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ABSTRACT

An array of stratigraphic, chemical, isotopic, and mineralogical
evidence indicates that an impact terminated the Cretaceous

Pe~iod.

The l80-km-diameter Chicxulub crater, which now lies buried on the
Yucatan peninsula of Mexico, was probably formed by the impact.
impactor was probably a long-period comet.

The

Shock devolatization of the

thick carbonate/evaporite sequence impacted at Chicxulub probably led
to a severe and long-lasting greenhouse warming and a prompt pulse of
sulfuric acid rain.
The fallout of crater ejecta formed two layers:

a lower layer

which varies in thickness following a power-law relation based on
distance from the Chicxulub crater and an upper, globally-distributed,
uniformly -3-mm-thick layer.

The upper layer probably represents the

fallout of condensates and entrained solid and liquid particles which
were distributed globally by the impact fireball.

The lower layer

consists of brecciated rock and impact melt near the crater and largely
altered tektites far from the crater.

The clasts of this layer were

probably ballistically transported.
The Raton, New Mexico K/T boundary section preserves the fireball
and ejecta layers in a coal-free nonmarine environment.

Sid~Lophile,

chalcophile, and lithophile trace element anomalies occur similar to
those found at marine K/T boundary localities.

Soot occurs peaking in

the 3-mm-thick fireball layer and the immediately overlying 3 mm of
sediment, implying prompt burning of the Cretaceous

fo~ests.

13
The Brazos River, Texas continental-shelf K/T sections preserve
coarse boundary sediments which were probably produced by impact waves.
Siderophile and chalcophile trace-element anomalies occur suggesting
that the fireball layer and possibly part of the ejecta layer are
interbedded with the coarse boundary sediments.
The Beloc, Haiti deep-sea K/T sections preserve a thick ejecta
sequence including altered and unaltered tektites and shocked minerals
capped by the fireball layer.

The thick K/T ejecta preserved at this

and other nearby K/T localities require a source crater of Chicxulub's
size and location.

The composition of the tektites and shocked grains

require an impact into recently extracted continental crust with a
carbonate/evaporite component as found at the Chicxulub crater.
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CHAPTER 1 - INTRODUCTION

"Some philosophers, considering the course of comets which
traverse all regions of the sky, sometimes approaching the Sun until
they are engulfed, sometimes retiring to immense distances, have
attributed to these stars odd habits. They see them as serving the
hunger of the Sun when they fallon it, or as destined to carry
moisture to the planets which they lose, in effect, one sees often
enough comets surrounded by thick atmospheres or long tails which are
formed only by exhalations and vapours.
Some philosophers, in place of
these favourable influences, have apprehended in them a great danger.
The shock of one of these stars which would meet a planet without doubt
would destroy it from top to bottom.
It's true that it would be a
terrible hazard if some bodies, which can move in all directions in the
immensity of the sky, could come to meet a planet.
For despite the
largeness of these bodies, they are only atoms in the space in which
they move:
the thing is not impossible, although it would be
ridiculous to fear it. The mere approach of a body as scorching as are
some comets, after they have passed closely to the Sun, the mere
flooding by their atmospheres or their tails could cause great disorder
on the planet which finds itself exposed.
One can't doubt that most of the animals would perish, if it
happened that they were reduced to supporting the very excessive heat,
or to swim in fluids very different than their own, or to breathe
strange vapours.
It would only be the most robust animals and possibly
the lowest which would remain alive.
Entire species would be
destroyed; and one wouldn't find anymore amongst those that would
remain order and harmony which had been there before."
- translated from de Maupertuis, P.L.M., 1750, Essay de Cosmologie, in
Les Oeuvres de Mr. De Maupertuis, 1752, Dresden, Libraire du Roy, p. 154.

" ... The extinction level is situated between levels 10 and 11, and is
represented by a thin (2 cm) stratum of gray clay underlain by a ruststained film.
In at least two places the rust layer expands into
ventrally convex "pods" about 7 cm thick, filled with yellow to orange
siltstone.
if we knew what this layer means I believe we would
understand one of the most evasive and profound palaeontologic
mysteries known . . . . "
- from a letter by Dale A. Russell to Mrs. D.J. Parsons, "Benmore" ,
Private Bag, Blenheim, South Island, New Zealand, dated March 29, 1976
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1.1:

Historical Development

Alvarez et al. (1979a; 1979b; 1980) first described geochemical
and stratigraphic analyses of the KIT boundary clays indicating that an
asteroid or comet may have impacted the Earth causing the terminal
Cretaceous mass extinction.

Although evidence supporting this theory

has only recently been discovered, the concept that the impact of an
extraterrestrial object might produce a mass extinction on the Earth
had been repeatedly proposed for more than two centuries.

Soon after

Isaac Newton (Newton, 1687) established that comets were distant
objects which orbited the Sun rather than phenomena of the upper
atmosphere, many scientists speculated that comets might occasionally
collide with the planets, including the Earth.

However, Pierre Louis

Moreau de Maupertuis was possibiy the first to suggest that such
impacts would cause extinctions of terrestrial biota.

He suggested, in

1750, that cometary impacts would produce heat and change the
composition of the oceans and atmosphere, thus driving species extinct
(de Maupertuis, 1752; See frontispiece, this chapter).

This idea has

been subsequently often resuggested and in recent decades it has been
repeatedly proposed in general or specific forms, for example by
DeLaubenfels (1956), Opik (1958), McLaren (1970), Ager (1973), Urey
(1973), and Lemcke (1975).
The theories of catastrophic impacts causing mass extinctions
have been unpopular with many geologists who have employed the theory
of "Uniformitarianism" to successfully model most geologic phenomena

16
(Marvin, 1990).

~o

one has observed a large impact causing a mass

extinction (Thank goodness!), so this process is inconsistent with the
uniformitarian principle that the geological record was constructed by
processes observed to operate today.

However, the reality of large

impact events is recorded in the cratering record of the Earth and the
other terrestrial planets (e.g. Carr, 1984).

Furthermore, the asteroid

and cometary projectiles which produce these craters are represented by
the known population of asteroids and comets.

The largest impact

events are statistically rare (1 per -10 8 years; e.g. Grieve, 1982) and
would not be expected to operate on the geologically short timescale of
modern science (-10 2 years) or even human evolution (_10 6 years).
Regarding a separate, but even more fundamental question, some
geologists still regard the existence of -140 impact craters on the
Earth as unproven (e.g. Parkers and Toots, 1989) despite compelling
evidence to the contrary (e.g. Grieve, 1987).
In spite of the evidence provided by Alvarez et al. and
subsequent studies in support of a large impact at the KIT boundary,
many investigators have felt that a

volc~nogenic

origin for the

boundary layers is more consistent with the available evidence (e.g.
Officer and Drake, 1983, 1985; Mclean, 1985; Carter et al., 1986, 1990;
Courtillot et al., 1986, 1990; Hallam, 1987; Officer et al., 1987;
Rice, 1987; Crocket et al., 1988; Lyons and Officer, 1992; Officer et
al., 1992).

This alternative hypothesis is reinforced by the existence

of the Deccan flood basalts, one of the largest outpourings of basaltic
lava in the latter half of the Phanerozoic (Rampino and Stothers,
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1988), which were erupted across the KjT boundary interval.

However,

this hypothesis is inconsistent with the available data as discussed
below.

Given that remarkable hypotheses require extraordinary proof,

skepticism concerning the postulated large impact was justified, but
evidence bearing on the problem continues to appear, and the case for
an impact is now established nearly as well as is conceivable given the
lapse in time since the event.
The questions of whether a mass extinction did occur and, if so,
did the large impact cause it, are somewhat separate and the latter in
particular is not amenable to definitive proof.

In the opinion of this

author the paleontological record seems to provide clear evidence of a
mass extinction at the KjT boundary, but a discussion of this debate is
outside the scope of this work (See references in Silver and Schultz
(1982) and Sharpton and Ward (1990) for both sides of the
paleontological debate).

If a KjT mass extinction did occur, a large

impact seems much more capable of having caused it than any volcanic
eruption(s), including those responsible for the emplacement of the
Deccan Traps, as discussed in section 1.3.5.
In this work I present descriptions of the stratigraphy and
composition of the KjT boundary ejecta and describe a recently
discovered crater, the Chicxulub crater, which is an excellent
candidate as the result of the impact responsible for the KjT boundary
extinctions.

1.2:

Evidence for Impact at the KjT Boundary
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In the decade since Alvarez et al.

(1979a, 1979b, 1980) proposed

that an asteroid or comet impacted the Earth causing the K/T mass
extinction, a wide array of physical, chemical and isotopic evidence
has been accumulated supporting an impact termination of the Cretaceous
Period.

1.

The five most persuasive lines of evidence are that:

The boundary stratigraphy occurs globally with a uniformly-

distributed fireball layer and a geographically-restricted ejecta layer
(The fireball and ejecta layers are defined in Chapter 2.),

2.

The siderophile trace elements occur in the fireball layer in large

amounts (-10% of chondritic abundances) and in chondritic proportions,

O""";:J; 1"'lC.':
0------

3.

Shocked mineral

occur in the boundary layers,

4.

Tektites occur in the boundary layers,

5.

The Chicxulub crater, a probable impact crater buried in Yucatan,

Mexico, is suitably located and sized to produce the boundary layers.

These five are discussed below in detail.

Other lines of

evidence also indicate that something caused unusual and/or disastrous
effects at the K/T boundary, including the mass
marine and nonmarine biota.

~xtinction

of both

Alvarez (1987) discusses these other lines

of evidence, and several are discussed in context in later chapters.
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1.2.1:

Stratigraphy and sedimentation rates

The Cretaceous/Tertiary boundary clay layers have been described
from hundreds of localities around the world, and most investigators
agree that the layers reflect a global phenomenon.

All complete and

undisturbed sedimentary sequences examined to date contain the fireball
layer, although much debate has centered on stratigraphic details,
because the layer has been affected by erosion and redeposition, soft
sediment deformation, bioturbation, alteration (including diagenesis),
tectonism, geochemical dispersion, and weathering.

The model of a thin

-3-mm-thick stratum, which has been subsequently disturbed by the above
processes, can account for the stratigraphy seen by the author at -50
K/T boundary localities, and for all the published observations of
others, although this model is not subscribed to by some investigators.
Separating the primary depositional signal from the secondary effects,
remains a controversial and partly intuitive, and therefore subjective,
task.
The fireball layer is the same thickness globally, implying rapid
dispersal and, therefore, an energetic origin.

This layer was

deposited in a wide range of marine and nonmarine environments with
averaGe sedimentation rates ranging from 0.005 mm/yr to 0.15 mm/yr
(Smit and Hertogen, 1980; Theide and Rea, 1981; Smit and Romein, 1985;
Lerbekmo and St. Louis, 1986; Preisinger et al., 1986, Chapter 4), but
th~

layer, where still discernable in spite of disturbance by secondary

processes, is always 2-4 mm thick; therefore, the sedimentation rate
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for the fireball layer must have been much faster than the fastest rate
recorded for the enclosing sediments.

This is inconsistent with

volcanic scenarios (e.g. Officer et al., 1987) requiring 10,000 years
or more for the layer's emplacement, because then the background
sedimentation rates would control the layer's thickness, which would
imply deposition of 5 cm to 1.5 m in 10,000 years.

The dust settling

models for the impact suggest that the material of the fireball layer
was deposited in a period of 2 to 3 months (e.g. Toon et al., 1982),
implying an average sedimentation rate of 10 to 20 mm/yr.

(The dust

settling models imply that the bulk of the layer was deposited more
quickly.)

A rate this rapid is consistent with and required by the

background sedimentation rates described above.

No known endogenic

process, such as volcanism, can deposit 1500 km 3 of material globally,
uniformly, and in less than a year; however, this is consistent with
the suggested impact process.

1.2.2:

Chondritic siderophile trace elements

The fireball layer contains the highly siderophile trace-elements
(also commonly referred to as the noble metals; the platinum group
metals are a subset, not including rhenium and gold; ruthenium (Ru) ,
rhodium (Rh), palladium (Pd) , rhenium (Re), osmium (Os), iridium (Ir),
platinum (Pt), and gold (Au)) in approximately chondritic meteorite
proportions at an abundance level of 10 to 15% that of CI chondrites
(e.g. Ganapathy, 1980; Kyte et al., 1980; Smit and Hertogen, 1930;
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Kuslys and Krahenbuhl, 1983; Kyte et al., 1985; Lerbekrno and St. Louis,
1986; Bohor et al., 1987; Orth et al., 1987, 1990; Bekov et al., 1988;
Tredoux et al., 1989; Geissbuhler, 1990; Chapter 4) - about 1,000 times
higher than typical crustal abundances and -20 times higher than mantle
abundances (Chou et al., 1983).

An impact of an extraterrestrial

object can produce siderophile trace-element anomalies similar to the

KIT boundary anomalies.

For example, Kyte and Brownlee (1985)

described meteorite fragments with an associated iridium anomaly in
deep-sea sediments from the South Pacific Ocean, and Gostin et al.
(1989) described chondritic-ratio anomalies of Ir, Ru, Au, Pt and Pd
associated with the 600-Myr-old Acraman crater ejecta horizon found in
southern Australia.

Therefore, an impact of a large undifferentiated

asteroid or comet could have produced the siderophile-trace-elementrich layer, although fragments of the postulated KIT projectile have
not been found as yet.

Tredoux et al.

(1989) suggested that the

siderophile trace-element signature varies between the northern and
southern hemispheres of the Earth, but did not integrate the
siderophile abundances in the sections considered, which can make the
ratios more chondritic (e.g. Kyte et al., 1985), and did not consider
all the data available, which show more variation than Tredoux et al.
described.

The isotopes of Ir (Alvarez et al., 1980), Re CF. Asaro,

written communication; Rocchia et al., 1988), and Os (Smit and
Hertogen, 1980) are found displaying solar system proportions to high
precision, implying that other extraterrestrial events, such as a
nearby supernova explosion, can be ruled out as the source of the
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siderophile trace-element anomaly.

Additionally, searches for the

radioactive products of a supernova in the boundary layers have proved
negative (e.g. Gilmore et al., 1984).
Basaltic volcano aerosols have been suggested as a possible
source for the siderophile trace elements in this layer (e.g. Zoller et
al., 1983; Officer and Drake, 1985), but aerosols from the Hawaiian
volcanoes contain Ir, Au and Re in ratios nonchondritic by up to three
orders of magnitude (Zoller et al., 1983; Hildebrand et al., 1984;
Crowe et al., 1987, 1990; Olmez et al., 1987).

Because the strongly

non-chondritic ratios in the aerosols apparently reflect the elemental
abundances in the melts, which in turn reflect these elements'
differing partitioning behavior during generation of partial melts in
the mantle (Chou et al., 1983), aerosols of all basaltic volcanoes will
probably show siderophile trace-element ratios similar to those of the
Hawaiian volcanoes.

This has been partly confirmed by analysis of

vapor deposits from the Piton de la Fournaise volcano at the Reunion
Island hotspot, where Au to Ir ratios have been found to be
nonchondritic in a similar sense, although the nonchondritic character
is of smaller magnitude (Toutain and Meyer, 1989).
Because the highly siderophile trace-elements occur in the mantle
in chondritic proportions (Chou et al., 1983) it has been speculated
that mantle material may have been transported to the surface of the
earth by some as yet unobserved energetic mechanism to
fireball layer.

f·~rm

the

However, because the absolute abundances of the

siderophile trace-elements in the mantle are -0.75% chondritic (Chou et
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al., 1983) versus the 10 to 15% abundance levels found in the fireball
layer, the mantle material would fail by a factor of -20 in producing
the magnitudes of the observed anomalies.

Furthermore, no mixture of

undifferentiated mantle material and basaltic volcano aerosols could
produce the observed anomalies.
The fireball layer has a primitive 1870S/1860S ratio of
approximately 1 (e.g. Luck and Turekian, 1983; Lichte et al, 1986), the
same as that found in undifferentiated meteorites, but differing from
the value of -10 found in crustal rocks (e.g. Turekian, 1982).

These

observations eliminate the often-suggested possibility of a crustal
provenance for the anomalies (e.g. Schmitz, 1985) at least for this
siderophile trace-element.

The Os found in the mantle and erupted from

mantle-source volcanoes also has approximately the chondri tic ratio
(e.g. Luck and Turekian, 1983; Geissbuhler, 1990), however, so this
evidence does not provide a means to
extraterr~strial

source.

disting~ish

between a mantle and

Luck and Turekian were the first to test Os

isotopes in the boundary clays and found 1870s/1860s ratios of 1.654 ±
0.004 (and 1.660

± 0.027) and 1.29 ± 0.04 for unspecified boundary

strata from the Stevns Klint, Denmark and Starkville South, USA
localities, respectively.

These results (particularly that from Stevns

Klint) are significantly higher than expected for a chondritic
reservoir and are significantly different.

These are puzzling results,

because they imply a slightly nonchondritic reservoir and lateral
variation in the boundary layer, and have often been cited as a problem
for the impact hypothesis (e.g. Officer and Drake, 1985).

Subsequent
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analyses provided a different picture.

The later result of Lichte et

al., who analyzed the fireball layer found at Woodside Creek, New
Zealand, was 1.12 ± 0.16, which is consistent with a chondritic
reservoir, although their measurement uncertainty is larger and is also
consistent with the Raton result of Luck and Turekian.

Krahenbuhl et

al. (1988) and Geissbuhler (1990) analyzed samples from the two sites
that Luck and Turekian studied, although the precise stratigraphy of
the samples which Luck and Turekian analyzed is not clear so a direct
comparison is not possible.

Krahenbuhl et al. and Geissbuhler found

lower ratios consistent with chondritic ratios in both cases (U.
Krahenbuhl, pers. commun.), although the re£ult from the Raton Basin
(1.23 ± 0.05, 1 sigma error; Geissbuhler, 1990) overlaps the result of
Luck and Turekian for this locality.

Geissbuhler found that the osmium

ratios increase towards crustal ratios above and below the boundary
layers.

This suggests that the earlier data of Luck and Turekian may

be invalid due to poorly controlled sampling, although other sources of
error may be responsible.

These additional data suggest that the

global KIT Os-isotope signature may be uniform and chondritic.

1.2.3:

Mineralogic evidence of shock metamorphism

Mineralogic evidence of shock metamorphism was first found in the

KIT boundary layers in 1984 in the form of quartz grains with multiple
sets of planar deformation features (Bohor et al., 1984).

The

characteristics of planar deformation features (or shock lamellae)
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produced in quartz have been well-described from natural and artificial
shock environments (e.g. French and Short, 1968); the characteristics
of the shock lamellae in the shocked quartz grains at the

KIT boundary

require formation pressures in excess of 9 GPa (Bohor et al., 1984).
Since the initial discovery of the shocked quartz grains, Izett and
Pillmore (1985) discovered that they are concentrated in the fireball
layer and shocked minerals, including shocked feldspars, have been
found in the fireball layer as a -1% to trace component at sites from
around the globe (e.g. Badjukov et al., 1986; Bohor and Izett, 1986;
Preisinger et al., 1986; Bohor et al., 1987a; Izett, 1990; Sharpton et
al., 1990; Hildebrand and

Bo)~ton,

1990a).

In some cases the shocked

quartz is also found in the ejecta layer, although this may reflect
mixing of the components of the two layers (See Chapter 4).
Apparently-shocked chromites have also been described from the fireball
layer (Bohor et al., 1989).

The presence of the shocked quartz and

alkali feldspar grains has often been suggested as indicating a
continental target for the

KIT impact (e.g. Bohor et al., 1984; Izett

et al., 1990; Sharpton et al., 1990), and establishes that a
continental component is present. On the other hand, the presence of
the orders of magnitude smaller shocked-chromite fraction indicates the
presence of an ultramafic component, which is more consistent with an
oceanic impact.
Claims have been made that the quartz and feldspar grains
produced by felsic volcanism show shock effects similar to those found
at impact craters and the

KIT boundary layer (e.g. Carter et al.,
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1986), but these have been refuted (e.g. Alexopoulos et al., 1988; Owen
and Anders, 1988; Sharpton and Schuraytz, 1989; Owen et al., 1990).
However, at the end of the decade, considerable controversy was still
apparent among KIT boundary researchers, concerning the validity of
some published reports describing the identification and distribution
of shocked quartz at the KIT boundary (Grieve et al., 1990).
Searches have been made for other mineralogic evidence of shock
metamorphism, such as the high pressure polymorphs of silica, coesite
and stishovite.

Bohor et al. (1984) reported the detection of

stishovite by X-ray diffraction in KIT boundary acid-insoluble residues
from Montana, and their preliminary result was confirmed with this
technique as well as a nuclear magnetic resonance technique.

McHone et

al. (1989) studied New Mexico KIT boundary residues (at several steps
of a concentration process) by X-ray diffraction and spinning nuclear
magnetic resonance techniques.
technique and confirmed

~hat

They detected stishovite with the NMR

the mineral was destroyed by heating the

sample to 850 degrees C for 30 minutes.

After further residue

concentration, they reported finding 8 XRD peaks ascribable to
stishovite in another split of the same sample.

Many researchers have

been skeptical of the identification of stishovite in the KIT boundary
layers.

Izett (1990) was unable to reproduce some of the results of

Bohor et al. or McHone et al. and questioned the validity of these
previous studies.

The

detect~on

of high-pressure polymorphs of silica

woald provide additional confirming evidence of the KIT boundary impact
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event, but the reproducibility of the detection of stishovite has not
yet been demonstrated to the satisfaction of all researchers.
Carlisle and Braman (1991) recently reported another indicator of
shock metamorphism.
diamond in

~ resid~e

They found 3 to 5 nanometre-sized crystals of
of the fireball layer from the Knudsens' farm

locality, Alberta, Canada.

KIT

They identified the residue on the basis of

an electron diffraction pattern characteristic of diamond from a HCl,
HF, HN0 3 , and HCI0 4 -insoluble residue which comprised -45 ppb of the
fireball layer.

Carlisle and Braman attributed the diamond to a

probable origin from the impacting projectile on the grounds that
meteorites are known to contain diamond, but noted that shocking the
target could also produce

~he

mineral.

Carlisle (1992) subsequently

reported that the 013C value for the bulk residue from another fireball
sample from the same site was

-48~

indicating that the provenance of

the diamonds was extraterrestrial as this value is more negative than
found in terrestrial
meteoritic diamonds.

sa~ples

and is consistent with values found for

Gilmour et al.

(1992) confirmed the presence of

diamond by finding similar-sized (-6 nanometre) diamond grains in
fireball layer residues made from samples taken at the Brownie Butte,
Montana and Berwind Canyon, Colorado

KIT localities.

They found a 70

times greater concentration relative to that found by Carlisle et al.
In contrast to the results of Carlisle, they determined C and N
isotopic ratios during stepwise heating of the diamondiferous residue
of -18~ o13C and +5.5~ olsN.

They concluded that these values are

inconsistent with a meteoritic origin and are indicative of a
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terrestrial source.

A terrestrial origin also seems more likely as the

impacting projectile was probably nearly completely vaporized in the
impact and therefore unable to provide this quantity of diamond to the
fireball layer.

Therefore, the presence of diamond in the layer

probably reflects shock metamorphism of carbon-bearing rocks at the
impact site.

1.2.4:

KIT boundary tektites (chicxulubites)

Unaltered tektites and micro tektites have recently been found in
the KIT boundary ejecta layer establishing that it is an impactproduced deposit as tektites are generally accepted as impact products
(e.g. Glass, 1984; Koeberl, 1986).

Some researchers, such as Izett

(1990) had previously argued that it was a layer unrelated to the
impact.

The unaltered tektites provide the best provenance information

for the KIT boundary crater target rocks available to date.

Sanidine

spheroids, dumbbells and discs in the fireball layer as preserved at
Caravaca, Spain had been suggested as projectile ablation spherules or,
in passing, as microtektites by Smit and Klaver as early as 1981 (Smit
and Klaver 1981).

Ejecta-layer spheroids, composed of alteration

products, had been described as early as 1987 from the -2-cm-thick
ejecta layer from a nonmarine site in Wyoming (Bohar et al., 1987b) and
from DSDP site 603B off New Jersey (Klaver et al., 1987).

These

spheroids are apparently distinct from the spinel-containing spheroids
found earlier in the fireball layer (e.g. Montanari et al., 1983; Smit
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and Kyte, 1984), although the two types of spheroids may be mixed
together in some sections.

Klaver et al. interpreted the spherules as

altered impact-produced glass, but Bohor et al. did not interpret the
spheroids as pseudomorphed tektites until 1988.

The presence of two

different types of largely-pseudomorphed spherules (e.g. Bohor and
Betterton, 1990) has caused considerable confusion in describing and
interpreting these impact products and in synthesizing literature
descriptions.
In 1989, Hildebrand and Boynton described clay-altered spheroids
up to 10 mm in size from a 50-em-thick KIT boundary layer
near Beloc, Haiti.

preserved

On the basis of the observed morphologies being

identical to those of altered splashform tektites and micro tektites
they interpreted the spheroids as pseudomorphed tektites and
microtektites (Hildebrand and Boynton, 1989, 1990a).

Although F.

Maurrasse (1980) had noted that a minor component of microtektites
might be present in this layer, he interpreted it as a thick
volcanogenic deposit.

Subsequently different groups of investigators

independently discovered unaltered glass cores in the pseudomorphed
tektites, thus establishing their melt glass origin (e.g. Izett et al.,
1990, Izett, 1991; Sigurdsson et al., 1991).

Most of the tektite

glasses have an intermediate composition, slightly more depleted in
silicon (Si) than other tektite groups, but they are clearly derived
from continental crust (Chapter 4).

This irrefutably established the

provenance of the KIT boundary impact as continental crust consistent
with the evidence of the shocked mineral assemblages found in the
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boundary layers.

Sigurdsson et al. discovered the widest range of

tektite compositions from the Beloc, Haiti locality, including highcalcium eCa) tektites, confirmed by Maurrasse and Sen (1991),
establishing that a thick sequence of carbonates had to be present at
the impact site.

Subsequent discoveries of other thick

KIT boundary

ejecta layers between the Americas have established the widespread
distribution of unaltered

KIT boundary tektites (e.g. Smit et al.,

1992; Alvarez et al., 1992), and have extended the range of melt glass
compositions.

These additional impact melt compositions still indicate

a carbonate-covered continental target.

The compositions and

distribution of the tektites (and all other types of

KIT boundary

deposits and ejecta) are consistent with origination of the tektites at
the Chicxulub crater (e.g. Hildebrand et al., 1991; Chapter 5).

1.2.4.1:

Naming the

KIT boundary tektites

As discussed in more detail in Chapter 5, several lines of
evidence indicate that the Chicxulub crater is the source of the
boundary tektites.

KIT

As possibly the most useful designation, I suggest

that these tektites be provisionally named chicxulubites after their
probable source crater.
Historically, tektites have been named after their geographical
location (e.g. Glass, 1984; 1990), although such names largely predated
the recognition of the role of the impact process in tektite
production.

In some cases locally-derived geographical names are

31
supplanted when the tektites and microtektites produced by the same
impact event are more usefully lumped together and referred to in
concert by another geographic name which covers a larger area.

For

example, the bediasites, georgianites, and Late Eocene microtektites
are referred to as the North American tektites when one wishes to
discuss the entire strewnfield.

This method of naming tektites has

been useful in the past, but may become less useful in the future as
more overlapping tektite strewnfields are discovered.
known range of the

For example, the

KIT boundary tektites and the North American

tektites are similar, so that the

KIT boundary tektites could also be

called the North American tektites.

This method is also subject to the

problem of a geographical name becoming partly obsolete when the
geographical range of a tektite strewnfield is expanded.

Finally, as

the range of tektite strewnfields is extended into the past,
geographically-derived names may become less useful as strewnfields may
have been fragmented or compressed by plate tectonics.
Tektite strewnfields could be referred to by age as has been done
with the

KIT boundary tektites, but this nomenclature is clumsy and

could also lead to problems.
at the

If multiple simultaneous impacts occurred

KIT boundary, then one would want to refer to the tektites

produced by different impacts with different names.

Also, if closely-

timed impacts occurred, such as in the Late Eocene (e.g. Ganapathy,
1982) or for any comet shower, then additional modifiers would be
needed to discriminate between the strewnfields.
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KIT boundary tektites may be most usefully referred to by a

The

name, chicxulubites, derived from their probable source crater,
Chicxulub, which would avoid all the potential problems listed above;
however, this method may only be used if one has the luxury of knowing
the identity of the source crater.

If the zhamanshinites are properly

considered tektites (Koeberl, 1986), then a case already exists where
tektites have been named after their source crater.
The chicxulubite designation is contingent upon the assumption
that an adequate case has been made for the Chicxulub crater as the KIT
crater.

I emphasize that the choice of a name is best guided by what

is most useful, while realizing that what is most useful may change
with time as our understanding of tektite formation processes improves
and as the number of known tektite strewnfields and source craters
increases.

1.2.5:

Discovery of the

KIT boundary crater

Since Alvarez et al. (1980) widely published evidence that a
large impact might have occurred at the KIT boundary, the geological
research community has been searching for the crater left by the
impact.

This search has been frustrated by the realization that

approximately half the ocean floor extant at the end of the Cretaceous
has been subsequently subducted (Parsons, 1982), raising the
possibility that the KIT crater had been destroyed if the
was oceanic.

