
concentrations of microtektites and with unmelted ejecta (sh
(Glass and Wu, 1993; Glass and Pizzuto, 1994). Core sites
Sea Drilling Project; ODP � Ocean Drilling Program; E �
of the proposed source crater for the Ivory Coast and North
element composition of 103 individual (no composites) Cenozoic
microtektites and 73 individual cpx spherules. We report here the
first trace element analyses of individual Australasian microtek-
tites. The number of Ivory Coast trace element analyses presented
here increases the total number of published analyses by a factor
of four. The cpx spherule trace element analyses in this report
increase the total number of published analyses by more than an
order of magnitude and significantly increase the number of sites
for which we have trace element data. Furthermore, we present
data for up to 30 trace elements, which is as much as two to three
times the number in many previous studies.

The objectives of the present study were to: (1) improve the
database for Cenozoic microtektite and cpx-spherule composi-
tions; (2) determine how well trace element data can be used to
distinguish between microtektite/spherule layers; (3) see what
the trace element data indicate about the nature of the source
material for the various microtektite/spherule layers; (4) help
identify or confirm possible source craters; and (5) help identify
meteoritic contamination by the impacting bodies.

2. METHODS

One of us (BPG) has been collecting and studying microtektites and
impact spherules from marine sediments for �36 yr. The microtektites
and cpx spherules used in this study were from this collection. We
selected microtektites/spherules from as many different sites as possi-
ble. The main criterion was that the spherules be large enough to yield
statistically valid trace element concentrations. We selected 47 Aus-
tralasian microtektites (from 15 sites), 16 Ivory Coast microtektites
(from one core), 25 North American microtektites (from three sites), 73
cpx spherules (from nine sites), and 15 microtektites from the cpx layer
(at four sites) for this project (Figs. 1 and 2). The microtektites used in
this study range in size from a 180-�m-diameter spherule to a 600 �
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riangles, and squares, respectively. Dashed lines indicate the
tralasian strewn field encircles core sites with the highest

quartz with planar deformation features, coesite, stishovite)
microtektites used in this study are labeled: DSDP � Deep
, K � Kane; RC � Robert Conrad, V � Vema. Locations
an strewn fields are also indicated.
merican
land a

ircles, t
the Aus
ocked

for the
Eltanin
800 �m fragment of a spherule. Microtektite and spherule weights



ake Bay

3974 B. P. Glass, H. Huber, and C. Koeberl
ranged from 0.2 to 258.0 �g (see appendix Table A1 or electronic
annex EA1). Compositional data from a few of the smaller microtek-
tites/spherules have large errors and were not used in the calculated
averages and standard deviations, or in the figures. Although specimen
selection was based primarily on size, there is a wide range in mi-
crotektite/spherule sizes, and we see no systematic variation in com-
position with size which would suggest that selecting the larger spec-
imens might have biased the compositional data.

The microtektites and cpx spherules were analyzed in Vienna for
trace element contents using instrumental neutron activation analysis
(INAA). The spherules were placed in drilled depressions in high-
purity quartz disks and wrapped, together with separately packaged
geological reference standards, in aluminum foil for irradiation. In
general, because of the small masses, the samples were irradiated for
�100 hr in a high-flux reactor at �7 x 1013 n/cm2s. After irradiation,
the samples and standards were weighed using a Mettler UM3 ultra-
microbalance (to � 0.1 �g). Very long counting times (up to several
days) on high-efficiency detectors were used because of the small
sample masses. For other details on the procedure (standards, instru-
mentation, precision, accuracy) see Koeberl (1993). After INAA count-
ing and an appropriate cooling period, the samples were returned to the
University of Delaware for major element determinations and petro-
graphic studies. The microtektites/spherules were mounted in epoxy on
1“ diameter glass discs and polished sections were prepared. They were
then studied by optical (petrographic) and scanning electron micros-
copy. Major element contents were determined by energy dispersive
X-ray analysis (see Glass (1989) and Glass and Koeberl (1999a) for
details). Microtektite compositions were usually determined by aver-
aging five spot analyses, but because of heterogeneity, the cpx com-
positions were determined by averaging 10–15 spot analyses. Scanning
electron microscopy and energy dispersive X-ray (EDX) analysis were
used to study the crystalline phases in the cpx spherules and to deter-
mine the degree of etching (percent void space on the polished sur-
faces). The compositions were normalized to 100 wt.% and then small
corrections were made based on analyses of glass, used as a standard,
that was run at the same time and under the same conditions as the
microtektites and cpx spherules.

Major oxide and trace element data are given in Table A1 and EA1.
Four of the cpx spherules were lost during preparation of polished

Fig. 2. Clinopyroxene-bearing-spherule sites. Sites contai
spherules and cpx-related microtektites used in the study ar
number). Microtektites from the cpx-spherule layer (cpx-re
Locations of Barbados and Massignano, as well as Chesape
sections for SEM/EDX analysis. No major oxide data were obtained for
these specimens using SEM/EDX, but the FeO and Na2O contents
determined by INAA are given.

Statistical analyses were used to evaluate the compositional differ-
ences between the Australasian, Ivory Coast, and North American
microtektites, and cpx spherules and microtektites associated with the
cpx spherules (cpx-related microtektites). Levene’s test (Levene, 1960)
was used to determine if the microtektites/cpx spherules from each
layer were homogeneous in variance. Analysis of variance (ANOVA)
was used to determine which elements are the most effective in dis-
tinguishing between the different microtektite/spherule groups. Classi-
fications based on these elements were then evaluated, using discrimi-
nant analysis, to determine how many microtektites/spherules were
classified correctly.

We used an updated version (see Huber (2003)) of the harmonic
least-squares mixing program (HMX) by Stöckelmann and Reimold
(1989) to perform mixing calculations of target rocks from proposed
source craters in attempts to reproduce the compositions of the mi-
crotektites/cpx spherules from the respective source craters. This pro-
gram allows extensive mixing calculations using the average compo-
sitions of target rocks and includes measurement and averaging errors.
The program is characterized by separate treatment of the different
elements, use of a large number of input components (target rocks), and
the ability to force the sum to 100% or not. The latter feature can be
used to determine whether or not there is a missing component in the
input mixture.

3. RESULTS AND COMPARISON WITH
PREVIOUS STUDIES

3.1. Australasian Microtektites

Previous studies have shown that the Australasian microtek-
tites can be divided into two end-member groups based on
appearance and major element composition: (1) normal and (2)
bottle-green or high magnesium (HMg) (Cassidy et al., 1969;
Glass, 1972a; Glass, 1972b). Most (�90%) of the microtektites
belong to the normal group. These microtektites range from

x spherules indicated with plus signs. Core sites for the cpx
d (Deep Sea Drilling Project sites are indicated by the site
icrotektites) are from DSDP Sites 162, 167, 216, and 292.

and Popigai impact structures, are also indicated.
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transparent pale-yellow, to transparent yellow-brown, to yel-



3975Geochemistry of Cenozoic microtektites/spherules
low-green, to translucent brown, to opaque black. They have a
wide range in major oxide compositions but are generally
similar to Australasian tektites in composition (Cassidy et al.,
1969; Glass, 1972b). The bottle-green or HMg microtektites
are transparent green, have a highly corroded appearance, and
have MgO contents as high as 24 wt.% (Cassidy et al., 1969;
Glass, 1972a; Glass, 1972b). The microtektites in a third group
are transparent yellow-green and have intermediate MgO con-
tents.

In this study, we analyzed 37 normal, five intermediate, and
four HMg microtektites (Table A1). In addition, one microtek-
tite was found to contain high aluminum (�32 wt.% Al2O3)
and low silica (�41 wt.% SiO2). Similar to the major element
contents, the trace element abundances are quite variable (Ta-
ble 1). Several Australasian microtektites that were originally
assigned to the normal group were found to have high-Ni
contents (up to �470 ppm) (Table A1 and Table 1). These
high-Ni (HNi) Australasian microtektites are recognized for the
first time. The HNi Australasian microtektites also have higher
average Co than the normal, intermediate, and HMg Australa-
sian microtektites. Although the averages of most of the other
trace element contents are different between the HNi and
normal Australasian microtektites, they all exhibit a great de-
gree of overlap (Table 1). The HNi Australasian microtektites
are generally transparent to translucent brownish-green to dark
brown.

The major oxide compositions of the normal and HNi Aus-
tralasian microtektites are similar to Australasian tektites, es-
pecially australites (Table 1). However, the major oxide con-
tents of the intermediate Australasian microtektites don’ t match
those of any of the Australasian tektites. They have lower SiO2,
Na2O, and K2O and higher Al2O3, MgO, and CaO contents
than do normal Australasian tektites. They also have higher
Al2O3 and CaO and lower Na2O and K2O than the rare HMg
Australasian tektites defined by Chapman and Scheiber (1969)
that are found mostly in Java (Table 1). The HMg Australasian
microtektites also have major oxide compositions that don’ t
match those of any Australasian tektite groups, although pre-
vious work (Chapman and Scheiber, 1969; Glass, 1972a)
showed that their major oxide compositions overlap smoothly
with the compositions of the HMg Australasian tektites.

The trace element contents of the Australasian microtektites
are similar to those previously reported for the Australasian
tektites (Table 1). However, the normal Australasian microtek-
tites have higher average contents of Ga, REEs, Au, and Th,
and lower average U than the Australasian tektites (Table 1)
(see footnotes to Table 1 for sources of Australasian tektite
data). The trace element contents of the high-Ni (HNi) Aus-
tralasian microtektites overlap the trace element contents of the
Australasian tektites, except for higher Ga and some REEs. The
Cr, Co, and Ni contents of the HNi normal Australasian mi-
crotektites are higher than in most of the Australasian tektites,
but are similar to those of the HMg Australasian tektites (Table
1). In fact, the HNi Australasian microtektites have trace ele-
ment contents more similar to those of the HMg tektites than do
the HMg microtektites (Table 1). Both the intermediate and
HMg Australasian microtektites have higher Sc and Cr and
lower Rb, Cs, and U contents compared with those of the
splash-form and Muong Nong-type (MN) Australasian tektites

(Table 1), although the Cr contents of the intermediate Aus-
tralasian microtektites do overlap with those of the HMg Aus-
tralasian tektites.

The chondrite-normalized REE patterns of the Australasian
microtektites are similar to those of the Australasian tektites
(Fig. 3a). The chondrite-normalized REE patterns of the HNi
microtektites are similar to, but with slightly lower average
values than, the normal Australasian microtektites (Fig. 3b).
However, the chondrite-normalized values of the intermediate
and HMg groups are higher than those of the normal microtek-
tites, and for many of the REEs, the average chondrite-normal-
ized values of the HMg microtektites are intermediate between
those of the normal Australasian microtektites and those of the
intermediate Australasian microtektites (Fig. 3b).

3.2. Ivory Coast Microtektites

The Ivory Coast microtektites are generally transparent
brownish-green or greenish-brown with scalloped surfaces
formed by overlapping shallow solution pits (Glass, 1969;
Glass, 1974). They have a restricted range in major and trace
element compositions compared with the Australasian and
North American microtektites (Tables 1–3), even when con-
sidering that only sixteen Ivory Coast microtektites were ana-
lyzed and they were all from a single core (site). For example,
the silica content of the Ivory Coast microtektites in this study
only ranges from �63 to �69 wt.%. Earlier studies identified
two end members for the Ivory Coast microtektites based on
major element compositions: (1) a high-SiO2, low-MgO end
member and (2) a low-SiO2, high-MgO (up to �20 wt.%)
bottle-green end member (Glass, 1969; Glass, 1972a). These
two end members grade into each other and the cutoff point is
arbitrary. Unfortunately, none of the Ivory Coast microtektites
in this study were of the high-Mg variety. The trace element
compositions are relatively uniform (Koeberl et al., 1997)
except for some of the more volatile elements such as Ga, As,
and Sb (Table A1 and Table 2).

The major oxide compositions of the 16 Ivory Coast mi-
crotektites in this report are similar to the major oxide compo-
sitions of Ivory Coast microtektites previously reported (Glass,
1969; Glass and Zwart, 1979; Glass et al., 1991; Koeberl et al.,
1997) (Table 2). The microtektites have slightly lower average
SiO2 contents, while the average contents of most other oxides
are slightly higher than the average for Ivory Coast tektites.
However, all of the major oxide contents of the Ivory Coast
microtektites in this study overlap the major oxide contents of
the Ivory Coast tektites within one standard deviation (Table 2).

