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“OAr/>*°Ar Age of Cretaceous-Tertiary Boundary

Tektites from Haiti

G. A. IzetT, G. B. DALRYMPLE, L. W. SNEE

“0Ar/3°Ar dating of tektites discovered recently in Cretaceous-Tertiary (K-T) bound-
ary marine sedimentary rocks on Haiti indicates that the K-T boundary and impact
event are coeval at 64.5 + 0.1 million years ago. Sanidine from a bentonite that lies
directly above the K-T boundary in continental, coal-bearing, sedimentary rocks of
Montana was also dated and has a “°Ar/>°Ar age of 64.6 + 0.2 million years ago, which
is indistinguishable statistically from the age of the tektites.

THE DISCOVERY OF RELIC TEKTITES
(1, 2) in K-T boundary rocks near
Beloc, Haiti, has opened the door for
geochemical studies needed for an under-
standing of K-T boundary phenomena, in-
cluding the isotopic dating of these unusual
objects. Tektites are glass-melt droplets
formed by the instantaneous fusion of ter-
restrial rocks during large-scale hyperveloc-
ity impact events (3). The Haitian tektites
are similar in composition and morphology
to other classes of tektites (1), but their
stratigraphic position and our new isotopic
ages show that they are nearly twice as old as
North American tektites [35.4 and 35.5
million years ago (Ma)], which were the
oldest tektites known (4).

For the past 30 years, the goal of numer-
ous isotopic studies has been to obtain an
accurate age for the K-T boundary. This
goal assumed new importance after an Ir
anomaly (5) and shock-metamorphosed
quartz grains were discovered (6) in K-T
boundary rocks worldwide, indicating that
one, or possibly several, large asteroids or
comets struck Earth at the end of the Cre-
taceous Period. Particular efforts have been
made to date minerals in bentonite (altered
volcanic ash) beds that occur in coal-bearing
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nonmarine sedimentary rocks 1 to 21 m
above the K-T boundary in western North
America (7-9). These studies have estab-
lished ages that range from 63.5 to 66.0 Ma
for nonmarine rocks, but the isotopic age of
marine rocks, which also record the K-T
impact event at numerous sites worldwide
(5, 6), had not been determined. To fill this
gap in knowledge, we report “°Ar/*°Ar ages
for the Haitian tektites and, for control and
correlation, for sanidine crystals from non-
marine bentonite (HC bentonite) in the Z
coal bed that lies directly above the K-T
boundary in the Hell Creek area of Montana
).

The Haitian tektites occur together with
an Ir abundance anomaly (2.3 ppb) and
shock-metamorphosed quartz grains in a
marl bed 0.5 m thick that marks the paleon-
tologic K-T boundary (1, 10). This marl bed
is in the lower part of the Beloc Formation,
a sequence 150 m thick of marine limestone
(11).

A remarkable feature of this bed is its
content of numerous clay pellets, and about
2% of the pellets in the lower 2 cm of the
bed contain relic tektites (7). The pellets
occur throughout the bed, but they are most
abundant (~60%) near its base (1). A typ-
ical tektite-bearing clay pellet consists of a
corroded glass core enclosed within a jacket
or shell of iron-rich smectite. The smectite
shell is the alteration product of the glass.

Many pellets are hollow and others are solid.
About 75% have irregular, rounded shapes,
but the remaining 25% have shapes typical
of tektites (12), including spheroids, dis-
coids, spindles, teardrops, rods, and dumb-
bells. Spherical pellets vary from 0.5 to 3.5
mm in diameter; dumbbells, teardrops,
spindles, and irregular-shaped objects range
from 3 to 10 mm in length. In 1980, these
pellets were referred to as possible microtek-
tites by Maurrasse (13) and 10 years later as
altered tekdtes by Hildebrand and Boynton
(10).

In reflected light, most tektites are dark
brown to black, but in transmitted light they
range from pale brown to pale yellowish
brown (Fig. 1). Rare tektites have a golden
honey color. Some contain spherical (com-
mon) and almond-shaped (less common)
bubbles, but all lack microlites and crystal-
lites characteristically found in volcanic glass
such as obsidian. The presence of glass in the
smectite pellets, some of which have shapes
identical to tektites, confirms that they are
pseudomorphs of tektites (7). We refer be-
low to the glass cores simply as tektites.

The major element chemical composition
of the Haitian tekdtes (1, 2) is broadly
similar to that of other tektite groups (4),
except that the Haitian tektites have lower
SiO, content (mean, 64%; range, 52 to
68%) and higher Fe, Ca, and Na contents.
The K content of the tekdtes is adequate for
*0Ar/*Ar dating (average, 1.2%; range, 0.7
to 1.5%).