KIT impact

In the following years impact sites were suggested all
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over the globe on the basis of large (200-300 km diameter) crudely
circular geological structures or any significant geologic event with a
perceived age of -65 million years.

See Alvarez et al.

discussion of some early suggested locations.

(1982) for a

Some suggestions were

based on perceived maxima in Ir fluences in the KIT boundary layer, but
the integrated amounts of iridium vary at the whim of erosion and
redeposition so that the centers of small-scale basins will often
contain fluences of -500 ngcm- Z versus nearby sections which contain
one to two orders of magnitude less (e.g. Alekseyev et al., 1988).
This variability indicates that the Ir-fluence-maximum criterion is
invalid for use in locating the source crater.

The global average

fluence is best estimated as 40 to 50 ngcm- Z of Ir (e.g. Gilmore et
al., 1984; Kyte et al., 1985), and no good evidence of any gradient in
Ir fluence is yet available.

Another impact-location suggestion was

based on the local severity of floral extinctions (Emiliani et al.,

1981).
The apparently successful search for the crater hinged on
following clues from the boundary layers.

In 1984, based on dust

settling calculations, French suggested that the intrinsicallv large
size (-0.1 mm) of the shocked quartz grains discovered by Bohor et al.
(1984) indicated that the impact site had to be on North America.

This

was consistent with the interpretation of Bohor et al. who suggested
that the presence of quartz grains indicated a continental target for
the impact.

French further suggested that of the two known young

craters on North America, Manson and Sierra Madera, the Manson crater
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in Iowa was the best candidate.

This crater has received a great deal

of attention as a candidate in subsequent years (e.g. Izett, 1990).

It

is now known that shocked quartz grains of -0.1 mm size are distributed
globally (e.g. Bohor et al., 1990), but also that the impact is indeed
near North America.

Although this suggestion was made based on an

incomplete data set, it turns out to be right.

In 1985 Izett and

Pillmore, who had discovered shocked quartz grains up to 0.55 mm
diameter (a larger size than those subsequently found globally) in the
Raton Basin, repeated the intrinsic-size argument.

In the same year

Smit and Romein (1985) suggested that the presence of the recentlyrecognized, -2-cm-thick ejecta layer underlying the fireball layer in
the western United States, might be a geographicallv-restricted ejecta
deposit indicating the crater was nearby.

They also suggested that the

coarse sediments preserved at the marine shelf KIT boundary locality on
the Brazos River might be a tsunami-produced deposit from an implied
nearby oceanic impact.

Ynus, by 1985 the three criteria that were to

prove most useful in identifying the location of the crater, shockedmineral grain size, ejecta-layer thickness, and impact-wave deposits,
had already been suggested and published.
In 1986, on the basis of the relatively larger size of the
shocked grains occurring in the Western InterioL versus European and
New Zealand sites, Bohor and Izett suggested that the impact site was
near western North America.

This criterion remains valid and the

largest known shocked grains are found near the crater (Hildebrand and
Boynton, 1990b; Chapter 4).

Kyte and Smit (1986) suggested that
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variations in the composition of the unusual spinel phases preserved in
the fireball layer might provide a clue to the impact location, but
because of the paucity of sites known to have spinels and the variation
in spinel composition recorded at each site, this location criterion
has not been very useful.

Unknown to many

KIT researchers,

Pszczolkowski (1986) published a description of very thick, coarse
sedimentary boundary deposits in Cuba, together with the possible
implication that they might indicate a nearby impact locale.
In 1987, Orth et al. reported that the ejecta laver thickened
southward in the western United States, although local variation in the
layer's thickness is as much as the perceived variation (a factor of
two).

Izett (1987) suggested that the relative size and fluence of

shocked mineral grains indicated a nearby continental impact site.

On

the basis of the geographically restricted ejecta layer and the
potential impact-wave deposit located at Brazos River, Texas,
Hildebrand and Boynton (1987) suggested an impact site in the eastern
Pacific near southern North America.

These indicators, based on the

boundary layer components and stratigraphy, were becoming of more
interest to the

KIT boundary community, although impact sites were

still suggested at diverse locations around the globe (e.g. Hartnady,
1987).

In 1988,

o~

the basis of combining all these criteria with

emphasis on a suite of impact wave deposits preserved on southern North
America and the Caribbean, Hildebrand and Boynton (l988a, b, c)
suggested an impact site near southern North America with a focus on
the Colombian Basin of the Caribbean Sea (or to the east of their
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suggestion of the previous year).

the impact-wave criterion was also

subsequently used by Bourgeois et al. (1988) to suggest an oceanic
impact site within a somewhat larger, but overlapping, region.
Hildebrand and Boynton tested this hypothesis by searching for
thick

KIT ejecta at localities between the Americas and, in 1989,

discovered that an -50-cm-thick ejecta layer occurred on Haiti
(Hildebrand and Boynton, 1989a).

From a calculation based on the

observed ejecta-layer thickness and an ejecta-thickness scaling
relation, they showed that the

KIT crater would probably be -1000 km

from this site (Hildebrand and Boynton, 1990a), although an impact into
ocean crust was still anticipated as the most likely scenario based on
provenance constraints.

Later that year Hildebrand and Penfield (1990)

described the Chicxulub crater buried on the Yucatan peninsula of
Mexico, now established as an excellent candidate for the
crater (Hildebrand et al., 1991; Chapter 5).
suggested as a

KIT boundary

It had previously been

KIT candidate crater by Penfield and Camargo (1981; See

Sky and Telescope, March issue, 1982), but no means of verifying it as
a crater was available at the time and previous biostratigraphic work
indicated a slightly older age.
sites on Haiti at

It was located -900 km from the K/!

KIT boundary time, validating the distance prediction

based on a ejecta-thickness scaling relation (Hildebrand and Boynton,
1990a).

If further testing confirms the size and age of the Chicxulub

crater, then the case for a large impact at the
compelling.

KIT boundary would be

It is difficult to imagine what more persuasive evidence

could be found aside from pieces of the impacting projectile, which
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would rank the identification of the crater as definite instead of as a
probable crater.

1.3:

Impact-Induced Extinction Mechanisms

Since the evidence of an impact at the KIT boundary first began
to appear, many mechanisms have been proposed for the means of killing
terrestrial biota.

Many different environments were affected and

different extinction mechanisms were probably dominant in different
environments; combined effects may also have been necessary to deliver
the coup de grace to some species.

It is widely recognized that the

rules for survival changed at the KIT boundary (e.g. Jablonski, 1986;
Gallagher, 1991), and this probably reflects the operation of
extinction mechanisms which were not a factor before or after the
boundary impact.

Near the impact site any large hypervelocity impact's

effects would kill organisms many times over.

Because of the size of

the Chicxulub impact, the immediate zone of near-total lethality
probably extended to several hundred kilometres from the point of
impact (several crater radii).

Effects like the thermal pulse

fr~~

the

atmospheric passage of the projectile and collision with the Earth's
surface extended tangentially limited only by the curvature of the
planet.

Of interest in this discussion are extinction mechanisms that

would have global effects.

However, some mechanisms considered here

would have been more severe near the impact site so that refugia
potentially existed at the most distant locales.

Many impact-induced
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extinction mechanisms have been suggested for the
et al.

KIT

boundary; Wolbach

(1990) give a listing of the more plausible mechanisms.

The

mechanisms discussed here are darkness and cold, acid rain from
oxidized atmospheric nitrogen, a thermal pulse from re-entering ejecta,
and greenhouse warming from increased atmospheric water and CO 2 ,
Assuming that the Chicxulub crater is the

KIT

boundary crater, knowing

its size and location allow much more accurate modelling of some of
these extinction mechanisms as discussed below.

1.3.1:

Darkness and cold from lofted dust

Alvarez et al.

(1980) proposed that the dominant agent of

extinction was a globe-encircling dust cloud which blocked sunlight and
left the world in cold and darkness for several years.

Models of dust-

settling (e.g. Toon et al., 1982) have since established that the
duration of the period of darkness would be limited to less than six
months with a 2 to 3 month duration most likely.

Their climate models

indicate that continental interiors would have cooled to below freezing
for a similar length of time.

In this darkness scenario photosynthesis

would collapse, leading to a breakdown of the food chain with
starvation of higher animals.
occurrence of the

KIT

This scenario is evidenced by the

fireball layer (Chapter 2), a globally-

distributed, -3-mm-thick layer, which has no significant variation in
thickness, although some variation in grain size and abundance of
coarse components is observed.

This mostly pervasively-altered layer
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was probably largely fine-grained, and therefore deposited slowly,
because soot, a very fine-grained component of the layer, peaks in
abundance in it (Wolbach et al., 1988, 1990; Hildebrand and Wolbach,
1989).

The uniform thickness of the fireball layer also implies

suspension of the fine fraction on time scales sufficient to allow
homogenization through mixing in the atmosphere unless it were
originally distributed uniformly over the globe.

Therefore, it seems

likely that a globe-encircling dust cloud did exist.

However, it is

not clear to what extent it was responsible for the extinctions
observed at the KIT boundary.

The KIT mass extinction is one of the

largest found in the Phanerozoic (e.g. Sepkoski, 1982), but impacts of
sufficient size to distribute an opaque dust cloud globally occur with
much greater frequency (e.g. Gerstl and Zardecki, 1982) than mass
extinctions of similar magnitude (Much smaller masses of lofted dust
than the mass produced by the KIT boundary impact are able to produce
atmospheric opacity for timescales nearly as long, (Toon et al.,
1982)).

If dust clouds alone caused mass extinctions, then the latter

should be much more

co~~on

than observed in the geologic record.

This

implies that darkness and cold were not the dominant extinction
mechanisms at the KIT boundary.

1.3.2:

Acid rain from oxidized atmospheric nitrogen

Acid rain from impact-induced oxidation of atmospheric nitrogen
has been suggested as an extinction mechanism by several groups of
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researchers (e.g. Lewis et al., 1982; Prinn and Fegley, 1987; Zahnle,
1990).

Lewis et al. (1982) advocated acid rain as a KIT extinction

mechanism in the marine realm on the basis of selectivity of
extinctions of marine organisms.

In this scenario a sufficient fluence

of acid rain would lower the pH of the mixed surface layer of the ocean
to a lethal point, possibly by dissolving organisms' calcareous shells.
Russell (1979) described strongly preferential extinctions for small
planktonic calcareous-shelled organisms (54 genera out of 61) versus
silica-shelled organisms (0 genera out of 63).

However, his analysis

is inconsistent with that of Thierstein (1982) who found that both
calcareous and siliceous-shelled microplankton suffered high rates of
extinction across the boundary, apparently removing this motivator for
selective dissolution as the specific extinction mechanism.

Prinn and

Fegley (1987) suggested that an acid-rain pulse would produce
geochemical anomalies by leaching cations from subaerial environments
and transporting them to buffered sinks such as estuaries.
Subsequently Hildebrand and Boynton (1989b) reported finding mercury
anomalies at the KIT boundary as predicted by the leaching model (See
also Chapter 2), lending support to the acid-rain hypothesis.
Lewis et al. (1982) modelled production of NO x by shock heating
of the atmosphere using the energy dissipated by the projectile
traversing the atmosphere and the impact fireball.

Prinn and Fegley

(1987) and Zahnle (1990) used the energy of the crater's ejecta
interacting with the atmosphere to model production of NO x •

This

allowed an order of magnitude increase in coupling the energy of the
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impact to the atmosphere.

All of these studies of NO x production found

that enough was produced to completely destroy the Earth's ozone layer.
The estimates of NOx production vary substantially between the two
latter efforts, suggesting that more work could profitably be done,
particularly as the size of the crater is now known (assuming the
Chicxulub crater resulted from the K/T impact).

A kno,vn size for the

crater allows calculation of a comparatively well-constrained estimate
of _10 32 ergs for the energy dissipated by the impact (Chapter 5; Also,
see the next section for a discussion of additional constraints which
will aid modelling of thermal effects of re-entering ejecta).

This

impact-energy estimate is at the high end of the range employed in the
models of NO x production discussed here, implying that NO x production
by atmospheric processing was probably of sufficient magnitude to
produce a lethal acid rain pulse.

1.3.3:

Thermal pulse from re-entering ejecta

Melosh et al.

(1990) suggested that the thermal pulse from a sky

filled with re-entering ejecta could ignite forests globally and cause
extinctions ox land-dwelling organisms by broiling them alive.

A

prompt source of soot is indicated by the observation that the soot
abundance peaks in, or immediately above, the fireball layer (Wolbach
et al, 1988; Hildebrand and Wolbach, 1989).

This prompt ignition model

is attractive as a means of explaining how fires could start so
quickly.

As discussed in the previous section, Prinn and Fegley (1987)
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and Zahnle (1990) also considered how the crater's ejecta would
interact with the atmosphere.
Melosh et al. (1990) used a mass fluence of -10 kgm- Z for the reentering ejecta based on the observation of an uniform global thickness
of -3 rom for the fireball layer.

They assumed that re-entering grains

were in the size range of -0.5 rom diameter based on the modelled growth
of condensate particles in the expanding impact fireball (vapor plume
of Melosh et al.).

Their model produced global thermal pulses of at

least 50 kWm- z which is sufficient to ignite vegetation worldwide and
cause mass mortality among exposed subaerial fauna.

However, their

choice of the fireball layer as a ballistically distributed layer,
originally composed of large (-0.5 mm diameter) particles, seems
unsupported by observations of this layer.

Submillimetre-sized

particles do occur in the fireball layer (e.g. Smit and Kyte, 1986),
but they are a fractional component.

Most of the layer is apparently

fine-grained, based on the observation that the KIT boundary soot (a
very fine-grained particulate phase) peaks in abundance in this layer
as previously discussed in section 1.3.1.

Furthermore, material

ballistically ejected from a crater typically falls off in thickness
with a power-law relation (e.g. McGetchin et al., 1973) rather then
having a uniform thickness as observed for the fireball layer.

The

ejecta layer at the KIT boundary does show a power-law thickness
variation (Chapter 4).
Also, the fireball layer may have been dispersed by an impact
fireball moving slower than Melosh et al. (1990) envisaged.

They
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relied on a theoretical study by Vickery and Melosh (1990) to estimate
vapor velocities in the expanding impact fireball.

This study assumed

that only a mass of target equal to the mass of the projectile should
be included in the vapor plume and that this mass of vapor be
apportioned half of the total impact energy.

The abundance of the

siderophile trace elements in the fireball layer (as discussed in
section 1.2.2) indicates that in this layer the ratio of the projectile
mass to target mass was -0.15.

This implies substantially slower

dispersal velocities unless the projectile vapor preferentially escaped
the Earth relative to the target vapor by a factor of seven times.
Vickery and Melosh (1990) do suggest preferential escape of the
projectile was likely.

Another way the imbalanced ratio could be

generated is by the impact of a cometary projectile with only a
fractional silicate component (Chapter 5).

The fraction of the

projectile which was ices and organics would not be preserved in the
fireball layer, possibly leading to the apparent inconsistency.

~he

occurrence of -I-rom-sized shocked grains in the fireball layer also
implies that these grains were not entrained in a very fast vapor
plume, because frictional heating either during their acceleration or
deceleration would have annealed or melted these grains.

Another

factor may have created a relatively slow moving impact fireball.
Regardless of

th~

ratio of projectile to target assumed to be

vaporized, a massive relatively low velocity gas component of _lOzO g
of COz and SOz would exist in the impact fireball.

This component was

derived from the shock devolatization of the carbonate and evaporite
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fraction of the target rocks at Chicxulub as discussed in section
1.3.4.

This mass of gas roughly equals that expected from the

vaporization of the projectile and silicate target for an impact of the
size which occurred at Chicxulub.

Consequently the impact fireball of

the Chicxulub impact may have been relatively large and slow moving due
to the target type.

The fireball layer dispersion may also have been

significantly enhanced in consequence.

Therefore the

KIT fireball

layer may owe its existence in part to the type of target rocks at the
Chicxulub crater.
Because the partitioning of the impact's kinetic energy between
the vaporized projectile and target and other classes of impact ejecta
is not well-known, the observational constraints from the

KIT boundary

fireball and ejecta layers may require revision of models of ejecta
dispersion like those of Vickery and Melosh (1990).

In particular (as

discussed in Chapter 4) the variation in thickness of the ejecta layer
with distance is now comparatively well-known together with the shock
level experienced by the ejecta (i.e. melted or not melted) so that the
total energy required to emplace the ejecta blanket may now be
accurately estimated.

As stated in the previous section, knowledge of

the size and location of the

KIT crater, and the properties of its

ejecta blanket will allow more valid modelling of the effects of the
impact.
The emplacement of the

KIT ejecta layer is probably more relevant

to the thermal pulse model of Melosh et al.
of the fireball layer.

(1990) than the emplacement

The ejecta layer thickness is theoretically
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greater than that of the fireball layer (-3 mm) to -5500 km distances
from the crater if one assumes the Chicxulub crater is the

KIT crater

and that the ejecta thickness scaling relation of McGetchin et al.

(1973) is valid.

Observations of the ejecta layer thickness at known

KIT sites confirm the predicted thickness of the ejecta layer at
distances up to -4,000 km (Chapter 4), supporting the validity of this
result.

Furthermore, if the spheroids in the fireball layer constitute

-10% of this layer as observed, the ejecta layer thickness exceeds the
thickness of the fireball layer's coarse component to -10,000 km.

The

generally-altered tektites which constitute the ejecta layer are <1 to

10 mm in size (e.g. Hildebrand and Boynton, 1990) and their size
distribution may be measured at a number of sites at known distances
from the Chicxulub crater.

The unaltered glass grains may have their

real and virtual indices of refraction measured for the observed range
of tektite glass compositions.

This will allow well-constrained

thermal modelling of their re-entry using the techniques employed by
Rizk et al.

(1991).

Thus, these observ-ational constraints will allow

more valid estimates of the thermal pulse delivered by the
ballistically distributed ejecta.

At 1000 to 2500 km distances from

the impact site, the thermal pulse magnitudes will probably be three to
two orders of magnitude greater, respectively, than those calculated by
Melosh et al.

(1990), because the ejecta layer is that much thicker

than the coarse component of the fireball layer near the crater.

At

distances >10,000 km the total energy of the thermal pulse will be at
least an order of magnitude less than that calculated by Melosh et al.
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Tnis

im~lies

that the thermal pulse had a regional effect, suggesting

that refugia existed far from the impact site for the types of
organisms threatened by this extinction mechanism.

The regional effect

implies that the two continents adjacent to the impact site, protoNorth and -South America, should have been burnt to the ground.
However, the rest of the globe, with the possible exception of western
Europe and Africa, should have been relatively unscathed.

Sufficient

biomass could have existed on just the proto-Americas to supply the
fluence of soot observed at the KIT boundary (Wolbach et al., 1988,
1990).

1.3.4:

G~eenhouse

warming from shocking a carbonate target

Depending upon the type of terrain targeted, a canonical large
impact may have substantially differing effects on the Earth's
biosphere, primarily through causing varying effects on the Earth's
atmosphere.

The most obvious variation in potential target type is a

deep ocean versus the surface of a continent.

An impact in the deep

sea will generate huge waves as part of the impact process (e.g. Dietz,
1961; Ahrens and O'Keefe, 1983).

Depending on the location of the

impact, these waves will transport much of the impact energy to great
distances, potentially around the entire globe, causing destruction
along the margins of at least the adjacent continents.

For impacts

with transient cavities shallower than the water depth a substantial
fraction of the impacts' energy will go into these waves.

Oceanic
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impacts will also vaporize water and inject it into the stratosphere
leading to a severe greenhouse effect for 1 to 10 years (Emiliani et
al., 1981; Hunten, 1975).

An impact into an icecap or icepack would be

similar to the oceanic impact in causing a greenhouse and would have
other effects, such as an instantaneous sea level rise from the pulse
of fresh water from the melted ice (if an icecap was targeted) and
possible long-term climatic effects if the impact were large enough to
substantially alter the albedo of the polar sink.

The large waves

generated by an impact into an ice pack would not propagate to great
distances if sufficient floating ice was available in all directions of
wave propagation to damp the waves.
A continental impact into a silicate terrain is probably the
least damaging possibility for the canonical impact because practically
no volatiles, whose release would alter the atmospheric composition,
are involved, and because the effects of the impact are only
transmi~ted

to distant locales by the crater's rocky

ejecta~

However,

a continental impact into a terrain containing a thick sequence of
carbonate rocks, typically dominated by limestone (CaC0 3 ) and dolomite
(CaMg(C0 3 )z), or evaporites, typically dominated by gypsum (CaS0 4 "2HzO)
and anhydrite (CaS0 4 ), could be the most deadly type of impact because
shock disassociation of these minerals could put the volatiles COz or
SOz into the atmosphere in large quantities.

Other rarer volatile-

containing targets would be sequences of nitrates or halides.
Experimental studies confirm shock devolatization as an effect of
impact.

Lange and Ahrens (1986) reported results of shocking CaC0 3
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targets which yielded CO z losses of 10.6 to 67.4% even at modest impact
velocities of 1.22 to 1.80 kms-I.

They found shock-induced volatile

loss increased systematically with magnitude of shock pressure
experienced so that targeted carbonates' CO z should be completely lost
at pressures generated by any terrestrial hypervelocity impact (minimum
impact velocity of 11.2 kms-I).

This conclusion paralleled results

from previous work they had performed, shocking brucite (Mg(OH)z) and
serpentine (Mg 3 SizOs(OH)4) , discovering that the volatile water was also
driven off by shock effects (Lange and Ahrens, 1982; 1984).
O'Keefe and Ahrens (1989) proposed that a KIT-scale impact into a
target covered with a layer of carbonates could lead to the shock
devolatization of CO z in amounts greatly exceeding the current
atmospheric inventory.

As discussed in context in Chapter 5, section

5.9, the Chicxulub impact corresponds to their worse-case scenario,
having an -5-km-thick carbonate target (Penfield and Camargo, 1991) and
O~

greater energy to the cometary impact considered

by O'Keefe and Ahrens.

The postulated CO z pulse of _lOzO g would have a

being of comparable

much longer residence time in the atmosphere than the water vapor
injected by an ocean impact.

Because CO z is not condensable (at

present Earth-surface conditions) it would have to be removed by
chemical processes, such as dissolution in deep ocean water or
submarine silicate weathering, with times cales of 10 3 to 105 years
(Broecker and Peng, 1982; Berner et al., 1983).

While in the

atmosphere this quantity of CO z , which is -50 times the current
atmospheric inventory, would produce a severe and immediate greenhouse
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warming by _15 0 C (O'Keefe and Ahrens, 1989) leading O'Keefe and Ahrens
to suggest this long-term heating as an extinction mechanism at the
boundary.

KIT

The lBO/ 16 0-isotope record shows possible brief warming

events (e.g. 5mit, 1990) and generally unsettled climatic conditions
after the

KIT boundary (e.g. Zachos and Arthur, 1986) which O'Keefe and

Ahrens interpreted as possible evidence of the reorganization of ocean
currents in response to global warming.
The stratigraphic sequence on the Yucatan bank impacted at
Chicxulub also included a significant fraction of gypsum and anhydrite
evaporites (Lopez Ramos, 1975).

Impacting these rocks may have yielded

502 by the shock devolatization process based on the studies of other
volatile-containing minerals cited above, although apparently no
experimental shock studies have been done with these sulfates.
potential effect has also been suggested by Sigurdsson et al.
Brett (1992) and Perry et al.

(1992).

This

(1992),

The sulfates constituted -10% of

the stratigraphic sequence impacted at Chicxulub based on the sequence
found in the pre-Tertiary section in the Ticul-l well (Lopez Ramos,

1975), the well closest to the Chicxulub crater (Figure 5.4).

Most of

the wells to the southeast or east of the crater, such as Yucatan-l, -

2, -4 and -SA, have larger evaporite contents of -50%, suggesting
shallower paleodepths or less oceanic circulation in those directions.
Assuming that the sulfates will devolatize, and scaling to the CO z release model of O'Keefe and Ahrens (1989), _10 19 g of S02 might have
been released by the impact.

This equals _10 17 moles of SOz which is of

the same order as the largest suggested NOx production from oxidizing

50
atmospheric nitrogen by the

KIT impact (See section 1.3.2).

Therefore,

the mass of S02 potentially produced by the Chicxulub impact would be
sufficient to acidify the entire surface layer of the ocean independent
of nitrogen-based acids derived from oxidizing the atmosphere.

This

sulfate devolatization scenario makes the Chicxulub impact particularly
deadly.
The Chicxulub crater may have produced a climatic change and
possibly related and extended extinctions.

Because it is probably the

KIT boundary crater (Hildebrand et al., 1991; Chapter 5), this adds
long-term greenhouse warming to other extinction agents already
suggested for the

1.3.5:

KIT boundary.

Volcanism versus impact as an agent of mass extinction

As discussed in section 1.1, many researchers have advocated
volcanism, specifically the eruption of the Deccan traps, a flood
ba!':-'ll

t"

~,!:"0~7i!:-::?

gener3.ted by rifting of the Indian subcontinent -65 Ma

ago, as the agent that caused the

KIT boundary extinctions.

Massive

volcanic eruptions, while deadly locally, are unable to duplicate some
of the effects of a large impact such as the one that formed the
Chicxulub crater.

For example, basaltic volcanoes cannot produce the

global opaque dust cloud or the widespread thermal pulse of the
boundary impact.

KIT

Apparently more-energetic, felsic eruptions are also

unable to cause mass extinctions as Erwin and Vogel (1992) found no
e~"ti~ctions

associated with the largest known examples of this eruption
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type.

However, it has been argued that basaltic volcanism could have

acidified the ocean, thus producing a mass extinction.

Officer et al.

(1987) suggested that, if a volume of basaltic lava equal to -10 times
that of the Deccan basalts erupted in just a 10,000-year span, then the
associated outgassed sulfuric acid might be able to acidify the upper
mixed layer of the ocean, thus causing the
the marine realm.

KIT boundary extinctions in

However, Officer et al. (1987) had to neglect mixing

of the -lOO-m-thick, upper wind-mixed layer with the deep ocean on a
timescale of 50 years (Broecker, 1974) to have even this extreme
eruption rate (three orders of magnitude greater than the actual
average eruption rate of the Deccan Traps) produce the necessary pH
change.

Thus, basaltic volcanism fails as an acidifying agent for the

ocean and the calculation of Officer et al. reinforces the requirement
that any extinction-causing pH change in the surface layer of the ocean
be effected on a short timescale (i.€. -10 years maximum).
One proposed
~o

KIT boundary extinction mechanism has been thought

be uniquely generated by volcanoes and therefore a

for any theory of impact-induced mass extinction.

po~en~ial

problem

McLean (1985)

suggested that the eruption of the Deccan Traps caused the

KIT

extinctions by outgassing large quantities of CO 2 at an average release
rate which would increase the global mean rate of endogenic release of
CO 2 by 10 to 25%.

McLean suggested the increased CO 2 content of the

atmosphere and mixed layer of the ocean would have lead to a climatic
w~rming

and a debilitating pH decrease for planktonic organisms in the

mixed layer.

He calculated that the eruption of the flood basalts
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would have released a total of 2.2 X 10 19 grams of CO 2 , assuming a
generous volume of 2.6 X 10 6 km 3 for the Deccan basalts.

However,

O'Keefe and Ahrens (1989) calculate a release, by impact shocking of a
thick carbonate target such as occurred at the Chicxulub crater
(Hildebrand et al., 1991; previous section; Chapter 5, section 5.9), of
a comparable amount of CO 2 (7.5 X 10 19 grams of CO 2 assuming a 4-kmthick carbonate target impacted by a 10-km-radius cometary projectile
travelling at 60 kms- 1 ).

See chapter 5, section 5.8.1 for discussion

of the constraints requiring a cometary impact of this size.

This CO 2

release occurred in -10 seconds or a factor of 10 12 times faster than
the Deccan eruption scenario of Mclean (1985).

The Deccan eruptions

released their CO 2 on a longer timescale than the 10 3 to 10 5 year
timescales for the geological mechanisms which buffer atmospheric CO 2
concentrations (See section 1.3.4) so that this volcanogenic greenhouse
would have been relatively minor.

This was borne out by Caldeira and

Rampino (1990) who modelled in detail the resultant greenhouse warming
for various Deccan eruption scenarios.
significant effect.

Tney found no evidence of a

Thus, if increasing the atmospheric CO 2 content

may cause a mass extinction such as that found at the KIT boundary,
then the Chicxulub impact would have been much deadlier than the
eruption of the Deccan flood basalts.
The most significant fact to consider concerning the extinction
capability of a large impact like the Chicxulub impact, relative to
that of any known endogenic process such as volcanism, is the
tremendously greater rate of energy release of a large impact as
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previously noted by Grieve (1982).

The formation of a crater of

Chicxulub's size (-180 km diameter) probably released _10 32 ergs of
energy (Schmidt and Housen, 1987; See chapter 5) on a timescale of
minutes.

This quantity of energy is equal to all the energy released

by the total heat flux of the Earth (-3.5 x 10 20 ergs- 1 ; Turcotte and
Schubert, 1982) in ten thousand years.