The trace element contents of the Ivory Coast microtektites
are similar to the trace element contents of Ivory Coast tektites
(Table 2). The average content of only two trace elements (Sc,
Au) for the microtektites reported in this study do not overlap
the average content (plus/minus one standard deviation) re-
ported by Koeberl et al. (1997) for Ivory Coast tektites. The
contents of both of these elements are lower than those reported
for the Ivory Coast tektites.

3.3. North American Microtektites

Like the Ivory Coast microtektites, the North American
microtektites are generally transparent brownish-green or

greenish-brown. However, some of the North American mi-



Table 1. Composition of Australasian microtektites and tektites from this paper and various other sources (major elements in wt. % and trace elements in ppm except as otherwise noted).

Australasian Microtektites (This Study)

Australasian
Microtektites

Australasian Tektites
Normal

(30)
High Ni

(7)
Intermediate

(5)
HMg
(4)

High
(I)

Variousc

Range

MN-Typed MN-Typee

Australitesf

Range (15)
Variousg

Range (51)
High-Mgh

Range (8)Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Al2O3 Normala HMgb Ave. S.D. Ave. S.D.

SiO2 69.6 4.4 69.4 1.9 62.3 3.7 54.6 2.1 41.4 72.50 3.89 69.67–77.39 64.76–82.40 67.40–73.15
TiO2 0.82 0.12 0.75 0.04 0.93 0.15 0.92 0.22 1.38 0.76 0.09 0.6–0.9 0.43–1 0.64–0.76
Al2O3 14.9 2.5 13.5 1.0 17.3 2.53 17.4 3.0 32.5 12.94 1.56 9.84–13.96 8.20–17.70 10.90–12.90
FeOi 5.08 1.10 5.96 0.57 5.35 0.49 6.01 1.47 2.26 4.76 0.60 4.3 0.5 3.84–5.48 3.09–8.63 5.65–7.82
MgO 3.23 1.05 3.41 0.48 8.41 1.06 15.33 4.96 12.7 2.08 0.39 1.60–2.89 1.13–7.95 3.48–6.38
CaO 3.52 1.19 3.07 0.72 4.55 0.74 4.81 0.62 9.16 2.49 0.80 1.95 0.63 2.39–4.77 0.73–9.77 2.10–3.47
Na2O 0.92 0.44 1.30 0.22 0.61 0.05 0.63 0.15 0.43 1.42 0.31 1.35 0.15 1.05–1.50 0.62–1.70 0.62–1.22
K2O 1.83 0.81 2.57 0.28 0.47 0.16 0.11 0.06 0.05 2.64 0.12 2.44 0.17 2.07–2.57 1.34–2.81 1.44–2.23
Sc 14.3 3.7 12.9 1.1 19.3 4.8 21.7 4.5 39.3 11.9 17 10.5–13 7.96 0.87 10.6 1.5 8.2–13 9.6
Cr 128 105 215 100 482 106 962 374 632 81 1100 63–145 64 8 84 22 58–145 41–440 240–390
Co 12 7 26 10 10.2 2.5 11.0 5.9 12.3 9.9 27 11–25 13.5 0.8 13.7 2.7 14–25 8–56 33–52
Ni 39 21 260 110 49.5 29.4 44.3 22.4 67 19–105 46 9 50 33 22–105 14–395 210–395
Zn 13 12 19 17 12 3 8 2 16 2–5.7 50 21 48 26
Ga 38 34 76 49 17 8 59 49 �6 1–15.3 14.9 4.7 12.5 3.0 4.5–12
As 1 1 2 1 �1 �0.5 �10 4.6 1.1 3.3 2.1
Br 0.4 0.5 1.4 0.9 0.6 0.4 1.4 1.9 1.0 0.13–0.23 4.0 1.4 1.6 1.3
Rb 76 46 122 14 16 6 4 2 6.76 66 80–130 99 24 116 11 75–106
Sr 200 78 161 35 246 89 235 66 423 90–200 113 19 139 22 150–250
Zr 315 81 280 67 409 120 358 172 658 252–280 249 68 307 33 238–326 185–390 210–320
Sb 0.26 0.25 0.87 1.13 0.19 0.17 0.25 0.38 0.10 0.06–0.5 0.87 0.21 0.54 0.21
Cs 4.30 3.11 6.90 1.10 0.73 0.32 0.18 0.10 0.06 2.3 5.7–6.7 4.71 1.08 6.9 1.1 4.2–5.7 4.3
Ba 475 113 452 66 639 188 560 165 793 530 356–390 303 81 408 30 320–380 320–480 320–420
La 48.3 9.5 44.6 4.0 62.4 11.7 56.8 15.2 132 40 56 36.2–36.9 36.7 2.7 42.0 3.4 32.3–37.4
Ce 95.5 25.6 82.5 5.8 110.5 28.1 95.3 31.5 125 93 73.1–78.6 75.4 5.1 82 8 70.7–80.0
Nd 43.9 10.6 39.2 5.8 54.9 17.0 48.4 11.8 106 36 33.2–35.0 35.1 6.8 38 6 29.6–35.4
Sm 8.54 2.00 7.99 1.15 10.10 2.60 9.75 2.58 22.6 7.1 7.1 6.10–6.74 6.01 0.57 6.39 0.60 5.51–6.22
Eu 1.56 0.43 1.42 0.20 1.87 0.38 1.89 0.49 3.62 1.37 2.00 1.17–1.28 0.88 0.11 1.40 0.17 0.97–1.17
Gd 7.20 1.52 6.59 0.39 8.80 2.11 8.86 2.44 18.0 5.4 5.24–5.92 6.07 0.92 4.48–5.99
Tb 1.19 0.32 1.02 0.09 1.43 0.35 1.46 0.42 2.93 0.9 0.84–0.88 1.03 0.12 0.93 0.10 0.70–0.85
Tm 0.58 0.12 0.53 0.06 0.76 0.21 0.68 0.17 1.60 0.46 0.08
Yb 3.87 0.83 3.58 0.54 5.07 1.45 4.39 1.06 10.8 2.2 2.80–3.01 3.10 0.45 2.95 0.24 2.43–2.80
Lu 0.57 0.13 0.52 0.11 0.75 0.23 0.65 0.15 1.67 0.45 0.39–0.54 0.49 0.05 0.45 0.04
Hf 9.07 2.30 7.60 2.43 10.30 2.19 10.85 4.18 19.2 6.4 6.95–7.95 7.52 1.63 7.21 0.88 5.8
Ta 1.57 0.35 1.48 0.08 1.95 0.37 1.96 0.60 3.78 2.4 1.2–1.6 0.97 0.27 1.18 0.11
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3977Geochemistry of Cenozoic microtektites/spherules
crotektites are pale yellow-brown and others are dark brown.
The darker brown ones have lower SiO2 and higher FeO. Some
of the North American microtektites are quite vesicular and
contain numerous lechatelierite particles. Like the Australasian
microtektites, the North American microtektites have a rather
wide range in composition, with silica, for example, ranging
from �63 to nearly 82 wt.% (Table A1 and Table 3). The trace
element contents are equally variable, especially Cr, Co, and
Ni, and the more volatile elements, such as Zn, Ga, As, Sb, and
Cs (Table 3).

The North American microtektites in this study came from
sites in the Caribbean Sea and Gulf of Mexico (Lamont-
Doherty Earth Observatory Core RC9-58 and DSDP Sites 94
and 149) (Fig. 1). Although the average values differ from site
to site, our trace element contents for the North American
microtektites overlap those of the Barbados microtektites ex-
cept for higher Sc, Th, and heavy rare earth elements (Table 3).
Most likely the variation in average trace element content from
site to site is primarily a reflection of the variation in average
SiO2 contents.

The North American microtektites have major and element
contents similar to those of the bediasites, but with lower
average SiO2 and slightly higher averages of most of the other
major oxides (Table 3). The North American microtektites
appear to have lower Na2O than the bediasites, but this may be
at least partly due to different analytical methods (i.e., energy-
dispersive X-ray analysis vs. wet chemical analysis). Although
the ranges of all the trace elements in the North American
microtektites overlap those of the bediasites, the averages are
slightly different, even when only the North American mi-
crotektites with the same silica range as the bediasites are
considered. For example, the average Ga, Rb, Sr, Cs, Ba, Ta,
and Th contents of the North American microtektites are be-
tween 1.2 and 2.6 times higher than the average values of these
trace elements in the bediasites (Table 3).

3.4. Cpx Spherules

The cpx spherules analyzed in this study have a wide variety of
crystalline textures (Fig. 4a–f). As in previous studies, the main
phase is clinopyroxene (probably diopside). Many of the cpx
spherules have crystal-shaped voids representing missing phases
that were removed by solution in the seawater (Fig. 4a, e, and f;
Glass et al., 1985). The light-colored cpx spherules generally have
cryptocrystalline textures with feathery crystals (Fig. 4d). Some
light-colored cpx spherules have silica-rich crystals (maybe cris-
tobalite?) (Fig. 4e). The dark cpx spherules often have larger
lath-like or chain-like crystals (Fig. 4c) and voids where a phase
(or phases) was removed by solution. They also often contain Cr-
and/or Ni-rich spinel crystals (e.g., Fig. 4c and f). The cpx spher-
ules have a relatively wide range in composition (Table A1 and
Table 4). Except for two outliers, the silica contents range from
�58 to 74 wt.%. The Al2O3 content is relatively low and ranges
mostly between 5 and 10 wt.%. Generally, either the FeO or the
CaO (and often the MgO) contents are higher than the Al2O3

contents. The trace element contents of the cpx spherules are
highly variable, especially for Cr, Co, Ni, and the volatile elements
(Table A1 and Table 4). The cpx spherules generally have high Cr
and Ni contents, with an average Cr content of �991 � 799 ppm

and an average Ni content of �1495 � 1249 ppm (Table A1 andI A T U K T L Z H L E
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Table 4). The darker-colored cpx spherules generally have lower
CaO and higher FeO, Cr, Co, and Ni contents compared with the
light-colored cpx spherules (Table 5). In fact, the dark cpx spher-
ules have slightly higher average contents of all the trace elements,
except for Ga and As, which are highly variable in abundance.

The average composition of the more heavily etched cpx

Fig. 3. Chondrite-normalized REE patterns for Austra
patterns for average normal Australasian microtektites and
of two javanites, five australites, and five Muong Nong-ty
the normal Australasian microtektites; (b) Chondrite-norm
diate, and HMg Australasian microtektites and average up
(1979) and Glass and Koeberl (1989). Average CI chond
spherules is slightly different from the average composition of
the unetched to slightly etched cpx spherules (Table 5). The
greatest percent difference in the major oxides is the higher
FeO, Na2O, and TiO2 and lower MgO in the highly etched
spherules compared with those that are, at most, slightly etched.
The heavily etched cpx spherules have higher contents of all
the trace elements except for Ni, Sb, and Hf. The greatest

icrotektites and tektites: (a) Chondrite-normalized REE
lasian tektites (one philippinite, one indochinite, average

ites). The shaded region indicates the range of values for
REE patterns for the average normal, high-Ni, interme-
inental crust. Tektite data are from Taylor and McLennan
E abundances from Taylor and McLennan (1985).
lasian m
Austra

pe tekt
alized

per cont
rite RE
percent difference is in the average Cr, As, Br, and Sb contents,
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but the average values of most of these elements have large
plus/minus values associated with them due to one or two
samples with anomalously high contents of these elements. All
of the trace element contents exhibit a great deal of overlap
between the highly etched and the unetched to slightly etched
spherules. The high-Br content of some of the cpx spherules
(Table A1) may be due to alteration/contamination by seawater.

Table 2. Major (wt. %) and trace element (ppm, except where noted)
glass.

Ivory Coast
Microtektitesa

Ivory Coast
Microtektitesb

Ave. (16) S.D. Ave. (4) S.D.