The honey-colored tektites have extraor-
dinarily high amounts of Ca and S (25%
CaO and 0.4% S) for natural glasses (14).
The high content of these elements suggests
that some of the target materials melted
during the K-T impact may have been ma-
rine rocks rich in CaSO,. Beds of anhydrite
have been identified in the subsurface at a
candidate impact site (Chicxulub) on the
Yucatan platform (15, 16). The anomalously
high content of S and the S isotopic com-

Fig. 1. Remnant glass cores of ten tektites from
the K-T boundary marker bed on Haiti showing
typical corroded surfaces. Some smectite remains
on the sulfur-rich tektite near the center. The
tektite in the lower right corner 1.8 mm long.
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Table 1. Summary of *°Ar/*’Ar incremental heating results on K-T tektites from Haiti.

. Plateau Isochron
Sample* Weight
(M) s9ar (9% [steps])  Aget (Ma) Age Ma)  SUMS/(n — 2)

90G15K-1 0870 959[150f25]  64.36 £ 0.36  64.00 + 0.45 0.32

2 1117 982[120f15] 6445+ 035 6425 + 0.34 0.16

3 1240 975[130f15]  64.35+035  64.27 +0.33 0.16

4 1082 969[11of13] 6435+ 035 6430 + 0.34 0.10
9GISL  67.3 565[4 of13] 648 +0.7

*Data for 90G15K obtained with laser system and for 90G15L with resistance furnace system. For consistency, the

age of 90G15L has been normalized to a value of 513.9 Ma for MMhb-1 (see text).

and standard error; weighting by inverse of variance.

position (not yet determined) in the Haitian
tektites may provide a strong geochemical
link to the rocks of the Chicxulub structure.

Material prepared for “°Ar/*°Ar dating
included hand-picked. tektites and sanidine
crystals from the HC bentonite (17). Previ-
ously, minerals from this bentonite have
been dated by the K-Ar, *°Ar/**Ar, Rb-Sr,
and U-Pb methods, with results ranging
from about 63.5 to 66.0 Ma (7-9).

Several hundred tektites (0.3 to 4.5 mm)
were extracted from a slab of the K-T marker
- bed for dating. They were scrubbed ultrason-
ically in dilute HF (~5%) for removal of all
the adhering clay and then washed in distilled
water. From this group, 32 tektites were select-
ed that had the optimum size for total-fusion
and incremental-heating *°Ar/*°Ar dating.
Most were equant, varied from 0.7 to 1.2 mm
in size, and weighed about 0.3 to 1.2 mg.

The procedures used to irradiate the tek-
tites and other samples dated are described
in (18). The reactor fluence characteristics,
irradiation procedures, and methods for
measuring the corrections for interfering Ar
isotopes generated by undesirable reactions
with Ca and K were described in (19).

The calibration ages of neutron-fluence
monitor minerals have a direct effect on the
accuracy of “°Ar/*’Ar ages calculated for
unknown samples. Two of our fluence-mon-
itor minerals, sanidine from the Fish Can-
yon Tuff (FCT)) and hornblende (MMhb-1)
from a plutonic rock in Minnesota, are used
worldwide by geochronology laboratories,
whereas sanidine from the Taylor Creek
rhyolite (TCR) is primarily an intralabora-
tory standard (20). The ages used for these
monitor minerals differ between laborato-
ries. The U.S. Geological Survey personnel
in Menlo Park, California, where most of
our measurements were made, have adopted
the following values: TCR, 27.92 Ma; FCT,
27.55 Ma; and MMhb-1, 513.9 Ma. These
ages are based on a set of K (flame photom-
etry) and Ar (isotope dilution) measure-
ments made in Menlo Park on MMhb-1 and
an intralaboratory biotite standard (21), but
the Menlo Park age for MMhb-1 (513.9
Ma) is 1.26% younger than the published
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tWeighted mean plateau age

weighted mean of 520.4 + 1.7 Ma (1 SE)
based on measurement of K and Ar in 18
laboratories (22). In contrast, the ages for
these fluence monitors used by U.S. Geo-
logical Survey personnel in Denver, Colo-
rado, where one of our incremental heating
measurements was made, are based on the
published mean of MMhb-1 and are TCR,
28.20 Ma; FCT, 27.80 Ma; and MMhb-1,
520.4 Ma. The significance of this difference
in monitor calibrations for the accuracy of
the *°Ar/*°Ar ages reported herein is dis-
cussed below.