Assuming that subaerial

volcanism releases -2% of the Earth's total heat flow, the impact
energy is equal to all the energy released by terrestrial volcanoes in
five hundred thousand years.

In the case of the eruption of the Deccan

Traps, which is often suggested as the volcanic event responsible for
the KIT extinctions (e.g. Courtillot et al., 1990), the rate of energy
release is minuscule compared to the release rate for the Chicxulub
impact.

Assuming the volume of the traps is -1 x 10 6 km 3 (McLean,

1985) so that the total mass of the traps is -3 x 10 21 g, and that the
total heat released by the lava cooling 1100 degrees K is -1.5 X 10 10
ergg- 1 , then the total heat released by the traps is -4.5 x l03~ erg.
This is of the same order as the energy produced by the Chicxulub
impact, but because the traps were erupted over -1 Ma (Courtillot et
al., 1990), their energy was released _10 12 times slower.

The

tremendous quantity of energy produced by the Chicxulub impact is
sufficient to chemically process and heat the atmosphere at a rate far
faster than that of any known volcanic process.
The KIT impact energy was released on a geologically
instantaneous timescale so that no atmospheric or geochemical feedback
mechanism was able to immediately buffer the lethal environmental
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changes caused by the impact, and thereby protect terrestrial biota
from them.

Assuming the Chicxulub crater is the K/T boundary crater,

lethal effects caused by the energy released by its formation could
well have produced the mass extinction observed at the K/T boundary.
The fact that the Chicxulub impact targeted a thick carbonate/evaporite
platform apparently made it all the more deadly.

If the target type

contributed significantly to the lethal consequences, then the
Chicxulub impact may have been the deadliest to have occurred on the
Earth since the beginning of the Cambrian Period (-570 million years
ago).

1.4:

Conclusions

The K/T impact turned the Earth's surface into a living hell, a
dark, burning, sulfurous world where all the rules governing survival
of the fittest changed in minutes.

The dinosaurs never had a chance.
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CHAPTER 2 - GLOBAL EJECTA STRATIGRAPHY AND GEOCHEMISTRY

2.1:

Introduction

The K/T boundary layers have a global distribution and are known
from hundreds of localities, and except for modern deposits, this is
the best known global time line in the entire geologic record.

Alvarez

reports that Ir anomalies have now been found at more than one hundred
localities (W. Alvarez, written commun.).

Any impact ejecta layer has

the potential to be a marker bed analogous to those defined by volcanic
ashes, but recognizable ejecta layers may have a global extent for the
largest impacts in contrast to the geographically restricted ashfalls
of the largest volcanic eruptions.

Also, if the impact is large enough

to have caused extinctions among terrestrial biota, then
biostratigraphic studies can define the stratigraphic level independent
of the occurrence of the impact's ejecta deposit.

In the first part of

this chapter I describe and name the two layers composed of impact
ejecta at the K/T boundary, propose a formal stratigraphic designation
for the boundary stratigraphy and propose an amended definition of the
K/T boundary.
Much of the available information on the K/T boundary layers
comes from sections composed of sediments deposited in the marine
realm; it has frequently been suggested that some or all of the
characteristics of the boundary layers were produced by some marine
process, such as precipitation from seawater, independent of any
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extraterrestrial event (e.g. Schmitz, 1985).

Study of nonmarine

boundary sections establishes that the characteristics of boundary
layers are not the result of marine processes.

However, many nonmarine

sections have coal seams intimately associated with the boundary clay
layers; unfortunately, the juxtapositioning of coal inhibits some
studies and confuses the interpretation of others.

For example, the

siderophile trace elements, such as Ir, are typically mobilized to the
chemically reducing coal (e.g. Gilmore et al., 1984) or studies of the
carbon phases associated with the boundary event are overwhelmed by the
coal lithologies.

Therefore, the nonmarine

KIT sections that do not

have coal overlying the boundary are the most desirable for many kinds
of studies.

In the second part of this chapter I discuss the detailed

stratigraphy, geochemistry, palynology and carbon components at a
nonmarine

KIT boundary site which preserves the boundary couplet

separated from an overlying coal bed.

This work results from a

collaborative effort arranged with w. wolbach and F. Fleming in an
effort to gain a greater understanding of the effects of

KIT boundary

impact through coordinated investigations of different kinds of data
from the same

KIT section and, in part, the same detailed suite of

samples.

2.2:

The Fireball and Ejecta Layers

As discussed by Hildebrand and Boynton (1990a) who built on the
work of many other

KIT studies (e.g. Pillmore et al., 1984; Smit and
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Rome in , 1985; Preisinger et al., 1986; Pillmore and Flores, 1987;
Hildebrand and Boynton, 1988a; Bohor, 1990), at least two layers of
impact ejecta are present at the KIT boundary (Figure 2.1).

Both

layers are generally pervasively altered at all distal KIT localities
in both marine and nonmarine depositional environments.
The upper layer, hereafter called the fireball layer, is 2-4 mm
thick (averaging 3 mm) and represents approximately 1500 cubic
kilometres of debris deposited globally with no apparent systematic
variation in

thickness.

Even at KIT sites close to the source crater

such as at Beloc, Haiti (Hildebrand and Boynton, 1990a; Chapter 4), the
fireball layer apparently has the same thickness as at the most distal
sites.

Where not reworked, this layer has sharp upper and lower

contacts (Figure 2.1).

In marine sections this layer is usually a

poorly ordered smectitic clay (e.g. Kastner et al., 1984) which
typically weathers a rusty orange-red color although it is an
unspectacular grey when fresh.

It may have a spotted appearance from

the contained submillimetre spherules.

In nonmarine sections it is

typically a massive brown unit composed dominantly of smectitic clay
but is also grey and kaolinitic at some localities.

This layer

contains anomalously large amounts of the highly siderophile trace
elements in chondritic proportions and Os isotopes with chondri tic
ratios as previously discussed in Chapter 1, section 1.2.2.
chalcophile trace

elem~nts,

The

e.g. As, Sb, Se and Zn, are also found in

anomalously large amounts in this layer in both marine (e.g. Gilmore
and Anders, 1989) and nonmarine sections (e.g. Hildebrand and Wolbach,
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Figure 2.1: The K/T boundary layer couplet as found in a sawn slab
collected at the Starkville South locality in the Raton Basin, Colorado
(e.g. Pillmore and Flores, 1987).
The uppermost Cretaceous unit is a
carbonaceous shale. The grey kaolinitized 25-mm-thick ejecta layer,
here slightly tectonically thickened, is overlain by the brown,
massive, 3-mm-thick fireball layer. The overlying brown, fissile,
jarositic, carbonaceous shale probably represents locally reworked
boundary clay material which has sometimes been included with and
confused with the fireball layer (e.g. Izett, 1990). Coal of Tertiary
age overlies the boundary sequence. The lower layer has been called
the boundary clay layer, the kaolinitic layer and the melt glass layer
but herein will be called the ejecta layer. The upper layer has been
called the boundary clay layer, the basal layer, the impact layer, the
shocked layer, the magic layer and the fallout lamina, but herein will
be called the fireball layer. This nomenclature follows that employed
by Hildebrand and Boynton (1990a). The layers have been variously
disturbed by geochemical mobilization, erosion and redeposition, synsedimentary deformation, bioturbation, tectonism, and/or weathering at
all known localities, necessitating care in separating primary and
secondary characteristics. The layers preserved in nonmarine
sequences, such as this one in the Raton Basin, usually have suffered
less disturbance from bioturbation to their assumed original
stratigraphy than those preserved in marine sequences.
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1989).

Tne cha1cophi1e-e1ement signature is discussed in detail later

in this chapter.

This layer contains shocked mineral grains of quartz,

quartzose sediments and metasediments, feldspars, granitoid rocks and
t:h:!:'o:rri.tes as previotlsly discl_lssed in Chapter 1, section 1.2.3.

The

shocked grains occur in amounts ranging from -1% to trace abundances
depending upon proximity to the source crater (Chapter 4).

The

fireball layer contains spinel phases of extraordinary composition
frequently found in skeletal and dendritic patterns within
submillimetre spherules (e.g. Montanari et al., 1983, Kyte and Smit,
1986, Bohor et al., 1986a).

These spinel phase compositions are

typically absent in terrestrial igneous or metamorphic rocks, and Kyte
and Smit (1986) suggested their unusual composition was due to
formation in an impact event.

Another class of fireball-layer

spherules may have originated as now-pseudomorphed microtektites and
tektites (e.g. Bohor and Betterton, 1990, Montanari, 1991).

This layer

also has large concentrations of soot from burning wood (e.g. wolbach
et al., 1985; wolbach et al., 1988, Wolbach, 1990; Wolbach et al.,
1990).

The distribution of soot across a nonmarine KjT boundary will

be discussed later in this chapter.

This layer has slightly unusual

Sm-Nd isotope systematics showing 143Ndj144Nd ratios intermediate between
those characteristic of continental and oceanic terranes (e.g. Shaw and
Wasserburg, 1982; DePaolo et al., 1983, Hildebrand and Boynton, 1988a).
The incompatible trace elements are usually depleted relative to their
observed concentrations in typical continental sediments (e.g. Smit and
ten Kate, 1982; Hildebrand and Boynton, 1987), but are also enriched at
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some sites (e.g. Bohor et al., 1987).

In contrast, compatible trace

elements are usually enriched at the nonmarine sites (e.g. Gilmore et

ale ,

., I"'!on J ,

J.70'+).

These

t~ace-element

trends had often been interpreted as

indicating an oceanic provenance for the layers (e.g. Hildebrand and
Boynton, 1990a).

However, the discovery of unaltered tektite glass

from the proximal KIT sites strongly indicates a continental target and
that the major and trace-element patterns of both the fireball layer
and ejecta layer are consequences of the alteration process (See
Chapter 4).

Hildebrand and Boynton (1990a) called the upper layer the

fireball layer, implying its dispersal by the impact fireball formed by
vaporization of the projectile and target material (e.g. Jones and
Kodis, 1982; Vickery and Melosh, 1990).
An -2-cm-thick layer underlies the fireball layer (Figure 2.1).
The lower layer, hereafter called the ejecta layer, has been described
only from North American and Caribbean environs (See Figure 2.2).

It

has not been found as a discrete layer in Europe, Asia, the southern
Atlantic or the western Pacific regions.

Izett (1987, 1990) has argued

that this layer was not impact-derived, but represented a product of
pedogenesis or was analogous to a coal underclay.

However, the

occurrence of this layer in marine sections and the recent discovery of
thicker ejecta layers between the Americas near the KIT crater which
contain unaltered tektite glass have established its impact origin.
Where not reworked this layer has sharp upper and lower contacts
(Figure 2.1).

This layer was completely altered to a featureless

kaolinitic claystone at the localities where it was first discovered,
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Fi~ure

2.2: North American and Caribbean K/T ejecta layer localities.
SOLid circles represent nonmarine boundary localities with geochemical
anomalies; solid triangles represent marine boundary localities with
geochemical anomalies and/or boundary layers; open squares represent
marine boundary localities with possible impact-wave deposits.
The
ejecta layer is present at all the localities represented by the solid
circles and squares. A discrete ejecta layer is not recognized at any
other K/T localities on the globe. The three ejecta sites in the
Caribbean and Mexico are one to two orders of magnitude thicker than
those found farther north suggesting that the impact location is
nearby.
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but was later found to contain abundant -1

mill

spherules (Bohor et al.,

1987) that were eventually interpreted as probably pseudomorphed
micro tektites and tektites (e.g. Bohor and Betterton, 1988; Hildebrand
and Boynton, 1990a; Smit, 1990).

Later the independent discovery of

unaltered tektite glass in the -50-cm-thick Haitian ejecta layer by
several groups (e.g. Izett et al., 1990; Sigurdsson et al., 1991)
incontrovertibly established their impact origin.

The ejecta layer

frequently contains shocked minerals but this component may represent
mixing and sorting of the shocked minerals of the fireball layer such
that they contaminate the ejecta layer (Chapter 4).

The ejecta layer,

including the unaltered tektite glass, shows the same intermediate Nd
isotopic signature as the fireball layer (Hildebrand and Boynton,
1988a, Premo and Izett, 1991).

At many localities the altered ejecta

layer also yields low amounts of incompatible lithophile elements and
high amounts of compatible elements as does the fireball layer (Gilmore
et al., 1984; Hildebrand and Boynton, 1987; Hildebrand and Boynton,
1990a), but this is now ascribed to the alteration process.

Hildebrand

and Boynton (l990a) called this layer the ejecta layer, implying it
represented a geographically-restricted facies of less-energetic impact
ejecta as first suggested by Smit and Romein (1985).

This has been

confirmed by the discovery of the thick ejecta layers between the
Americas and the thickness of the layer following ejecta-scaling
relations (See Chapter 4 for a discussion.).
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2.2.1:

Proposed designation of the fireball and ejecta layers as the

Chicxulub Formation

Consistent with the procedures described in the International
Stratigraphic Guide (Hedberg, 1976) I propose that the boundary layer
stratigraphy, including the fireball layer and ejecta layer couplet
described in section 2.2, be designated as the Chicxulub Formation.

By

the convention established in the Guide, formations are to be named
from a geographic name near where they may be seen, but the Chicxulub
Formation is so widely observable it seems more useful to name it after
its source crater.

The Chicxulub crater was named after the town of

Chicxulub Puerto which is located near the center of the crater.

Also,

studying the source crater will yield more information concerning the
lithologies which comprise the Chicxulub Formation.

Alternatively,

because the formation is so widely observable it may be more useful to
n~lle

seen.

it on the basis of where in the stratigraphic column it may be
Thus, it would be known as the Cretaceous/Tertiary Boundary

Formation.

Although none of the formation is observable at the surface

at Chicxulub Puerto, subsurface drilling near this locale will supply
the most complete section obtainable of the Chicxulub Formation.

At

K/T sites far from the source crater this formation is composed solely
of the Fireball Bed.

(Although the fireball layer is typically less

than 1 cm thick, which would require formal designation as a lamina,
its global extent and lateral continuity beg designation as a formal
stratigraphic unit.)

At sites within -6,000 km of the source crater
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the Ejecta Bed becomes recognizable as a distinct unit underlying the
Fireball Bed.

The Ejecta Bed thickens to on the order of 100 m near

the source crater following a power law relation.

(See Chapter 4 for a

complete discussion of the variation in thickness of the Ejecta Bed.)
Together these two beds constitute the Chicxulub Formation excepting at
sites where impact-wave deposits or seismically triggered deposits have
also been produced by the

KIT impact.

Thus, the Chicxulub Formation is

defined as the units of rock deposited by the Chicxulub impact
including material ejected from the crater. fragments of the projectile
if they exist. and secondary deposits produced by the effects of the
impact such as seismicity and impact waves.

The intracrater breccias

and slumped blocks at the source crater would also constitute a part of
this formation.

Because the

KIT impact was apparently a marine impact,

these components will be intermixed at many proximal sites, making
separation of the Ejecta Bed from impact-wave deposits a difficult
process in particular.
The lithostratigraphy of the formation is described above and the
biostratigraphy is precisely defined in both the marine (e.g. Smit and
Romein, 1985; Jiang and Gartner, 1981) and nonmarine realms (e.g.
Nichols and Fleming, 1990).

This unit is also a chronostratigraphic

unit representing the deposits of the impact which occurred
instantaneously geologically; the fine components of the Fireball Bed,
the last components of the impact ejecta to be emplaced, were probably
completely deposited within 6 months of the impact (e.g. Toon et al.,
1982).
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Because the thickness of the formation changes from -100 m to -3
mm, governed generally by distance from the source crater, it is
necessary to define type sections representing the formation at
different distances to adequately describe it.

Also, because the

lithologic character and biostratigraphic control of the formation
changes from the marine to nonmarine realm, it is necessary to define
type sections from both realms.

Distally only the Fireball Bed

constitutes the formation as a discrete layer.
holostrato~ype

The distant

is defined as the El Kef, Tunisia section (described by

Perch-Nielsen et al. (1982), Keller (1989a), and Keller and Lindinger
(1989»

in accordance with the International Commission of Stratigraphy

working group who designated this the stratotype defining the KIT
boundary (e.g. Smit, 1990).

Hypostratotypes of this formation at this

distance include the Caravaca, Spain section described by Smit and ten
Kate (1982), Smit and Romein (1985), Kyte et al. (1985), Bohor et a1.
(1986), and Smit (1990), the E1endgraben, Austria section described by
Preisinger et al. (1986) and the Woodside Creek and F1axbourne River,
New Zealand sections described by Strong (1977), Brooks et al. (1984,
1986), Strong et al. (1987) and Wolbach et al. (1988).

The moderate

distance holostratotype, where the boundary couplet is preserved, is
defined as the Starkville South locality described by Pillmore and
Flores (1987) and which is pictured as a sawn slab in Figure 2.1.
Hypostratotypes include the Madrid East locality, also defined by
Pillmore and Flores, the Dogie Creek, Wyoming locality described by
Bohor et al. (1987) and the Rick's Place, Montana (also known as
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Brownie Butte) locality described by Bohor et al. (1984) and Fastovsky
(1987).

The near-distance holostratotype is defined as the Beloc,

Haiti Site 1 section of Hildebrand et al., (in prep.; Chapter 4) which
has also been described by Maurrasse (1982) and Hildebrand and Boynton
(1990a).

Hypostratotypes include other nearby Haitian sections

described by Maurrasse (1980), Sigurdsson et al. (1991) and Maurrasse
and Sen (1991), and the Mimbral, Mexico section described by Smit et
al. (1992).

The proximal sections are present only in the subsurface

near the Chicxulub crater (assuming this crater is the K/T boundary
crater).

The Yucatan-2 well may have intersected this formation

(Hildebrand et al., 1991), but most of the recovered samples from this
well are now lost so that designation of a proximal holostratotype will
have to await new drilling in the area near the crater.

2.2.2:

Proposal of an amended definition of the Cretaceous/Tertiary

boundary

The Chicxulub Formation, which is often easily recognizable in
outcrop or subsurface samples, constitutes a marker horizon of
unprecedented extent.

Furthermore, results of analytical studies can

often define this layer by recording its anomalous elemental
composition even if the layer is reworked.

This is particularly useful

in stratigraphic sections where the paleontological record is lacking
or incomplete and therefore unable to well define the K/T boundary.
This layer is inserted like a bookmark between two chapters of Earth
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history, the Cretaceous and Tertiary Periods.

Various authors have

assigned it to the Cretaceous Period, split it down the middle
(Preisinger et al., 1986) or, most commonly, have assigned it to the
Terciary Period.

The recognition of the stratigraphic value of the

Chicxulub Formation has been formalized by the working group on the
Cretaceous/Paleogene boundary (of the subcommissions of the Cretaceous
and Paleogene of the International Commission of Stratigraphy) who have
assigned the Cretaceous/Tertiary boundary to the base of the boundary
clay at the Fireball Bed ("fallout lamina" of Smit, 1990).

Although

boundaries are typically defined on the basis of the first appearance
of new species this method is problematical for the K/T boundary
because the new species of different groups (e.g. nannofossils and
foraminifers) appear at different stratigraphic levels (Smit, 1990).
The Fireball Bed and the other constituents of the Chicxulub Formation
(which are up to -100 m thick near the crater) require assignment to
the Cretaceous or Tertiary Period.

This has not been regarded of much

significance where the formation is composed only of 3 mm of sediment
but where the formation is thicker it becomes a point of increasing
discrepancy in describing sections.
placed at the base of the formation.

I propose that the K/T boundary be
A corollary is that the end of

the Cretaceous Period. and the beginning of the Tertiary
defined as the moment of impact of the KIT projectile.

mav be

Assuming the

Fireball Bed is included in the K/T boundary clay (J. Smit, written
commun.), the defining boundary stratotype (the El Kef section) of the
Cretaceous/Paleogene working group is consistent with this definition
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disl:d.l KiT se,:;tions where the formation is represented only by the

Fireball Bed.

However, in proximal KIT sections the working group's

definition of the KIT boundary would split the Fireball Bed from the
Ejecta Bed and other impact-related deposits, which constitute deposits
of the same origin as the Fireball Bed, but which are many orders of
magnitude thicker in proximal sections.

Therefore, in the spirit of

the working group's decision, it seems logical to modify the KIT
boundary definition to be at the base of all KIT impact-related
deposits or at the base of the Chicxulub Formation as defined here.
Alternatives to this definition would include placing the KIT boundary
at the top of the Fireball Bed such that the Cretaceous Period is
considered ended when all the products of the impact have settled to
the surface.

However, this seems unsatisfactory intellectually because

the changes in the Cretaceous world would have started at the moment of
impact.

2.3:

The Raton, New Mexico KIT Boundary Section

The Raton KIT boundary section is located immediately west of the
town of Raton, New Mexico, on the east side of the old Raton Pass road
at Lat. 36°54'12" N, Long. 104°27'4" W.

This KIT section has been

studied for geochemistry (Orth et al., 1982, 1987), paleomagnetics
(e.g. Shoemaker et al., 1987), palynology (e.g. Fleming, 1990), shocked
minerals (e.g. Izett, 1990) and stishovite (McHone et al., 1989).

At

this site the boundary clay layers are separated from the overlying
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coal seam by approximately 25 cm of stratigraphy.

This is the greatest

separation of the boundary clay layers and coal at all the known,
tectonically-undisturbed, nonmarine K/T boundary sections exposed in
outcrop.

(At the Buchanan Farm K/T section in southern Alberta,

Canada, the boundary layers occur without coal, but this section is
extensively sheared, making high resolution studies difficult.

New

sections are reportedly being found in the Raton Basin which lack welldeveloped coals (C. Pillmore, pers. commun.)

2.3.1:

Stratigraphy of the Raton K/T section

The Raton Formation stratigraphy has been described by Pillmore
and Flores (1987).

The Raton Formation represents an aggrading fluvial

(nonmarine) depositional environment which persisted from Late
Cretaceous to Early Tertiary time.

Figure 2.3 shows the stratigraphy

sampled at the boundary interval.

The uppermost Cretaceous grey-brown

mudstones are overlain by the light grey, kaolinitic, l3-mm-thick
ejecta and 3-mm-thick fireball layers.

These layers are pervasively

clay altered at most known K/T localities.

In the Raton basin the

fireball layer is typically mostly comprised of brown mixed-layer clays
and the ejecta layer of grey kaolinite, but X-ray diffraction studies
CA. Heinrich, written commun.) show that kaolinite is the dominant
constituent in both layers at the Raton site although the fireball
layer does contain some smectitic clay.

The variation in alteration

products is probably due to variation in local diagenetic/alteration
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Figure 2.3: The KIT boundary stratigraphy, Raton locality, New Mexico.
This outcrop pit shows the horizontal KIT boundary layers and enclosing
stratigraphy from the Raton locality in the Raton Basin, New Mexico.
The hammer handle is 30 cm long. The uppermost Cretaceous unit
(exposed at the base of the pit) is a grey-brown mudstone. The -2-cmthick light-grey band located just above the tape measure canister
marks the kaolinitized ejecta and fireball layers. The boundary layer
couplet is overlain by carbonaceous, jarositic and shaly mudstones
bearing Tertiary palynomorphs. This unit grades upwards into a
relatively massive brown leaf-bearing mudstone. An -IS-cm-thick
lignitic coal completes the sequence exposed in this pit. This is one
of the few nonmarine KIT localities where the boundary layer couplet is
separated from the overlying coal seam.
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conditions.

The fireball layer is overlain by a 3 to 6-mm-thick,

rusty-weathering carbonaceous shale.

In the Raton basin the fireball

layer is frequently overlain by locally reworked fireball-layer
material.

The reworked material typically contains shocked mineral

grains (B. Bohor, pers. comm.) and has some of the geochemical
characteristics of the fireball layer.

This reworked layer is

frequently variable in thickness and usually shows a poorly
consolidated texture with abundant secondary minerals in hand specimen.
(The layer may be reworked by aeolian as well as fluvial transport.)
The rusty-weathering shale may represent such a layer which is part of
the post-boundary succession because F. Fleming reports that this layer
contains a Paleogene assemblage of palynomorphs (F. Fleming, pers.
commun.).

An -6-cm-thick sequence of carbonaceous sediment grading

from greyish brown shale to grey mudstone then occurs.

The lower half

of the transitional unit contains minor jarosite, which is frequently
found overlying the boundary layers as preserved in the western U.S.
The boundary layers and the overlying transitional unit have rusty
coated fractures, a sign of weathering having been concentrated at this
stratigraphic level.

The contrast in lithologies may have caused

preferential channelling of groundwater at this horizon.

A 17.S-cm-

thick brown massive mudstone containing plant fragments continues
almost to the base of the coal where a 2.5-cm-thick light grey
mudstone, also with plant fragments, immediately underlies the coal.
The l4.5-cm-thick coal has a mud component at top and bottom with a
rusty and jarositic base.

The coal is overlain successively by a 1.3-
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em-thick rusty shale and grey mudstone at the top of the sampled
interval.

The entire section shows rusty-weathered and sometimes clay-

coated fractures, although a pit was dug -50 em into the outcrop to
escape the worst surface weathering effects.

C. Orth has established

that surface weathering can disperse Ir over at least -1 meter
intervals (C. Orth, pers. commun.).

2.3.2:

Sampling and analytical procedures

An -50-em-thick interval across the boundary was channel sampled
using plastic and stainless steel tools and a large reinforced block
was collected for followup studies.

Samples were air-dried and ground

to a fine powder using an agate mortar and pestle in a laminar-flow
hood to avoid contamination.

Approximately 1 g splits were irradiated

with chemical standards and standard rocks at the University of
Arizona's TRIGA reactor at a thermal neutron flux of 7xlOll cm- 2 sec- 1 for
3 hours. Five series of gamma ray spectra were acquired using two Ge
detectors, one of which has a NaI anti-coincidence Compton suppression
shield. Concentrations or upper limits were determined for
approximately 40 elements.

See Appendix A for additional discussion of

the instrumental neutron activation technique employed in this study.
Approximately 3 gram splits of the boundary clay layers were sent
to A. G. Heinrich of the Geological Survey of Canada for XRD and XRF
analysis.
well.

The elements analyzed by both INAA and XRF generally agreed
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Another set of samples was sent to W. S. Wolbach at the University
of Chicago for study of the carbon phases.

In that study 0.5-1.0 gm

splits were demineralized with HCl and HF to isolate the carbonaceous
residues.

These residues were then oxidized under controlled

conditions of temperature and pH in order to destroy reactive organic
material and kerogen so that any resistant elemental C present (mostly
soot and charcoal) could be analyzed (See further discussion of these
techniques in Wolbach, 1990).

Wolbach determined C abundances and

isotopic compositions for the different carbonaceous fractions from
each sample.

2.3.3:

INAA elemental concentration results

Results from the instrumental neutron activation study for 36
elements are presented in Table 2.1 and Figure 2.3.

The kaolinitic

fireball layer was probably successfully sampled separately from the
kaolinitic ejecta layer, despite their similar appearance, because the
INAA results show a sharp (6.9 ppb) Ir spike in the 3-mm-thick unit
capping the ejecta layer.

On the basis of a natural parting and a

slightly greater fissility this unit was believed to be the fireball
layer while sampling in the field.

The Ir values decrease to the 2a

detection limit of -1.0 ppb over 4.2 cm upwards in the section.

Orth

et al. (1982) found a maximum Ir anomaly of -1 ppb in the same
stratigraphy as sampled in a pit -10 m north of this study (see also
Orth et al., 1987).