SiO2 66.4 2.0 67.4 1.2
TiO2 0.55 0.04 0.59 0.02
Al2O3 16.9 0.5 17.1 0.2
FeOe 6.65 0.58 6.40 0.23
MgO 4.27 1.25 3.70 0.86
CaO 1.73 0.37 1.22 0.30
Na2O 1.92 0.23 1.63 0.29
K2O 1.60 0.39 1.86 0.27
Sc 11.3 1.2 17.9 0.7
Cr 281 139 292 54
Co 23.3 4.0 32.7 1.7
Ni 122 51 224 63
Zn 6 2 12 2
Ga 31 34 17 7
As 0.3 0.2 0.42 0.13
Br 0.1 0.0 0.4 0.1
Rb 51 15 66.7 13.2
Sr 256 60 325 31
Zr 131 25 215 15
Sb 0.13 0.08 0.21 0.05
Cs 2.53 0.84 3.2 0.2
Ba 533 85 620 27
La 19.4 3.5 25.9 2.3
Ce 41.7 6.9 55.1 5.9
Nd 19.8 3.1 27.3 3.3
Sm 3.76 0.65 5.10 0.41
Eu 1.17 0.23 1.43 0.12
Gd 3.18 0.54 4.40 0.16
Tb 0.50 0.09 0.74 0.04
Tm 0.25 0.04 0.31 0.03
Yb 1.69 0.27 2.07 0.18
Lu 0.24 0.04 0.31 0.01
Hf 3.19 0.47 4.28 0.14
Ta 0.34 0.07 0.42 0.04
Ir (ppb) �2 0.9 0.2
Au (ppb) 3 1 0.8 0.3
Th 3.39 0.53 3.99 0.22
U 0.57 0.17 0.64 0.12
K/U 24474 9159 21343 1349
Th/U 6.48 2.05 6.52 1.46
La/Th 5.72 0.55 6.48 0.39
Zr/Hf 41.0 5.6 50.3 2.6
Hf/Ta 9.42 1.13 10.30 0.65
LaN/YbN 7.70 0.40 8.44 0.32
Eu/Eu* 1.03 0.12 0.92 0.05

Numbers in parentheses indicate number of analyses.
a This study.
b Koeberl et al. (1997).
c Suevite glasses from Bosumtwi impact crater from Jones (1985).
d Koeberl et al. (1998).
e All iron reported as FeO.
This hypothesis is supported by the observation that the highest
average Br contents occur in the most heavily etched cpx
spherules (Table 5).

The cpx spherules with numerous spinel crystals have no-
ticeably higher average FeO and Cr contents than do the cpx
spherules that appear to have no spinel crystals (at least none
that were visible in scanning electron microscope images of
polished interior surfaces). They also have higher average Co

s of Ivory Coast microtektites and tektites and Bosumtwi impact crater

ory Coast Tektitesb Suevite Glassesc

Impact Glassde. (11) S.D. Ave. (3) S.D.

67.58 0.59 65.45 0.25
0.56 0.02 0.67 0.05

16.74 0.37 17.02 0.38
6.16 0.15 5.71 0.55 5.98
3.46 0.35 2.02 0.87
1.38 0.11 2.23 0.46
1.90 0.16 3.04 0.44 3.73
1.95 0.11 1.92 0.34 1.51
14.7 1.2 15 0.0 17.1
244 20 175 16 280
26.7 2.5 15.0 2.4 24.5
157 52 66.4 20.2 99
23 18 138
21 8 22.0 2.4 45

0.45 0.17 4.59
0.33 0.32 1.06

66 10 67.4 23.5 36.6
260 70 258 95 389
134 27 136 21 140
0.23 0.09 0.36
3.67 0.49 2.4 0.7 2.21
374 94 610 65 609
20.7 2.4 18.9
41.9 4.0 46.3 1.6 39.2
21.8 2.9 25.9 0.9 18.9
3.95 0.57 4.94 0.04 3.59
1.20 0.07 1.21 0.01 1.16
3.45 0.73 3.81 4.1
0.56 0.09 0.71
0.30 0.05 0.24
1.79 0.23 1.73 0.22 1.39
0.24 0.04 0.20
3.38 0.29 4.98
0.34 0.06 0.48
0.4 0.2
41 32 31

3.54 0.43 3.98 0.11 4.22
0.94 0.27 1.50 0.04 1.44

8393 6109 8738
4.00 0.97 2.93
5.87 0.23 4.48
40.3 10.4 28.1

10.22 1.42 10.38
7.85 0.49 9.19
1.02 0.16 0.92
content

Iv

Av

1

and slightly higher average Ni, but there is a great deal of
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overlap. In fact, most of the trace elements have higher average
contents in the spinel-rich cpx spherules compared to the cpx
spherules without any obvious spinel crystals; the only excep-
tions are Sb and Ta. The generally higher average trace element
content of the spinel-rich cpx crystals may simply be due to the

Table 3. Major oxide (wt. %) and trace element (ppm except wh

Microtektites
(25)a

North
American

Microtektitesb
Barbados

Microtektitesc
Barb
Tekt

Ave. S.D. Ave. S.D. Ave. S.D. Ave.

SiO2 73.4 4.8 69.2 5.2 76.1 2.9 80.4
TiO2 0.73 0.15 0.59 0.17 0.55 0.12 0.56
Al2O3 14.1 2.0 16.9 2.5 12.4 1.3 11.3
FeOi 4.37 1.30 5.12 1.24 4.27 2.12 2.75
MgO 1.73 0.87 2.25 1.02 1.08 0.85 0.46
CaO 1.64 0.80 1.65 0.66 1.12 0.30 0.68
Na2O 1.06 0.23 1.34 0.41 1.18 0.56 1.27
K2O 2.92 0.47 2.73 0.63 2.69 0.70 2.25
Sc 13.2 5.4 4.6 9.1
Cr 65 51 50 73
Co 17.5 9.3 20 16
Ni 58 57
Zn 24 22
Ga 25 35
As 0.4 0.4 2.5 1
Br 1.4 1.7
Rb 116 49 115
Sr 187 72
Zr 213 86
Sb 1.96 2.79
Cs 5.70 3.37 6 10
Ba 554 164
La 42.4 15.6 15 20.8
Ce 79.8 28.3 38 44
Nd 40.6 16.7 20 25
Sm 7.79 2.89 4.5 6.6
Eu 1.58 0.56 0.59 1.11
Gd 6.24 2.28 8
Tb 1.01 0.33 0.8 1.3
Tm 0.51 0.19 0.5
Yb 3.48 1.29 3.5 4.1
Lu 0.53 0.19 3 4.3
Hf 5.30 2.18 6.0
Ta 1.30 0.43 3
Ir (ppb) �3
Au (ppb) 5 5 3
Th 11.1 4.1 4 5.8
U 2.06 0.94
K/U 14575 7784
Th/U 5.92 2.17
La/Th 3.83 0.44 3.75
Zr/Hf 40.5 6.0 4.3
Hf/Ta 4.04 1.02
LaN/YbN 8.19 0.85 2.90 3.4
Eu/Eu* 0.70 0.07 0.4

a This study.
b 29 microtektites from DSDP Sites 94 and 149 from Glass and Zw
c Major oxide data for 27 microtektites from this study. Trace eleme
d Major oxide data for 9 tektites (this study) and trace element data
e Major oxide data for 23 microtektites from this study and trace el
f Major oxide data for 28 microtektites from this study and trace el
g Major oxide data for 35 tektites from Chao (1963) and trace elem
h Data for 24 georgiaites from Albin et al. (2000).
i All iron reported as FeO.
lower average SiO2 content of these spherules.
3.5. Cpx-Related Microtektites

Major and minor element contents were obtained for mi-
crotektites found in the cpx spherule layer at four widely
spaced sites: DSDP Sites 162, 167, 216, and 292 (Fig. 2). With

ted) compositions of North American microtektites and tektites.

Site 612
Tektitese

Site 904
Tektitesf Bediasitesg Georgiaitesh

Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.

72.3 2.6 74.6 2.2 76.36 2.42 81.8 1.0
0.78 0.19 0.71 0.08 0.77 0.13 0.51 0.04
15.4 2.7 13.9 1.2 13.77 1.56 11.2 0.5
4.03 0.99 4.03 0.62 4.01 0.84 2.64 0.40
2.18 3.53 1.22 0.18 0.69 0.21 0.61 0.07
1.42 1.04 1.00 0.21 0.56 0.2 0.45 0.03
1.04 0.42 0.65 0.26 1.51 0.2 2.44 0.08
3.27 1.02 3.21 0.52 2.04 0.28 0.94 0.07
10.0 0.7 12.9 1.8 13.75 4.66 8.7 1.0
113 4 46.4 16.8 44.21 13.46
8.3 0.4 13.6 6.0 11.79 2.33 7.5 1.1

48 71 13.22 3.60 7.4 1.9
8

12 5 12.50 2.33
0.8 0.2 2.18 3.80 1

0.40 0.28
88 4 179 37

149 45 63 9 76 5
240 284 73 102 34 163 8
1.9 0.2 0.72 0.74 214 37 187 14

5 0 14.3 6.5 2.02 0.43 1.74 0.22
700 0 541 122 532 175 572 25
29.4 0.1 51.9 14.5 26 20.6 2.0

61 8 102.8 29.7 74.87 13.81 46.2 4.0
37 4 50.7 12.3 37.41 10.57 21.1 2.0

8.5 0.2 9.78 2.22 7.05 1.46 4.07 0.43
0.74 0.01 1.61 0.25 1.55 0.28 0.99 0.09

7 8.49 1.82 3.44 0.40
1.2 0.1 1.30 0.19 0.96 0.22
0.9 0.70 0.08
4.6 0.6 4.26 0.42 2.89 0.68 1.91 0.17

0.38 0.04 0.59 0.09 0.46 0.09 0.29 0.03
5.9 0.1 7.39 1.05 6.49 0.95 4.64 0.39

1 0 1.42 0.60 0.70 0.57 0.05
�1

60 0.7 0.3
9.3 15.6 5.2 7.52 1.19 5.81 0.51
3.6 3.36 0.85 2.02 0.50 1.46 0.15

9531 1465 14036 1469
2.78 1.1 4.67 1.04 3.79 0.43 4.02 0.46

3.2 0.4 3.39 0.24 4.51 0.55 3.64 0.14
41.38 38.1 6.3 33.64 2.22 40.3 0.9

5.68 1.42 9.27 8.12 0.49
4.4 0.6 8.15 1.61 8.03 0.43 7.5 0.2
0.3 0.55 0.06 0.81 0.04

79).
for a composite of two microtektites from Koeberl and Glass (1988).

ektite fragments from Koeberl and Glass (1998).
ata for two tektite fragments from Koeberl and Glass (1988).
ata for eight tektite fragments from Glass et al. (1998).

a from Cuttitta et al. (1967); Haskin et al. (1982).
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Fig. 4. Scanning electron microscope images of polished interior surfaces of clinopyroxene-bearing spherules: (a) 200 �m
diameter opaque white sphere, with a 40 �m diameter transparent brown sphere attached, from Deep Sea Drilling Project
(DSDP) Site 166 (Sample 798–2 in Table A1). Note skeletal clinopyroxene crystallites (light grey) in a glass matrix (darker
grey). The black regions are where a phase (or phases) has been removed by solution; (b) 240 �m opaque grey to translucent
yellow-brown mottled fragment of a sphere with skeletal clinopyroxene crystallites (light grey) in a glass matrix (darker
grey) from DSDP Site 216 (sample 770–12 in Table A1); (c) 230 �m diameter opaque dark brown broken sphere with
arborescent to chain-like clinopyroxene crystallites (light grey) in a glass matrix (dark grey) from DSDP Site 216 (Sample
770–4 in Table A1). White equant crystallites are Ni- and Cr-rich spinel; (d) 200 � 300 �m translucent yellow-grey
fragment of a sphere with a feathery texture from DSDP Site 166 (Sample 797–6 in Table A1). Light grey feathery
crystallites are clinopyroxene in a glass matrix (darker grey); (e) 250 �m diameter mostly opaque dark sphere from DSDP
Site 216 (Sample 770–20 in Table A1). Note arborescent clinopyroxene crystallites (light grey) in a glass matrix (dark grey)
and large (�10 �m) darker grey hexagonal silica crystallites (perhaps cristobalite); and (f) 180 �m opaque dark brown to
black spherule with a rough surface from DSDP Site 162 (Sample 800–5 in Table A1). Note feathery clinopyroxene
microlites (light grey) in a glass matrix (darker grey), spinel crystallites (�1 �m) (white), and voids (black arborescent
regions) where a phase (or phases) has been removed by solution.