The errors associated with our CAr/3°Ar
ages are estimates of the analytical precision
at the 67% confidence level (1 o) and in-
clude the precision error (0.5%) in the
fluence-calibration parameter (_J) but do not

- include the interlaboratory difference in flu-

ence-monitor calibrdtions. Plateau ages are
the weighted means and weighted standard
errors (SE) of the plateau increments, where
weighting is by the inverse of the variance
(23). The ages were calculated with decay
constants recommended in (24).

Four incremental heating and 23 total
fusion *CAr/*°Ar ages were measured on
single tektites in our Menlo Park laboratory
with a continuous-laser *°Ar/*°Ar dating
system (20, 25). Another incremental heat-
ing age was measured in our Denver labo-
ratory on a bulk sample of about 50 tektites
(67 mg) with a resistance furnace, extraction
line, and rare-gas mass spectrometer (26).

In the Menlo Park laboratory, the irradi-
ated tektites, HC bentonite sanidine, and
neutron-fluence monitors were loaded into
wells in a copper planchet and placed in the
sample chamber of the laser system. For the
incremental heating measurements, individ-
ual tektites (0.8 to 1.2 mm, 0.9 to 1.2 mg)
were progressively heated for 60 s per incre-
ment with a broadened (defocused) laser
beam directed at the tektite through the
sapphire window of the sample chamber.
Temperature gradients within small samples
heated in this way are negligible (27). Atand
below 1200°C, the sample temperature was
measured with an infrared microscopic radi-
ometer. It operates in the wavelength band

of 1.0 pm to 5.8 um and measures temper-
ature relative to an internal blackbody cavity
over an area (0.035 mm diameter) of the
sample surface. The radiometer was mal-
functioning above 1200°C, so we controlled
the gas release at higher temperatures by
increasing incrementally the power setting
of the laser. Because the radiometer is used
only to help control the fractional gas re-
lease, the malfunction had no effect on the

“resulting ages calculated from the incremen-

tal heating measurements. The gas released
from the samples at each temperature step
was cleaned with Zr-Al and Zr-V-Fe getters
and analyzed with an ultraclean, ultrasensi-
tive, rare-gas’ mass spectrometer.

We determined laser total fusion %°Ar/
39Ar ages by melting individual tektites and
small groups (two to ten grains) of monitor
minerals and measuring the Ar released by the
fusion. During the total fusion measure-
ments, the tektites, sanidine, and hornblende
were held for about 60 s at the maximum
temperature achievable, estimated to be about
1500°C. The amount of radiogenic *°Ar in all
measurements exceeded 90%.
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Fig. 2. Incremental heating **Ar/>*Ar age spectra
of four tektites measured with the continuous-
laser system. The mean of the four plateau ages is
64.38 = 0.18 Ma.
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Fig. 3. Histogram show-
ing results of 23 laser
total fusion *Ar/*°Ar
age determinations on
Haitian K-T boundary
tektites (stippled boxes)
and three sanidine laser
total fusion “CAr/*°Ar
ages of the HC bento-
nite from Montana
(hatched boxes). The bar
at the top shows the sim-
ple mean and standard deviation of the tektite
ages (x = 64.48 = 0.22 Ma).

0
63.7 64.1 645 64.9
“Ar/ * Ar age (Ma)

The four *°Ar/*°Ar age spectra of the
individual Haitian tektites determined with
the laser system are essentially flat (Fig. 2
and Table 1) and show no evidence of
disturbance after solidification. The 3°Ar/
37Ar ratios of the increments, as a function
of the 3%Ar released, are also relatively con-
stant, which is consistent with the behavior
expected for a chemically homogeneous
glass. The plateau for each of the four age
determinations extends over 95% of the
3%Ar released. The four plateau ages are
concordant with a weighted mean age of
64.38 + 0.18 Ma (1 SE).

The *°Ar/*°Ar age spectrum (13 steps) of
the bulk sample of tektites measured with a
resistance furnace has considerable disper-
sion in the lower temperature steps. How-
ever, the four high-temperature steps, which
contain about 55% of the Ar released, form
a plateau with a mean age of 65.6 + 0.7 Ma
(1 o), using an age of 520.4 Ma for the
MMhb-1 fluence monitor. If an age of
513.9 Ma were used for MMhb-1, as in the
Menlo Park laboratory, the calculated pla-
teau age would be 64.8 + 0.7 Ma, which is
not significantly different from the mean of
the four laser-fusion plateau ages at the 95%
level of confidence.