This apparently is because they did not separate
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Table 2.1: INAA elemental concentration data from the Raton KIT
section. Blanks indicate no available data. One a errors are as
follows: ~ 5% - Na, K, Sc, Cr, Fe, Co, Zn, As, Rb, Sr, Zr, Sb, Cs, Ba,
La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, Th and U; ~ 10% - Ni, Wand Au;
~ 35% - Ca, Ga, Se, Mo, Re, Ir and Hg.
Upper limits are 2 a
uncertainties.
Sample
Number
08R
09R
lOR
llR
12R
13R
14R
15R
16R
17R
18R
19R
20R
21R
22R
23R
24R

Sample
Name
3.2CM COAL
1.3CM BONEY COAL
2.5CM LT GY MUDSTONE
5.0CM BRN MUDSTONE
5.0CM BRN MUDSTONE
5.0CM BRN MUDSTONE
2.5CM BRN MUDSTONE
1.9CM GY CARB MDST
1.3CM M GY CARB MDST
1.3CM GYBR CARB MDST
1.3CM GYBR CARB MDST
3MM RUSTY CARB SHALE
3MM GY KAOL CLAYSTNE
3MM GY KAOL CLAYSTNE
10MM GY KAOL CLAYSTN
1.3CM GY-BR MUDSTONE
1.3CM GY-BR MUDSTONE

Co

Ni

DGIG

DGIG

11.87
15.45
9.94
10.92
12.01
11.21
11. 30
6.79
7.57
9.15
8.44
9.23
18.95
24.49
9.07
9.78
6.08

32.6
56.2
16.9
15.8
30.0
29.1
23.6
19.2
17 . 7
21. 3
25.0
20.3
22.0
18.5
13.0
18.2
18.5

Zn
UG/G

K

UGIG

776
996
6310
7800
8300
7690
8240
7340
6230
6240
6090
5890
3020
864
1265
7860
8120

4270
6520
25700
25300
25600
25000
24200
25200
25600
25800
23900
21800
9900
3080
3930
23400
23500

Ga

As

Se

UG/G

DGIG

Rb
UG/G

Sr

UG/G

7.17
38.8
4.65
3.04
3.20
3.93
4.42
7.37
14.84
23.6
33.5
47.2
72.1
110.3
68.1
5.39
3.53

2.21
12.61
4.19
1.87
1.95
1.58
0.94
0.63
0.95
1.62
2.71
2.92
3.47
2.87
1.81
<0.8
0.53

30.2
45.2
155.4
148.7
153.6
149.0
142.8
150.6
160.5
161.1
154.3
130.2
49.7
9.38
16.5
144.1
137.7

617
642
347
212
213
216
203
211
221
228
233
237
213
126
116.2
197
195

8.3
10.4
30
26
21
22
24.7
27
26
92.1 32
113.0 23
76.4 29
81.5 25.7
102.2 27.3
57.1 27.2
78.2 22
85.8

53.1
118.5
91. 6
94.4
150.5
137.4
123.7
93.1
84.0

Na
UGIG

Sc
UG/G

Cr

Fe

UGIG

UGIG

0.94
0.69
0.28
0.20
0.25
0.32
0.22
<0.26
<0.3
0.23
0.28
0.21
0.24
0.254
0.232
0.24
<0.28

7.06
8.37
14.61
14.91
15.60
16.62
15.78
17.57
19.66
20.71
21.38
23.13
25.11
22.31
22.70
20.41
18.33

15.5
36.7
41.1
38.6
38.7
42.1
41.0
44.9
53.2
62.9
73.5
70.6
70.7
50.5
47.8
60.9
56.3

1.333
6.28
2.864
3.06
3.60
3.24
4.84
3.75
3.65
4.60
5.43
3.53
3.23
3.75
2.246
2.844
2.846

Zr
UG/G

Mo
UG/G

Sb
DGIG

Cs
UG/G

42.1
169
150
157
157
177
182
170
159
179
183
197
203
116
135
203
185

2.86
6.69
1.3
<0.7
<0.7
<0.8
<0.7
<0.7
<0.7
<0.7
1.2
5.6
9.93
19.8

7.16
4.92
0.704
0.495
0.467
0.523
0.548
0.635
0.949
1. 368
2.016
3.13
4.39
5.09
2.765
0.600
0.528

2.44
2.74
7.79
6.32
6.07
6.13
6.51
6.53
7.17
7.62
7.43
5.72
2.04
0.35
0.77
6.14
5.41

Ca
%

17 .0

1.2
<1. 7
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Ba

La

Ce

Nd

Tb

UG/G

UG/G

UG/G

UG/G

Hf
UG/G

\oJ

UG/G

Yo
UG/G

TA

UG/G

Sm
UG/G

Eu

UG/G

Lu

UG/G

UG/G

1590
13600
569
560
577
540
563
547
521
510
513
475
323
185
229
498
512

13.8
32.2
74.2
64.8
70.5
72.6
68.5
66.1
70.4
72.8
73.1
75.7
40.9
10.8
15.4
85.8
88.4

25.0
60.1
142
121
135
140
132
121.6
126
123.9
122.0
129.5
68.1
19.0
29.1
174.2
198

10.01
37.6
56.0
48.7
53.8
56.5
52.0
46.4
47.3
49.1
47.3
51.6
26.0
7.01
11.99
79.5
89.6

2.097
11.13
10.78
9.40
11.39
12.16
10.90
8.57
8.77
9.22
9.63
10.06
5.32
1. 95
2.86
17.08
19.2

0.376
2.42
1.86
1.64
2.04
2.27
2.02
1.532
1.578
1.693
1. 78
1. 826
1.014
0.440
0.607
3.20
3.57

0.333
2.22
1.15
1.032
1. 341
1.55
1.384
1.011
1.066
1.148
1.24
1. 22
0.872
0.463
0.544
1. 79
1. 94

1. 93
5.20
3.35
3.43
3.94
4.34
4.24
3.72
4.25
4.85
5.07
4.88
4.33
1.80
2.40
4.54
4.10

0.311
0.747
0.482
0.489
0.557
0.618
0.600
0.540
0.615
0.682
0.721
0.692
0.594
0.234
0.316
0.622
0.586

0.957
2.12
4.19
4.34
4.35
4.62
4.64
4.32
4.09
4.54
4.87
5.66
5.34
3.59
3.90
6.07
5.50

0.227
0.321
1.209
1.183
1.16
1.241
1.184
1.170
1.159
1.17
1.093
1.020
0.872
0.742
0.664
1.192
1.203

0.52
0.34
2.07
1. 98
2.09
2.33
1.95
1. 99
2.27
1.7
2.09
2.08
2.22
1.88
1.88
2.14
2.53

Ir
UG/G

Au

UG/G

UG/G

Hg
UG/G

UG/G

0.021
0.013
<0.010
<0.011
<0.019
<0.012
<0.018
<0.016
<0.019
<0.022
<0.019
<0.019
<0.022
<0.016
<0.011
<0.018
<0.023

<0.001
0.001
<0.001
<0.001
<0.002
<0.001
<0.001
<0.001
0.0011
0.0015
0.0015
0.0036
0.0069
<0.001
<0.001
<0.001
<0.001

0.0020
0.0068
0.0029
0.0028
0.0023
0.0029
0.0028
0.0041
0.0052
0.0058
0.0059
0.0073
0.0078
0.0049
0.0051
0.0017
0.0020

0.073
0.257
<0.10
<0.11
<0.09
<0.06
<0.05
<0.05
0.043
<0.09
0.089
0.161
0.393
0.593
0.258
<0.05
<0.07

5.83
8.95
22.32
21.89
22.47
22.10
20.09
22.12
23.89
24.47
23.42
22.33
13.48
6.62
5.95
18.40
17.86

Re

Th

U
UG/G
4.54
7.22
5.48
4.22
3.69
4.02

4.23
4.53
5.34
5.69
4.78
4.56
6.69
7.75
7.01
3.85
4.05

o

As

Re

(ppm)

(ppb)

Figure 2.4: Representative siderophile and chalcophile elemental abundances plotted against
boundary stratigraphy for the Raton locality. See text for description of anomalies.
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the fireball layer from the ejecta layer thus diluting the peak
associated with the fireball layer.

Orth et al.

(1982) obtained an

integrated Ir fluence or -40 ngcm- 2 at this site.

A -1 ppb Ir value

was found in this study from the jarositic base of the overlying coal
seam.

Orth et al. have shown that the entire interval from the

fireball layer to the coal seam contains anomalous amounts of Ir at
concentrations slightly less than 0.5 ppb, but still anomalous compared
to the background values of 10-20 ppt they found in the section (C.
Orth, written commun.).

The siderophile elements Au and Co also show

spikes at the fireball layer with additional anomalies in the base of
the coal seam.

With a detection limit of -10 ppb in this instrumental

(versus radiochemical) study Re could not be detected at or near the
boundary couplet but a broad anomaly was found in the base of the coal
seam.

Cr shows a broad, weak anomaly at the boundary layer couplet; Ni

shows no associated anomaly with a weak anomaly at the base of the coal
seam.

A broad, weak Sc anomaly occurs at the boundary couplet similar

in magnitude to that observed by Gilmore et al. (1984); Ti values as
reported by A. Heinrich (written commun.) are somewhat lower than
observed by Gilmore et al.
The chalcophile elements As, Sb, and Se show sharp to broad
anomalies at the boundary couplet with anomalies also occurring in the
base of the overlying coal seam.

Other chalcophile trace elements such

as Zn and Ga show no significant anomalies at the boundary or coal
seam.
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The major elements Fe and Ca show no significant anomalies at the
boundary while Na and K are depleted; Mg values are low compared to
typical crustal rocks (A. Heinrich, written commun.).

Lithophile trace

elements, such as Zr, Cs, Rb, Ba, all the rare-earth elements (REE) , W,
and Th, are depleted in the boundary couplet.

Typically the middle

sample from the fireball/ejecta-layer interval is the most anomalous
with the marginal samples somewhat closer to background values.

This

result seems counter-intuitive unless the alteration was a two-step
process.

It is now well established that the depletion of incompatible

lithophile trace elements in the boundary layers is a consequence of
the alteration of the originally glassy andesitic impact ejecta.
However, although the secondary mineralogy across the fireball/ejecta
layer interval is comparatively uniform, a uniform depletion of
lithophile elements is not found at this site as it is at other sites
such as the Knudsen's Farm locality (e.g. Hildebrand and Boynton,
1987).

Assuming that a uniform depletion was established at the Raton

locality after alteration of the layers, the currently observed pattern
may indicate a second stage of alteration in which the lithophile
incompatible elements were introduced into the boundary couplet from
the adjacent stratigraphy.

This postulated second stage would have

preferentially enriched the top and bottom of the boundary interval
leaving the greatest depletion in its center, the pattern currently
observed.

The coal seam is also generally depleted in the lithophile

incompatible elements with the exception of its jarositic base which is
enriched in Ba and the heavy rare-earth elements (HREE).

The
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lithophile element, U, is weakly enriched in the base of the coal and
the boundary couplet.

2.3.4:

Abundance and isotopic composition of carbon-bearing phases

The results of the carbon phase studies are presented by Wolbach
(1990) and Hildebrand and Wolbach (1989).
summarize these results.

Figures 2.5 and 2.6

Total carbon is depleted an order of

magnitude in the ejecta layer, but peaks in the fireball layer and
overlying sediment.

The soot abundance is an order of magnitude

greater in the boundary layers, peaking in the top of the ejecta layer,
the fireball layer and the overlying -3-mm-thick layer.

The bulk

carbon in the section shows a -1.5 per mil 513CPDB shift beginning in
the ejecta layer and gradually returning to Late Cretaceous values in
the basal Tertiary strata before the coal seam is reached.

The carbon

residue from the oxidation process shows a 3 times larger -4.5 per Gil
513CPDB shift beginning in the base of the ejecta layer, persisting in
the top of the ejecta layer and the fireball layer, and returning
halfway towards background values in the overlying thin rusty layer.
It returns to background values in the same Tertiary sample where the
bulk carbon values return to background levels.

Kerogen in the section

shows isotopic values mimicking the bulk carbon because the kerogen
constitutes most of the carbon in the section.
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Figure 2.5:
Soot abundances from the Raton KIT sec~ion.
Ir, etched
carbon and bulk carbon abundances are also shown in this figure. All
concentrations are in ppm except for Ir which is in ppb.
The zero
point marks the base of the ejecta layer.
Figure courtesy of W.
Wolbach.
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Figure 2.6: Abundances and isotopic values of C phases, Raton
locality. Carbon abundances are in ppm; isotopic values are in per mil
relative to the Pee Dee Belemnite standard. The zero point marks the
base of the ejecta layer. Figure reproduced from Hildebrand and
Wolbach (1989) and courtesy of W. Wolbach.
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2.3.5:

Discussion

2.3.5.1:

Degradation of the primary depositional signal

The deposits of the

KIT boundary impact have been altered by

several post-depositional geologic processes at the Raton site.

A site

must have nearly continuous deposition, or at least be completely
protected from erosion, to preserve the thin bounftary clay layers.
Most of

t~e

marine and

no~~arine

KIT sites observed and sampled by the

author, which preserve the fireball and ejecta layers, show signs of
the redeposited boundary layers above the primary fallout of the
impact.

At Raton this secondary unit is apparently represented by a 3-

6 mm thick rusty layer containing elevated soot levels and some of the
geochemical characteristics of the fireball layer.

The occurrence of

this unit reflects the lack of erosion and, apparently, the continuous
or near-continuous deposition across the boundary interval at this
site.

Another nearly ubiquitous disturbance comes from bioturbation;

this is usually less severe at nonmarine sites, but in the Raton Basin
trace fossils of roots are occasionally found in the boundary layer
stratigraphy (e.g. Izett, 1987).

No evidence of bioturbation was seen

at the sampling site, but the stratigraphy has been compacted and
altered since deposition, allowing the possibility that some
bioturbation occurred which is not now obvious in outcrop.
Geochemical dispersion has probably affected all the elements
determined in the section.

Schmitz (1988) suggests the fireball layer
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is not a stratigraphic equivalent between sites because its major
element composition changes.

Fireball layers preserved in marine

sections are typically smectitic and therefore have 1-5% Mg; at the
Raton site the fireball layer is kaolinitic and therefore has only
-0.5% Mg.

I assume that the original glass, condensates and finely-

crushed dust have been altered to whatever secondary minerals (usually
clay minerals) were stable in the diagenetic environment of a
particular KIT site.

This also implies that using the geochemically

mobile major elements as a correlation tool or an indicator of
provenance (e.g. Kyte and Wasson, 1982) is not valid.

Furthermore,

although many authors have argued that the trace elements preserve a
record of the original constituents of the layer (e.g. Hildebrand and
Boynton, 1987), it is now known that the typical depletion of these
elements reflects alteration processes rather than provenance from
comparing unaltered tektite glass to the clay mineral alteration
products (e.g. Izett, 1990; Koeber1 and Sigurdsson, 1992).

The highly

siderophile trace-element abundances such as Ir are usually anomalously
high in most complete KIT sections although their distribution has been
disturbed to greater or lesser extent.

In particular, coal seams,

which are sinks for many elements including the chalcophile elements,
have often trapped the siderophile trace elements mobilized from
adjacent boundary clays.

For example, Gilmore et al. (1984)

established that Ir was transported both up and down into coal at the
Sugarite site where a thick coal encloses the boundary layers.

At

Raton, Ir and Au decrease with distance from the boundary clays, but
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the base of the coal seam -25 cm above shows anomalies of both these
elements; Ni and Co show a similar distribution.

Re was detected only

in the coal seam, suggesting it was more mobile than the other
siderophile trace elements.

The chalcophile elements As, Sb, Mo and Se

show bimodal distributions similar to the siderophile trace elements,
while some other chalcophiles, which are typically anomalous in marine
KjT sections such as Zn and Ga, show flat distributions.

I assume the

latter have been levelled in the section due to their greater mobility.
The incompatible lithophile elements, such as the REE, are low in the
boundary couplet, but not as low as at other nonmarine sites,
apparently indicating that these relatively geochemically immobile
elements can be transported to varying degrees in the oxidizing
conditions of continental sites.

The center sample from the boundary

couplet typically yields the lowest incompatible-element abundances,
possibly indicating the margins have been less-affected by geochemical
disturbance but more likely indicating a two-stage alteration process
as discussed in section 2.3.3.

The rusty clay-coated fractures also

indicate that surface weathering has altered the original signal
preserved in the sediments.

Generally, geochemical dispersion is a

more serious effect at nonmarine KjT boundary localities than marine
ones due to an oxidizing environment and the presence of a nearby coal
seam.

However, bioturbation is usually less severe, suggesting that no

one site may well preserve all types of evidence relevant to the KjT
event.
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2.3.5.2:

Source of the chalcophile-element anomalies

The chalcophile-element anomaly of the KjT boundary layers has
long been a puzzle for those advocating an impact.

It has been

ascribed to the projectile (Smit and ten Kate, 1982), basaltic
volcanism (Officer and Drake, 1985), scavenging from formation waters
by organic-controlled reduction (Schmitz, 1985), and, most recently, to
precipitation from seawater (Strong et al., 1987; Schmitz, 1988;
Gilmour and Anders, 1989).

The required chalcophile composition for

the projectile is inconsistent with known meteorite compositions, and
such a fractionation is not possible, relative to the siderophile
elements (Palme, 1982).

A basaltic volcanism origin for the boundary

layers is inconsistent with the siderophile trace-element ratios (e.g.
Hildebrand and Boynton, 1984; Crowe et al., 1987; Finnegan et al.,
1990), the chalcophilejIr ratios (Strong et al., 1987; Gilmour and
Anders, 1989), and the chalcophile ratios (See Table 2.2).
A seawater provenance is inconsistent with the presence of
chalcophile anomalies in nonmarine boundary sections as first described
by Gilmore et al. (1984) from Raton Basin KjT sections intimately
associated with coal.

They analyzed 27 other coal seams from the area

to establish that the chalcophile anomalies were not due to the
presence of coal.

Chalcophile-element distributions from analysis of

the Raton section demonstrate that the boundary layers show a
chalcophile-element abundance anomaly even when coal is not present.
The magnitude of the anomalies in marine and

nop~arine

sections are
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similar in size (Table 2.2).

Similar boundary-layer chalcophile

anomalies have been found at the Dogie Creek, Wyoming section, another
locality where the boundary layers are separated from coal (Hildebrand
and Wolbach, 1989).

However, the source of the chalcophile anomalies

remains problematical as none of the possibilities listed above seems
viable.

Volcanism could explain the occurrence in all types of

environments but inspection of Table 2.2 shows that As/Sb and Sb/Se
ratios at 10 marine and nonmarine KIT boundary sites are unlike
volcanic aerosols (See also Strong et al., 1987 and Gilmour and Anders,
1989 for discussions of volcanism as a potential source with similar
negative conclusions.).
The As/Sb and Sb/Se ratios are similar to mantle values (As/Sb
being near chondritic and Sb/Se being more than an order of magnitude
greater than chondri tic) excepting that the Sb/Se values are
exceptionally high at 3 sites.

However these high values are probably

due to the preferential mobilization of Se to neighboring strata.
Integrating the chalcophile-element fluences yields ratios more similar
to those of the mantle.

This suggests that mantle outgassing, as Roddy

et al (1987) proposed on the basis of theoretical modelling of large
impacts, could be responsible.

This suggested scenario would have that

hot mantle rocks were unroofed and exposed to low pressure conditions,
possibly allowing an explosive release of mantle volatiles.

As

discussed in Chapter 5, the excavation depth of the Chicxulub impact
was -15 km or approximately halfway through the targeted continental
crust, but certainly not sufficient to directly unroof mantle rocks.
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Table 2.2: Chalcophile-element data from ten KjT boundary sites where
good stratigraphic control is available and a discrete fireball layer
is present. Not all elements were determined at all sites, however;
from necessity averaged values have been used in some cases.
Chondritic normalizing values, Kilauean aerosol values, and mantle
abundances are also shown for comparison. Strong et al. (1987)
recently published a summary of mantle values which is based on the
same data set. Their chosen value of 30 ppb for antimony in the mantle
is probably too high based on the data of Morgan et al. (1980). A mean
value of 6 ppb is used here. The data of Crowe et al. (1987) were used
to determine the chalcophile ratios in volcanic aerosols since their
sampling technique captured all phases of the aerosol material. Their
data from six samples representing the most effusive aerosol production
by the volcano were used to produce the average. One anomalous sample
with high AsjSb and low SbjSe was rejected. Data collected from
cooling lava with lower rates of outgassing show more variable and,
presumably, less representative ratios. The KjT boundary fireball
layer samples have ratios similar to the mantle values (and unlike the
Kilauean values) excepting that the SbjSe ratio is very high at some
KjT sites. References: (1) Kyte et al., 1985; (2) Smit and ten Kate,
1982; (3) Alvarez et al., 1980; Smit and ten Kate, 1982; (4) Alvarez et
al., 1980; (5) De Paolo and Kyte, 1984; (6) Gilmore et al., 1984; (7)
Strong et al., 1987; (8) Brooks et al., 1984; Strong et al., 1987; (9)
Anders and Ebihara, 1982; (10) Crowe et al., 1987; (11) Morgan et al.,
1980; Jagoutz et al., 1979; no cited reference indicates data from this
study.
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Arsenic
Concen.
(ppm)

Locality

Caravaca, (1)
Spain
(2)
Gubbio,
Italy

760

Antimony
Concen.
(ppm)
17.1
13.1

(3)

18.5

2.5

Stevns Klint,
Denmark (4)

42.7

3.6

DSDP (5)
465A

Selenium
Concen.
(ppm)

As/
Sb

Sb/
Se

3.6
315

5
0.6
20.7

1.0

20

0.5

131

20.1

Raton Basin (6) 36
(averaged values)

6.3

8

0.5

94

Dogie Creek,
Wyoming

84

7.3

7.5

0.9

115

Raton,
New Mexico

72

4.4

3.7

1.3

142

Flaxbourne (7)
River

29.8

5.5

Woodside (8)

48

7.3

14.8

1.0

0.4
40

0.5

21

1.2

21

Creek

Brazos River,
Texas

5.5

LOS ±0.95

104 ±106

0.77 ±0.34
69 ± 55
without Caravaca
CI Chondrites (9) 1. 91
(normalizing
values)

0.155

18.2

Kilauean
Concentrations known only
Aerosols (10)
(averaged values) as ~g/m3 of gas in plume.
0.10
Mantle Values
(averaged values, 11)

0.006

0.04

8.03 ±4.65 LOO ±0.43
L25

20
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Another possibility is that the targeted strata were exceptionally rich
in cha1cophi1es (the concentrations of the cha1cophi1es in the boundary
layers are approximately an order of magnitude greater than in typical
sediments), but the cha1cophi1e-e1ement anomaly seems to be
concentrated in the fireball layer (composed of -85% target rocks from
siderophile trace-element abundances) while the ejecta layer has none
(composed of 100% target rocks).

This is further confirmed by analyses

of unaltered tektite glass from the Haitian KIT ejecta layer which show
low values for As (0.08-0.38 ppm), Sb (0.07-0.75 ppm) and Se «-1 ppm;
Izett et a1., 1990; Koeber1 and Sigurdsson, 1992).

2.3.5.2.1:

Shock-devo1atization origin for the cha1cophi1e-element

anomalies

The values of As and Sb in the KIT tektite glasses are low for
typical crustal rocks and sediments (e.g. Wedepoh1, 1969).

This

observation potentially allows a mechanism previously considered and
rejected by Gilmour and Anders (1989) as the source of the boundary
cha1cophi1e-e1ement anomalies.

The cha1cophi1e and other volatile

elements may be devo1atilized from the target rocks as they are shocked
to the vapor and liquid states.

The tektites at Haiti would then have

depressed concentrations of these elements as a consequence of this
shock-induced super heating.

The volatiles would condense in the late

stages of the expansion of the impact fireball and would therefore
contribute only to the fireball layer.

This would also explain the
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lack of any anomaly associated with the ejecta layer which is composed
of altered and unaltered tektites.

Because the volume of the ejecta

layer shocked to melting temperatures is at least -5,000 km3 (See
Chapter 4) and may be on the order of half the total ejecta volume
(33,000 km 3 ) or -15,000 km3 , a sufficient volume of crustal material
may have been stripped of its chalcophiles to produce the chalcophile
anomalies.

Gilmour and Anders (1989) rejected this mechanism because

they felt that the required enrichment factor of an order of magnitude
could not be realistically achieved from stripping -15,000 km3 of
ejecta versus the -1,500 km3 found in the fireball layer.

They doubted

that the volatiles could be adequately decoupled from the components
which would become the ejecta layer (i.e. the tektites).

This

mechanism is also supported by the chalcophiles occurring in crustal
rocks in similar proportions to those found in the boundary anomalies
(e.g. Wedepohl, 1969).

The validity of this mechanism may be directly

checked by comparing chalcophile concentrations in the target rocks
versus the tektites and melt rocks.

Currently, the limited data in

hand make this mechanism a plausible option although not enough trace
element data are yet available (e.g. no Se data on the tektites is yet
available although the established upper limits are indicative of a
depletion) to allow a definitive evaluation.

Furthermore, no data are

yet available on the target rock compositions impacted at the Chicxulub
crater.

This calculation may be further constrained as the ejecta

layer becomes better understood (i.e. better constraints are available
on the composition of the tektites and the proportion of the ejecta
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layer which was melted) and the chalcophile trace-element compositions
of the target rocks at the Chicxulub crater are measured.

2.3.5.2.2:

Acid-rain origin for the chalcophile-element anomalies

Another possible origin for the chalcophile trace element
anomalies is from acid-rain leaching of subaerial crustal rocks.

Prinn

and Fegley (1987) predicted that acid-rain leaching of the continents
may have been severe enough to have left a geochemical signal in the
marginal marine environment.

In this scenario acid rain would leach

lightly bound metal ions from surface rocks and soils; the cationcharged waters would run off the continents to be buffered in the
marine setting so that a chemogenic signal of the acid rain would
result.

This scenario may be substantially more likely if the

comparatively large sulfuric-acid-rain pulse suggested in Chapter 5
(due to shock devolatization of sulfate-bearing evaporites at the
Chicxulub crater) actually occurred.

Gilmour and Anders (1989)

suggested this acid-rain leaching mechanism as a possible source for
the nonmarine KIT chalcophile anomalies, although they ascribed the
marine anomalies to a seawater source.

Hildebrand and Boynton (1989b,

1989c) suggested a possible acid-rain leaching chemogenesis for all the
chalcophile-element anomalies found at the KIT boundary including As,
Sb, Se, Cu, Zn, Mo, Ga, Hg, and Re, (e.g. Hildebrand and Wolbach, 1989)
because anomalies of all these elements are present in nonmarine KIT
boundary sections and because the other chalcophile elements are
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similarly mobile in conditions of low pH.

Re, which is a siderophile

trace element also shows chalcophilic behavior and is present in excess
of chondritic proportions in the boundary layers (e.g. Ganapathy,
1980).

Hildebrand and Boynton tested the leaching scenario by

searching for Hg anomalies at the KIT boundary as Prinn and Fegley
predicted should occur, based on calculated solubility increases for Hg
complexes in solutions of decreasing pH.
Hg was chosen for this study because it is a comparatively rare
element (typical crustal abundances of 30 to 300 ppb; Wedepohl, 1969),
it may be analyzed by INAA in crustal rocks with a detection limit of

-50 ppb, and it would not be expected from other possible sources such
as the impacting projectile.

Hildebrand and Boynton found Hg anomalies

in two nonmarine sequences, Raton, discussed above, and Dogie Creek,
Wyoming, where the boundary layer couplet is also separated from the
overlying coal (See Figure 2.7).

However, a Hg anomaly was not found

in the marine shelf sequence at Brazos River.

Nor has a Hg anomaly

been reported at any other marine KIT boundary sequence, suggesting
that marine processes may interfere with the precipitation of Hg or
that the Hg anomaly arises from some process which only produces
significant anomalies in subaerial environments.
Thus, the Hg anomaly predicted by Prinn and Fegley for an acidrain event at the KIT boundary does exist, suggesting that this
scenario may be valid.

Because the other chalcophile elements are

similarly mobile in solutions of low pH, boundary anomalies of all the
chalcophile elements may have resulted from the same process.

However,
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Figure 2.7: KIT boundary Hg anomalies at Raton and Dogie Creek. The blank areas show 2 a
upper limits; the detection limit in this study was -50 ppb Hg. Note one Hg abundance peak at
or near the fireball layer at both sites. A second abundance peak occurs in the base of the
overlying coal seam and is assumed to represent Hg which has been mobilized from the boundary
interval and captured by the reducing environment of the coal.
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depending on the extent of the Hg and other chalcophile-element
anomalies, a large volume of weathered rock and/or soil must be leached
to account for the observed fluences (on the order of 10 cm depth
averaged over the surface of the continents).

It is possible that both

of the mechanisms found to be plausible here, shock-devolatization of
melted ejecta and acid-rain leaching, contributed to the chalcophile
element signature.

As more data become available on the chalcophile-

element anomalies and the Chicxulub crater products these two
mechanisms may be more rigorously evaluated.

2.3.5.3:

Source of the soot and 513CPDB isotopic anomalies

The soot abundance anomaly found at Raton is smaller in magnitude
but in a similar stratigraphic position to those found in marine
sequences (e.g. Wolbach et al., 1990).

These have been shown to be the

result of burning trees at least in part on the basis of identification
of specific combustion products (Gilmour and Guenther, 1988).

The

abundance peak is associated with the fireball layer and neighboring
strata and may have been slightly smeared by mixing.

Its close

association with the top of the ejecta layer and the fireball layer
suggests the soot was produced by a prompt effect of the impact and not
after the dust (which constitutes the fireball layer) settled to the
ground.

The soot abundance anomaly rapidly returns to background

levels (Figure 2.5) also implying that it was produced by a short-lived
event.

The prompt appearance (and disappearance) of the soot is
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consistent with the modelled thermal pulse from re-entering ejecta of
Melosh et al. (1990).

As discussed in Chapter 1, the thermal pulse at

the Raton locality would be an order of magnitude greater than that
advocated by Melosh et al. because they used only the material of the
fireball layer in their calculation.
The 813CPDB isotopic anomalies are similar to those observed in
carbonate and kerogen in marine sections, but must be due to different
causes given different sources for the kerogen precursors.

Shifts in

both the oxidation-resistant carbon (which is predominantly some phase
other than soot) and the kerogen are prompt, beginning in the ejecta
layer (Figure 2.6), and therefore, at least initially, are not due to
some post-impact change such as a change in the isotopic ratio of
atmospheric CO 2 due to burning forests, releasing marine bicarbonate,
or shock-devolatizing a carbonate target.

This is particularly true of

the oxidation-resistant carbon phases which show their large negative
excursion only in the ejecta ana fireball layer samples.

Tnis implies

a different source for this elemental carbon such as charcoal from
promptly ignited fires.

The kerogen carbon-isotope anomaly reaches its

peak in the sample above the fireball layer and gradually returns to
background values over -15 em (Figure 2.6).