Table 4. Major oxide (wt.%) and trace element (ppm, except where noted) compositions of cpx spherules, cpx-related microtektites, and Popigai impact crater melt rock (tagamite) and impact
glass.

CPX SPHERULES CPX-RELATED MICROTEKTITES
CPX-RELATED MICROTEKTITES

POPIGAI
IMPACT

GLASS (4)e

POPIGAI
IMPACT

MELT
TAGAMITES

(11)e(71)a (15)b Low-SiO2 (4)a Low-SiO2

High
Al2O3

High-SiO2 (10)a
Site 216

High-SiO2 (9)c
Site 689

High-SiO2 (8)d

Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.

SiO2 64.8 4.6 63.3 3.0 67.8 3.1 54.3 79.6 4.90 SiO2 78.8 5.0 81.6 3.9 62.2 1.7 62.9 2.1
TiO2 0.31 0.08 0.35 0.14 0.46 0.05 1.54 0.49 0.13 TiO2 0.45 0.08 0.50 0.16 0.8 0.0 0.7 0.1
Al2O3 7.42 1.45 7.90 2.26 10.1 1.3 30.4 13.4 4.0 Al2O3 12.1 2.2 12.4 2.2 16.3 1.1 15.4 1.0
FeOf 7.18 2.90 10.4 1.9 6.49 0.36 4.06 2.36 2.52 FeOf 2.34 2.36 1.71 2.34 7.1 0.4 5.9 0.9
MgO 7.37 2.56 6.56 3.50 5.28 1.90 6.93 0.68 0.25 MgO 0.74 0.25 0.47 0.10 3.7 0.2 3.7 0.5
CaO 9.91 3.12 7.75 2.77 5.14 2.25 1.71 0.68 0.50 CaO 0.79 0.50 0.18 0.13 3.1 0.4 4.1 0.8
Na2O 0.89 0.33 1.20 0.46 1.75 0.64 0.62 0.15 0.19 Na2O 0.21 0.24 0.11 0.18 2.4 0.5 2.1 0.2
K2O 1.85 0.47 2.51 0.98 2.96 1.26 0.34 2.72 0.75 K2O 2.68 0.56 2.40 0.85 3.0 0.5 2.8 0.2
Sc 8.74 4.44 13.4 2.0 40.9 6.83 1.71 Sc 6.42 1.10 7.06 2.85
Cr 990 795 482 170 415 28 13 Cr 30 7 44 35
Co 89 56 72 21 9.15 8.0 4.3 Co 9 3 8.14 4.84
Ni 1495 1249 1082 622 61 21.5 12.6 Ni 22 13 37.2 47.8
Zn 42 29 79 50 23 18 10 Zn 19 7 17.2 22.0
Ga 47 59 21 18 13 52 74 Ga 51 73 7.62 7.39
As 1.5 2.0 0.6 0.5 0.4 1.7 1.2 As 2.0 1.1 2.86 3.99
Br 5.3 6.4 0.6 0.3 0.4 0.9 0.6 Br 0.8 0.6 0.11 0.12
Rb 64 28 122 66 10.3 79 26 Rb 83 15 73.2 27.5 86 6 84.4 8.7
Sr 195 118 200 46 337 199 110 Sr 184 88 139 60 247 12 253 38
Zr 188 93 181 86 853 308 118 Zr 276 83 342 107
Sb 1.65 3.84 0.53 0.64 �0.1 0.21 0.19 Sb 0.19 0.16 0.75 1.56
Cs 1.43 1.93 1.71 1.72 0.26 1.51 0.54 Cs 1.55 0.33
Ba 411 179 495 68 1225 1247 453 Ba 1163 504 1073 381
La 31.2 12.0 51.1 9.6 109 45.7 9.1 La 43.7 9.7 46.6 16.1
Ce 56.1 20.0 96.4 23.5 205 79.0 16.6 Ce 75.6 18.0 79.2 27.7
Nd 23.8 9.0 42.5 7.0 107 36.6 8.4 Nd 35.0 8.6 35.7 15.3 49.3 7.0 41.9 3.4
Sm 4.28 1.68 6.74 0.98 20.6 6.43 1.40 Sm 6.09 1.47 5.99 2.25 8.25 1.26 7.05 0.48
Eu 0.91 0.38 1.47 0.40 4.07 1.39 0.30 Eu 1.32 0.31 1.29 0.49
Gd 3.47 1.52 5.61 1.16 12.2 4.88 1.12 Gd 4.63 1.00 5.02 1.94
Tb 0.54 0.23 0.93 0.21 2.75 0.66 0.16 Tb 0.63 0.16 0.73 0.30
Tm 0.30 0.13 0.50 0.08 1.46 0.36 0.08 Tm 0.34 0.08 0.37 0.17
Yb 2.06 0.76 3.84 0.94 9.82 2.47 0.56 Yb 2.33 0.54 2.78 1.16
Lu 0.31 0.12 0.58 0.14 1.58 0.38 0.09 Lu 0.35 0.08 0.42 0.16
Hf 4.80 1.52 7.35 1.03 25.5 7.27 2.01 Hf 6.80 2.10 9.37 2.81
Ta 0.49 0.80 0.53 0.20 2.00 0.75 0.20 Ta 0.68 0.11 0.92 0.30

3982
B

.
P.

G
lass,

H
.

H
uber,

and
C

.
K

oeberl



r
(p

pb
)

�
2

�
5

�
1.

5
�

2
Ir

(p
pb

)
0.

2
0.

1
u

(p
pb

)
7

4
7

3
5

5
2

A
u

(p
pb

)
5

2
0.

4
0.

2
h

7.
19

2.
52

9.
07

1.
26

22
.8

8.
19

1.
95

T
h

7.
60

1.
41

8.
65

2.
59

2.
06

0.
91

1.
19

0.
62

0.
98

1.
72

0.
64

U
1.

70
0.

61
2.

38
1.

33
/U

88
93

67
06

24
46

1
14

89
3

28
80

15
85

8
11

36
0

K
/U

11
48

6
84

97
17

75
0

17
94

4
h/

U
4.

07
2.

18
10

.7
9

8.
93

23
.3

5.
82

3.
88

T
h/

U
4.

15
1.

40
5.

67
4.

30
a/

T
h

4.
38

0.
82

5.
63

0.
55

4.
78

5.
64

0.
84

L
a/

T
h

5.
27

0.
87

5.
77

0.
81

r/
H

f
38

.8
14

.8
25

.9
14

.0
33

.5
41

.8
5.

3
Z

r/
H

f
36

.3
2.

8
40

.6
4.

3
f/

T
a

13
.9

6.
17

16
.0

8
7.

48
12

.8
9.

81
1.

68
H

f/
T

a
10

.3
1.

1
9.

86
1.

87
a N

/Y
b N

10
.2

1.
78

9.
06

0.
66

11
.1

12
.6

0
1.

53
L

a N
/Y

b N
11

.6
1.

7
12

.8
1.

6
u/

E
u*

0.
73

0.
12

0.
72

0.
09

0.
66

0.
76

0.
04

E
u/

E
u*

0.
72

0.
04

0.
76

0.
04

N
um

be
rs

in
pa

re
nt

he
se

s
in

di
ca

te
nu

m
be

r
of

an
al

ys
es

.
a

T
hi

s
st

ud
y;

cp
x

sp
he

ru
le

s
fr

om
C

or
e

R
C

9-
58

an
d

D
SD

P
Si

te
s

69
,

94
,

14
9,

16
2,

16
6,

16
7,

21
6,

an
d

29
2;

lo
w

-S
iO

2
cp

x-
re

la
te

d
m

ic
ro

te
kt

ite
s

fr
om

D
SD

P
Si

te
s

16
7

an
d

29
2;

hi
gh

-S
iO

2
cp

x-
re

la
te

d
ic

ro
te

kt
ite

s
fr

om
D

SD
P

Si
te

s
16

7
an

d
21

6;
H

A
1

cp
x-

re
la

te
d

m
ic

ro
te

kt
ite

is
fr

om
Si

te
D

SD
P

Si
te

16
2.

b
D

’H
on

dt
et

al
.

(1
98

7)
;

cr
ys

ta
l-

be
ar

in
g

sp
he

ru
le

s
fr

om
C

or
e

R
C

9-
58

an
d

D
SD

P
Si

te
s

31
5,

69
,

an
d

21
6.

c
G

la
ss

an
d

K
oe

be
rl

(1
99

9a
).

d
G

la
ss

an
d

K
oe

be
rl

(1
99

9b
).

e
K

et
tr

up
et

al
.

(2
00

3)
.

f
A

ll
ir

on
re

po
rt

ed
as

Fe
O

.

3983Geochemistry of Cenozoic microtektites/spherules
related microtektites vary between �63 and 90 wt.% (Table
A1). We divided the cpx-related microtektites into a high-SiO2

group with SiO2 �73 wt.% and a low-SiO2 group with SiO2

�72 wt.% (Table A1 and Table 4). Most of the cpx-related
microtektites belong to the high-SiO2 (HSi) group, which can
be further divided into a high-Fe (�1.5 wt.% FeO) subgroup
and a low-Fe (�1 wt.% FeO) subgroup (the oxidation state is
not known, but Fe is reported as FeO). The high-iron (HFe)
subgroup also has higher Na2O and generally lower SiO2 than
the low-iron (LFe) subgroup. The cpx-related microtektites in
the HFe subgroup are transparent pale brown and the cpx-
related microtektites in the LFe subgroup are transparent col-
orless. The Al2O3 content in the HSi group varies inversely
with the SiO2 content. The MgO and CaO contents are gener-
ally �1 wt.%, Na2O is generally �0.2 wt.%, and K2O is higher
than MgO, CaO, and Na2O combined (Table A1).

The low-SiO2 (LSi) cpx-related microtektites have higher
MgO, CaO, and Na2O, and usually higher FeO, and all but one
have lower Al2O3 contents than do the HSi cpx-related mi-
crotektites (Table 4). In addition, they have higher Cr, Co, and
Ni contents (Table 4). In general, the LSi cpx-related microtek-
tites are similar in composition to the cpx spherules. However,
one of the LSi cpx-related microtektites has �30 wt.% Al2O3

and only �45 wt.% SiO2 (Table 4).

4. DISCUSSION

4.1. Distinguishing Between Microtektite/Spherule Layers

With the growing number of investigators who are now
aware that impact cratering is a major geological process, the
number of recognized impact spherule layers in the strati-
graphic record will no doubt increase. One of the major prob-
lems will be trying to correlate impact spherule layers from one
site to another. The debate over the number of upper Eocene
microtektite/spherule layers indicates the problems with trying
to correlate impact spherule/microtektite layers based on bio-
stratigraphy or radiometric ages, even when the spherules are
relatively young and show little alteration. One of the questions
that we address here is how easy or difficult it is to distinguish
between the presently recognized Cenozoic microtektite/spher-
ule layers based on the major and/or trace element composi-
tions of the microtektites/spherules.

Although there are some minor differences, the four low-Si,
low-Al (LSi, Al) cpx-related microtektites have major oxide
compositions similar to those of the cpx spherules, and for the
purpose of comparing the different spherule layers they have
been included with the cpx spherules. In addition, we have
combined the four main groups of Australasian microtektites
(normal, high-Ni, intermediate, high-Mg) into a single group
for the purpose of comparing the Australasian microtektites
with microtektites from the other microtektite layers and with
the cpx spherules.

The Australasian microtektites can easily be distinguished
from the Ivory Coast and high-Si cpx-related microtektites, the
Ivory Coast microtektites can be distinguished from the North
American and high-Si cpx-related microtektites, and the North
American microtektites can be distinguished from the high-Si
cpx-related microtektites using major oxide and/or minor and

trace element contents (Table 6).I A T U K T L Z H L E m
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The cpx spherules can be distinguished from the microtek-
tites due to their crystalline textures. However, the cpx spher-
ules have a wide range in composition, and all of the major
oxide and minor and trace element contents have ranges which
overlap those of the Australasian, Ivory Coast, and North
American microtektites. Using only the data in this study, the
cpx spherules can be distinguished from the Australasian, Ivory
Coast, and North American microtektites by their lower Al2O3

contents for a given SiO2 content (Tables 1–4; Table 6; and
Fig. 5a); however, if data from previous studies are included,

Table 5. Major oxide and trace element compositions of dark- and
cpx-spherules from all sites included in this study.

