Microtektites, Microkrystites, and Spinels From a Late Pliocene Asteroid
Impact in the Southern Ocean

Stanley V. Margolis, Philippe Claeys, Frank T. Kyte
Science, New Series, Volume 251, Issue 5001 (Mar. 29, 1991), 1594-1597.

Stable URL:
http://links.jstor.org/sici?sici=0036-8075%2819910329%293%3A251%3 A5001%3C1594%3 AMMASFA%3E2

Your use of the JSTOR archive indicates your acceptance of JSTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR’s Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the JSTOR archive only for your personal, non-commercial use.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transmission.

Science is published by American Association for the Advancement of Science. Please contact the publisher for
further permissions regarding the use of this work. Publisher contact information may be obtained at
http://www .jstor.org/journals/aaas.html.

Science
©1991 American Association for the Advancement of Science

JSTOR and the JSTOR logo are trademarks of JSTOR, and are Registered in the U.S. Patent and Trademark Office.
For more information on JSTOR contact jstor-info@umich.edu.

©2002 JSTOR

http://www.jstor.org/
Mon Mar 18 08:36:29 2002



a3 - -
s o0
=] (=3 =3

oD
=3

Differential travel time (ms)

20 y
0 5 10 15 20 25 30

Distance along fault (km)

Fig. 6. Time difference between direct and head
wave arrivals at MM during the 75 microearth-
quakes of Fig. 3 plotted against the distance the
waves travel along the fault. The events of Figs. 4
and 5 are indicated by arrows. The line shows a
least-squares fit of Eq. 2 through the data, indi-
cating a roughly 4% average material contrast
across the San Andreas fault at Parkfield.

head wave interpretation. At station GP an
up step of a secondary head wave follows the
down motion of the direct arrival.

The time difference between fault zone
head waves and direct arrivals is approxi-
mately

At ~ r[(1fog) = (Yo)] ~ fAefe®)  (2)

so that the time separation between the head
waves and direct arrivals scales with the
distance traveled along the fault. If the ar-
rivals can be correctly identified and timed,
the slope [At(r,) — At(ry)]/(ry — ry) of their
time difference versus distance can be used
to estimate the average velocity contrast
across the fauit.

Figure 5 illustrates the data used to exam-
ine the time-distance scaling of fault zone
head waves and direct arrivals. In the top
trace (r ~ 10 km) the head wave is a short
emergent pulse, truncated by the closely
following sharper direct P wave with initial
motion of opposite polarity. As the distance
from the source increases, the head wave
broadens considerably, whereas the direct
wave continues to be a relatively sharp,
opposite-polarity arrival. The time differ-
ence against distance for such first arriving
head waves and secondary direct waves for
our data (Fig. 6) has a slope

s ~ Aaja? ~ 0.007 s/km (3)

For a = 5.5 km/s in Eq. 3, the velocity
contrast, Aa/a, across the San Andreas fault
near Parkfield is approximately 4%. This
value is similar to the contrast used to
calculate the expected critical distances of
Table 1. We thus propose that, on the basis
of travel times, waveforms, and signal polar-
ities, the emergent first arrivals seen at Park-
field are best explained in terms of fault zone
head waves. If so, then other types of re-
fracted head waves are also likely to occur.
Examples are shear-mode head waves and
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mode-converted P to S and S to P refrac-
tions.

The fault zone head waves are confined to
small regions in the vicinity of material
interfaces such as the San Andreas fault and
are therefore seemingly of local interest
only. However, it is precisely the data from
these regions that contain the details of
carthquake processes and fault zone struc-
ture. Fault zone head waves can be mistak-
enly attributed to various source and medi-
um effects. For example, a head wave
propagating along the material interface
with P wave velocity and then continuing
into the faster medium as an S wave can
have a short lag time after the initial P
arrival, resulting in a complicated initial
waveform. Such waveforms may lead to an
assumption of a complex source behavior
(for instance, a multiple-slip event). The
complexity of the initial P waveforms in the
carthquakes we examined increases from the
northern station ST to the southern station
FR (see, for example, Fig. 4). This increase
in complexity may result in part from con-
verted head waves separating in time from
the direct P arrival as the source-receiver
distance increases. As another example, a
head wave that started as a P wave, convert-
ed to an S wave, and then continued to an
observation point might have a predomi-
nantly SV motion, whereas the direct S
wave may be characterized (for a strike-slip
event) by a predominantly SH motion. The

different travel times and motion polarities
may be taken as evidence for shear wave
splitting arising from anisotropy.