This could indicate a

different source for the kerogen or that a factor such as the
atmospheric CO 2 isotopic value had changed for an interval of time due
to effects of the impact before geologic feedback mechanisms restored
it to pre-impact values.
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In this context it is interesting to examine the palynological
record reported by Fleming (1990).

A fern spore abundance anomaly

("fern spore spike") occurs beginning in the 3-mm-thick rustyweathering layer overlying the fireball layer (Figure 2.8).

This

establishes that the fern spore anomaly occurs in sections that do not
have coal immediately overlying the boundary layer couplet so that the
anomaly is not the result of coal deposition.

The fern spore abundance

anomaly persists for only -3 cm into the Tertiary sediments before a
more normal vegetation is apparently restored.

Thus, the duration of

the disruption to the terrestrial floral regime as reflected by the
fern spore abundance anomaly is much shorter than whatever caused the
shift in C-isotopic values for the kerogen.

This indicates that the

isotopic shift in the kerogen and the vegetation disruption are not
directly related.

2.3.6:

Conclusions

Discovery of the chalcophile and soot abundance anomalies in the
nonmarine, coal-free environment represented by the Raton KIT boundary
section establishes that chalcophile-element anomalies occur
independently of the marine environment and marks the first discovery
of soot at the KIT boundary in the nonmarine realm.

INAA results

indicate a peak abundance of 6.9 ppb Ir in a 3-mm-thick kaolinitic clay
layer overlying the ejecta layer.

This layer probably represents the

fireball layer and indicates that even in the Raton Basin the fireball
layer is not always altered to primarily smectitic clay.

The

occurrence of a Hg anomaly at two nonmarine KIT sections supports the
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Figure 2.8: Fern spore abundance anomaly at Raton. Note that sampling
intervals are much broader in this study than those of the samples used
in the INAA and C-phase work (Figure courtesy of R. Fleming).
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acid-rain leaching model of Prinn and Fegley (1987).
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isotopic anomalies of different magnitudes occur at the boundary in
both the kerogen and elemental C phases, but their origin is unknown.
The fern spore abundance anomaly is of shorter duration than those of
the C-phase isotopic anomalies.
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CHAPTER 3 - IMPACT-wAVE-DEPOSITED STRATIGRAPh-y

3.1:

Introduction

The

KIT boundary impact could have occurred on continental crust

or oceanic crust.

An oceanic target would have created huge waves in

the ocean which would radiate out from the impact site; an effect that
would not be found with subaerial targets.

Because deep ocean

underlain by oceanic crust constituted -60% of the Earth's surface at

KIT boundary time, this was the most probable type of target.
-40% of the Earth's surface covered by continental crust at

Of the

KIT time

roughly three quarters or -30% of the Earth's surface was dry land (No
icecaps existed at

KIT time on the Earth).

The remaining quarter or

-10% of the Earth's surface was covered by shallow shelf seas, allowing
an oceanic impact capable of generating waves (but of reduced size
compared to the deep ocean) while at the same time targeting
continental crust.

An impact into the ocean was therefore favoured by

some investigators purely on statistical likelihood (e.g. Bourgeois et
al., 1988) and the lack of any known suitable crater on the surface of
the continents.

As discussed in the following section, chemical and

isotopic provenance indicators derived from the boundary layers
initially pointed to an oceanic impact although evidence for a
continental component was also present.
A consequence of an oceanic impact is that huge waves produced by
the impact would wash onto the shore of adjacent continents producing
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coarse chaotic deposits in the geological record (e.g. Ahrens and
O'Keefe, 1983).

The characteristics of the waves generated by an

impact in the deep ocean have been considered by several authors.
Dietz (1961) may have been the first to suggest that large impacts in
the deep ocean would produce huge waves initially as high as the ocean
is deep or -5 km high.

Following Bascom (1983), these waves will be

referred to by a descriptive term, impact waves, to denote their means
of generation which should connote their potentially huge size.

No

known endogenic process can generate waves as high as the depth of the
deep ocean.

This usage follows that of Hildebrand and Boynton (1990a).

Strelitz (1973, 1979) discussed the physics of impact-wave generation
and propagation of such impact-generated waves in the deep ocean and
upon approaching the shore.

Gault and Sonett (1982) explored the wave-

generation problem experimentally as well as theoretically and
discussed wave propagation in both proximal and distal settings .
•~rens and O'Keefe (1983) discussed the expected effects of a large
oceanic impact at the KIT boundary, concluding that impact-wave
deposits should be widespread geographically in the geological record
if the impact were sizable.

They also concluded that the site of such

an impact could be located by discovering deep-water KIT sections which
recorded an erosional event at the KIT boundary, showing that such
deposits would be confined to within several crater radii.
al.

Sonett et

(1991) discuss early and late stages of impact-generated waves from

a single impact and discuss effects in the far field including
interaction of the wave with shallow-water margins.
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A common criticism of the

KIT impact hypothesis has been that

only thin clay layers are preserved in the geologic record as a result
of such a catastrophic impact.

This problem becomes even more severe

for an oceanic impact that should have produced erosion and
redeposition at more distant localities than the region of thick ejecta
deposits.

In fact, however, coarse deposits had been previously

described at the

KIT boundary (e.g. Stone and Sterling, 1965; Ganapathy

et al., 1981) and subsequently have been suggested to represent impactwave deposits (e.g. Glick, 1984; Stone, 1984; Smit and Romein, 1985;
van Hinte et al., 1985; Pszczolkowski, 1986; Hildebrand and Boynton,
1988b, c; Bourgeois et al., 1988).
In this chapter the unusual coarse sedimentary deposits from the

KIT boundary at Brazos River, Texas are described and interpreted in
the context of an impact-wave origin.

Geochemical and stratigraphic

evidence is presented suggesting that the fireball and ejecta layers
are interbedded with these probable impact-wave deposits.

Other

potential impact-wave deposits are surveyed as previously summarized by
Hildebrand and Boynton (l990a).

3.2:

Provenance Indicators for the

KIT Boundary Impact

Until the discovery of unaltered tektite glass in the ejecta
layer settled the argument, the available provenance indicators derived
from the

KIT boundary layers confusingly pointed to both oceanic and

continental terranes.

This lead to substantial debate over whether the
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impact was on a continent versus the ocean (e.g. Hildebrand and
Boynton, 1990a; Sharpton et al., 1990) or the construction of elaborate
multiple simultaneous impact hypotheses to explain the perceived dual
character.

The provenance indicators are discussed below in detail to

indicate what worked and what did not.
Chicxulub crater is the

It turns out that, assuming the

KIT boundary crater, that the KIT impact

targeted a submerged continental shelf underlain by crust with an
intermediate isotopic composition, so that the isotopic record was
confusing and the impact did produce impact waves even though
continental crust was targeted.

Therefore, the

KIT projectile hit that

unlikely 10% fraction of the Earth's surface where signatures of both
continental and oceanic impact would be produced with the further
complication that the targeted crust was somewhat unevolved
isotopically.
Isotopic constraints had been interpreted to indicate that the

KIT impact occurred in an ocean basin.
DePaolo et al.

Shaw and Wasserburg (1982),

(1983), Depaolo and Kyte (1984) and Turpin et al.

(1988)

have shown that Sm-Nd and Rb-Sr isotope systematics of the fireball
layer, as preserved in marine sections (Caravaca, Spain; Stevns Klint,
Denmark; and DSDP site 465A) , were unlikely to be derived from old
continental crust but were consistent with the involvement of oceanic
crust.

Hildebrand and Boynton, (1988a) described similar Sm-Nd isotope

systematics from the fireball and ejecta layers as preserved in a
nonmarine sequence at Knudsens' Farm near Red Deer, Canada.

Turpin et

al. (1988) also reported similar Sm-Nd results from an unsplit boundary
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couplet from an unspecified nonmarine KIT section in the Raton Basin,
U.S.A.

It is now known (but from only one determination) that

unaltered tektite glass from the Haitian KIT sites has an intermediate
Sm-Nd and Rb-Sr isotopic signature (Premo and Izett, 1991; Chapter 5,
section 5.8) compatible with most of the isotopic results of previous
workers.

Therefore, the intermediate values are not the result of

subsequent contamination of an original oceanic signature or mixing of
a continental component with an oceanic component in the crater's
ejecta, but reflect an origin from comparatively young continental
crust such that its isotopic signature had not evolved as much as is
typical of the continents.

Most of the Sm-Nd and Rb-Sr isotopic

results were apparently reflecting the provenance of the target rocks
correctly, but were misinterpreted.
by Shaw and Wasserburg (1982) of - +2
provenance.

However, the one value determined
€Nd

is not compatible with this

It is consistent with derivation from a depleted

reservoir, such as the Earth's mantle, rather than continental crust or
the projectile and remains unexplained.
Incompatible lithophile elements (e.g. REE, Rb, Sr, Cs, Zr, Ba,
Hf, Ta, Wand Th), which are enriched in continental crust relative to
oceanic crust or mantle, typically show varying degrees of depletion in
the altered boundary layer couplet (e.g. Chapter 2).

This depletion

had been interpreted as indicating oceanic crust and mantle, not a
continent, were the target of the impact (e.g. Smit and ten Kate, 1982;
Hildebrand and Boynton, 1987, 1989c, 1990a).

In addition, Sc, V, Cr

and Ti, four more-compatible lithophile elements, are enriched in the
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boundary layers (e.g. Gilmore et al., 1984) as expected for the
presence of a mantle component, and had been interpreted as consistent
with an oceanic provenance.

However, some KjT sites did not show any

significant incompatible trace-element depletion or even had an
enrichment of these elements (e.g. Bohor and Meier, 1990).

These

abundance patterns were interpreted as representing alteration effects.
(The major-element composition of the layers (e.g. Kyte and wasson,
1982) and the inter-site variability of the major-element compositions
(Sct~itz,

1988) had also been ascribed to alteration as abundances of

these elements are known to reflect the alteration products.)

The

unaltered tektite glass from Haiti is now known to have trace-element
abundances typical of continental crust and to have suffered severe
depletion during alteration to produce the trace-element abundances
observed in the alteration product (Izett et al., 1990; Sigurdsson et
al.,.1991b; Koeberl and Sigurdsson, 1992), a poorly ordered smectitic
clay (Hildebrand and Boynton, 1990a).

Ynerefore, the trace-element

abundances of the altered boundary layers reflected a general pattern
of depletion due to the alteration process which affected
concentrations of even high-field strength ions (and therefore
relatively geochemically immobile elements).

In consequence, trace-

element geochemistry was of no use in characterizing the target rocks
until unaltered impact products were found.
The occurrence of shocked and unshocked mineral grains of
quartz, alkali feldspar and other felsic lithologies in the fireball
layer had often been cited as evidence of a continental impact (e.g.
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Bohor et al., 1984, 1987; Izett, 1987, 1990; Sharpton et al., 1990).
However, Hildebrand and Boynton (1987, 1990a) had argued that the low
abundance of such materials in the fireball layer (2% at maximum, less
than 1% globally averaged, Izett, 1987, 1990) indicated a predominantly
oceanic provenance because the continents are, on average, composed of
12% quartz and 12% alkali feldspar (Ronow and Yaroshevsky, 1969).

They

therefore expected a higher abundance of shocked felsic minerals from a
continental target.

Additionally, the ejecta layer contains at least

an order of magnitude fewer shocked mineral grains than the fireball
layer (Bohor, 1984); these grains may represent a primary signal in
part, although contamination from the fireball layer does occur.

It

had been thought by the author that mafic and ultramafic mineral grains
were generally not observed in the layers because of their greater
susceptibility to alteration and because

unmelt~d

grains might be

ejected into the fireball layer only from the surface layers at the
impact site.

The discovery of the continentally derived tektite glass

established the validity of the provenance arguments based on shocked
quartz and feldspar grains.

The dearth of shocked grains reflects the

almost complete melting or vaporization of the impact ejecta which was
transported to distant locales.
Some unaltered boundary layer components which were interpreted
by Hildebrand and Boynton (1990a) as representing an oceanic provenance
are now apparently consistent with derivation from the continental
crust found at the Chicxulub impact site.

Firstly, Smit et al. (1988)

and Smit (1990) described unaltered dendritic clinopyroxene spherules
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in the fireball layer from DSDP site S77A.

Because pyroxenes are

typically found in mafic and ultramafic rocks their occurrence at the

KIT boundary seemed to indicate an oceanic provenance.

However, the

Haitian high-Ca tektites contain dendritic clinopyroxenes of similar
composition (Sigurdsson et al., 1991b) and the DSDP 577 clinopyroxenebearing spherules have been subsequently interpreted by both Sigurdsson
et al. (1992) and Smit et al. (1992) as partially altered relicts of
similar high-Ca tektites.

Secondly, Bohor et al. (1989) found possibly

shocked chromite grains from both layers at western U.S. nonmarine KIT
sites.

Although their presence may indicate that some ultramafic or

mafic rocks were present in the targeted (and excavated) crust at
Chicxulub (No chromites have yet been described from the basement rocks
at Chicxulub (Sharpton et al., 1992).), their small concentration does
not require an oceanic provenance.

3.3:

Stratigraphy of the KIT Boundary Interval at Brazos River, Texas

Several K/T boundary sections are exposed on the banks of the
Brazos River and two of its small tributaries in Falls County, Texas.
Some of these deposits have been partially described paleontologically,
litho-stratigraphically, isotopically and geochemically (e.g. Smith and
Pessagno, 1973; Ganapathy et al., 1981; Jiang and Gartner, 1986; Hansen
et al., 1984, 1987; Keller, 1989a, 1989b; Huffman et al., 1989; Barrera
and Keller, 1990; Beeson, 1992; Montgomery et al., 1992), establishing
the presence of an apparently near-complete section with a typical KIT
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boundary faunal turnover and the presence of Ir anomalies.
(Stratigraphic completeness for a section is defined as preserving the
recognized fossil and magnetozones with no apparent significant missing
intervals.)

The boundary stratigraphy was studied at the 5 best-

exposed and best-known outcrops (as located in Figure 3.1) that include
the K\T boundary sequence (and many of the undesignated sections such
as those exposed only by low water in the river bed).

Because of

spring floods some "outcrops" are often deeply buried by river
sediment, but over the last 5 years all have been accessible for at
least one season.

The study area straddles the boundary of U.S.G.S.

1:24,000 topographic map quadrangles Reagan and Baileyville.

Two

aerial photographs that cover the study area are 48145 178 44R & 44L
which are available from the U.S. Department of Agriculture,
Agricultural Stabilization and Conservation Service, Aerial Photography
Field Office, 2222 West, 2300 South - P.O. Box 30010, Salt Lake City,
Utah 84130-0010.
The boundary exposure located on the west bank of the Brazos,
-300 m south of the Route 413 bridge (U.T.M. Zone 14: 3446025 N, 707510
E) previously described as the Brazos River section (e.g. Smith and
Pessagno, 1973) or Brazos 1 (Hansen, 1987), is the best exposed,
tectonically undisturbed, and least weathered (See Figure 3.1).

Unless

someone else has recently uncovered this exposure it must be dug out;
this is a 2-day job for one person if the spring flood was severe, but
attempting to study the exposure without doing this will yield an
incomplete picture that has led to numerous misinterpretations of this

llO
Figure 3.1:
Location of KIT sections, Brazos River, Texas. The base
maps used in drafting this figure were U.S.G.S. 1:24,000 quadrangles
Reagan and Baileyville. The course of the Brazos river near the Brazos
2 and 3 sites has changed considerably since these topographic maps
were made.
Other KIT boundary outcrops occur in the Brazos River bed
and Cottonmouth and Darting Minnow creeks but are not shown here.
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section.

This KIT boundary interval was sampled in detail to provide a

suite of samples for instrumental neutron activation analysis (INAA)
and petrographic study.

The boundary stratigraphy exposed at the

Brazos 2 (3444170 N, 707150 E), Brazos 3 (3444200 N, 707l60E),
Cottonmouth Creek (3444240 N, 706710 E), Darting Minnow Creek (3443520
N, 706320 E) and the Brazos core (3445920 N, 707490 E) are discussed
here as well (Figure 3.1).

The first two localities are downstream

from the Brazos River locality at the mouth of a small tributary
(informally named Cottonmouth Creek); the next two are located on
informally-named tributaries (Bourgeois et al., 1988) of the Brazos,
located southwest of the Brazos River locality; the last is a core
drilled -100 m south of the Brazos River exposure.

The Cottonmouth

Creek exposure is apparently improperly located by Keller (1989b) as no
good outcrop could be located at her suggested position (an exposure
most closely matching her description and that of Bourgeois et al.
(1988) is found at the position indicated on Figure 3.1) and the core
near BRS is apparently improperly located by Hansen et al.

(1984, 1987)

as a drillhole collar is found at the position indicated.

The core

described by Keller (1989a, b), labelled Brazos Core, is also probably
improperly located as it reportedly occurs -50 m south of the CMC
exposure (T. Hansen, pers. commun.) although the author has never found
its collar to verify the location.

Figures 3.2 and 3.3 show the

stratigraphy of the boundary interval which is composed of a series of
atypical coarse and carbonate-rich lithologies enveloped in calcareous
mudstones of Upper Cretaceous and Lower Tertiary age (e.g. Smith and
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Figure 3.2: The Brazos River section outcrop (looking west) showing
the KIT boundary sequence; note pick and hammer for scale. The pick
head lies on the top of prominent-weathering, rippled calcareous
sandstone. This unit is underlain by a coarse, pebbly, calcareous,
skeletal, sandstone with an irregular base.
It is draped over the
boulders of a sedimentary breccia which is 30 cm thick at the center of
the outcrop.
In the center of the photo an BO-cm-diameter, 20-cmthick, disc-shaped clast of dark-grey mudstone is visible in the
sedimentary breccia. The breccia's underlying contact is irregular and
the unit thickens to the left (south). The underlying massive, mediumgrey Corsicana mudstone represents the top of the Maastrichtian
sequence; some uppermost Maastrichtian was probably eroded by the
event, probably giant, impact-induced waves, which produced the
sequence of coarse and carbonate-rich boundary lithologies.
Above the pick head, a competent, polygonal-jointed, muddy
micrite is succeeded by a calcareous mudstone.
Earliest Paleocene
fossils appear at a 2-cm-thick sandy layer -15 cm above the top of the
micrite.
At the pick head, immediately on top of the rippled sandstone is
a 2-3 cm thick calcareous mudstone with associated Ir and Au anomalies
and reported rare shocked minerals, which may be the equivalent of the
coarse fraction of the fireball layer. The coarse units below the
rippled sandstone reportedly contain occasional lenses of pseudomorphed
tektites representing the coarse fraction of the ejecta layer.
Immediately beneath the sandy layer -15 cm above the top of the micrite
is a 0-7 mm dark, calcareous mudstone with associated siderophile (Ir,
Au, Re) and chalcophile (As, Sb, Se) anomalies which is probably the
equivalent of the fireball layer.
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Pessagno, 1973; Jiang and Gartner, 1986; Hansen et al., 1987; Keller,
1989a).
The boundary sequence lies on an irregular surface, eroded into
latest Cretaceous (Maastrichtian), grey, fossiliferous, glauconitic and
calcareous mudstones of the Corsicana Formation.

The Corsicana

mudstones contain slightly less than 10% carbonate.

These rocks are

often referred to as the Kemp Clay (e.g. Jiang and Gartner, 1986),
which is a junior synonym for the uppermost Corsicana in this area (see
Smith and Pessagno, 1973).

Smith and Pessagno (1973) and Keller (1989)

did not find the Upper Maastrichtian planktonic foraminiferal index
fossil

A. mavaroensis, but its absence has been attributed to shallow-

water conditions, as at El Kef, Tunisia (Keller, 1989a), rather than
missing section.

Montgomery et al.

(1992) disagree, interpreting its

absence as indicating substantial erosion of section.

However, Jiang

and Gartner (1986) studied the calcareous nannoplankton of this
sequence and found the Prediscosphera guadripunctata Acme Zone, marking
the uppermost part of the Micula murus Zone which marks the top of the
Maastrichtian.

This indicates that no significant amount of section is

missing and that the lack of A. mayaroensis is probably due to
environmental conditions.

Hansen et al.

(1987) report an upper

Cretaceous molluscan assemblage in the Corsicana mudstone.
The first unit of the boundary sequence is a multi-shaded grey,
coarse, generally matrix-supported, calcareous mudstone sedimentary
breccia (samples Bl-2R) containing clasts as large as 80 cm in greatest
dimension.

The CaC0 3 content is -10%.

Natural exposures reveal this
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unit also occurs at the Darting Minnow Creek (DMC) and Cottonmouth
Creek (CMC) localities with thicknesses of approximately 30 and 75 cm,
respectively.

This unit is not present at the Brazos 2 (BR2) and

Brazos 3 (BR3) sections where the rest of the coarse boundary sequence
is pinching out to the south.

The sedimentary breccia is -30 cm thick

at the sampling line across the Brazos River section (BRS) , but
thickens by -30 cm to 60 cm only 2 metres to the south, indicating the
irregularity of its base.

When this section was first visited and

sampled the exposed outcrop was not large enough for this somewhat
cryptic breccia to be evident, although larger exposures,

su~h

one pictured in Figure 3.2, clearly reveal clasts of this unit.

as the
This

unit has not been described by previous investigators, although Hansen
et al. (1987) noted large mudstone clasts at the base of the overlying
skeletal sand and that the uppermost Cretaceous (their unit A) had
possibly been disturbed by the event which produced the coarse
sediments.

Dark-gray, calcareous mudstone clasts containing occasional

macrofossil fragments are supported in a slightly lighter gray
calcareous mudstone matrix with more abundant macrofossil fragments,
possibly Hansen et al.'s (1987) "crude shell laminations".

At BRS the

darker mudstone clasts are concentrated at the top of this unit and
could represent a distinct depositional event of a lag of boulders
emplaced on the sedimentary breccia.

Hansen (1982) describes a sparse

molluscan fauna in the large dark mudstone clasts in contrast to the
underlying Corsicana mudstones suggesting these clasts were transported
from a significantly different environment.

At DMC, the deposit has a
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much higher clast/matrix ratio than at BRS and is probably clastsupported.

The underlying massive Corsicana mudstone is medium gray

and distinctly lighter than the sedimentary breccia on well-lit, clean
surfaces.
this unit.

Rare, -10 cm silicic clasts (chert nodules?) also occur in
The smaller clasts are frequently rotated, but the largest

clasts, such as the 80-cm-diameter clast pictured in Figure 3.2, are
flat-lying.

Clasts may be subangular to subrounded, although typically

only cross sections may be seen so estimated shapes are tentative.

At

both DMC and CMC the mudstone clasts have colors similar to those of
the matrix and underlying Corsicana mudstones but some variation may
also be present.
The basal deposit is overlain by a greyish, distinct, laminated
to massive, poorly-sorted coarse, pyritic, glauconitic, calcareous,
upward-grading sand (samples B3-5R) with abundant macrofossil
(typically molluscan) fragments.

It has occasional phosphatic and

silicic nodules up to 10 cm in diameter concentrated at its base.
top and bottom contacts are sharp.

Its

The CaC0 3 content averages -20%,

but decreases upwards through the unit.

Occasional mudstone clasts <10

cm across occur generally near the base of this unit, although one
unique, -IOO-cm-diameter dark-gray mudstone clast occurs near the top
of this unit at DMC.

The abundant >5 cm mudstone clasts reported by

Bourgeois et al. (1988) were not seen.

This unit varies in thickness

(BRS - 13 cm, DMC - 2 cycles - 60 cm and 4 cm, CMC - 10 cm) and
contains at least 2 thick upwards-fining cycles at DMC.

In the river-

bed outcrops occurring -50 m south of BRS this unit thins to only
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centimetres thick and sometimes pinches out altogether.
observed at the BR2 and 3 outcrops.

It is not

In the rocks at BRS Smit et al.

(1992) have reported finding pseudomorphed tektites in the unit at the
base of the sequence of coarse deposits which probably refers to this
unit.
The coarse skeletal sand is overlain by 9.5 cm of light-gray,
well-sorted, plane-parallel to ripple-laminated, fine, calcareouscemented, quartz sand with abundant calcareous foraminifera (samples
B6-7R).

The CaC0 3 content is -50%.

This unit varies in width (BRS -

9.5 cm, DMC - 2 cycles - 27 cm and 30 cm, CMC - 25 cm, BR3 - 14 cm) and
fines upwards in 2 major cycles at DMC with possible additional minor
cycles superimposed.

Two cycles are also found in the river-bed

outcrops south of BRS, one capped by parallel ripples and one by
hummocky-shaped ripples indicating a multi-directional and changing
current regime.

The bottom contact is sharp; the upper may be sharp to

transitional with the overlying mudstone.

At BR3 this unit pinches

from north to south and is not present at BR2.

The unit is sometimes

very competent and is the most prominent-weathering unit in the
boundary sequence, forming riffles and waterfalls in the Brazos and its
tributaries.
A 2-3 cm thick, gray, calcareous, pyritic mudstone (sample B8R)
caps the coarse sequence.
organics.

The unit contains -45% CaC0 3 and scattered

This unit contains abundant, well-preserved microfossils (S.

Gartner, pers. commun.).
difficult to trace.

It weathers to soft clay, so its extent is

Its top and bottom contacts are usually
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gradational.

Keller (1989b) reports a similar unit at CMC, but the CMC

exposure is so weathered at this level that this unit could not be seen
definitively.

It was not found at BR2 or BR3.

At DMC this unit is not

visible; the base of its expected position marks the top of the exposed
section.

B. Bohor found 3 shocked quartz grains in samples of this

unit as reported by Montgomery et al.

(1992).

A 6-cm-thick, light-gray, competent, muddy micrite (sample B9R)
follows.

The very fine-grained, massive unit contains -

80% CaC0 3 in

particles only a few microns across; the remainder is composed of clay
particles.

It contains no coarse particles or macrofossils and

contains only rare calcareous foraminifera and calcareous nannoplankton
(S. Gartner, pers. commun.).

Electron microscope studies reveal this

unit to be composed primarily of coccolith fragments (2. Lasemi, pers.
commun.).

Surprisingly, the unit has been described by many

investigators as a siltstone or calcitized siltstone (e.g. Bourgeois et
al., 1988).

This unit is well exposed in the river riffles south of

the BRS section revealing polygonal jointing perpendicular to bedding
and a uniform thickness.

At CMC this unit is 9 cm thick, laminated

(possibly cross-laminated at the base) and slightly contaminated,
although still carbonate-rich.

At BR3 it is 7 em thick, but pinches

out to the south over -10 m and is not found at BR2.

In slightly

weathered sections its contacts are marked by sharp colour changes but
in fresh rock they can appear gradational.

Overlying the muddy micrite

is 14 cm of gray, massive, calcareous mudstone (samples B10-12R)
averaging

30% CaC0 3 , although carbonate decreases upwards.

119
Petrographically the unit appears to be a mixture of the very finegrained carbonate clasts similar to those of the underlying muddy
micrite and fine-grained clay particles similar to those found in the
uppermost Corsicana.

It contains no coarse particles such as

macrofossil fragments; organic particles are also common.

This unit

and the overlying Paleocene Kincaid formation are difficult to
distinguish in hand specimen, although the CaC0 3 content is diagnostic.
Its top and bottom contacts vary in sharpness.

The unit may occur at

CMC from the carbonate data of Keller (1989b), but severe weathering of
that outcrop makes this conclusion uncertain.

This unit, and the

underlying, muddy micrite and rippled, calcareous sand contain burrows
coming down from the basal Kincaid containing Paleocene macro- and
microfossils (Hansen et al., 1987); these units contain no Cretaceous
macrofossils.
A thin (0-7 mm), discontinuous, dark brown, sometimes-distinct,
calcareous claystone next occurs, which was 2-mm-thick where it was
sampled (B13R).

This unit is variably contaminated by the overlying

sandstone and, if reworked, is finely laminated.

This unit may not

been described by previous workers, presumably due to its thinness in
comparison to the other units of the boundary sequence, although Jiang
and Gartner (1986) refer to a clay layer at approximately this
stratigraphic position.

wnen the author sampled it in the field with

the help of S. Gartner, M. J. Jiang and M. Wells it was regarded as
something new leaving any possible correlation to the unit described by
Jiang and Gartner as uncertain.

It is discontinuous on the scale of
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metres, and varies in thickness in part because reworking by the
overlying coarser unit was spotty.

At CMC the outcrop is too weathered

and tectonically disturbed to differentiate this and the overlying,
thin, sandy unit.

Neither unit was seen at BR2 or BR3.

The dark-brown claystone is overlain by a 2 to 3-cm-thick,
finely-laminated, fine-grained, calcareous, quartzose and sometimes
muddy sandstone (samples B14-l5R).

This rusty-weathering unit has

CaC0 3 contents ranging from <5% in its bottom half up to 15% in the
upper half, but was weathered where sampled so that the variability
could reflect this secondary effect.

On fresh surfaces, this unit is

gray, but weathering of this apparently relatively-permeable unit
produces a well-developed, rusty colour.

This unit marks the base of

the Paleocene section (which here is the Kincaid Formation) as assigned
by Jiang and Gartner (1986) on the basis of the first appearance of
Paleocene nannofossils and by Keller (1989a, b) on the basis of
foraminifera.