DARK (10) LIGHT

AVE. S.D. AVE.

SiO2 67.7 6.6 68.7
TiO2 0.30 0.09 0.28
Al2O3 6.90 1.14 6.83
FeOa 7.59 2.36 3.69
MgO 6.38 2.86 6.83
CaO 7.95 3.81 11.4
Na2O 0.90 0.24 0.57
K2O 2.04 0.44 1.64
Sc 6.37 2.06 6.17
Cr 818 372 250
Co 92 32 32
Ni 1566 704 508
Zn 40 17 22
Ga 18 32 70
As 0.6 0.4 1.1
Br - - -
Rb 59.5 23.3 39.8
Sr 173 50 142
Zr 146 48 145
Sb 0.75 0.51 0.27
Cs - - -
Ba 328 82 301
La 26.9 6.8 25.9
Ce 50.6 13.7 45.7
Nd 19.8 5.7 18.8
Sm 3.42 0.89 3.36
Eu 0.71 0.21 0.68
Gd 3.06 0.67 2.76
Tb 0.49 0.15 0.44
Tm 0.27 0.09 0.24
Yb 1.84 0.58 1.71
Lu 0.27 0.09 0.26
Hf 3.67 0.85 3.84
Ta 0.29 0.12 0.31
Ir (ppb) - - -
Au (ppb) 10 7 4
Th 7.53 2.10 7.31
U 2.18 0.77 1.95
K/U 10186 10305 7975
Th/U 3.78 1.22 4.01
La/Th 3.59 0.20 3.58
Zr/Hf 40.0 11.2 33.9
Hf/Ta 13.9 3.9 13.0
LaN/YbN 10.3 1.9 10.3
Eu/Eu* 0.67 0.11 0.68

Major oxide abundances in wt.% and trace element abundances in
a All iron as FeO.
some overlap is observed. The cpx spherules also have higher
CaO for a given SiO2 content compared with the Ivory Coast
and North American microtektites (Fig. 5b). The cpx spherules
(and 3 out of 4 LSi cpx-related microtektites) are clearly
separated from the Australasian, Ivory Coast, and North Amer-
ican microtektites in an Al2O3-CaO-MgO ternary diagram (Fig.
6). The cpx spherules also have higher average Cr, Co, Ni, and
Br contents than the Australasian, Ivory Coast, and North
American microtektites (Fig. 7) and lower average REE con-
tents and higher average light rare earth element enrichments
than the Australasian and North American microtektites (Ta-

olored cpx-spherules from Site 216 and heavily and slightly etched

X SPHERULES

HEAVILY
ETCHED (18)

SLIGHTLY
ETCHED (34)

. AVE. S.D. AVE. S.D.

.8 62.8 3.6 65.0 4.0
5 0.38 0.10 0.28 0.06
0 8.61 1.90 6.96 0.95
8 9.58 2.12 6.18 2.76
6 5.80 2.88 8.35 2.11
.1 9.24 2.90 10.5 2.94
3 1.18 0.34 0.75 0.26
1 2.14 0.61 1.66 0.31
3 9.75 3.70 7.97 2.85
9 1633 863 727 575
3 97 40 90 68
1 1117 859 1779 1527
8 53 28 37 25
1 67 82 51 54
.0 3.1 3.0 0.9 1.0

7.8 8.3 3.2 3.1
.8 84 30 57.0 22.3
8 244 156 176 96
7 201 69 192 108
5 0.86 0.87 2.23 4.85

1.30 0.45 1.16 0.61
1 518 189 400 164
.5 38.0 14.4 29.3 9.3
.7 65.0 18.8 53.5 18.4
.8 28.1 10.0 22.6 7.7
9 5.13 2.09 4.13 1.3
1 1.05 0.41 0.91 0.38
9 4.17 2.01 3.23 1.03
5 0.64 0.30 0.50 0.14
8 0.37 0.15 0.29 0.10
4 2.38 0.73 2.00 0.60
9 0.36 0.12 0.30 0.09
9 4.90 1.23 5.02 1.56
2 0.50 0.23 0.38 0.18

2 2 1 0.4
3 7 3 5 3
1 8.69 2.59 6.49 2.10
9 2.24 0.90 1.85 0.78
5 7508 3652 9629 6658
9 3.68 1.32 4.28 2.62
0 4.31 0.79 4.57 0.80
.2 41.4 11.4 36.6 15.6
.8 11.7 5.4 15.3 6.6
.4 10.8 2.3 9.99 1.30
4 0.72 0.07 0.76 0.14

cept where noted.
light-c

CP

(11)

S.D

1
0.0
1.0
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ppm, ex
bles 1, 3, and 4; Fig. 8); but, because of the wide range in trace
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element contents of the cpx spherules and microtektites, there
is some overlap in all the trace elements (Table A1, Tables
1–4).

The presence of crystalline phases in the cpx spherules, but
not in the Australasian, Ivory Coast, North American, and HSi
cpx-related microtektites, is probably a result of the difference
in major oxide compositions. Although the LSi cpx-related
microtektites have compositions similar to the compositions of
the cpx spherules, they can be distinguished from them by their
higher Al2O3 contents for a given SiO2 content (Fig. 5a). This
may explain why they did not partially crystallize.

Although the Australasian microtektites and North American
microtektites differ in age by �34 Ma and their strewn fields do
not overlap, they are quite similar compositionally and are
difficult to distinguish between using major oxide or minor and
trace element contents (Table 6), probably due to similar crustal
rocks that were sampled in the respective impacts. Both groups
have wide ranges in silica content and correspondingly wide
ranges in the other major oxides and minor and trace elements
(Table A1, Tables 1 and 3). Traditional Harker diagrams cannot
be used to distinguish between these two groups of microtek-
tites very well. The Australasian microtektites do have lower
average Al2O3 and higher average MgO and CaO contents for
a given SiO2 content, but there is a great deal of overlap. A plot
of Hf vs. Ba is the best way to distinguish between the two
groups, but there is still a minor amount of overlap.

The high-silica microtektites found in the cpx-spherule layer
(HSi cpx-related microtektites) are more similar in composition
to the North American microtektites than to the cpx spherules
and low-silica cpx-related microtektites (Tables 3, 4, and 6).
Since the North American microtektite and cpx spherule layers
are similar in age and often overlap, the similarity between the
HSi cpx-related microtektites and North American microtek-
tites has led to the suggestion that the HSi cpx-related mi-
crotektites may belong to the North American microtektite
layer (Glass and Koeberl 1999a; Glass and Koeberl 1999b;
Vonhof and Smit, 1999). The HSi cpx-related microtektites can
be distinguished from the North American microtektites by
their lower Na2O content and by several elemental ratios (Table
6). The compositional differences between the HSi cpx-related
microtektites and the North American microtektites were pre-
viously attributed to heterogeneities within the target rock.
Another possibility is that the HSi cpx-related microtektites
belong to a third layer (Vonhof and Smit, 1999). However,
more recent Sr and Nd isotopic studies indicate that the HSi
cpx-related microtektites (i.e., transparent colorless microtek-
tites recovered from the cpx spherule layer) have a close
affinity to the cpx spherules (Whitehead et al., 2000; Liu et al.,
2001).

In summary, microtektites and impact spherules from a
given layer can have a wide range in compositions, which
makes it generally difficult to differentiate between spherule
layers based only on major oxide and/or trace element com-
positions. This appears to be more of a problem for mi-
crotektites or microkrystites produced during major impacts
because of the greater chance that the target rocks will be
heterogeneous. Thus, it may be necessary to obtain isotopic
data to correlate or differentiate between impact spherule or

microtektite layers (e.g., Sr and Nd).A A A A I I I N N C h o A
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4.2. Meteoritic Contamination?

The cpx spherules and Australasian, Ivory Coast, and
North American microtektites have elevated Cr, Co, Ni, and
Au contents compared to the average upper continental crust

Fig. 5. Oxide variation diagrams for Australasian, Ivor
bearing (cpx) spherules and cpx-related microtektites: (a
(LSi) cpx-related microtektites have lower Al2O3 for a giv
North American microtektites; (b) CaO versus SiO2. Note
content compared with the Australasian, Ivory Coast, and
(Fig. 7). This suggests the presence of a meteoritic compo-
nent. The cpx spherules have the highest Cr, Co, Ni, and Au
contents, which range up to 3250 ppm, 260 ppm, 5854 ppm,
and 28 ppb, respectively. The Ni content of the cpx spher-
ules is positively correlated with FeO, MgO, Cr, and Co and
negatively correlated with Al2O3, CaO, Na2O, K2O, and

t, and North American microtektites, and clinopyroxene-
versus SiO2. Note that the cpx spherules and low-SiO2

content compared with the Australasian, Ivory Coast, and
cpx spherules generally have higher CaO for a given SiO2

American microtektites.
y Coas
) Al2O3

en SiO2

that the
North
TiO2. In a plot of Ni/Co vs. Ni content, the unetched to
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slightly etched cpx spherules scatter about a mixing curve
between the average upper continental crust and chondritic
meteorites (Fig. 9a). The data for unetched to slightly etched
cpx spherules also scatter about a mixing curve between the
average upper continental crust and chondrite meteorites in
a plot of Ni/Cr vs. Ni content (Fig. 9b). However, in this plot
there is better separation between the mixing curves, and the
cpx spherules fall below the crust-CI chondrite mixing
curve, but close to the crust-LL chondrite mixing curve.
Mixing curves for the other chondrite types fall between the
points for CI and LL chondrites. Variations in the average
composition of the target rocks can alter the position of the
mixing curves at the low-Ni end, but will not have much
effect on the position of the curves at the high Ni (greater
than �3000 ppm Ni) end of the curves. Of greater concern

Fig. 6. Al2O3-CaO-MgO ternary diagram of Cenozoic m
three out of four of the low-Si cpx-related microtektites ar
American microtektites. Note also that the Ivory Coast mi
American microtektites in this diagram.
is the possible fractionation of the siderophile elements
during spherule formation and later diagenetic alteration of
the spherules in the marine environment. Contamination
with mantle rocks can not explain the high Ni contents
(above 2000 ppm) nor the high Ni/Cr ratios of the cpx
spherules.

Tagle and Claeys (2002) concluded that the indigenous-
corrected platinum group element ratios of the Popigai
melt rocks are similar to those of ordinary chondrites,
especially the L type and, to a lesser extent, the LL or H
type. On the other hand, Whitehead et al. (2002) stated
that the heterogeneity of the target rocks precludes a
unique indigenous correction, and they concluded that an
L-type chondrite cannot be inferred from the current
data. Assuming that fractionation and diagenetic altera-
tion are not problems, and that the cpx spherules were

tite and cpx spherule data. Note that the cpx spherules and
y separated from the Australasian, Ivory Coast, and North
tes are clearly separated from the Australasian and North
icrotek
e clearl
crotekti
derived from the Popigai impact crater, our data are consis-
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tent with an LL-type chondrite projectile for the Popigai
crater.

In both the Ni/Co and Ni/Cr vs. Ni plots the heavily etched,

Fig. 7. Comparison of the average trace element compo
microtektites and clinopyroxene-bearing (cpx) spherules a
with that of the average upper continental crust. Note t
cpx-related microtektites compared with the average upp
Taylor and McLennan (1985).

Fig. 8. Chondrite-normalized REE patterns for the avera
cpx spherules, high-SiO2 (HSi) and low-SiO2 (LSi) cpx-re

upper continental crust abundances from Taylor and McLennan
and most of the moderately etched, cpx spherules lie below the
crust-chondrite mixing curves. This suggests that the Ni con-
tents of the heavily to moderately etched cpx spherules may

of normal Australasian, Ivory Coast, and North American
related microtektites (HSi � high SiO2; LSi � low SiO2)
Cr, Co, and Ni contents of the cpx spherules and LSi

inental crust. Average continental crust values are from

tralasian, Ivory Coast, and North American microtektites,
icrotektites, and average upper continental crust. Average
sitions
nd cpx-
he high
er cont
ge Aus
lated m
(1985).
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have been lowered by dissolution of a Ni-bearing phase. Based
on the shapes of the voids left by solution and one EDX
analysis, it has been suggested that the missing phase may be
Mg-rich olivine (Glass et al., 1985). Since Ni goes into the
olivine structure more efficiently than Mg does, it is likely that
the olivine crystals were Ni-rich. Thus, the removal of olivine
by solution may have lowered the Ni/Cr ratio of the heavily to
moderately etched cpx spherules. The low-silica (LSi) cpx-
related microtektites have similar Cr, Co, and Ni contents
compared to those of the cpx spherules and, like the moderately
etched cpx spherules, lie close to—but generally below—the
crust-chondrite mixing curves in plots of Ni/Co and Ni/Cr vs.
Ni content.