The 23 total fusion *°Ar/*°Ar ages on
single tektites (Fig. 3) acquired with the
laser system range from 64.14 to 64.80 Ma,
a difference of about 1.0%. They have a
weighted mean of 64.48 + 0.08 Ma (1 SE),
which is not different from the laser incre-
mental heating ages at the 95% level of
confidence; the simple mean and standard
deviation are 64.48 * 0.22 Ma. The laser
total fusion age measurements are inherently
more precise than the laser incremental heat-
ing ages because the gas samples for the Ar
isotopic analyses for the total fusion ages for
are larger than the individual gas increments
in the incremental heating analyses. More-
over, the lack of dispersion in the age spectra
of individual tektites demonstrates that the
total fusion ages are reliable solidification
ages for the glass. Accordingly, we consider
the weighted mean of the total fusion ages,
64.48 * 0.08 Ma, to best represent the age
of the Haitian tektites.
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The three laser total fusion ages (Fig. 3)
of sanidine crystals from the HC bentonite
have a weighted mean of 64.57 + 0.23 Ma
(1 SE), which is not significantly different
from the mean of the laser total fusion ages
of the 23 individual tekdites at the 95% level
of confidence; the simple mean and standard
deviation are 64.56 * 0.16 Ma.

Our weighted mean total fusion *°Ar/
39 Ar age for the Haiti tektites (64.48 + 0.08
Ma) and sanidine (64.57 + 0.23 Ma) from
the HC bentonite in Montana are consistent
with conventional sanidine K-Ar ages from
the HC bentonite (64.6 = 0.5 Ma, 1 o) and
two other K-T boundary bentonites (64.8 +
0.7 Ma and 65.8 = 0.6 Ma, 1 o) from
Canada reported in (9). These authors re-
ported a grand mean K-Ar age for biotite
and sanidine (11 determinations) from the
HC bentonite at 64.7 = 0.6 Ma. Rb-Sr
(biotite and feldspar) and U-Pb (zircon)
ages reported by them for the bentonites are
also concordant with our “°Ar/*°Ar age
determinations on tektites and sanidine. An
older *°Ar/*®Ar age of 66.0 + 0.3 Ma (1 o)
for a split of the HC bentonite sanidine was
determined in 1984 in the U.S. Geological
Survey laboratory in Reston, Virginia (8),
with an MMhb-1 age of 519.5 Ma (28).
Recalculated with the Menlo Park value of
513.9 Ma for MMhb-1, this age is 65.3 =
0.3 Ma, which is 1% higher than, and
statistically different (95% confidence level)
from, our age for the HC bentonite sanidine
(64.6 Ma).

The Haitian tektites are the first datable
impact products found in association with
the worldwide Ir anomaly, and thus their
age directly dates the time of the K-T impact
or impacts. Our best *?Ar/>°Ar age for these
tektites is 64.5 + 0.1 Ma, based on an age of
513.9 Ma for MMhb-1 (or 65.2 = 0.1 Ma,
using 520.4 Ma for the age of MMhb-1).
Improvement in this value will require a
more accurate age for neutron-fluence mon-
itor minerals. Our new ages for the Haitian
tektites and sanidine from the HC bentonite
also show that the rocks deposited at the
K-T boundary in both marine and continen-
tal environments are coeval at 64.5 * 0.2
Ma.

Currently, the rocks at two known impact
structures and another possible impact
structure are being evaluated for lithologic,
geochemical, and geochronologic evidence
that might link them to the impact or im-
pacts at the close of the Cretaceous Period.
These include the Manson and Popigay im-
pact structures in Jowa (29) and northcen-
tral Siberia (30), respectively, and the Chic-
xulub structure, of possible impact origin,
on the Yucatan platform (10, 15). The Man-
son structure has been proposed as a possi-
ble K-T impact site for a variety of reasons

(31). The *°Ar/*°Ar age of shock-metamor-
phosed microcline (65.7 = 1.0 Ma, using
520.5 Ma for MMhb-1) from granitic rock
of the central uplift of the structure (32)
suggested that the Manson impact was co-
eval with the K-T boundary. The age of
65.7 Ma for the Manson structure is indis-
tinguishable statistically from our “°Ar/**Ar
age of the K-T boundary tektites.

New *°Ar/*°Ar ages of glass from the
Popigay impact structure show considerable
dispersion but suggest that it might be 64 to
66 Ma rather than 30 to 40 Ma, as previ-
ously thought (33). More “°Ar/*°Ar ages
and, particularly, fission-track ages of Popi-
gay impact glass must be determined before
its K-T boundary age can be accepted. An
isotopic age for the Chicxulub structure has
not been determined, although its strati-
graphic age seems to be near the K-T
boundary (15, 16).