The fine sand is followed by a dark-gray mudstone with a

silty base and a few, discontinuous, millimetre-thick lenses of silty,
fine sand in the first 10 em (samples B16-20R).

The CaC0 3 abundance is

-5% in the first 24 em sampled of this unit which is -4 m thick (Hansen
et a1., 1987).

The silty and sandy base of this unit is 5-10 em thick,

and has also been mapped as a separate unit by other workers (e.g.
Huffman et al., 1989), but it may also be regarded as a transitional
interval, grading into the massive mudstone above.

This dark-gray

mudstone is darker than the calcareous mudstones on top of the muddy
micrite or the uppermost Corsicana.

This unit is much thinner at the

121
BR2 and 3 localities where a coarser sandy unit with large burrows at
its base overlies the dark-gray mudstone.

(See also Hansen et a1.

(1987) for a description of the overlying sandy unit, but note that
Hansen et al. improperly correlated a carbonate nodule bed at the BR2
site to the micrite at the BR3 site.

The latter miscorrelation was

described to the author by S. Gartner and confirmed by observation in
the field.)

It lacks the white macrofossil fragments of the Corsicana

and carries a Paleocene molluscan fauna together with some Cretaceous
species at its base (Hansen et a1. 1987).

Hansen et a1.

that the Cretaceous molluscs mayor may not be reworked.

(1987) note
Jiang and

Gartner (1986) describe a typical earliest Danian calcareous
nannofossil "disaster" sequence characterized by the Markalius
astropinorus zone divided into Thoracosphera imperforata, Biscutum
romeinii, and Cruciplacolithus primus subzones.

They note some

Cretaceous nannofossils do carry into the Paleocene Kincaid sediments,
and suggest that the Cretaceous nannofossils are probably redeposited.
Keller (1989) reports a complete sequence of earliest-Tertiary,
calcareous foraminifera, beginning with the Gumbelitria cretacea PO
zone, in this mudstone.

This is in contrast to earlier reports (e.g.

Hansen et al., 1987), which were unable to find early Danian species
such as G. cretacea or Globigerina eugubina.

Many Cretaceous species

are observed in the basal mudstone, and Keller concludes that many
species persisted briefly into the Paleocene as is typical at most KIT
sections (e.g. Smit and Romein, 1985).

However, the number of species

which do persist is currently controversial.

D. Beeson (1992) reports
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that palynomorphs are present in the Brazos River sections and that a
fern spore abundance anomaly appears at 3.5 em above the top of the
thin claystone or the level where Paleocene marine forms first appear.
Although his study was not done with the same samples as any of the
other paleontological studies this apparently establishes that the
extinction levels in the marine and nonmarine environments are defining
the same horizon which is also the stratigraphic equivalent of the KjT
fireball layer as discussed below.

This conclusion is based on the

assumption that the fern spore abundance anomaly may be retarded for
this 3.5 em thickness due to a sedimentation effect; alternatively, the
extinctions in the marine and nonmarine records would have to be
diachronous by the time represented by this interval and the KjT
boundary couplet could not be correlated from marine to nonmarine
sections.
The biostratigraphic work of Montgomery et al. (1992) is at odds
with that of the other studies discussed with the exception of Smith
and Pessagno (1973) who placed the KjT boundary at the same position on
the basis of a much less-detailed study.

Montgomery et al. also

describe (and picture) a limestone (wackstone) below the coarse
skeletal sand which was not observed by the author although some of the
same exposures have been studied in detail.

Resolution of these

inconsistencies will have to await new joint field investigations.
the KjT boundary location of Montgomery et al.

If

(1992) is valid then the

KjT boundary as defined in marine and nonmarine sections is
diachronous.

Because so many factors disagree with this consequence,
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the first appearance of Tertiary forms is assumed to probably be at the
upper level by the author until new data are available.
The mineralogy through the sequence has been studied
petrographically in thin section and has been explored by X-ray
diffraction by Butler (1983) in the BRS and by Barrera and Keller
(1990) in the CMC core.

Barrera and Keller report illite/smectite,

calcite, quartz, feldspar, pyrite, glauconite and/or illite, kaolinite
and occasional mica throughout the section.

They also report

authigenic dolomite in the calcareous mudstones overlying the coarse
units.

These studies show that the muddy micrite and immediately

overlying calcareous mudstone unit at BRS have less clay and more
calcite and that the rippled calcarenite (rippled calcarenite) has more
quartz and calcite than the Corsicana and Kincaid mudstones.

Butler

(1983) reports that the clay at the base of the rippled calcarenite is
dominantly extremely poorly ordered smectite.

Therefore, mineralogical

studies show that the boundary sequence has unusually quartz and
calcite-rich lithologies and that authigenic carbonate occurs in the
CMC core above the coarse boundary sequence.
These units, from the base of the sedimentary breccia to the top
of the 2-mm-thick calcareous mudstone, represent a new type of K/T
boundary deposit; as later discussed this deposit was probably produced
by impact waves generated by a marine K/T boundary impact.

By the

definition proposed in Chapter 2 these units would be regarded as part
of the Chicxulub Formation and the K/T boundary should be located at
the base of this coarse sequence as it is provisionally assigned here.
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3.4:

Sampling and Analytical Procedures

Approximately 1 m of stratigraphy at the Brazos River K/T
boundary section was sampled for the geochemical study.

Sampling began

at the base of the coarse deposits, and was done using stainless steel
and plastic tools.

Continuous channel samples of several tens of grams

were taken as representatively as possible, but this was difficult to
do precisely in the most competent units.

Weathering effects ( e.g.

rusty coatings on fractures) were obvious near the top of the section.
Sample intervals, ranging from 2 to 150 mm, were chosen to separate
lithologic units.

More detailed sampling was done at stratigraphic

positions known to be of interest from previous studies (e.g. Ganapathy
et al., 1981).
study.

Hand specimens were also collected for petrographic

Samples were air-dried and ground to fine powder using an agate

mortar and pestle in a laminar-flow bench to minimize the possibility
of laboratory contamination.

Approximately 1 gram splits, together

with chemical standards and a standard rock, were irradiated at the
University of Arizona's TRIGA reactor at a thermal neutron flux of 7 x
lOll n/cm2 /sec for 3 hours.

Four series of gamma-ray spectra were

acquired using two Ge detectors, one of which has a NaI anticoincidence Compton-suppression shield.
were determined for 34 elements.

Concentrations or upper limits

The standard rock was CRB, an in-

house Oregon State University standard rock powder prepared from basalt
rock taken from the same quarry and prepared similarly as the N.B.S.
standard rock BCR-l (R. Schmitt, pers. commun.).

Agreement with

125
certified values was excellent for most elements determined.

Aliquots

of the same chemical standards have also been checked against Flyash,
SARM-7, and Allende standard rock powders in other irradiations.

See

Appendix A for additional description of the analytical technique.
Samples from this section were also sent to W. Wolbach for Cphase studies, I. Gilmour for N-isotope studies, S. Jacobsen and J.
Zachos for C and 0 stable isotope studies, D. Beeson for palynological
studies and Z. Lasemi for electron-microscope petrographic studies.

3.5:

3.5.1:

INAA Elemental Concentration Results

Previous geochemical investigations

Previous INAA and RNAA (radiochemical neutron activation
analysis) studies of this section have established the presence of
anomalous abundances of Ir.
(1982) and Huffman et al.

Ganapathy et a1.

(1981), Asaro et a1.

(1989) found broadened, weak anomalies with

more than one peak associated with the BRS.

(Murali et al.

(1990)

reported detecting 0.7 ppb Ir in one sample from an unspecified
interval in this section, but their 1 sigma error of 0.3 ppb was large
enough to give only poor statistical significance to this result.)
Unfortunately, none of these Ir data sets can be precisely compared to
our results.

The Huffman et al. data set is not yet published in

detail, but apparently suffers from contamination problems because its
background values are an order of magnitude higher than background
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levels «40 ppt Ir) found by the two earlier studies (A. Huffman agrees
contamination is likely, pers. commun.).

Their data apparently show

the three peaks found by previous workers, as well as a possible fourth
higher in the section, but, because of the contamination problem, this
data set will not be further discussed here.

Ganapathy et al. (1981)

established the presence of anomalous amounts of Ir at BRS, discovering
two Ir peaks with a series of spot samples.

Unfortunately, the precise

intervals and lithologies sampled in their study are now unknown.

They

found a 0.6 ppb anomaly near the calcareous mudstone (sample B8R) and a
2.1 ppb anomaly near the 2-cm-thick calcareous sandstone (samples B14R
and BlSR).

Ganapathy et al.'s Ir values are approximately double those

found by Asaro (1982) and this study, suggesting the possibility of a
calibration difference, although variation in the outcrop and sampling
intervals may be responsible.

The data of Asaro et al. (see also

Bourgeois et al., 1988) show three Ir peaks as shown in Figure 3.4 and
establish the Ir background value in the Corsicana Formation to be <40
ppt.

Their sampling was detailed and continuous through the part of

the section near the muddy micrite, but was discontinuous beginning
more than 10 cm above the top of the micrite and more than -40 cm
below.

Also, it was tied to the outcrop only at the top of the micrite

leaving some uncertainty as to lithologies sampled.

Tney found a 0.4

ppb Ir anomaly in two consecutive l-cm-thick samples near the 2-cmthick calcareous mudstone, a -S-cm-thick 0.8 ppb anomaly in the
calcareous mudstone immediately overlying the muddy micrite, and a 1.0
ppb anomaly roughly corresponding to the 2-cm-thick calcareous
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Figure 3.4: INAA data for Ir and Ca across the Brazos section.
and figure are courtesy of F. Asaro.)
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sandstone.

They also found elevated Ir values through -60 cm of the

boundary section.

Two of the Ir anomalies found in these previous

studies apparently correspor.d, and the middle anomaly found by Asaro et
al. was apparently not found by Ganapathy et al. because of
discontinuous sampling.

Discontinuous sampling is also a potential

problem for the Asaro et al. data set in the upper part of the section
where anomalous Ir persists.
Ir fluence of 68

Asaro (pers. commun.) estimates a total

± 5 ng/cm2 in the section based on his data set which

is comparable to average fluences observed at other KIT boundary sites
(e.g. Gilmore et al., 1984, Kyte et.al., 1985).

The broad anomaly with

comparatively small Ir peaks is similar to other KIT localities such as
that at Sugarite, New Mexico, where geochemical dispersion has been
suggested as the cause of the broadening (Gilmore et al., 1984).

3.5.2:

Neutron activation results from this study

Sample numbers, sampling intervals, and
Table 3.1.

IN~~

results are shown in

This INAA study was hampered by an Ir-detection 20 upper

limit of -1.0 ppb, but two Ir anomalies were found (See Figure 3.5).
An Ir value of 1.3

±

0.2 ppb was determined in sample B14R, the lower

half of the 2-cm-thick calcareous sandstone.

This unit corresponds to

the first appearance of Tertiary fauna (e.g. Jiang and Gartner, 1986)
and this sample immediately overlies the 2-mm-thick, dark-mudstone
layer (B13R).

A -1.0 ppb anomaly was detected in an 8-cm-thick

interval comprised of samples B17R and B18R from 3 to 11 cm above the
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Table 3.1: INAA elemental concentration data from the Brazos K/T
section. Blanks indicate no available data. One sigma errors of
concentrations are as follows: ~ 5% - Na, K, Sc, Cr, Fe, Co, Zn, As,
Rb, Sr, Zr, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, Th and
U; ~ 10% - Ca, Ni; ~ 35% - Se, Mo, Re, Ir, and Au; upper limit only Hg. Upper limits are two sigma uncertainties.
Sample
Number

Sample
Name

Na
UG/G

K
UG/G

Ca
%

Sc
UG/G

Cr
UG/G

Fe
%

6.2
6.0
10.6
7.ll

125.3
108.3
65.9
79.7
80.0
37.0
45.5
53.2
25.6
73.5
84.9
91.4
94.4
74.5
102.9
109.9
115.3
103.8
ll1.4

3.61
3.98
4.67
5.79
5.60
1. 716
2.184
2.082
1.105
2.675
3.09
3.20
3.46
3.06
3.11
3.29
3.62
3.69
3.35
3.60

BOIR
B02R
B03R
B04R
B05R
B06R
B07R
B08R
B09R
BIOR
BllR
B12R
B13R
B14R
B15R
B16R
B17R
B18R
B19R
B20R

15CM GY MUDSTONE
l5CM GY MUDSTONE
6CM SKELETAL SAND
6CM SKELETAL SAND
lCM SKELETAL SAND
8CM LTGY CALCARENITE
l5~~ CALCARENITE
2CM GY CLAY
6CM GY CHALK/MICRITE
6CM DARK GY MUDSTONE
6CM DARK GY MUDSTONE
2CM DARK GY MUDSTONE
2MM DK GY CLAY/M..A.R.L
lCM BR SANDSTONE
1CM BR SANDSTONE
1CM GY MUDSTONE
3CM GY MUDSTONE
5CM GY MUDSTONE
5CM GY MUDSTONE
10CM GY MUDSTONE

5180
4520
1880
1605
2710
5560
5040
5030
ll88
3190
3640
3700
11300
5110
8400
5150
5470
5900
6900
6300

22.0
19.7
18.6
4220 34.0
13360 16.3
15530 11.7
16660 10.3
4.59
2.07
6.31
5.37
3.55
2.84
3.87
2.85

12.09
13.25
17.82
19.88
16.99
4.61
5.53
6.56
4.03
9.84
11. 78
12.55
8.50
10.34
8.91
12.21
12.33
12.48
11.22
13.03

Co
UG/G

Ni
UG/G

Zn
UG/G

As
UG/G

Se
UG/G

Rb
UG/G

Sr
UG/G

Zr
UG/G

Mo
UG/G

Sb
UG/G

Cs
UG/G

9.18
10.43
16.63
20.56
17.56
4.83
5.86
6.64
2.73
8.66
10.24
11.53

35.6
35.6
33.6
43.6
40.7
16.2
18.5
21.2
8.8
29.0
33.3
40.1
31.4
35.6
30.3
44.5
48.2
49.4
44.1
40.3

90.3
83.5
57.6
62.4
50.1
31. 9
45.1
58.9
26.4
75.1
87.3
89.6
100.8
89.0
83.9
115.7
103.0
101.3
113.0
102.9

9.06
7.65
5.39
6.01
9.30
6.21
9.2
5.34

1.82
1. 76
0.89
0.78
0.98
0.98
1.07
1.02
0.25
0.80
1.01
1. 23
5.50
3.00
4.61
3.14
3.25
1. 90
2.49
2.00

82.7
75.6
17.4
12.5
24.5
32.0
40.7
49.8
21.8
69.4
82.9
88.7

326

168
150
107
122
125
155
135
116
35
89
121
121
294
154
191
157
174
190
184

3.2
3.3
9.2
28.9
25.3
7.60
6.41
1.59
<0.8
1.47
2.0
2.5
7.35
2.14
5.8
4.0
7.0
5.6
6.6
1.4

0.621
0.555
0.291
0.297
0.337
0.373
0.439
0.379
0.135
0.405
0.475
0.488
1.014
0.520
0.760
0.506
0.629
0.659
0.683
0.718

5.89
4.86
1.02
0.566
1.06
1.283
1.987
2.97
1.479
4.79
5.71
6.21
3.36
5.30
3.40
6.04
6.39
6.54
5.43
6.37

8.72

10.41
8.11
11.34
12.51
13.69
10.58
11.70

1.55

5.04
6.23
5.65
14.7
8.05
14.5
7.37
9.5
12.3
15.3
13.1

77 .0

78.6
65.1
88.3
92.1

93.6
86.6
92.6

3880
2940
5930

296

583
517

527
371
429
567
465
635
570
535
280
171
341
290
212
195
235
197

8.92

172

8l. 7
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Hf

Ba
UG/G

La
UG/G

Ce
UG/G

Nd
UG/G

Sm
UG/G

Eu
UG/G

Tb

Yb

UG/G

UG/G

Lu
UG/G

UG/G

Ta
UG/G

300
284
178
167
260
268
287
301
99
253
297
302
584
352
446
332
386
458
418
386

25.5
21.95
22.06
25.42
33.3
17.19
18.80
18.96
13.0
21. 3
22.2
22.78
29.0
23.14
36.6
25.0
25.2
25.9
27.7
27.0

53.1
46.1
46.8
51.5
64.6
32.7
35.8
35.9
22.5
41.6
44.7
45.7
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1.840
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0.530
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0.604
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Figure 3.5: Siderophile and chalcophile··element abundances from the Brazos River KIT boundary
section. Ir and Au have 20 upper limits of approximately 1.0 ppb; Re has upper limits varying
from 9-30 ppb. Asaro et al. (1982, pers. commun.) have established an Ir upper limit of -0.040
ppt at the base of the section; Koide et a1. (1987) give an average Re crustal abundance of 0.50
ppb, and lower values for pelagic marine sediments. The siderophile abundances are lower than
at many KIT boundary sites and the anomalies are broader. The work of Asaro et al. (1982) shows
the anomalous Ir values extend for approximately half a meter in the section.
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first appearance of Tertiary fauna.

A -1.0 ppb detection limit

prevented possible confirmation of the two smaller Ir anomalies lower
in the section.

Detection of the upper Ir anomaly suggests that the Ir

fluence in this section may be somewhat higher than Asaro's estimate of
-68 ngcm- 2 •

This 8-cm-thick interval would represent -20 ngcm- 2 of

additional Ir fluence.
Interestingly, two other siderophile trace elements were found in
anomalous amounts in the section.

Au and Re were detected in some of

the section using INAA, because of the improved backgrounds and reduced
peak interferences in spectra acquired by the Compton-suppression
detector.

Broad weak Au anomalies occur in the vicinity of the Ir

anomalies (See Figure 3.5).

The maximum Au value of 2.2 ± 0.3 ppb

occurred in the 2-mm-thick claystone layer (sample B13R) located
immediately below the first appearance of Tertiary fossils.

An 18

± 4

ppb Re anomaly was also detected in this layer and a 8 ± 2 ppb anomaly
was detected in the 2-cm-thick clay layer sampled as BoR.

Tnis study

established a-50 ppb upper limit on as abundances in this section.
This study also revealed a chalcophile-element anomaly in the 2mm-thick mudstone layer, coincident with the Au and Re anomalies.

As

shown in Figure 3.5 and Table 3.1, abundances of Sb, As and Se peak in
this layer at 1.01, 5.5, and 14.7 ppm, respectively.

The chalcophile-

element abundances vary through some of the section in proportion to
clay content, but the values in B13R for Sb, As, and Se are 3, 5, and
11 times more than can be explained by the change in clay mineral
content trom the underlying calcareous mudstone sample B12R.

This
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calculation assumes that the Ca abundance may be used to estimate CaC0 3
contents and that the remainder of the samples are clay minerals.

The

latter assumption is valid throughout the section except for the
quartz-bearing sandstones which occur above the 2-mm-thick mudstone
layer and in the rippled sandstone.

Alternatively, normalizing to Fe

content as representative of the clay mineral content, chalcophileelement/Fe ratios show similar results.

Also, Zn, As, Se and Sb

concentrations in the basal Kincaid mudstone are higher than in the
uppermost Corsicana mudstone, indicating other factors besides clay
mineral content contribute to chalcophile-element abundances.

The As,

Se, Sb and Au show secondary peaks in sample BISR, I cm above BI3R.
Incompatible lithophile elements in the section (e.g. Na, Rb, Cs, REE,
Hf, Ta, Th and U) generally also follow clay content and inversely
correlate to the carbonate content except for Sr which follows the
CaC0 3 •

Samples B13R and BISR show modest highs in some incompatible

elements' (Na, Ba, and REE) profiles, suggesting the presence of an
unusual secondary mineral which allowed concentration of these
elements.

This enrichment is in contrast to the commonly observed

depletion of incompatibles in the boundary layer couplet as previously
discussed in this chapter, but is similar to K/T sections preserved in
the Powder River Basin, Wyoming where a phosphate-rich mineral,
goyazite, is one of the alteration products of the layers (Bohor et
al., 1987).
No Hg concentrations were measured in the section greater than
the upper limit of -50 ppb.

This element was analyzed to see if an
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anomaly would be present as suggested by Prinn and Fegley (1987) as a
consequence of acid-rain leaching as discussed in Chapter 2.
possible detection was made in sample B13R of 50 ± 19 ppb.

One
The 1 a

uncertainty of 38% is just past the limit of 35% chosen for statistical
significance and may indicate the presence of a Hg anomaly but
confirmation of this is required.

3.6:

3.6.1:

Discussion

Evidence for an impact-wave origin

The Brazos River sections represent deposition on the middle to
outer shelf (e.g. Hansen et al., 1987) in water depths of -100 m
(Bourgeois et al., 1988); both the uppermost Cretaceous and lowermost
Tertiary faunal assemblages indicate similar paleodepths.

The coarse

sediments of the KjT boundary section have been interpreted as
representing an unconformity or disconformity (e.g. Murray, 1961; Smith
and Pessagno, 1973), a shelf turbidite (e.g. Kocurek and Hansen, 1982),
a storm-wave deposit (e.g.
Kauffman, 1986).

Hansen et al., 1984, 1987; Hansen and

All these interpretations have problems explaining

the observed deposits, and recently origin as an impact-wave deposit
from waves generated by a marine KjT boundary impact has been
suggested.
Smit and Romein (1985) were the first to propose a catastrophic
origin, suggesting the coarse sediments might represent an impact-
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triggered shelf turbidite or an impact-induced wave deposit on the
basis of their lithologic uniqueness in the section, their occurrence
precisely at the paleontological K/T boundary, and their immediately
overlying Ir anomalies.

Approximately 28 metres of section are exposed

in outcrop (e.g. Smith and Pessagno, 1973) and cores (e.g. Keller,
1989b), which together with the magnetostratigraphica1ly-derived
sedimentation rate of -0.4 cm/1000 yrs (Keller, 1989b) implies that -7
million years of Late Cretaceous and Early Tertiary stratigraphy are
exposed in the study area.

The coarse boundary deposits are unique in

that -7-million-year-long interval and, as previously discussed, occur
sandwiched between the uppermost Cretaceous and lowermost Tertiary
strata overlain by a thin series of unusual lithologies containing
siderophile trace element and chalcophile element anomalies, rare
shocked quartz grains and pseudomorphed tektites.

Such geochemical

anomalies and impact products are characteristic of the K/T boundary
layers (e.g. Kyte et al., 1985; Gilmour and Anders, 1989; Chapter 2).
Also, Bourgeois et al.

(1988) argued the deposits did not represent

shallow water deposits from a sea-level regression because no faunal or
sedimentological evidence existed in adjacent strata for shallow water
deposition, although the sand and silt at the base of the Paleocene
Kincaid mudstone might be interpreted as such a transitional unit.
Cooper (1973) reported that no evidence occurred which indicated a
boundary regression in the region to the southwest of the Brazos River
exposures.

Along the Rio Grande in Maverick County, Texas, where the

Escondido-Midway formations' contact represents the K/T boundary
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succession, Cooper reported that the lithic contact showed no features
suggesting any significant physical break such as conglomerates or
subaerial deposits, but rather a fine-grained limestone unit in the
basal Midway formation which he felt indicated a change in
sedimentation rate.

Furthermore, Bourgeois et al. suggested that the

coarse sediments were not deposited by a turbidity current, because the

-10 cm thick, rippled sandstone has symmetric ripples which require
deposition in an oscillatory flow regime such as that produced by a
wave train; a turbidity current would produce asymmetric ripples from
its unidirectional flow.

The observation of at least two sequences of

upwards fining rippled sandstone units in the river-bed outcrops with
both parallel and hummocky-shaped ripples indicate that at least two
successive and different current regimes were involved in producing the
units.

Montgomery et al. (1992) report three upwards-fining cycles

from this area.

The DMC outcrops show evidence for at least 2 major

upwards-fining cycles with many lesser events superimposed.

Tnese

observations are incompatible with deposition by a single turbidity
current on two grounds but are consistent with the arrival of a train
of giant waves.
Ahrens and O'Keefe (1983) considered the limits that might be
placed on an oceanic impactor's size by the constraint that no unusual
erosion and deposition events had been observed at the K/T boundary,
assuming the impact-induced waves and resultant water-bottom currents
were able to erode and transport only proximal to the impact site.
Bourgeois et al. (1988) did a similar calculation for the Brazos K/T
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sections, deriving a required wave height from knowledge of the
paleodepth and maximum particle size observed in outcrop.

They chose 1

metre as the maximum diameter of the transported clasts from a -l-mdiameter clast exposed at DMC near the top of the lower 60-cm-thick
skeletal sand.

This clast is unique in size and position in the DMC

section and may represent an olistolith (a slumped block) rather than a
water-transported block.

However, the underlying sedimentary breccia

contains numerous boulders up to 80-cm-diameter, so the assumption of a
1 m block size for their analysis remains valid.

They conclude that

waves more than 50 m high were required to move such large clasts.
Such large waves require a catastrophic origin such as an oceanic
impact, explosive volcanism, or submarine landslides.

As later

discussed, the apparent widespread distribution of potential KIT
impact-wave deposits is inconsistent with the latter two mechanisms.
Also few explosive-volcanism deposits are found at the boundary between
the Americas although impact ejecta is widespread (Hildebrand et al.,
1991; Hildebrand and Stansberry, 1992; Chapter 4).

Finally, the

Chicxulub crater, located 1300 km to the SSE of the Brazos River
localities, resulted from an impact into a shallow ocean near or at KIT
boundary time (Hildebrand et al., 1991; Swisher et al., 1992; Sharpton
et al., 1992) and should have produced a disturbance visible in the
stratigraphic record of the study area.

The coarse boundary deposits

are a reasonable consequence of such an impact and no other candidate
deposits exist in the -7 million years of stratigraphy bracketing the

KIT boundary in the study area.
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3.6.2:

Impact-~..,.ave

scenario

The available evidence from the Brazos River KIT sections is
consistent with a scenario involving a large impact wave (actually a
train of waves - the singular is used for simplicity) washing across
the shelf a few hours after the KIT impact occurred.

Near the impact

site, after the ejecta curtain collapse, a wave as high as the ocean is
deep would propagate radially outwards dissipating energy by sea-floor
interaction until its amplitude has declined sufficiently so that
interaction with the bottom ceases (e.g. Ahrens and O'Keefe, 1983).

In

the case of the shelf impact which produced the Chicxulub crater, the
largest waves were probably generated by indirect mechanisms as
discussed in Chapter 5 because the comparatively shallow ocean at the
point of impact would not have allowed propagation of waves >-100 m
high.

The wave's amplitude declines as the inverse of the distance

travelled.

Once the wave is no longer eroding the sea bed, production

of coarse deposits by the wave is controlled more by water depth than
proximity to the impact site.

As the wave approached the continental

shelf near the present-day Brazos River, its amplitude would grow to
hundreds of metres (the same order as the water depth at the edge of
the shelf) because of shoaling conditions, and it would begin to
disperse energy by eroding and transporting bottom sediments.

(The

shelf break would experience the most severe erosion; as the wave
crosses the shelf the relatively uniform water depth would mean that
less energy is dissipated.)

The boundary sequence at Brazos River lies
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on an irregular and apparently eroded surface.

The occurrence of an

erosive event is supported by the observation that magnetozone 29R
below the faunal

KIT boundary is anomalously thin at the core drilled

near the CMC section suggesting a net erosion at this site (Keller,
1989a).

The coarse sedimentary breccia immediately overlying the

eroded base is a chaotic mix with large clasts, which is reasonable for
the initial deposits of such an energetic event.

The fining upwards

successions of coarse skeletal sand and well-sorted, rippled sandstone
probably represent declining current regimes which deposited
increasingly winnowed and well-sorted shelf sediment.

Some of these

sediments may have been transported significant distances on the shelf
as evidenced by the darker-coloured clasts, relative to the underlying
Corsicana, in the sedimentary breccia which contain distinctly
different molluscan fauna (Hansen, 1982).

Assuming the Chicxulub

crater was the source of the waves (the crater margin being at -1200 km
distance from the Brazos localities) and that their propagation speed
was -600 kmhr- 1 (assuming an average paleodepth of 3000 m in the Gulf
of Mexico and that V

=

(gd)-o.s where V is velocity, g is acceleration

due to gravity and d is water depth from Bascom (1980)), then the waves
arrived at this site -2 hrs after the impact event.

This is the

minimum time of travel as the waves would travel slower in the shallow
water of the shelf.
The 2-cm-thick calcareous mudstone may represent the fine
fraction of the ejecta layer although the presence of an associated Au,
Ir and Re anomaly suggests that coarse components of the fireball layer
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are also present at this level.

The pseudomorphed tektites found in

the shell hash would be the remnants of the coarser ejecta-layer
components which would have been transported and diluted by the waves
subsequent to their deposition.

The ejecta layer consists of

microtektites and tektites (See Chapter 2) which would have been
dispersed above the atmosphere on ballistic trajectories.