We believe that the high Cr, Co, and Ni contents of the cpx
spherules and associated low-silica microtektites are the results
of chondritic contamination. However, the low-Au and -Ir
contents are a problem. None of the low-Si cpx-related mi-

Fig. 9. Ni/Cr and Ni/Co versus Ni content for cpx spher
and different chondrite groups and the upper mantle are s
evidence of etching over most of their surfaces in polished
or, at most, a trace of etching around their peripheries
McLennan (1985) and mantle values are from Wedepoh
(1998).
crotektites, and only seven cpx spherules, have Ir contents
above the detection limits of 1–20 ppm (depending on sample
size). The highest Ir content is 5 ppm. Gold contents are higher
and generally range between 1 and 12 ppm, with the highest
value being 28 ppm. However, there is no correlation between
Au (or Ir) contents and Ni or Co content, and the Au and Ir
contents are too low compared with the Cr, Co, and Ni contents
to yield chondritic ratios. For example, the slightly etched to
unetched cpx spherules have an average Ni content of �1800
ppm Ni. If the impacting body were an average CI chondrite,
these cpx spherules should have average Ir and Au contents of
�76 and 24 ppb, respectively, However, the average unetched
to slightly etched cpx spherules have �1 ppb Ir and an average
of �5 ppb Au. Thus, the Ir and Au contents are too low by a
factor of �76 and 5, respectively. The results would be similar
if the impacting body were an LL chondrite rather than a CI
chondrite.

We do not know how to explain the low-Ir and -Au contents,

ixing curves between the average upper continental crust
or comparison. The heavily-etched cpx spherules exhibit
ns, while the “unetched” cpx spherules exhibit no etching
ge upper continental crust values are from Taylor and
). Chondrite meteorite data from Lodders and Fegley Jr
ules. M
hown f
sectio

. Avera
l (1981
but we note that relatively low-Ir abundances (compared to Cr,
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Co, and Ni abundances), as well as low-Au/Ni and -Ir/Ni ratios
have been observed in impact glasses from several impact
events (e.g., Mittlefehldt et al., 1992; Koeberl et al., 1994). We
assume that the low-Ir and -Au contents are the results of
fractionation of the meteoritic component before incorporation
into the cpx spherules. On the other hand, Ganapathy (personal
communication to BPG, 1985) determined the Fe, Cr, Co, Ni,
Ir, and Au concentrations in a group of 40 to 50 dark cpx
spherules from Core RC9-58 (taken in the Caribbean Sea)
using INAA and concluded that they have chondritic ratios
within a factor of 3. Thus, additional studies are needed to
resolve this problem.

Assuming that the Ni content of the cpx spherules is from the
impacting body, we can calculate the percent meteoritic con-
tamination. The average Ni content of the unetched to slightly
etched cpx spherules is �1800 ppm. If we assume that the
target rock had an average of 20 ppm Ni (the average for the
upper continental crust), then the indigenous corrected Ni con-
tent would be 1780 ppm. If the impacting body were a CI
chondrite with 11,000 ppm Ni, then the percent contamination
would be 16. Using Co indicates a similar amount of contam-
ination (i.e., 15%). However, Cr indicates �25% contamina-
tion from a CI chondrite. On the other hand, if we assume that
the impacting body were an LL chondrite with 10,600, 668, and
75 ppm Ni, Cr, and Co, respectively (Lodders and Fegley,
1998), then the amount of contamination would be 17 � 1% for
all three elements. The Ni content of the cpx spherule with the
highest Ni content (i.e., 5854 ppm) suggests the presence of as
much as 54% chondritic component. This sample has high
MgO and FeO content consistent with 54% chondritic compo-
nent.

The high-Ni (HNi), intermediate, and high-Mg (HMg) Aus-
tralasian microtektites all have high Cr contents compared with
the normal Australasian microtektites. The intermediate and
HMg Australasian microtektites have low-Co contents and only
slightly elevated Ni contents compared with the normal Aus-
tralasian microtektites and the average upper continental crust.
The HNi Australasian microtektites have higher average Co
and Ni contents compared with the normal Australasian mi-
crotektites. The Cr, Co, and Ni contents of the HNi Australa-
sian microtektites are all positively correlated with each other
and with FeO and MgO and negatively correlated with the
other major oxides (Table A1 and Table 1). The HNi Australa-
sian microtektite Ni and Co values lie close to a mixing curve
between the average continental crust and the average CI
chondrite in a plot of Ni/Co vs. Ni. However, the HNi Aus-
tralasian microtektite data are about equally close to a mixing
curve between the average upper continental crust and ultra-
mafic or mantle rocks. The HNi Australasian microtektite val-
ues are also scattered about the mixing curve between the
average upper continental crust and chondrite meteorites in a
plot of Ni/Cr vs. Ni, but lie above the mixing curve between the
average upper continental crust and ultramafic or mantle rocks.
The best fit seems to be with an acapulcoite, although most
chondrites would do about equally as well.

The average Ni content of the HNi Australasian microtek-
tites indicates �2% contamination by a CI chondrite meteorite
projectile. The Ir content is low by a factor of at least four. The
Au content is consistent with �1–2% chondritic component;

however, the Au content could be due entirely to Au in the
target rocks, assuming a Au content close to the average for
upper continental crust.

The Ivory Coast microtektites have Cr, Co, and Ni contents
that are only slightly higher than the target rocks at Bosumtwi.
Ni is negatively correlated with Cr and MgO. There is a
well-defined trend of decreasing Ni/Cr with increasing Cr con-
tent. This trend is not easily explained by contamination with
chondrite, or iron meteorites, or mantle rocks, nor can it be
explained by vapor fractionation. The best explanation appears
to be mixing between a high-Ni, low-Cr end member and a
low-Ni, high-Cr end member. However, Cr isotope data for
Ivory Coast tektites indicate that Bosumtwi crater, believed to
be the source of the Ivory Coast tektites and microtektites, was
probably formed by an ordinary chondrite (Koeberl et al.,
2004).

The average Cr, Co, and Ni contents of the North American
microtektites are only slightly above the average Cr, Co, and Ni
contents of upper continental crustal rocks. Cr, Co, and Ni are
positively correlated with each other and with all the major
oxides except SiO2. Chromium, Co, and Ni are negatively
correlated with SiO2, and since all the other major oxides are
negatively correlated with SiO2, it is not surprising that Cr, Co,
and Ni exhibit weak positive correlations with the other major
oxides. The strongest positive correlation is with FeO. The
correlation with MgO is not as strong and is about the same as
with CaO. Correlation between Ni and Al2O3, Na2O, K2O, and
TiO2 are all fairly weak. The Ni/Co, Ni/Cr, Ni/Au ratios are
close to the ratios for these elements in the upper continental
crust. Thus, there is no strong meteoritic signal in the North
American microtektites, and correction for the indigenous
amounts of Cr, Co, and Ni in the target rock is a major problem.

4.3. Target Rock Compositions

The Cenozoic microtektites generally have trace element
(including REEs) contents within a factor of three of the
average contents for the upper continental crust (Figs. 7 and 8).
Other than the high Cr, Co, and Ni previously mentioned, the
largest deviations from the average continental crust are the
generally low Zn, As, Ta, and U contents. We do not know if
the low abundances of these particular trace elements in mi-
crotektites are merely a coincidence or if they are telling us
something about the nature of the target rocks that is a prereq-
uisite for tektite formation. The cpx spherules also have lower
average Ta contents than the average upper continental crust,
but they also have higher average Sb (about and order of
magnitude). However, the high Sb average is due to a few
really high values, and the mode is only slightly above the
average for the continental crust.

4.3.1. Australasian microtektites

In a series of papers, Taylor and colleagues reported the
chemical compositions of australites and concluded that the
elemental abundances of the australites are similar to well-
mixed terrestrial surface materials (not igneous rocks), and in
particular, to terrestrial sandstones, such as graywacke, with
variable amounts of clay and calcite (Taylor, 1962; Taylor and
Sachs, 1964; Taylor, 1966; Taylor and Kaye, 1969). We find, in

agreement with Taylor and colleagues, that the compositions of
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the normal Australasian microtektites fall on the border be-
tween graywackes and lithic arenites based on their Na2O/K2O
and SiO2/Al2O3 ratios (see Pettijohn et al. 1987).

Delano et al. (1982) graphed refractory lithophile element
ratios against each other (Al2O3/MgO vs. CaO/TiO2) and found
that the Australasian tektites, in general, plot along two trends
(or branches) that converge at a CaO/TiO2 ratio of �1. One
branch is defined by high-Ca (HCa) philippinites and normal
HCa australites (as defined by Chapman and Scheiber (1969)),
and the other branch is defined by javanites and HMg microtek-
tites. The Australasian microtektites show a similar pattern,
although the high CaO/TiO2 branch is not well developed. This
suggests that three distinct end members are required to explain
the observed range in composition for the Australasian tektites
and microtektites: (1) a high-Al2O3/MgO and low-CaO/TiO2

end member, (2) a high-Al2O3/MgO and high-CaO/TiO2 end
member, and (3) a low Al2O3/MgO and intermediate-CaO/
TiO2 (or HMg) end member. Previous studies (Chapman and
Scheiber, 1969; Glass, 1972a) indicated that the HMg Australa-
sian microtektites are related to the HMg Australasian tektites
as defined by Chapman and Scheiber (1969). However, the
trace element data suggest that the high-Ni Australasian mi-
crotektites, rather than the HMg Australasian microtektites, are
related to the HMg Australasian tektites (see Fig. 10).

The Australasian microtektites, including the HMg variety,
have REE patterns consistent with derivation from post-Ar-
chean upper continental crust (Fig. 3b). The CI chondrite-
normalized REE patterns show light REE enrichments, flat
heavy REE distributions, and negative Eu anomalies. However,
the REE contents in the Australasian microtektites are enriched
above australite values that are themselves enriched above-
average continental crustal values (Fig. 3a). The intermediate
and HMg Australasian microtektites show the greatest enrich-
ments.

Fig. 10. MgO versus Ni for normal, high-Ni (HNi), in
HMg Australasian tektites. The trend line extends fro
microtektites towards the average values for CI chondrite
supplement our four HMg microtektite analyses. HMg A
chondrite values are from Taylor and McLennan (1985).
The HMg Australasian microtektites are difficult to ex-
plain. They have lower Rb and Cs contents than the cpx
spherules and the other Cenozoic microtektites (Tables
1–4). The high Cr and Ni contents of the HMg Australasian
microtektites (Table 2) are suggestive of meteoritic contam-
ination, but the average Co content is lower than the average
Co content of the normal Australasian microtektites. Addi-
tion of a meteoritic component cannot explain the difference
in composition between the HMg Australasian microtektites
and the normal Australasian microtektites. The elements that
have higher abundances in the HMg microtektites (e.g., Al,
Mg, Ca, Ti, Sc, Cr) are refractory, and those that have lower
abundances (e.g., Na, K, Rb) are volatile. This suggests that
the HMg microtektites might have been formed by vapor
fractionation of the normal microtektites. However, to in-
crease the average MgO content from 3.2 wt.% for the
normal microtektites to 15.3 wt.% for the HMg microtektites
would require extensive vapor fractionation, and studies of
Mg isotopes in HMg microtektites indicate little or no vapor
fractionation during formation of the HMg microtektites
(Esat and Taylor, 1987). On the other hand, Li and B
isotopic data suggest that the HMg Australasian microtek-
tites may have undergone vapor fractionation of at least
some of the more volatile elements (Koeberl et al., 1999).