It is known that the K-T boundary oc-
curred at a time when Earth’s magnetic field
was reversed, polarity Chron 29R, which
lasted for about 0.5 million years (34). If,
like the Manson structure, the Chicxalub
and Popigay structures are shown to be
coeval with the K-T boundary and mineral-
ogically compatible with K-T boundary im-
pact products, it follows that they must have
formed during Chron 29R, and reversed
remanent magnetism should be found in the
rocks of their impact-melt sheets.
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Light-Transparent Phase Formed by
Room-Temperature Compression of Graphite

WATARU UTSUMI AND TAKEHIKO YAGI

Single-crystal graphite has been compressed at room temperature and found to
undergo a transformation at 18 gigapascals as indicated by a drastic increase in the
optical transmittance. This high-pressure phase is unquenchable; a more transparent
phase formed by the heating of this phase can be quenched at ambient conditions. This
latter phase is probably “hexagonal diamond,” and the present observations suggest
that the structure of the transparent phase obtained by the room-temperature
compression is different from the hexagonal diamond structure.

LTHOUGH EXTENSIVE STUDIES

have been carried out on diamond

made by the catalyst-solvent pro-
cess, little is known about the direct trans-
formation from graphite to diamond under
high pressure. More than 20 years ago, Aust
and Drickamer (1) and Bundy and Kasper
(2) found a sudden increase in the electrical
resistivity of graphite when it was com-
pressed above 15 GPa at room temperature.
This change was reversible on release of
pressure. When the sample was heated un-
der pressure, however, a permanent increase
in resistivity was observed, even after the
complete release of pressure, and the “hex-
agonal diamond” phase was the phase in the
recovered sample.

Recently, experiments have been carried
out to investigate the behavior of natural
single crystals of graphite at high pressure
and room temperature. Hanfland ez al. (3, 4)
obtained Raman and reflectivity data and
reported that the broadening of the high-
frequency E,, Raman line and the decrease
in optical reflectivity started at about 9 GPa,
which indicated the onset of the transforma-
tion. This transformation was fully achieved
at about 17 GPa. They stated that this
transformation at room temperature may be
related to the formation of an sp® bonded
structure. On the other hand, Goncharov et
al. (5) observed in the pressure range be-
tween 15 and 35 GPa a sharp decrease in the
reflectivity and a simultaneous broadening
of the intralayer Raman spectral band. They
also reported that, with increasing pressure,
the sample became transparent gradually
from 35 GPa and eventually became light-
transparent (bleaching effect) at about 55
GPa. They attributed these changes to the
phase transformation into an amorphous
phase. Moreover, Zhao and Spain (6) car-
ried out powder x-ray diffraction experi-
ments and reported that some new diffrac-
tion peaks appeared above 11 GPa but they
could not identify the structure.

These experimental results indicate the
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possibility of a pressure-induced transforma-
tion in graphite at room temperature, but
the nature and the pressure of this transfor-
mation remain unclear. In order to clarify
these points, we carried out optical observa-
tions with single-crystal synthetic graphite.

A single crystal of kish graphite (Toshiba
Ceramics Co.), which was formed by the
supersaturation of carbon in molten iron,
was used as a starting material. This sample
was easily cleaved with a razor edge, and we
prepared a very thin hexagonal-shaped sin-
gle crystal (~1 pm thickness and 150 pm
edge length). The experiments were carried
out with a' modified Mao-Bell-type dia-
mond anvil cell, and the pressure was deter-
mined by the ruby fluorescence method. A
mixture of methanol and ethanol (4:1) was
used as the pressure medium.

Before the compression (Fig. 1A), be-
cause the sample was very thin, it was not
completely opaque even at atmospheric
pressure. When the pressure was increased
at room temperature, visual observation in
the pressure range below 18 GPa revealed
no noticeable change. However, at 18 GPa,
several light-transparent spots suddenly ap-
peared in the sample, (Fig. 1B), and they
spread over the whole sample area while the
pressure was kept constant. Figure 1C was
taken 30 min and Fig. 1D 2 hours after the
transformation had started. In'each spot, the
color change was not gradual but was dis-
continuous and drastic. On release of the
pressure, the transparent phase reversed sud-
denly to the original dark-color phase at 2.5
GPa; thus, the high-pressure phase could
not be quenched at ambient coriditions.

Absorption spectra of the sample were
measured under various conditions, and no
noticeable structure was found in the visible
light spectra. The pressure variation of the
optical density at 580 nm is plotted in Fig. 2
for both increasing and decreasing pressure.
This transition is reversible with large hys-
teresis. The optical density of the recovered
sample is slightly higher than that of the
starting material, probably because of the
polycrystalline nature of the recovered ma-
terial.
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