The

particles composing this layer are 1 to lO-mm-diameter spherules, as
preserved at the Mimbral, Mexico
the closest known

KIT site (Smit et al., 1992) which is

KIT site to the Brazos River localities, suggesting a

settling time through the atmosphere and water column on the order of
one hour (A precise calculation of the settling time is not possible
because eddy diffusion coefficients for the atmosphere are potentially
variable may have been substantially modified by the nearby impact).
Ejecta fragments at the large end of this size range probably would
have been deposited on the ocean floor before the wave arrived.
Because the predicted ejecta layer thickness at the Brazos River
localities (assuming the Chicxulub crater is the source crater) is 22
cm (See Chapter 4), the series of wave disturbances must have eroded
and reworked most of the ejecta layer.
The 6-cm-thick, well-sorted, muddy micrite then occurs.

This

unit is -80% calcite in the form of coccolith fragments of a few
microns in size.

The remainder is a fine-grained clay fraction.

This

unit's comparatively uniform thickness is in contrast to the coarser
units of the boundary interval.

The strontium 87/86 ratio of a bulk

sample of this unit is 0.7077 (J. Patchett, written commun.), which is
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typical for late-Cretaceous marine carbonates (e.g. Hess et. al.,

1986).

A chemogenic origin had been considered when it was believed

that the unit was abiogenic (as suggested by S. Gartner) reinforced by
the observation of isotopically light carbonate in this unit.

Because

organic carbon is isotopically lighter than typical marine carbonate,
an acid-rain which oxidized organic carbon to be subsequently
precipitated as carbonate would predict that the micrite should be
isotopically light.

Analyses of two samples of this micrite by J.

Zachos showed -11.0 and -8.7 per mil S13CPDB values and -4.6 and -3.1
per mil S180PDB values.

Furthermore, Figure 3.6 presents isotopic

results for whole rock analyses for the entire section done by A.
Kaufman.

Tnis study found a -9.3 per mil S13CPDB value for the micrite

and an 0 isotopic value similar to those of J. Zachos.

The profile

shows that the C isotopic value in the micrite is extraordinarily low
but that the 0 value is not anomalous.

As Figure 3.6 shows, the C is

isotopically 2 to 3 per mil heavier in the Tertiary sediments relative
to those of the Cretaceous while 0 isotopic ratios are unchanged across
the boundary.

Because the unit is now known to be composed primarily

of coccolith fragments rather than being abiogenic, the micrite's light
C isotopic signature must reflect some secondary effect such as having
soil gas incorporated into the unit during near surface alteration.
The micrite has rusty-stained fractures and seems to be a preferred
location for groundwater flow so that contamination with soil gas is
plausible although evidence of recrystallization of the unit is not yet
available.

Also, the same unit at CMC does not show these extreme
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Figure 3.6: C and 0 isotopic values in whole-rock carbonate.
Isotopic
results are per mil ,,13C PDB (solid circles) and SlSOPDB (open circles)
values. Anomalous negative C isotopic value corresponds to micrite.
Sample BROA is a background sample from Corsicana Formation about 1 m
below base of impact-wave sequence.
(Data and figure courtesy of S.
Jacobsen and A.J. Kaufman)
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negative values.

J. Zachos reports -3.3 and -4.76 per mil 813CPDB

values for two samples of the micrite unit from CMC (written commun.).
The well-sorted, fine-grained nature of this unit suggests that it is a
deposit produced by settling of sediment suspended in the water column
as suggested by Bourgeois et al. (1988).

Although a chemogenic origin

for the Brazos River micrite has apparently been ruled out, such an
acid-rain origin may still have caused formation of unusual carbonate
deposits at the KIT boundary.

For example, a thicker (-l-m-thick),

abiogenic micrite has been described from a KIT marine shelf sequence
in Brazil by Mabesoone et al. (1968) suggesting that other KIT boundary
micrites need to be examined for a possible acid-rain chemogenesis.
The isotopic record reported here from the BRS is different than
that reported by Barrera and Keller (1990).

In the core taken near CMC

they determined that bulk carbonate isotopic values became more
negative and variable in the base of the Kincaid in contrast to the
record reported here.

Because Barrera ana Keller (1990) report that

this interval contains large CaC0 3 contents relative to the BRS, that
the foraminifera have suffered diagenetic replacement (based on loss of
fine structure in the fossils and luminescence) and that authigenic
dolomite occurs in the unit above the coarse sedimentary sequence, it
seems likely that this is a secondary effect.

It also raises the

significant possibility that the isotopic record derived from these
foraminiferal tests is invalid as well.

This may be particularly true

in the 0.5-m-thick interval of the earliest Tertiary where the greatest
negative isotopic values and the most severe diagenetic replacement are
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recorded.

Barrera and Keller discussed the possibility of alteration

of the isotopic signature and concluded it was unlikely, but the
discrepancy between the BRS and the core in terms of carbonate content
and isotopic composition is substantial and must be due to a secondary
effect at one locality if lateral variation of this magnitude on the
scale of 1.5 km is regarded as unlikely.

Because more rock overlies

the BRS so that fewer obvious soil processes have affected it, the BRS
is actively being eroded by the river (minimizing weathering duration),
and because the surface weathering/soil development as seen in the CMC
stream outcrop near the core site is severe, the carbonate components
at the BRS (with the exception of the micrite) have probably been less
altered by secondary processes.

Although the Cretaceous foraminiferal

taxa used in their study may have persisted into the Tertiary, the
isotopic argument used by Barrera and Keller may be invalid if the
isotopic signature is secondary.

A further test of this would be to

measure the stable isotopes of foraminifera known to be reworked from
the Cretaceous to see it they showed Cretaceous or "Tertiary" values.
Additionally, the claim by Keller and Barrera (1990) that the C-isotope
shift shows that the K/T boundary is properly placed above the top of
the coarse sequence is probably invalid because of unrepresentative
data as well as improper interpretation of the impact-wave scenario.
(If the coarse boundary sequence was deposited rapidly by effects of
the impact then the boundary C-isotope shift should not be recorded
until the prompt impact-induced sedimentation was complete.)
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The immediately overlying calcareous mudstone appears to be a
mixture of calcareous mudstone and fine-grained carbonate, suggesting
that suspended carbonate fragments joined with a higher proportion of
clay particles settled to form this unit.

Some redeposition of the

underlying micrite and Corsicana mudstone to this apparent bathymetric
low might also have occurred.

The Ir anomaly at the base of this layer

may reflect deposition of a coarse fraction of the fireball layer.

The

micrite and overlying calcareous mudstone were probably deposited
comparatively rapidly although fine-grained, because no coarse clasts
such as macrofossil fragments, nodules, sand grains, or large
foraminifera occur in these units.
that have been size-sorted.

Both have the character of units

These coarser components are found in both

the Cretaceous and Tertiary sediments representing background
sedimentation.

Additionally, the micrite is laminated at CMC,

including poorly developed ripple laminations, implying rapid
deposition.

Hansen et al. (1987) also argued for rapid deposition

because these units contain no internal burrows; all observed burrows
bring sediment down from the overlying Paleocene Kincaid Formation
implying that the units were deposited too quickly for any bioturbation
to occur.
These two units are overlain by a 0 to 7-rnm-thick calcareous
mudstone which has associated siderophile (Ir, Au, Re) and chalcophile
(As, Sb, Se) element anomalies.

The Ir-concentration maximum actually

occurs in the weathered 1 cm sample which lies immediately above this
unit.

This geochemical signature and thickness is characteristic of
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the fireball layer as preserved in other marine and nonmarine KIT
boundary sequences.

The anomalies here are broadened and smaller than

elsewhere, presumably due to geochemical dispersion and redeposition of
the layer.

Apparent contamination by detrital grains and frequent

lamination of this unit indicate the latter possibility.

The discovery

of 115 ppm of soot in a sample of this layer by W. Wolbach supports the
interpretation of this layer as the fireball layer.

Typical soot

abundance backgrounds at other KIT localities are -1 ppm versus
anomalies of -1000 ppm (e.g. Wolbach et al., 1988).

Dust settling

models indicate that the bulk of the layer would be deposited in 2-3
months (e.g. Toon et al., 1982).

Coarse fractions would settle out on

a timescale of hours to days, possibly explaining the lack of shocked
quartz grains in this layer and the presence of an Ir and Au peak in
the 2-cm-thick calcareous mudstone below.

The dust-settling timescale

constrains the deposition of the underlying micrite and mudstone to a
timescale on the order of a week.
A 2-cm-thick, finely laminated sandstone overlies the fireball
layer.

An -IO-cm-thick muddy siltstone with thin fine-grained

sandstone laminations overlies the sandstone.

Whether these units

represent an impact-related effect, such as devegetation of coastal
areas or modification of coastal sedimentation patterns or is simply a
stochastic event is unconstrained, but an impact-related effect seems
probable based on its close stratigraphic association and mechanisitic
plausibility.

For example, Ahrens and O'Keefe (1983) calculate run ups

of the impact wave to altitudes of 300 to 400 metres above sea level
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for an impact four orders of magnitude less energetic than that
calculated for the Chicxulub impact (See Chapter 5) although this
calculation was based on an impact into the deep ocean rather than a
shallow shelf.

Such an inundation of the coast could drastically alter

sedimentation patterns.
units.

The first Tertiary fossils appear in these

The elevated levels of chalcophile and siderophile elements in

these earliest Tertiary sediments are assumed to represent the result
of geochemical dispersion and redeposition of the fireball layer.

The

redeposition may have been local such as reworking of nearby marine
sediment to the apparent paleobathymetric low at the BRS.

This

inference is based on the presence of a comparatively thick section
including the boundary sequence which is not preserved elsewhere nearby
such as at BR2 (Hansen et al., 1987).

Alternatively, it could

represent the wholesale stripping of the fireball layer as deposited
subaerially on the nearby continent.

The overlying mudstones represent

a return to a typical middle to outer shelf sedimentation regime as
found in the uppermost Corsicana Formation.

3.6.2.1:

Implications for previous interpretations

Tne Brazos River, Texas, KIT boundary section, apparently allows
expanded time resolution of the Chicxulub impact event.

The fireball

layer and possibly part of the ejecta layer are interbedded with
deposits of a series of impact waves.

This scenario eliminates the

need for multiple successive impacts as suggested for this section by
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Kauffman (1988) or extended volcanism (e.g. Officer and Drake, 1985) as
the source of the successive Ir anomalies.
Keller (1989a, b) has studied samples (provided by T. Hansen and
E. Kauffman) of several of the Brazos River sections for foraminiferal
distributions discovering a comparatively complete record, but has
reported stratigraphy unlike that observed by the author in the field
and reported that no extinction event occurred at the K/T boundary, a
record unlike that reported at any other K/T section.

As an example of

the discrepancy in stratigraphic descriptions, the existence of the
coarsest unit at the base of the boundary sequence, the sedimentary
breccia, is not mentioned although it occurs at the BRS, DMC and CMC
(Figure 3.3).

It was also not identified in the core which was drilled

-100 m south of the CMC locality, but somewhat cryptic units of this
nature are difficult to recognize in cores based on the author's
experience.

Furthermore, the stratigraphy reported for the CMC

locality, a composite of two different sections, is unlike that
reported in this work (Figure 3.3).

The inaccurate stratigraphic

understanding potentially invalidates some of the conclusions reached
by Keller.

This indicates the danger of relying on stratigraphic

information and samples supplied by others.

(Note that G. Keller, with

others, has subsequently attempted to look at these sections in the
field, but, because the mud was not completely dug off the BRS, the
coarse deposit was not observed at the base of the section (D. Beeson,
pers. commun.).

Indeed when the author returned with D. Beeson the

following weekend and excavated the outcrop to the extent necessary to
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see the entire succession it was discovered that D. Beeson had sampled
through a large clast of the basal sedimentary breccia assuming that it
represented the Upper Cretaceous Corsicana Formation.

The section was

appropriately resampled in this case but this example illustrates the
potential for confusion concerning the stratigraphy of these sections.
During this trip, G. Keller also looked at the BR2 and BR3 sections
where the complete boundary sequence is not observable but did not
study the CMC and DMC sections which also preserve the basal
sedimentary breccia.)
Keller (1989a, b) states that data on the distribution of
calcareous foraminifera at the Brazos River sections show no
extinctions at the KIT boundary, but if these units have been rapidly
deposited then her lower extinction level could represent a KIT
boundary extinction.

If the CMC core that Keller reported on had the

coarse sedimentary breccia unrecognized in the stratigraphic
succession, then the 46% species extinction of planktonic foraminifera
which she reported below her assumed KIT boundary could be the boundary
extinction in this section.

Similarly the CMC outcrops show a decline

within the coarse deposits.

Keller (1989b) reports that the

foraminifera which disappear at this lower level are the large ornate
deepwater species implying that the material constituting this coarse
unit may have been transported from an environment where these species
did not occur.

This is corroborated by Hansen's description (Hansen,

1982) of a distinct and sparse molluscan fauna in clasts of this
breccia at BRS.

If the stratigraphic interpretation presented here is
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valid then Keller's paleontological data from the Brazos River area
could be reconciled with her work at El Kef which shows these species
persisting to the

KIT boundary (Keller, 1989a).

Furthermore, if the

thinning of Magnetozone 29R reflects erosion by the impact wave at
these sites then the timing of this "extinction" is not 300,000 years
before the

KIT boundary, but is coeval with it.

event recorded above the

If the extinction

KIT boundary is real rather than a result of

reworking it could reflect the long-term greenhouse warming produced by
the Chicxulub impact as discussed in Chapter 1.

At CMC and the

associated core the later disappearance of these species could also
represent the lack of identification of the fireball layer capping a
series of fine-grained, rapidly deposited sediments as is found at BRS,
but because the event is also recorded at BRS where the position of the
fireball layer is apparently well-established this explanation seems
unlikely.

Beeson (1992) reports a change in the paly..omorphic assemblage
-25 cm below the base of the skeletal sand at the BRS in addition to a
change near the upper level where the marine Tertiary forms appear.
Although Beeson does not record the presence of the basal sedimentary
breccia in his stratigraphic descriptions, this is near the base of
that unit and near where Beeson places a lithologic change between two
different tupes of "claystone" which correspond to the uppermost
Corsicana mudstone overlain by the sedimentary breccia.
palynomorphic event is probably not an event prior to the

This

KIT boundary

as interpreted by Beeson but corresponds to the lithologic change at
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the base of the impact-wave deposits.

Beeson (1992) reports evidence

for marine regression within the coarse units of the boundary sequence
based on terrestrial to marine palynomorph ratios.

However, this

correlation with the coarse deposits may reflect the backwash of
material originally deposited in shallower water (or subaerial)
environments to the Brazos River setting.
The Brazos River sections are often cited as expanded records of
the KIT paleontological transition (e.g. McLeod and Keller, 1991).
This is true if the deposits of the impact are being referred to
although most of the ejecta layer is apparently missing, but given the
poorly understood stratigraphy of the sections and the apparently
missing eroded Upper Cretaceous section due to impact-wave effects,
interpreting these sections should be approached with caution for
longer-time perspectives.

The size sorting of the foraminifera

populations in the upper part of the boundary sequence where the finegrained calcareous mudstones occur is another potential hazard.

The

record found at KIT sections undisturbed by impact-wave effects, such
as at the type section at El Kef where the sedimentation rate is
greater and where only the fireball layer represents the effects of the
impact, seem better sections to explore the KIT extinction record in
the marine realm.

3.7:

Other Impact-wave Deposits
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Because the KjT boundary impact occurred between the Americas as
suggested by Hildebrand and Boynton (1990a) and further evidenced by
the presence of the Chicxulub crater, the probable KjT boundary crater
(e.g. Hildebrand et a1., 1991), then impact-wave deposits should be
widespread in this region.

Descriptions exist in the literature of

high-energy sedimentary deposits at the KjT boundary from Mexico to New
Jersey, in the Caribbean and one from northern South America (see
Figure 3.7 and also Figure 5.1).

Field checking by the author has

confirmed the potential of many of these coarse boundary deposits to be
of impact-wave or other impact-induced origin.
Geochemical anomalies associated with such deposits have also
been described from localities in New Jersey (Gallagher, 1988),
Hatteras Abyssal Plain (Klaver et al., 1987), Alabama (Jones et al.,
1987), the mouth of the Gulf of Mexico (Alvarez et al., 1991a) and
Haiti (Maurrasse, 1982; Chapter 4).

Although the Braggs, Alabama KjT

section has been suggested as an impact-wave deposit (e.g. Bourgeois et
a1., 1988) this conclusion has been disputed (V. Sharpton, pers.
commun.)

Nevertheless, the recent discovery of

~10-cm-thick

KjT ejecta

layers at the nearby KjT sections at Shell Creek, Alabama and Lynn
Creek, Mississippi consisting of pseudomorphed tektites with associated
coarse deposits suggest that impact-wave deposits may well also occur
at Braggs.

The suite of coarse deposits ranges from pelagic turbidites

preserved in abyssal environments to coarse deposits deposited on
erosional surfaces on the continental shelf.

Glick (1984) and Stone

(1984) describe boundary gravels in Arkansas up to 20 metres thick,
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Figure 3.7: Location of potential KIT boundary impact-wave deposits.
Solid circles represent nonmarine boundary localities with geochemical
anomalies; solid triangles represent marine boundary localities with
geochemical anomalies; open squares represent marine boundary
localities with possible impact wave deposits. Impact wave deposits
are unknown elsewhere in the world strongly suggesting an impact site
located between the Americas. The coarse deposits found in DSDP holes
94, 95, 151, 153, 536 and 540 indicate a nearby impact site, probably
the Chicxulub crater on the Yucatan Platform.
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containing fragments as large as 5 m diameter.

These near-shore

shallow-water deposits may reflect sediments deposited from the impact
wave washing onto land, as suggested by Ahrens and O'Keefe (1983), and
backwashing material to the marine environment.

3.7.1:

Deep-sea coarse

KIT boundary deposits locate the impact

Impact-wave deposits have not been found elsewhere on the globe
suggesting the impact occurred between North and South
previously discussed.

A~erica

as

Ahrens and O'Keefe (1983) calculated that

disturbances from the impact-induced waves will be found in the deepsea environment only near the impact site.
(1988b, 1990a) suggested that the coarse

Hildebrand and Boynton

KIT boundary deposits

preserved in DSDP holes 151 and 153 indicated the impact occurred
within -1,000 km, probably in the Colombian Basin of the Caribbean Sea.

They interpreted these deposits as resulting from the
kilometres-high impact wave dissipating energy on the ocean floor.
references in Edgar and Saunders et al.
these two cores.

See

(1973) for descriptions of

In hole 153, an -15 cm silicified, intraformational,

limestone breccia occurs at the boundary overlying Middle Maastrichtian
foraminiferal limestone (Figure 3.8).

After a break in the core, the

breccia is overlain by argillaceous nannoplankton marl of Early
Paleocene age.

In hole 151, a more complex section is interrupted by

gaps in core recovery.

A 12-metre thick polymict breccia lies on top

of the basaltic basement.

This breccia is soft and was probably
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Figure 3.8: Stratigraphic columns of DSDP cores from sites 151 and 153
from the Beata Ridge and Aruba Gap, respectively. The Leg 15 DSDP
report describes both sites in detail. At the end of the Cretaceous,
both sites were in pelagic depositional settings with water depths of
several kilometres. Both cores contain coarse deposits associated with
stratigraphic gaps, which may have been produced by erosion associated
with the KIT boundary impact.
In DSDP 153, a Middle Maastrichtian argillaceous, foraminiferal
limestone is overlain by a -18 em thick, silicified, intraformational,
limestone breccia. The core in this interval is broken and somewhat
blocky, so some material may be missing. The breccia is strongly
bioturbated and contains Globigerina eugubina of early Paleocene age,
presumably because of the bioturbation. It is overlain by a thick
Paleocene section beginning with a more argillaceous nannoplankton marl
also of early Paleocene Age.
In DSDP 151, the record across the KIT boundary is unfortunately
incomplete because of gaps in the core due to poor recovery and
archiving. The basalt basement is overlain by an -10 m thick polymict
breccia previously interpreted as a drilling breccia. The matrix is
soft, dark-gray, carbonaceous, calcareous clay with subangular to
subrounded, varicoloured fragments of clay, marl, limestone and
sandstone. This deposit is unlike many drilling breccias, lacking
discs of more competent lithologies or flow structures along the
margins of the core, and lithologic contrasts between fragments and
matrix are distinct. However, a breccia of similar aspect occurs in
core 5 of site 150, indicating this deposit is probably a drilling
breccia. The polymict breccia is followed by a 0.5 m gap in core
recovery and an -0.4 m section of core which is now mostly lost. The
material preserved and the Leg 15 report both indicate a foraminiferal
calcarenite with several thin graded beds containing reworked forams.
The remaining core looks like the top of the =eworked ejecta layer and

overlying bioturbated fireball layer as preserved in the Beloc, Haiti
The polymict breccia and the overlying
calcarenite have both been assigned Santonian (Late Cretaceous) ages
based on foraminifera. However, the remaining archival core looks like
the top of the reworked ejecta layer overlain by the bioturbated
fireball layer as preserved in the Beloc, Haiti KIT boundary sections
and may represent the stratigraphic equivalent. After another break in
the core an unusual -18 cm-thick rusty silica deposit occurs; this
deposit has been described as a breccia which was interpreted as a
hardground representing a -10 Ma disconformity. The silica is
succeeded by a weakly laminated -17 cm-thick foraminiferal calcarenite
followed by a multimetre-thick nannoplankton foraminiferal chalk; both
these units represent the Early Paleocene Globorotalia trinidadensis
zone.

KIT boundary sections.
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produced solely by drilling disturbance.

After a 50 em gap in core

recovery, this breccia is overlain by an -50-em-thick sequence of
calcarenite containing redeposited Santonian foraminifera with 2-3 em
thick, partly-graded beds.

The upper part of this calcarenite looks

much like the upper part of the thick KIT ejecta sequences preserved on
Haiti.

A break in core, apparently resulting in another small recovery

gap, is followed by an 18-cm-thick, competent, rusty silica deposit.
This deposit is overlain by -20 em of foraminiferal calcarenite of the
Lower Paleocene Globorotalia trinidadensis foram zone followed by a
thick sequence of nannoplankton chalk.

Hildebrand and Boynton (1990a)

interpreted the breccia in Hole 153 as representing the minor distal
effects of an impact wave eroding the sea floor.

The stratigraphy at

site 151 was suggested to represent a more proximal setting where the
wave eroded a thicker sequence of upper Cretaceous sediments and then
deposited thin, graded beds of settling material while the current
regime

retu~ned

to normal.

They interpreted the siliceous deposit as a

possible chemogenic deposit produced by precipitation from mineralized
hot ocean waters resulting from interaction of ocean water with the
brecciated rock of the nearby crater floor and ejecta blanket.
deposit had previously been interpreted as a hardground.

This

Their

suggestion that the silica deposit resulted from proximity to a
seafloor crater was consistent with the structure they suggested on the
floor of the Colombian Basin but is difficult to reconcile with the
Chicxulub crater.

However, because the Colombian Basin structure is
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now known to be not completely circular, and therefore not a crater,
the origin of the silicic deposit is enigmatic.
Other deep-sea KIT boundary sections have also been suggested to
be the result of the impact.

Pszczo1kowski had suggested in 1986 that

a single graded bed, occurring at the KIT boundary and preserved in
deep-sea sediments now thrust up onto Cuba, was the result of
seismically triggered slumping.

He noted the possibility that the KIT

boundary impact may have triggered the slumping.

These boundary

deposits were described as up to 450 m thick with individual clasts as
large as 1.5 m diameter.

Pszczo1kowski also noted that a similar KIT

boundary deposit occurred in DSDP hole 540.

Hildebrand and Boynton

(1990a) and Hildebrand et al. (1991) suggested that coarse deposits
found in DSDP holes 94, 95, 536 and 540 were the result of impact-wave
effects.

Hildebrand et a1. also suggested that impact ejecta overlies

the coarse deposits in some holes on the basis of an altered boundary
"-volcanogenic" clastic units that had been described in some holes
(e.g. Buffler et a1., 1984).

This was independently suggested by

Alvarez et a1. (1991a, b) who described anomalous amounts of Ir
overlying the coarse deposits in DSDP hole 536.

Subsequent work showed

that these coarse boundary deposits were overlain by ejecta in DSDP 536
and 540 including unaltered tektite glass (Margolis et al., 1991) and
shocked quartz and feldspar (Alvarez et a1., 1992; Chapter 5).

These

coarse deep-sea deposits are now regarded as more likely reflecting
seismically triggered slumps as originally suggested by Pszczo1kowski
(Hildebrand et al., 1991; Chapter 5; Alvarez et a1., 1991b), but,
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regardless of which impact-triggered effect produced them, they formed
because of their geographic proximity to the

KIT crater.

The Chicxulub

crater is well located to produce this suite of deposits.
The earlier compilation of Bourgeois et al.
included DSDP site 605 off

~he

(1988) erroneously

New Jersey coast and several DSDP sites

in the South Atlantic as locations of impact-wave deposits.

The

boundary layers are not present at the 605 site (Klaver et al., 1987),
and the suggested giant-wave sedimentation effect (van Hinte et al.,
1985) persisted thousands of years.

A similar increase in the

continental component of deep-sea sediments in the early Paleocene is a
global effect (e.g. Smit and Romein, 1985).
turbidite and slump activity at the

The suggestion of unusual

KIT boundary in the South Atlantic

(Borella, 1984) is not supported by the cores, some of which the author
has examined.

At sites 525A, 527 and 529 the KIT boundary does not

preserve any coarse deposits, although some of the nearby stratigraphy
does show evidence of transport.

At the nearby site 524 a 2-cm-thick

turbidite overlies the KIT fireball layer, but the layer is not
disturbed and thin turbidites are common in the core so that the
juxtapositioning of the later turbidite is probably by chance.

3.8:

Impact-Wave Death Assemblages as a Paleontological Snapshot

The class of thick coarse impact-wave deposits potentially allows
preservation of paleontological records which the distal KIT sections
composed of only the fireball and ejecta layers cannot equal.

The
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question of whether the dinosaurs actually survived to the moment of
impact cannot be addressed by the conventional fossil record because
articulated skeletons are rarely preserved and typically require large
beds of rapidly deposited sediment when they are.

Therefore, the mm to

em-thick distal KIT boundary deposits do not allow preservation of this
vertebrate record.

However, the class of thick shallow water impact-

wave deposits, such as those preserved in Arkansas and Missouri (e.g.
Glick, 1984; Stone 1984) offer the possibility that living (or freshly
killed) dinosaurs could have been engulfed by the run up of the impact
wave, backwashed to the marine setting and buried in a thick KIT
deposit.
One such deposit in the Hornerstown Formation in New Jersey has
considerable potential as a snapshot of Late Cretaceous life.

The

author discovered a previously unrecognized 1.75-m-thick, coarse,
cross-stratified unit with a previously described basal "bone bed" at
the Sewell locality (Gallagher and Parris, 1985; Gallagher, 1991).
This coarse deposit occurs at the paleontological KIT boundary.

This

unit contains fossils of ammonites, marine reptiles (including
articulated mosasaur remains), birds, turtles and crocodiles; many of
the species preserved in this deposit became extinct at the boundary.
As Koch and Olsson (1977) noted, this raises the interesting
possibility that the remains of the various vertebrate and invertebrate
species found in this bed may represent some of the last surviving
individuals of species which became extinct at the close of the
Cretaceous Period.

If this deposit was produced by a giant impact
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wave, and if these fossils are unreworked, it would establish that
these creatures were alive when the Cretaceous Period was terminated by
an impact.

The Sewell locality of the Hornerstown Formation has also

yielded abundant articulated dinosaur remains indicating its potential
to provide such remains from the suggested
deposit.

KIT boundary impact-wave

Another possible impact-wave deposit with similar potential

is briefly described by Kauffman and Hansen (1987) in the Parras Basin
of northeastern Mexico.

In this coarse boundary sequence the uppermost

bed containing Cretaceous fossils, a sandstone, also contains whole
ammonites and pterosaur bone.

3.9:

Conclusions

Stratigraphic study of the

KIT boundary interval preserved at

Brazos River, Falls County, Texas, reveals a series of coarse sediments

that may represent deposits of giant impact waves.

The fireball layer

and a fraction of the ejecta layer are interbedded with the impact-wave
deposits.

The multiple Ir anomalies in this section are consistent

with production by a single impact, removing the need to invoke
multiple impacts or prolonged volcanism as a source.

These Brazos

River boundary deposits may allow a greater time resolution of the
impact event at the

KIT bounda:.y.

energy sediments at the

The numerous occurrences of high-

KIT boundary at southern North American and

Caribbean sites suggests the impact site was nearby; this is consistent
with other indicators of the impact location as discussed in Chapter 1.
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CHAPTER 4 - CARIBBEAN

4.1:

BOu~DARY

LAYER STRATIGRAPhr

Al~D

GEOCHEMISTRY

Introduction

As discussed in Chapter 1 (and by Hildebrand and Boynton, 1990a),
the size and abundance of shocked quartz grains and the restricted
geographic occurrence of the KIT ejecta layer and impact-wave deposits
require that at least one marine KIT boundary impact occurred near
southern North America.

Using an ejecta-scaling relation (McGetchin et

al., 1973) and, assuming a 200-km-diameter for the KIT crater, the
impact location is calculated to be -3000 km from the Western Interior
of the United States.

Furthermore, assuming a symmetrical distribution

of ejecta, the impact location could not be much to the east or west of
the continent because a discrete KIT ejecta layer cannot be discerned
at European or western Pacific boundary localities.