4.3.2. Ivory Coast microtektites

As previously mentioned, most investigators believe that the
Ivory Coast tektites (and microtektites) were derived from the
Bosumtwi impact crater. Koeberl et al. (1997) pointed out that
the Ivory Coast tektites do not exhibit any distinct Eu anomaly
in the REE patterns, and that this characteristic, as well as the
high LaN/YbN ratios of �8, indicate that Archean rocks are
plausible source rocks. The Ivory Coast microtektites have
similar chondrite-normalized REE patterns (Fig. 8) and similar

iate, and high-Mg (HMg) Australasian microtektites and
average Ni and MgO values for normal Australasian
microtektite data from Delano et al. (1982) were used to
ian tektite data from Chapman and Scheiber (1969). CI
termed
m the
s. HMg
ustralas
LaN/YbN ratios as the Ivory Coast tektites (Table 2), and as the
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rocks at the Bosumtwi crater (Koeberl et al., 1998). These data
are consistent with the whole rock Rb-Sr age of 1.9 to 2.1 Ga
for the country rock at the Bosumtwi crater site (Schnetzler et
al., 1966; Shaw and Wasserburg, 1982; Koeberl et al., 1998).
The SiO2/Al2O3 and Na2O/K2O ratios place the Ivory Coast
tektites and microtektites within the graywacke field estab-
lished by Pettijohn et al. (1987). Using mixing calculations,
Koeberl et al. (1998) were able to reproduce the composition of
the Ivory Coast tektites reasonably well with a mixture of
�83% phyllite-graywacke and 17% Pepiakese ”granite“ from
the Bosumtwi crater.

To put some constraints on the rocks that might have been
melted to form the Ivory Coast microtektites, we performed
mixing calculations using the same target rock compositions
that Koeberl et al. (1998) used. The best match was a mixture
of 79% phyllite-graywacke and 21% Pepiakese ”granite“ (Ta-
ble 7), that agrees well with the results obtained using Ivory
Coast tektite data (Koeberl et al., 1998). We calculated the
content of several trace elements using the same mixture of
target rocks (Table 7). There is good agreement between the
calculated major oxide and trace element contents and the
average major oxide and trace element contents of the Ivory
Coast microtektites (especially when the standard deviations
are considered), except for the TiO2 and Sc contents.

4.3.3. North American microtektites

The higher abundance of North American microtektites and
tektite fragments and unmelted impact ejecta in the sites off
New Jersey indicate that these sites are closer to the source
crater than are the sites in the Gulf of Mexico, Caribbean Sea,
and Barbados (Glass, 1989; Glass et al., 1998). Furthermore, Sr
and Nd isotopic data suggest that the North American tektites

Table 7. Comparison of Ivory Coast microtektite compositions with
those obtained from the mixing calculations using Bosumtwi crater
rocks.

Observed

Calculated1
Observed-
CalculatedAverage Std. Dev.

SiO2 66.4 2.00 66.78 �0.38
TiO2 0.55 0.04 0.64 �0.09
Al2O3 16.9 0.5 17.0 �0.1
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
Na2O 1.92 0.23 2.01 �0.09
K2O 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 3.10 0.09
Th 3.39 0.53 2.90 0.49

Major oxides in wt % and trace elements in ppm.
1 The best match obtained using major oxide data is shown here and

is a mixture of 78.9% average phyllite-graywacke and 21.1% Pepiakese
“granite” (sample J508) from Koeberl et al. (1998). The trace element
contents were calculated using this same mixture of target rocks.
were formed from sediments derived from Appalachian age
rocks (i.e., Sm-Nd model ages of 0.62–0.67 Ga; Shaw and
Wasserburg, 1982). The Chesapeake Bay structure is the cor-
rect age and in the right location to be the source crater for the
North American microtektites (Poag et al., 1994; Poag and
Aubry, 1995; Koeberl et al., 1996).

The North American microtektites have an average La/Th
ratio that is more similar to that of Archean rocks than to
post-Archean rocks. However, the LREE enrichment, negative
Eu anomaly, and Th/Sc and Rb/Sc ratios of the North American
microtektites are intermediate between those of Archean and
post-Archean crust, but generally closer to post-Archean val-
ues. Thus, the REE patterns, and La, Th, Sc, La, and Rb ratios
are, in general, consistent with the Chesapeake Bay crater being
the source of the North American microtektites.

The average Na2O/K2O and SiO2/Al2O3 ratios of the North
American microtektites fall mostly into the arkose field but
with a weak trend between graywacke and quartz arenite based
on Figures 2–14 of Pettijohn et al. (1987). This result is in
general agreement with the conclusion of Albin et al. (2000)
that the North American tektites required at least three source
components: a quartz-rich sandstone (quartz arenite) and two
relatively silica-poor and Fe-rich components similar to shale
and graywacke.

If the Chesapeake Bay impact structure is the source crater of
the North American tektites and microtektites, then the surface
deposits at the time of the impact should have been upper/
middle-Eocene marine sediments. Undisturbed upper Eocene
deposits are missing in and adjacent to the Chesapeake Bay
crater. However, upper Eocene sediments in the surrounding
region are often fossiliferous and glauconite-rich (Jones, 1989;
Miller et al., 1994). The fossiliferous nature of some of the
middle/upper-Eocene deposits could be a problem. Since the
North American tektites/microtektites average �1.65 wt. %
CaO, the presence of more than a few percent biogenic car-
bonate would result in too high a CaO content. Another pos-
sible problem is the high-glauconite content of the upper/
middle-Eocene deposits. The high-FeO content (�26 wt.%)
and low-Al2O3 content (�4 wt.%) of glauconite makes it
difficult to add more than a few percent and not make the FeO
content too high and the Al2O3 content too low. There seems to
be two possibilities: (1) glauconite was not present in upper/
middle-Eocene sediments at the impact site in any abundance,
or (2) the Chesapeake Bay structure is not the source crater for
the North American tektites/microtektites.

Koeberl et al. (2001) made a preliminary study of major and
trace elements and Sr and Nd isotopes of a suite of seven
sediment samples from the environs of the Chesapeake Bay
structure that were near-surface preimpact target rocks ranging
in age from Paleocene to middle Eocene (but not late Eocene).
The samples were clays, silts, and sands (quartz-rich sands with
abundant shell fragments). Three of the samples had high CaO
(18–27 wt.%). One had high FeO (�16 wt.%) and K2O (�5.5
wt.%). This sample was glauconite-rich. Only one of the sam-
ples had an Al2O3 content as high as that of the average North
American microtektites and it had only �59 wt.% SiO2. The
major and trace element, as well as Sr and Nd isotopic com-
positions of the samples, showed no close similarity with those
of the North American tektites. Therefore, mixing calculations
using the compositions of the seven samples analyzed by

Koeberl et al. (2001) were not able to reproduce the composi-
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tion of the North American microtektites very well. Similar
poor results were obtained by using compositional data for
units of the Exmore breccia from the Chesapeake Bay area
(these data are in Poag et al. (2004)). Thus, so far no possible
source rocks for the North American microtektites have been
identified in the crater-fill breccias from Chesapeake Bay cra-
ter. The search for the North American tektite/microtektite
source rocks continues.

4.3.4. Cpx spherules and low-silica cpx-related microtektites

The upper Eocene cpx spherule layer appears to occur glo-
bally and the cpx spherules have a wide range of textures (Fig.
4) and compositions (Table 4). As discussed above, a number
of workers have proposed that the cpx spherules occur in two
or more layers; however, we believe that the available data
indicate that all upper Eocene cpx spherules belong to a single
strewn field. The cpx spherules can be divided into two main
groups: (1) translucent to opaque, light-colored spherules with
cryptocrystalline textures and high-CaO contents (up to �19
wt.%); and (2) opaque dark spherules generally with low-CaO
contents (usually �10 wt.%). Compositionally, the dark cpx
spherules grade smoothly into the light-colored cpx spherules,
and the distinction between the two groups is arbitrary. A
higher percentage of the cpx spherules from the Indian Ocean
and western Pacific Ocean sites are light-colored; and thus,
more CaO rich than the cpx spherules from the central equa-
torial Pacific, Gulf of Mexico, and Caribbean Sea sites. This,
and some biostratigraphic data, led Keller et al. (1987) to
propose that the cpx spherules (their crystal-bearing spherules)
in the Indian Ocean and western Pacific Ocean sites belong to
a separate older layer than the cpx spherules in the central
equatorial Pacific Ocean, Gulf of Mexico, and Caribbean Sea
sites. Light- and dark-colored cpx spherules are found at all the
sites, and there is a great deal of overlap in composition from
one site to another.

As previously noted, all the high-Ca (HCa) cpx spherules
have elevated Cr, Co, and Ni contents, compared with the
average upper continental crust, due to contamination by a
chondritic projectile. We assume that the HCa cpx spherules
with the lowest Ni content have compositions that are closer to
that of the target rocks. The four HCa spherules with the lowest
Ni contents (�300 ppm) have the following average major
oxide composition: 68 wt.% SiO2, 6.4 wt.% Al2O3, 3.5 wt.%
FeO, 6.8 wt.% MgO, 12.7 wt.% CaO, 0.5 wt.% Na2O, 1.6 wt.%
K2O, and 0.3 wt.% TiO2. This composition is not similar to any
common igneous rock type, and the low-Al2O3 contents sug-
gest that neither shale nor graywacke was a major source rock.

It is more difficult to determine the source rocks for the dark,
LCa cpx spherules. The dark LCa cpx spherules have higher
FeO, as well as lower CaO contents compared to the light HCa
cpx spherules. In addition, they have �3 times higher average
Co and Ni contents. However, the LCa cpx spherules cannot
simply be HCa cpx spherules contaminated by a chondritic
meteorite. Only two of the LCa cpx spherules have Ni contents
�300 ppm and both of them are heavily etched, indicating a
missing phase (or phases), that has altered the compositions.
We thus determined the average composition of the unetched to
slightly etched LCa cpx spherules and used the average Ni

content to correct for the supposed meteoritic contamination.
This gave us a composition of: 74 wt.% SiO2, 9.2 wt.% Al2O3,
1.9 wt.% FeO, 3.1 wt% MgO, 8.1 wt.% CaO, 1 wt% Na2O, 2.4
wt.% K2O, and 0.4 wt.% TiO2.

As previously mentioned, the Popagai impact crater may the
source of the cpx spherules (and associated microtektites). The
target rock at Popigai consists of crystalline basement rock of
various gneisses and some dolerite dykes (Kettrup et al., 2003).
The basement is overlain by platform deposits consisting of
over a kilometer of Upper Proterozoic to Cretaceous clastic
rocks (shales, sandstones, and conglomerates) and carbonates
(limestones and dolomites) with some volcanogenic rocks and
dolerite dykes and sills (Kettrup et al., 2003). Unfortunately,
there are no published compositional data for the clastic de-
posits.

The high-CaO and -MgO contents of the HCa (and to a lesser
extent, the LCa) cpx spherules suggest that carbonates were an
important source rock. The low Al2O3 rules out shale and
graywacke as major sources for the cpx spherules, and the
relatively low-SiO2 contents indicate that quartz arenites are
not a major component. Arkoses and lithic arenites could have
been a major source. We cannot rule out the possibility that the
dolerite dykes might have been a minor source.

Impact glasses and melt rocks (tagamites) from the Popigai
structure have compositions similar to the basement gneisses
(e.g., Whitehead et al., 2002; Kettrup et al., 2003). However,
mixing calculations using compositional data for the gneisses,
dolerites, quartzite, dolomite, and limestone were not success-
ful in reproducing the composition of the average cpx spherule
(Table 4). Nor were they successful in reproducing the com-
positions of either the low-Ni, HCa or low-Ni, LCa cpx spher-
ules. This is probably because no compositional data are avail-
able for the clastic deposits (especially the sandstones) which
were probably a major source for the cpx spherules.

In addition to the HCa and LCa end members and the
variable degrees of meteoritic contamination, the compositions
of the cpx spherules may have been affected by vapor fraction-
ation. Several lines of evidence suggest that the cpx spherules
were not formed as melt droplets, but rather were formed by
condensation from a vapor. First, teardrop and dumbbell
shaped cpx spherules have not been observed, but agglutinated
forms are common. Second, vesicles have not been observed in
the cpx spherules. Third, lechatelierite particles are not present
in the cpx spherules. Fourth, it has been suggested that the
spinel crystals found in the Cretaceous/Tertiary (K/T) boundary
spherules were crystallized in liquid droplets that formed by
condensation from the impact vapor cloud (Kyte and Bohor,
1995). On the other hand, the crustal REE patterns of the cpx
spherules show no evidence of vapor fractionation.