Our study indicates that fault zone head
waves are common in the Parkfield seismo-
grams recorded on the slower side of the
fault. Fault zone head waves may have both
negative and positive effects. On the nega-
tive side, misidentification of these phases as
direct arrivals introduces errors in event
location, earthquake mechanism, and other
rupture process and medium property stud-
ies. On the positive side, proper analysis of
fault zone head waves can be used to study
material contrast across important structures
such as the San Andreas fault. Careful mon-
itoring of these phases may provide infor-
mation on variation of fault zone material
properties in time and space.
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Microtektites, Microkrystites, and Spinels from a Late
Pliocene Asteroid Impact in the Southern Ocean

STANLEY V. MarGoOLIS,* PHILIPPE CLAEYS, FRANK T. KYTE

The properties of glassy spherules found in sedimentary deposits of a late Pliocene
asteroid impact into the southeast Pacific are similar to those of both microtektites and
microkrystites. These spherules probably formed from molten silicate droplets that
condensed from an impact-generated vapor cloud. The spherules contain inclusions of
magnesioferrite spinels similar to those in spherules found at the Cretaceous-Tertiary
boundary, indicating that both sets of spherules are impact debris formed under

similar physical and chemical conditions.

TUDIES OF LATE PLIOCENE DEEP-SEA
sediments (1-3) have shown that ~2.3
million years ago an asteroid ~0.5 km
in diameter impacted the subantarctic South
Pacific Ocean in the region ~1400 km due
west of Cape Horn. Sediment deposits re-
cording this impact are enriched in Ir and
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Au and contain relatively coarse-grained (1
to 5 mm) impact debris. Most of this debris
is a vesicular impact melt, composed of
asteroidal material and traces of seawater salt
from the oceanic impact. A small amount of
the debris is unmelted fragments of the
impacting mesosiderite asteroid. These frag-
ments have been named the Eltanin meteor-
ite. The deposits indicate that the impact
was into the ocean basin, without significant
excavation of sea-floor materials or incorpo-
ration of marine sediments or oceanic base-
ment into the impact melt (2). We describe
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in this report a new type of impact-produced
object associated with this event: glassy
spherules, which have properties analogous
to those of other impact-derived splicrules
in the sedimentary record. Examination of
material such as this is critical to an under-
standing of processes that affect the miner-
alogical and chemical composition of silicate
impact debris.

Glassy spherules were recovered from sed-
iments in piston cores E13-3 and E13-4 in
the southeastern subantarctic sector of the
Pacific Ocean. In E13-3, spherules were
recovered at sediment depths of 782 to 793
cm, coincident with previously reported
high concentrations of vesicular impact melt
(2). In E13-4, spherules were most concen-
trated in samples from depths of 1288 to
1294.6 cm. This is slightly higher in the core
than the depth of the peak concentration of
coarse (>1 mm) vesicular debris, which was
sampled berween 1296 and 1298.6 cm
depth, immediately above a disconformity
(3). This separation of the two components
of fallout debris in E13-4 may reflect differ-
ent settling times after the impact (3). Most
recovered spherules range from ~50 to 200
wm, although one was as large as 350 pm.
The spherules are a minor component of the
impact debris, constituting <1% of the total
fallout material. To date, we have recovered
~200 spherules from these sediment cores
for analysis (4).

The spherules are shiny submetallic gray
to dark black or reddish-brown. Their
shapes range from nearly perfect spheres to
teardrops, dumbbells, compound spherules,
and unusual morphologies, such as glassy
stringers (Fig. 1). Compound spherules,
consisting of two or more spheres fused
together, are abundant, and nearly all of the

Table 1. Microprobe analyses of late Pliocene spherules, vesicular melt, and
K-T boundary spherules (6). The number of analyses is given in parentheses.
Fe,O; calculations are based on spinel stochiometry. Data set 1, composition
of magnesioferrite spinel from late Pliocene spherules. Data set 2, analyses of
chromite spinel in late Pliocene vesicular debris. Also present, but

spherules observed exhibited at least one
small attached droplet.