Assuming that the source crater for the cpx spherules is the
Popigai structure, the sites closer to the source crater have, in
general, higher concentrations of spherules and a higher per-
centage of light-colored cpx spherules with higher Ca and Mg
and less meteoritic contamination than the low-Ca, dark-col-
ored cpx spherules. This suggests that the low-Ca end member
was at or near the surface at the impact site and the dolomitic
source rocks were lower in the section. Spherules produced
from the surface deposits were thrown farther and were more
heavily contaminated with the projectile, producing the darker
cpx spherules with higher average Cr, Co, and Ni contents.

Spherules produced from the deeper, more dolomite-rich de-
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posits, were generally not thrown as far and are less contami-
nated by the projectile. This scenario appears to be consistent
with impact models. Alternatively, melts with different com-
positions may have been ejected in different directions. How-
ever, such a model is not consistent with the cpx spherules
having been formed by vapor fractionation.

The low-SiO2 cpx-related microtektites have major and trace
element contents similar to those of the cpx spherules. They
appear to have been derived from similar target rocks and, like
the cpx spherules, they appear to be heavily contaminated by
the impacting body (Table 4).

4.3.5. High-silica, cpx-related microtektites

As previously mentioned, the cpx-related microtektites can
be divided into a high- and a low-SiO2 group. The high-SiO2

(HSi) cpx-related microtektites have similar compositions to
the North American microtektites, but can be distinguished by
their lower Na2O contents and various elemental ratios (Tables
3, 4, and 6). Furthermore, the HSi cpx-related microtektites
have Sr and Nd isotopic values that are more similar to the cpx
spherules than to the North American microtektites (Whitehead
et al., 2000; Liu et al., 2001); and thus, also seem to have
originated from the Popigai impact event.

Compared to the cpx spherules, the HSi cpx-related mi-
crotektites generally have higher SiO2 and higher Al2O3 for a
given SiO2 content (Fig. 5a), but lower contents of the other
major elements (Table 4). The SiO2 content varies between 74
and 90 wt.%. The Al2O3 content varies inversely with SiO2 and
ranges between 6.5 and 22.5 wt.%. Thus, the HSi cpx-related
microtektites have compositions that vary between a high-SiO2,
low-Al2O3 (quartz-rich) end member and a low-SiO2, high-
Al2O3 (clay-rich) end member. Attempts to produce the com-
position of the high-silica cpx-related microtektites by mixing
of available Popigai target rock compositions were not success-
ful. Again this is probably due to not having compositional data
for the clastic rocks from the Popigai crater site.

4.4. High Al2O3 (>30 wt.%) Australasian and Cpx-
Related Microtektites

One Australasian and one cpx-related microtektite have a
high-Al2O3 content (�30 wt.%) that distinguishes them from
all the other microtektites (and cpx spherules) in this report
(Tables 1 and 4). Many of the refractory elements in the
high-Al2O3 (HAl) Australasian microtektite have contents that
are approximately twice as high as in the average normal
Australasian microtektites, and many of the more volatile ele-
ments are lower. However, not all the refractory elements have
higher contents (e.g., U) and not all the volatile elements have
lower contents (e.g., Zn). Thus, the HAl Australasian microtek-
tite does not appear to be a normal Australasian microtektite
that underwent extreme vapor fractionation. Likewise, some of
the refractory element contents (Ti, Al, Sc, Zr, Ba, REEs, Hf,
Ta, Th) in the HAl cpx-related microtektite are higher than in
the average cpx spherule, and other low-SiO2 cpx-related mi-
crotektites, and some of the volatile element contents (Si, K,
Rb) are lower. However, Ca, which is a refractory element, has
a lower abundance in the HAl cpx-related microtektite than in

the cpx spherules and other LSi cpx-related microtektites; and
although some of the volatile elements (e.g., Zn, Ga) have low
contents, they are within the range observed for the cpx spher-
ules and other LSi cpx-related microtektites. Thus, despite the
generally high refractory element and low volatile element
contents, the HAl microtektites probably did not form by vapor
fractionation. However, we cannot think of an appropriate
source rock for these microtektites, although the high-Al2O3

contents suggest that the source rock was clay-rich.

4.5. Silica Range of Microtektites and Size of
Source Crater

The compositions of impact generated spherules and mi-
crotektites are controlled by the composition of the target rock,
the degree of vapor fractionation, and the amount of contami-
nation by the impacting body. The target rock can be hetero-
geneous and, in general, the degree of variation in the compo-
sition of the target rock will increase with the size of the
impact. In this study, the sizes of the proposed source craters
range from 10.5 km to 100 km. The Ivory Coast microtektites,
which were most likely derived from the 10.5-km-diameter
Bosumtwi crater, are relatively homogeneous (the SiO2 content
ranges from 63 to 69 wt.%). On the other hand, the SiO2

content of the cpx spherules and associated microtektites, be-
lieved to have originated from the 100-km-diameter Popigai
structure, ranges from 54 to 90 wt.%. The North American
microtektites, believed to have been derived from the 85-km-
diameter (or 40-km-dia.) Chesapeake Bay structure, have an
intermediate range in SiO2 (63–82 wt.%). The source crater for
the Australasian microtektites has not been identified, but pre-
vious estimates for the size of the source crater range from 17
to 114 km (Baldwin, 1981; Glass and Pizzuto, 1994; Lee and
Wei, 2000; Glass, 2003). The large range in SiO2 content
(52–78 wt.%) of the Australasian microtektites (including the
HMg group) suggests that the source crater is probably closer
to the size of the 85-km-diameter (or 40-km-diameter) Chesa-
peake Bay structure than to the 10.5-km-diameter Bosumtwi
crater. This conclusion is consistent with radial variations in the
concentration (number/cm2) of microtektites with distance
from the source craters for these strewn fields.

5. SUMMARY AND CONCLUSIONS

In addition to the previously identified normal, intermediate,
and high-Mg (HMg) Australasian microtektites, we have iden-
tified a high-Ni (HNi) group. The HNi group appears to be
more closely related to the HMg Australasian tektites than are
the HMg microtektites. We have divided the microtektites
found in the cpx spherule layer into a high-SiO2 (HSi) group
and a low-SiO2 (LSi) group. The LSi cpx-related microtektites
are compositionally similar to the cpx spherules. The HSi
cpx-related microtektites are compositionally more similar to
the North American tektites, but we believe that the cpx spher-
ules, LSi cpx-related microtektites, and HSi cpx-related mi-
crotektites were all produced by the same impact event.

Most of the Cenozoic microtektite/spherule layers can be
distinguished based on the major and/or trace element compo-
sitions of the microtektites and spherules. However, even
though the Australasian and North American microtektites

have different ages and occur in different geographic regions, it
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is difficult to distinguish between the microtektites in these two
strewn fields since all the major oxides and minor elements
overlap. Thus, because of the wide range in compositions of
microtektites and microkrystites (especially those formed by
major impact events), it can be difficult to distinguish between
microtektite/impact spherule layers based on major oxide and
trace element data alone, and it may be necessary to use
isotopic data (e.g., Sr and Nd) as well.

The cpx spherules and most of the microtektites have aver-
age Cr, Co, and Ni contents above the average for upper
continental crust, suggesting the presence of meteoritic con-
tamination. The highest contents of these elements are found in
the cpx spherules and LSi cpx-related microtektites. The
slightly etched to unetched cpx spherules lie scattered along
mixing lines between upper continental crust and chondrites on
plots of Ni/Co and Ni/Cr vs. Ni content. The best match
appears to be with LL chondrites, but the validity of such a
conclusion is based on the assumption that the Ni/Cr ratios
have not been altered due to fractionation during spherule
formation or diagenetically altered after deposition. The highly
etched cpx spherules lie off the trends in a direction that implies
Ni loss. We speculate that Ni loss occurred as a result of
solution of a Ni-bearing phase (probably olivine). The HNi
Australasian microtektites fall along mixing curves between
normal Australasian microtektites and chondrite meteorites;
and thus appear to be normal Australasian microtektites that
contain a chondritic component. However, the Ir (and, to a
lesser extent, Au) contents of the cpx spherules and HNi
Australasian microtektites appear to be too low to be consistent
with contamination by chondritic projectiles. We do not under-
stand the reason for the low-Ir and -Au contents, but assume
that this is the result of fractionation of the meteoritic compo-
nent before incorporation into the cpx spherules. The Ivory
Coast and North American microtektites don’ t have high
enough contents of Co and Ni to reach any firm conclusions
about the nature of a meteoritic component, if any, in them.

Assuming that the elevated Ni contents are due to meteoritic
contamination, and after correction for possible indigenous Ni,
we calculate that the average Ni contents indicate 17% con-
tamination by an LL chondrite and 2% contamination by an
average CI chondrite in the cpx spherules and HNi Australasian
microtektites, respectively.

The trace element data indicate that all the Cenozoic impact
spherule/microtektite layers were derived from upper continen-
tal crust, although most exhibit an enrichment in siderophile
elements and a depletion in Zn, As, Ta, and U. The normal
Australasian microtektites appear to have had a graywacke or
lithic arenite source rock, with a range in quartz and clay
content. We do not know what the source rock for the HMg
Australasian microtektites might have been. They do not appear
to be normal microtektites with some meteorite or ultramafic
rock added. The average major oxide content of the Ivory Coast
microtektite composition can be matched with a mixture of
target rocks at the Bosumtwi impact crater (� 79% phyllite-
graywacke, 21% Pepiakese ”granite“ ). The source rock for the
North American microtektites may have been something like
an arkose, but with a graywacke (clay-rich) end member and a
quartz-rich end member. Most investigators believe that the
North American tektites/microtektites were derived from the

Chesapeake Bay structure, but the apparently calcareous fossil-
rich nature and high-glauconite content of the upper/middle-
Eocene crater-fill breccia is a problem. We did not have any
success in trying to reproduce the North American microtektite
composition using published target rock compositions (Koeberl
et al., 1996) or compositional data (from Poag et al. (2004)) for
clasts in the Exmore breccia from the Chesapeake Bay crater
area.

The cpx spherules have a wide range in composition and
may have been derived from a mixture of lithic arenite or
arkose and dolomite, which produced the low-Ca, dark-colored
cpx spherules and the high-Ca, light-colored cpx spherules.
Both the light-colored and dark cpx spherules are enriched in
siderophile elements and appear to be contaminated by the
impacting body. However, the light-colored cpx spherules have
lower average siderophile abundances.

The 100-km-diameter Popigai impact structure in northern
Siberia appears to be the source crater for the cpx spherules and
associated microtektites. The surface and near-surface rocks at
the Popigai crater site, at the time of the impact, appear to have
been sandstones, shales, and carbonates, which appear to be the
appropriate target rocks to produce melts of the correct range in
compositions to form low- and high-Ca cpx spherules and the
low-and high-SiO2 cpx-related microtektites. Unfortunately,
compositional data are not available for all the target rock
lithologies. Mixing calculations involving the crystalline base-
ment rocks, dolerite dikes, quartzite, dolomite, and limestone
from the Popigai crater were not successful in reproducing the
composition of the cpx spherules or associated microtektites.

We propose that the dark, low-Ca cpx spherules came from
near-surface deposits at Popigai and were thrown farther from
the crater and were more contaminated by the impacting body,
whereas the light-colored, high-Ca cpx spherules were derived
from deeper deposits in the target rock and were, therefore, not
generally ejected as far or as heavily contaminated by the
impacting body.

The HSi cpx-related microtektites appear to have been de-
rived from target material that varies from a quartz-rich end
member to a more clay-rich end member.

Two high-Al2O3 (�30 wt.%) microtektites (one Australasian
and one low-SiO2 cpx-related microtektite) were analyzed dur-
ing this study. They generally have higher refractory and lower
volatile element contents than the average microtektites or
spherules from their respective layers. It is tempting to con-
clude that they formed by vapor fractionation, but there are
some inconsistencies. On the other hand, we cannot think of an
appropriate source rock for these unusual glasses.
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