The surface of spherules observed in the
scanning electron microscope were found to
exhibit different degrees of seawater dissolu-
tion of the original features. Some spherules
probably retain most of their original surface
features: smooth glassy surfaces with only
fine-scale etching and preservation of small

(~5 pm) attached glass droplets (Fig. 1, D
and E). The surfaces of other surfaces appear
moderately to severely etched. Some are
almost entirely coated with micrometer-
sized spinel crystals, presumably exposed by
differential dissolution of glass. Others have
rough surfaces with pits, perhaps suggesting
dissolution of precursors minerals (for ex-
ample, olivine) near the surface (Fig. 1F). In

Fig. 1. Scanning electron micrographs of surfaces of glassy, impact-generated spherules from deep-sca
sediment cores E13-3 and E13-4. (A) Ditted sphere with two attached smaller spherules. (B)

Compound glassy spherules with fine etched spinel

and pits on the surface; note melt welding at the

junction. (C) Microtektite-like glassy object with etch-sculpted surface, due to seawater solution. (D)
Elongated stringer-shaped glass particle. (E) Compound teardrop-shaped object with an attachment
sphere that has a small delicate melted glass projection on the lower right. (F) Spherule with spinel

crystals on the surface and deeply etched pits.

present, but much less

abundant and not reported here, are low-Mg

magnetite and Ti-rich chromite. Data set 3, composition of spinels contained
in K-T boundary spherules from Furlo, Italy (9). Data set 4, late Pliocene
spherule glass compositions. Data set 5, late Pliocene vesicular impact melt
bulk composition (2). ND, not determined.

Data set 1 Data set 2 Data set 3 Date set 4 D
Com- ata set 5,
onents Aver Average average
P &:’;r(algz‘f) Range (%) ?,}(’f;?g; Range (%) o155 Range (%) (g(ify  Range (%) %) (7)
Na,O ND ND ND 5.00 1.11-9.10 2.20
MgO 16.19 15.28-18.85 1.89 1.55-2.07 9.86 0.01-17.92 15.26 9.86-18.55 13.80
ALO; 4.94 4.34-5.94 8.05 8.00-8.10 3.38 0.43-10.21 10.48 7.60-17.61 7.80
SiO, 1.07 0.38-1.55 0.16 0.03-0.4 0.02 0.00-0.06 45.00 41.11-49.88 45.30
K,0 ND ND ND 0.06 0.01-0.11 0.15
CaO 0.36 0.24-0.55 0.15 0.12-0.18 0.39 0.05-1.14 9.65 7.62-15.20 5.70
TiO, 0.29 0.19-0.54 3.96 3.85-4.10 0.51 0.18-3.56 0.42 0.30-0.61 0.38
Cr,Og4 3.45 0.46-6.32 50.49 49.32-51.37 0.66 0.07-12.52 ND ND
MnO 0.67 0.50-0.82 0.74 0.66-0.82 1.15 0.24-2.41 0.39 0.24-0.53 0.47
FeO 1.5 0.00-2.87 29.41 28.98-29.44 9.9 2.05-31.98 14.12 9.84-18.03 23.40
Fe,O; 66.21 63.94-69.43 5.41 4.60-5.94 68.44 58.72-72.10 All Fe All Fe
as FeO as FeO
NiO 4.55 2.67-5.75 0.12 0.00-0.36 5.48 0.82-10.17 ND ND
Total 99.22 100.38 99.79 100.38 100.99
29 MARCH 1991 REPORTS 1595



extreme cases, spherule surfaces are sculpted
(Fig. 1C) in a manner similar to microtek-
tites (5).

In polished section (Fig. 2), spherules
were found to be composed primarily of a
basaltic glass, commonly with minor spinel
crystallites. Microprobe analyses of the glass
indicate that the bulk composition is similar
to that reported for the vesicular impact melt
(Table 1). Neutron activation analysis
(NAA) of spherules (4) also indicates that
the trace elemental compositions of the
spherules are similar to those reported for
vesicular impact melt except for one notable
difference: Ir concentrations in the spherules
are 1/30 of those in the vesicular debris
(Table 2). Relatively lcisw Ti and high Crand
Mn contents of the glass are characteristic of
the impact debris and distinctive from what is
observed in terrestrial basalts (2).

Typical glass contents of the spherules
range from 80 to 100%, although in a few
spherules glass contents were as low as ~40
to 50%. Most crystallites of spinel occur
near the rims of spherules (Fig. 2, C and D),
although some are in the interior. Moreover,
the presence of etched pits near spherule
rims are suggestive of a precursor dendritic-
or spinifex-textured olivine (Fig. 2, B and
D). Olivine is an abundant phase in the
associated vesicular debris (2) and in many
cases appears to be preferentially etched out
of the altered portions of this material. Some
spherules are entirely glass, and these invari-
ably have the heavily sculpted surface fea-
tures typical of microtektites (Figs. 1C and
2A).

Spinel crystallites occur in a variety of
dendritic, equant, and skeletal textures (Fig.
2,C, D, and E) and range in size from <1 to
~4 wm in diameter; a few are as much as 10
pm wide (Fig. 2, C and E). The spinel
compositions (6) are unlike those for oxides
in terrestrial basalts (7) in that they have
concentrations of Mg, Ni, and Cr and rela-
tively low concentrations of Ti (Table 1);
they are Ni- and Cr-rich magnesioferrites.
These spinels contrast with spinels in the
vesicular debris, which are Fe-rich chromites
(Table 1). Interestingly, the spherule spinels
are similar in composition and morphology
to spinels found in Cretaceous-Tertiary (K-
T) boundary spherules, particularly those
from European localities [(8-11); Fig. 2F
and Table 1]. Although the composition of
K-T boundary spinels varies regionally (9),
they are invariably magnesioferrites with
low Ti concentrations and significant
amounts of Ni. Also, the high Fe,O,/FeO
ratios of both spinel occurrences are sugges-
tive of relatively high O fugacities during
formation (9, 12).

The spherule textures observed in this
study grade from pure glasses with sculpted
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surfaces similar to those of typical microtek-
tites (5) to crystallite-bearing spherules,
which some investigators (13) have called
microkrystites, although these late Pliocene
spherules bear little resemblance to mi-
crokrystites of late Eocene age. The latter are
highly crystallized with clinopyroxene as the
major phase and contain only rare oxides: a
chromite spinel (13).

We infer that the late Pliocene impact
spherules formed in an environment dis-
tinctly different from that of the vesicular
debris. The absence of vesicles suggests that
volatile contents were low during their for-
mation. Different spinel compositions in the
two types of debris (spherules and vesicular
impact melt; Table 1), in spite of similar
bulk chemistry, indicate that environmental
conditions during crystallization were most
likely more oxidizing for the spherules than
for the vesicular debris. The textures of
minerals in the two types of debris are also
distinct. The vesicular debris is highly crys-
tallized with zoned, equant olivine as the
principal phase and common, unmelted me-
teorite inclusions (2). In contrast, the etched
crystallites that we presume were olivine in
the spherules are a minor component and
have dendritic, sometimes spinifex textures.
The spherules probably formed from initially
hotter, but more rapidly quenched material.

The high abundance of compound spher-
ules indicates that these objects formed in a

Table 2. Comparison of the trace element
composition of impact spherules measured by
NAA to that of vesicular melt (average of five
particles) (2).

Vesicular Glass
Element melt sphcru{es
Sc (ng/g) 9 19
Cr (mg/g) 5.3 2.2
Fe (mg/g) 139 163
Co (pg/g) 113 131
Ni (pg/g) 1.9 2.4
La (pg/g) 2.1 1.7
Ir (ng/g) 173 5

region with a high density of glassy molten
droplets, distinctly different from the region
of vesicular impact melt formation. Ablation
of asteroid fragments during atmospheric
entry is an unlikely source for the spherules,
as high Na contents (and detectable Cl) in
the glass matrix indicate that they were
intimately mixed with salts from the scawa-
ter target after impact. A more likely source
is molten silicate droplets condensing from
the cloud of vaporized projectile and target
material. These late Pliocene spherules, as-
sociated vesicular impact melt, and un-
melted meteorite fragments thus represent
products of vapor-, liquid-, and solid-phase
gjecta from an asteroid impact into the
ocean.

The close similarity of spinel composi-
tions for both the late Pliocene and K-T

Fig. 2. Scanning electron micrographs in the backscattered mode of polished sections of late Pliocene
glassy spherules and a spherule from the K-T boundary of Petruccio, Italy. (A) Microtektite-like object
shown in Fig. 1E, with deep etching and pure glass composition. (B) Spherule with etched holes
suggestive of dissolved spinifex olivine crystals and scattered spinel crystals along the outer rim. (C)
Glassy spherule with spinel mainly on the rim and near the center. (D) Glassy spherule with spinel on
the rim and olivine dissolution. (E) Close-up of a spherule showing the detailed morphology of skeletal
spinel crystals; this morphology is indicative of rapid crystallization. (F) Section of a spherule from the
K-T boundary of Petruccio, Italy, with skeletal spinel crystals similar to those in (E); the original glassy
matrix is now altered to glauconite (sample provided by S. Montanari).
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