(An early

suggestion, that is possibly invalid, that some fraction of the ejecta
layer occurred in a sample immediately underlying the fireball layer at
DSDP site 465A (DePaolo and Kyte, 1984; unpublished manuscript), had
once led the author to suggest an impact site in the eastern Pacific
(Hildebrand and Boynton, 1987).

However, this DSDP site was close

enough to the Chicxulub source crater after accounting for subsequent
plate tectonic motions so that a discrete KIT ejecta layer might be
expected at site 465A.)

As discussed in Chapter 3, the occurrence of

possible boundary impact-wave deposits in deep-sea settings in the
Caribbean (DSDP sites 94, 95, 151, 153, 536 and 540) requires an impact
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site within -1000 km of these sites (e.g. Ahrens and O'Keefe, 1983;
Hildebrand and Boynton, 1988b) therefore effectively constraining the
impact location to between the Americas.

This evidence was not

generally accepted as an indication of the impact's location, however
(e.g. Barrera and Keller, 1990).
A consequence of the occurrence of the KIT impact between the
Americas is that a much thicker ejecta layer should be found at the
boundary localities in this region.

Using the McGetchin et al. ejecta-

scaling relation, ejecta thicknesses greater than or equal to -1 m were
expected to distances of -1000 km of the crater.
this impact-location

hJ~othesis

Therefore, to test

a search was undertaken for KIT

boundary sites in the region to see if thick ejecta was preserved at
the boundary.

A -50-cm-thick boundary unit, occurring at a locality on

Haiti, had been previously described by F. Maurrasse who had formerly
interpreted it as a volcanogenic turbidite (e.g. Maurrasse et al.,
1979; Maurrasse, 1980, 1982, 1986).

After two years of attempting to

obtain samples of this layer the author was able to see this material
(in 1989 in the laboratory of F. Maurrasse) which appeared at first
glance to be entirely composed of pseudomorphed tektites.

Additional

studies have confirmed that this layer is impact ejecta rather than
volcanic material (e.g. Hildebrand and Boynton, 1989a; Hildebrand and
Boynton, 1990a; Sigurdsson et al., 1991a; Izett, 1991; Koeberl and
Sigurdsson, 1992; Blum and Chamberlain, 1992).
This chapter describes the thick KIT ejecta deposits of Haiti and
other subsequently discovered thick ejecta deposits of the region
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between the Americas.

Also, the

KIT impact crater size and location

required by these deposits are determined and compared to the size and
location of the Chicxulub crater.

The comparison indicates that the

Chicxulub crater fits the size, location and provenance constraints
provided by the proximal
search for the

4.2:

Haitian

KIT ejecta localities, suggesting that the

KIT boundary crater has been successful.

KIT Boundary Ejecta Deposits

Hildebrand et al.

(1989a) and Hildebrand and Boynton (1990a)

discovered that a -50-em-thick

KIT boundary unit preserved at

approximately a dozen sites near the village of Beloc, on the southern
peninsula of Haiti, was composed of KIT boundary ejecta, predominantly
in the form of pseudomorphed tektites and microtektites.

(The size

range of these objects crosses the arbitrary l-mm-size division between
microtektites and tektites with a continuous gradation.

As it does not

seem useful to use both terms, "microtektites" having been coined
because of the vagaries of chance in the way small tektites were first
discovered, the objects will be referred to here only as tektites.
Microtektites will be regarded as a subset of the term tektites.)
was the thickest

This

KIT boundary ejecta unit found to that time, being -25

times thicker than the ejecta layer as preserved in the Western
Interior.

This unit had been discovered and described by F. Maurrasse

(e.g. Maurrasse et al., 1979) who interpreted it as a volcanogenic
turbidite, although Maurrasse (1980) noted that
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"In addition to abundant altered volcanogenic fragments
constituting most of the turbidite layers, very rare feldspars, clinoand orthopyroxenes occur almost continuously throughout the sequence.
Rare undifferentiated spinels, and possibly some microtektites occur
within the uppermost part of the Cretaceous rocks."

Subsequent to the discovery that this layer is a thick KIT ejecta
layer many researchers have begun studying the Haitian KIT
stratigraphy, and the discovery of unaltered tektite glass in this unit
was apparently made independently by at least two different groups
(Izett et al., 1990; Sigurdsson et al., 1991a).

The discoveries of

unaltered tektite glass confirmed the morphology-based argument of
Hildebrand and Boynton that these objects were altered tektites, and
provided less-altered target material for provenance studies. (It was
still melted so that volatiles and other constituents destroyed or
driven off by shock levels sufficient to melt rock are missing.)

Other

subsequent investigations include those of Izett et al. (1991) on agedating, Kring and Boynton (1991), Maurrasse and Sen (1991), and Lyons
and Officer (1992), Jehanno et al. (1992) on petrography and
stratigraphy, Robin et al. (1991) and Jehanno et al. (1992) on Ni-rich
magnetites, Sigurdsson et al. (199lb) and Blum and Chamberlain (1992)
on formation mechanisms, Izett (1991), Koeberl and Sigurdsson (1992) on
geochemistry and Premo and Izett (1991, 1992) on isotopics.

Jehanno et

al. (1992) and Lyons and Officer (1992) have argued that the layer has
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a volcanic origin, but their arguments have been largely invalidated by
subsequent discoveries.

4.3:

Location and Stratigraphic Context

Six K/T boundary localities were studied in the field subsequent
to the initial investigation of samples provided by F. Maurrasse.

The

boundary stratigraphy is exposed in road cuts and on steep hill slopes
along the Jacmel-Carrefour Dufort road which crosses Haiti's southern
peninsula from south to north.

The boundary localities occur south of

the village of Beloc where the road has risen to approximately 800 m
elevation, crossing the western end of the Massif de la Selle in the
peninsula's central region.

The study area is covered by the 1:50,000

scale topographic map sheet 5671 II Trouin, but publication of the map
predates construction of the road so that the locations of the three
sites discussed in this work are best described by the road log
presented in Table 4.1.
The stratigraphy of the Beloc Formation and the enclosed K/T
boundary units within have been described by Maurrasse and coworkers in
a series of three publications (Maurrasse et al., 1979; Maurrasse,
1980, 1982).

The Beloc Formation consists of a sequence of deep-water

marine limestones -150

ill

thick in the vicinity of the type section.

The biostratigraphic range of the formation is from the late
Maastrichtian Globotruncana contusa zone to the Danian Globorotalia
pseudobulloides zone and possibly the Globorotalia trinidadensis zone

168
Table 4.1: Road log to three KIT boundary localities occurring along
the Jacmel-Carrefour Dufort road. The "milestones" show distances in
kilometres to Jacmel and Port au Prince. The rental car odometer
showed discrepancies of various magnitudes relative to the system of
milestones so systematic corrections could not be made.
The logged
distances in this table sometimes disagree substantially with those
previously published by Maurrasse (1982). Approximate UTM grid
coordinates from the Haitian grid (18Q) are also shown for the boundary
sites.

0.0

km - at 24 km (Jacmel) "milestone"

- at southern edge of village
of Beloc

0.7

km

(N 2,032,500, E 754,800)

- Site 1 - road outcrops with
100 m of ejecta layer
exposures

l. 55 km

(N 2,032,000, E 754,600)

- Site 6 - road outcrop at
field edge - 150 m south of
Ravine Galette stream
crossing

3.0-3.1 km

(N 2,031,600, E 755,550)

- Site 4 - Type section of
Beloc Formation, including
the boundary outcrops and
subcrops on hillside below
road.

3.7

km

3.8

km - at 20 km (Jacmel) "milestone"
or 60 km (Port-au-Prince)

- Boundary between
Departments de l'Ouest and du
Sud' Est
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(Maurrasse, 1980).

The formation outcrops across more than 2

kilometres near the type section but abundant block faulting prevents
easy lateral correlation, allowing the possibility of a greater
thickness to the formation regionally.

The equivalent of the Beloc

Formation has also been recognized elsewhere on the southern peninsula
(e.g. Vila et al., 1990).

Maurrasse (1980) describes the Beloc

Formation as a sparse foraminiferal and foraminiferal-radiolarian
biocalcilutite with a eupelagic origin.

The limestones are thin- to

thick-bedded and generally massive in character.

Clay minerals occur

as a minor constituent and Maurrasse attributes the bedding to
differential diagenetic lithification controlled by variations in the
clay content.

Sedimentation rates were apparently abnormally high

(-0.1 rnrnyr- 1 ) as Maurrasse et al. (1979) report a Globorotalia
pseudobulloides zone at least -30 m thick which rivals the 50 m
thickness for this zone as

preserved at the El Kef, Tunisia section

(e.g. Smit, 1982) which is the thickest example known.

This is

confirmed by the measured thickness of 26 m for the fraction of the 29R
paleomagnetic interval (and also the extended Micula murus Zone of 26.5
to 30 m thickness) below the boundary layers (Sigurdsson et al., 1991)
which implies an average sedimentation rate of -0.08 rnrnyr-l for the
Upper Cretaceous sediments.

The rapid sedimentation rate in the Early

Paleocene is confirmed by Sigurdsson et al. (1991) from both
nannoplankton and foraminiferal results.

An average sedimentation rate

of -0.1 rnrnyr- 1 indicates that the Beloc Formation represents -1.5
million years of sediment accumulation.

Water depths during deposition
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exceeded -2 kID, but the formation was deposited above the CCD
(carbonate compensation depth) as evidenced by the good preservation of
the foraminifera (Maurrasse and Sen, 1991).

4.4:

Stratigraphy of the

KIT Boundary Layers

The thick coarse unit found in the Beloc Formation and
interpreted as the KIT ejecta layer (e.g. Hildebrand and Boynton,
1990a) is known to occur at the KIT boundary because of
biostratigraphic constraints.

Maurrasse et al. (1979) report that the

underlying limestone unit contains the uppermost Cretaceous index
foraminifera (Zone M3) Abathomphalus mayaroensis and that the overlying
limestone contains the lowermost Paleocene index forams (Zones PO and
Pla) Guembelitria cretace a and Globigerina eugubina.

Sigurdsson et al.

(1991) confirm these results and report that the overlying PO Zone is 5
em thick in the section they studied.

They also report that the

boundary ejecta unit lies above the latest Cretaceous nannoplankton
Micula murus Zone and its top 6.75 m below the Early Tertiary Biscutum
romeinii Subzone (NPl).

Thus, both the foraminifera and nannoplankton

records place the coarse unit at the

KIT boundary.

The

lithostratigraphy of the three boundary-layer sites sampled in detail
(because of their comparative stratigraphic completeness and
comparatively lesser tectonic disturbance) is described below.
At site 1, the most northerly exposure of the boundary layers
(This is the first stop showing the boundary stratigraphy in the road
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log of Maurrasse (1982) or his Stop 7; it is also the Beloc A site of
Jehanno et al.

(1992)), up to 50 m of the Upper Cretaceous limestones

are exposed in a long road outcrop.

These are weakly bedded (-10 to

30-cm-thick beds), very fine-grained, massive, light grey conchoidal to
hackly fracturing limestones.

The uppermost Cretaceous sediments are

overlain by a greenish-brown, 46-cm-thick, single graded bed (See
Figure 4.1) composed of mm-sized pelletal clay objects.

The layer

grades from coarse to fine and dark to light from bottom to top.

The

layer is separated from the underlying Cretaceous limestone by a 5 to
ls-cm-thick weathered clay-rich fault gouge.

Faulting subparallel to

bedding is common at the margins of the boundary layers throughout the
study area and presumably reflects the mechanical contrast between the
clay and limestone lithologies.

The top 2 cm of this 46-cm-thick clay

layer contain diffuse light- to medium-grey clay-rich layers that have
been disturbed by fine-scale bioturbation.

show~

The graded layer was

to be a thick KIT ejecta layer by Hildebrand and BO)TLton (1990a).

The

ejecta layer is overlain by light-brown Tertiary limestones although
another fault separates these from the graded boundary layers.

These

limestones are somewhat more thinly bedded than the underlying
Cretaceous limestones although the fracturing is otherwise similar.

At

site 1 these Tertiary limestones are weathered and tectonically
disturbed making a thickness difficult to measure, but more than 10 m
are exposed.

Because of the faulting, the top and bottom of the ejecta

layer are sharp.

A large (-l-m-long) fault block of the graded

boundary unit (-70 crn thick) is tectonically juxtaposed above the
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Figure 4.1: Stratigraphic columns of the Beloc KIT boundary interval.
The vertical scale shows measured section; the horizontal scale shows
grain size. The dashed lines show correlations between the sections
which were made on the basis of lithology, biostratigraphy and
elemental composition.

Site 1

Type Section
Site 4

Site 6

_

----

/Fireboll loyer

1.0
en
~

a;
~

T
K

............

173
continuous ejecta layer near where it was sampled, and the ejecta layer
is severely contorted further along the outcrop.

At the top of the

juxtaposed block of boundary strata the ejecta layer is laminated with
cross bedding and three cycles of -l-cm-thick layers of fine-grained
marl are separated by 2 to 3-cm-thick layers of apparently reworked
ejecta layer.

This sequence of thin graded beds is capped by a 5 to

10-mm-thick medium grey clay-rich layer which was interpreted by
Hildebrand and Boynton (1990a) to represent the KIT fireball layer.
Tne overlying limestones and the fireball layer contain small burrows
that indicate some larger scale bioturbation also occurred.
At site 4, the type section of the Beloc Formation as defined by
Maurrasse (1980, 1982) (Stop 8 of Maurrasse (1982) and Beloc M of
Jehanno et al. (1992», a section was studied located -100 m east of
the boundary section apparently described by Maurrasse (1980) and
Maurrasse and Sen (1991).

The underlying Cretaceous limestones are

browner at this site than at site 1 and the overlying Tertiary
limestones are light grey which results in a sequence colored nearly
opposite to that observed at site 1.

Therefore, color alone seems an

unreliable guide to assign ages to the limestones.

The overlying

Tertiary limestones are flaggy and bedded at a 1 to 2 cm scale in some
places although beds up to -lO-cm-thick also occur.

The Cretaceous

sediments have similar bedding to those previously described at site 1.
This boundary section is severely faulted and slickenslid in part.

The

-50-cm-thick greenish-brown ejecta layer looks like a tectonic melange
in some places and is bounded by faults top and bottom.

It is overlain
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by a s-cm-thick layer equivalent to the fine-grained ejecta-layer top
at site 1 (Figure 4.1) although the uppermost ejecta unit seems
somewhat mixed with a fine-grained limestone component.

This is

succeeded by a l7.s-cm-thick succession of graded beds of limestones
mixed with coarse to fine-grained pellets of the ejecta layer (Figure
4.1).

Shearing or slickenslides occur throughout and the unit is

variably weathered.

A -I-em-thick, darker grey clay-rich laminated

interval occurs in the 2-cm-thick layer which caps the sequence.

This

layer also has stringers of the pellets at its base and center.

Along

strike this medium grey clay-rich layer (fireball layer) is more
distinctly resolved as a -3-mm-thick layer which caps the pelletcontaining strata.

Burrows occur in this sequence of graded beds that

overlie the -50-em-thick coarse ejecta layer.
The thickest continuous boundary sequence was found at site 6;
the coarse-grained, greenish-brown ejecta-layer unit measured 124 em
thick where sampled.

Tne uppermost Cretaceous limestones are light

brownish grey and massive with occasional burrows.
fillings are rusty weathering.

Some of the burrow

The base of the boundary sequence is

marked by a fault subparallel to bedding with a 3-cm-thick gouge.
Weathering is concentrated in this fault gouge and the adjacent
stratigraphy.

The bottom 2 cm of the ejecta layer is strongly

weathered and contains some fragments of Cretaceous limestone from
tectonic mixing.

The lower 72 em of the ejecta layer at this site is

relatively homogenous and contains sparse rootlets throughout.
addition to the normal size distribution of pelletal objects it

In
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contains occasional larger clay objects of spherical (up to 5-mmdiameter), ellipsoidal and dumbbell shapes (up to l6-mm-long) that are
not distinctly different from the clay matrix in most cases and that
appear to be composed of carbonate in at least one case.

The massive

coarse ejecta is overlain by a series of coarse to fine, laminated and
graded beds (Figure 4.1).

The sedimentary structures are more obvious

on slightly weathered surfaces.

The upwards-grading beds range from 3

to 29-cm-thick and coarse-grained pellets are still found in the
uppermost 3-cm-thick graded bed.

The ejecta layer is immediately

overlain by a 2 to lO-mm-thick medium to dark grey clay layer (fireball
layer) with a sharp contact between the two units (Figure 4.2).
layer is overlain by brownish-grey Tertiary limestone.

This

An 8-cm-thick

fault gouge occurs along a fault plane subparallel to bedding located 6
cm above the top of the grey clay-rich layer making the stratigraphic
relationship to overlying strata uncertain.

In particular, a 20-cm-

thick, brownish-grey limestone, occurring above another subparallel
fault located 50 cm above the top of the coarse-grained boundary layer,
looks much like the underlying Upper Cretaceous limestones.

The

fireball layer capping the ejecta layer is bioturbated on a fine scale
and large burrows also mix limestone and dark grey clay into the
underlying coarse sediment, and the coarse pelletal ejecta-layer
sediment into the overlying Tertiary limestone (Figure 4.2).
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Figure 4.2: Sample showing fireball layer overlying the ejecta layer
at site 6. The 2 to lO-mm-thick, medium-grey, clay-rich fireball layer
has been mixed with the overlying Tertiary limestone by fine-scale
bioturbation. Large burrows mixed all three units present in the
sample as evidenced by the lithologies exposed in the burrow cross
sections. Burrowing of this type is common at the KIT boundary as
preserved in marine sections (e.g. Smit and Romein, 1985).
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4.4.1:

Petrography of the tektites

The pelletal objects comprising the ejecta layer have been
described by Hildebrand and Boynton (1990a) and subsequent workers
(e.g. Izett et al., 1990; Izett, 1991; Sigurdsson et al., 1991a;
Maurrasse and Sen, 1991; Kring and Boynton, 1991; Jehanno et a1., 1992;
Lyons and Officer, 1992).

The clay pellets range from submillimetre to

7 rom in greatest dimension (Broken individuals have been found with an
estimated size of -10 rom.).

The majority of the pellets are spheres,

but discs, ovoids, teardrops, ellipsoids, dumbbells, rods and irregular
shapes also occur.

Occasional fused spheres and teardrops are present

(See Figure 4.3 for examples of the range of shapes.).

Similar objects

are found at other KIT boundary sites where the boundary stratigraphy
includes the ejecta layer.

The distribution of the ejecta layer is

restricted to this part of the globe (Chapter 2, Figure 2.2).

These

boundary localities include nonmarine localities in wyoming (e.g. Bohor
et al., 1987), Montana (unpublished observations) and Colorado (The
Madrid East locality described by Pillmore and Flores (1987) where this
author observed such spherules as pointed out by O. walliser while on a
field trip.) and marine localities in DSDP site 603B (e.g. Klaver et
al., 1987), DSDP site 390A (e.g. Smit, 1990), and northeastern Mexico
(Mimbral locality of Smit et al., 1992).
Hildebrand and Boynton (1990a) argued that these objects
represented pseudomorphed tektites based on their shapes being the same
as those observed for splashform tektites and microtektites (e.g.
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Figure 4.3: Examples of Haitian KIT ejecta layer tektites now
pseudomorphed by poorly ordered smectitic clay. Spheres, discs,
ovoids, teardrops, ellipsoids, dumbbells and irregular shapes are
shown. Examples of fused spheres and teardrops are also shown. Rods
are also present in the ejecta layer but are difficult to separate
whole from the matrix. Scale shows mm-sized divisions.
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Glass, 1982, 1984) and their distribution across at least -4,000 km in
a single layer and, based on the unimodal variation in the ejecta
layer's thickness, from a single source.

They further argued that

volcanic ejecta do not have the same range of morphologies (e.g.
Heiken, 1972; Heiken et al., 1974; Duffield et al., 1977) and that
volcanic processes cannot disperse such large objects over these
distances.

The independent discovery by at least two research groups

of unaltered glass remnants in the cores of the pseudomorphed tektites
(e.g. Izett et al., 1990; Sigurdsson et al., 1991) confirmed that these
objects are in fact tektites.

The matrix of the ejecta layer appears

as a generally massive claystone in thin section.

However, some

researchers have claimed to see relic textures in the matrix.

For

example, Maurrasse and Sen (1991) reported that the matrix of the
coarse ejecta layer base at the type section consisted of completely
altered angular glass fragments.

The nature of the matrix remains to

be confirmed, but it is assumed here to represent the original void
space between the tektites which filled with the alteration product of
the tektites.
Most of the tektites at most sites are completely altered to a
poorly ordered Mg-rich smectitic clay from XRD studies by the author.
Kring and Boynton (1991) present a structural formula for the clay.
Four weak to moderate diffraction peaks occur at approximately 6, 19.8,

35.2 and 61.6 degrees 29, corresponding to d-spacings of 14.7, 4.48,
2.55 and 1.51 angstroms, respectively.

The 35.2° 29 peak probably

includes an unresolved peak on its high side corresponding to the 2.51
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d-spacing.

Whether ejecta layer matrix, pseudomorphed tektites, or

light or dark clay is analyzed the same diffraction pattern is found.
This suggests that the shades of color intensity are due to variations
in interlayer water content, or possibly minor cation compositional
variations.

Rarely, some tektites were pseudomorphed by calcite or

zeolite minerals.

XRD studies show that heulandite is the most common

zeolite replacing the tektites, but harmotome and at least one other
phase (possibly apophyllite) were found in mixtures.

Jehanno et al.

(1991) reported the identification of harmotcmG and clincptilolite
zeolite phases in the ejecta layer.

~s

The mineral they identify as

clinoptilolite is probably the same this study identified as
heulandite, but this is unconfirmed.

It is unknown why some tektites

were replaced with zeolites instead of smectitic clay, but this may be
due to compositional variations in the original glass.
Studies of the unaltered tektite glass from the Haitian KIT
Doundary sections reveal compositions ranging from andesitic to high-Ca
(e.g. Izett et al., 1990; Sigurdsson et al., 1991a, b; Maurrasse and
Sen, 1991) as discussed in Chapters 1 and 5.

Sigurdsson et al.

(199la)

report that the glasses are entirely crystal-free and contain no
evidence of recrystallization.

They report inhomogeneous glass

compositions within individual tektites with streaking or flow banding
in the glass.

Sigurdsson et al.

(1991b) note that the high-Ca glass

does contain some rare augite quench microlites.

Koeberl and

Sigurdsson (1992) report that lechatelierite pods occur in 1 of 12 of
the silicic tektites they studied.

The trace of tektite glass the
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author separated from the ejecta layer is apparently all comparatively
silica-rich in composition (Kring and Boynton, 1991) for the range of
Haitian glass compositions, suggesting that this composition was the
least susceptible to alteration and weathering.

The amount of remnant

glass preserved in the ejecta layer varies from zero, such as at site

1, to -25% at a site described by Sigurdsson et al. (1991).

While the

tektite glass is certainly subject to low-temperature, in situ
alteration (The glass at DSDP site 603B has been completely altered
while still buried below the sea floor (e.g. Klaver et al., 1987)) the
large variation in glass concentration must reflect a locally
controlled process such as surface weathering.

Deep tropical

weathering is well developed in the area (e.g. lateritic soils are
common, Maurrasse (1982)) and the site 1 outcrop, which completely
lacks glass, is more deeply weathered than the site 4 outcrop where
glass is found, suggesting that weathering is partly responsible for
the removal of tektite glass.
The subsequently discovered proximal

KIT sites (as discussed

below) show greater ranges in glass composition than reported for the
Haitian material (e.g. Smit et al., 1992; Alvarez et al., 1992) and 1
to 5 micron crystals of magnetite and spinel-like crystals have also
been found in the glass at the Mimbral, Mexico site (e.g. Margolis et
al., 1991).

The latter site contains high-K glasses that have not yet

been reported from Haiti.

It is unknown whether the absence of these

constituents reported at Mimbral versus Haiti is real or is owing to
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differential preservation of material and/or level of detail in the
analytical studies.

4.5:

Sampling and Analytical Procedures

Upon locating a suitable boundary section in the field the author
dug -l-m-deep pits in an attempt to avoid some of the effects of recent
weathering.

This was aided somewhat by the occurrence of the three

sites selected for detailed sampling in road outcrops or on steep
hillsides of ravines, but the deep tropical weathering on Haiti
undoubtedly affected all sites to some extent.

To minimize the

possibility of contamination, sampling was done with steel and plastic
tools and no jewelry was worn while sampling or for the previous
several days.

Samples were removed from channels cut in the outcrop

where the lithologies were soft enough and immediately placed in
plastic bags.

Samples from the competent units were dislodged with a

steel rock hammer.

Weathering rinds, if present, were generally

trimmed with a knife before bagging.

At Site 1 a large sample

containing the entire boundary stratigraphy was removed from the
outcrop and wrapped with burlap strips soaked in quick-drying cement
for structural support and protection.
sampled in detail in the lab.

This outcrop block was later

Samples were air dried in the lab and

after splitting one fraction (for INAA and Iep studies) was ground to a
fine powder with an agate mortar and pestle in a laminar flow hood to
minimize the possibility of laboratory contamination.

The grinding was
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done to homogenize the large samples so that a small split would be
representative of the entire interval sampled.

Individual altered

tektites and glass fragments were also irradiated.

Individual altered

tektites were separated using stainless steel tweezers.
Glass and mineral grain residues were prepared by disaggregating
the bulk ejecta layer.

Samples were weighed so that the proportion of

the final residue could be determined gravimetrically.

Samples were

then heated in a glass beaker to -250 degrees C to drive off interlayer
water.

Upon adding distilled water, the bulk clays would usually then

spectacularly disaggregate.
suspend the clay minerals.

Ultrasonic agitation was then used to
After settling for at least two minutes,

the suspended material was decanted.

Then the sample was resuspended

by stirring to repeat the cycle as many times as necessary until the
fine fraction was washed from the sample before it was again
ultrasonically agitated.

The samples were also generally reacted with

dilute (-5% Bel) hydrochloric acid to remove carbonates.

(This was not

strictly necessary, but it sped up the process of arriving at the grain
residue.)

The ejecta layer grain residues were generally dominated by

zeolite phases.

These were removed by

rea~ting

the residues with

dilute (-5% HF) hydrofluoric acid in teflon beakers while
ultrasonically agitated.

This process was repeated gingerly so that

the residues were not etched more than was necessary to remove the
zeolites.

The mineral residues were studied for shock effects with a

petrographic microscope and spindle stage by the author and D. Kring.
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Tektite glass grains and altered tektites were also studied by D.
Kring using an electron microprobe.
Three individual altered tektites and one matrix sample were
irradiated at the University of Missouri research reactor because their
small size (-1 mg) required a greater neutron fluence than achievable
at the University of Arizona TRIGA reactor.

Chemical standards and

standard rocks were included in the same package.

During the samples'

decay, three count series were made with the Compton suppression
detector system.

See Appendix A for details.

Concentrations or useful

upper limits were determined for approximately 34 elements.
Selected portions of the layer including individual altered
tektites, matrix and zeolite grains from the mineral residues were
powdered and studied with X-ray diffraction (XRD) at the University of
Arizona's Department of Geosciences' facility.
A -5 g split of the fireball layer was sent to C. Gregoire at the
Geological Survey of Canada so that a suite of the siderophile trace
elements could be determined by the ICP technique.

4.6:

INAA and ICP-MS Elemental Concentration Results

Intensive study of the Haitian ejecta layer began only since the
discovery that it is an ejecta layer rather than a volcanic turbidite.
The earliest work was done only on altered material because unaltered
tektite glass was discovered only much after the recognition that the
boundary layer represented ejecta.

Comparison of the altered and
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unaltered tektite compositions provides an extraordinary insight into
how mobile all the elements were during the alteration process (e.g.
Koeberl and Sigurdsson, 1992)

This is true of even the high-field

strength ions, such as the REE, that have been regarded as
comparatively immobile.

Glasses are more reactive and consequently

more easily altered than many mineral assemblages.

It had been

asserted to the author that tektites cannot be older than Late Eocene
in age, that tektites are "dissolved" rather than altered and that
tektites cannot be recognized on the basis of morphology alone.

The

facts that the tektites did alter to clay minerals (and zeolites) and
that unaltered tektite glass of K/T age exists invalidates the
conventional wisdom concerning the pseudomorphing and stability of
tektites.

4.6.1:

Previous geochemical investigations

The first INAA work on the Haitian section was done by F. Asaro
on samples supplied by F. Maurrasse (e.g. Maurrasse, 1982) soon after
the impact/extinction theory was proposed in 1980.

Asaro's study found

a 2.3 ppb Ir abundance in a sample that included the grey clay layer,
subsequently interpreted as the fireball layer, at the top of the
ejecta layer.

This comparatively weak peak is consistent with peak Ir

values found in deep sea sections where the fireball layer has been
bioturbated (See Ir values for DSDP cores in the south Atlantic
reported by Alvarez et al., 1982).

Asaro also calculated a lower bound
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to the integrated fluence of Ir at the type section of 32 ngcm- Z
(Alvarez et al., 1982) based on his measured Ir abundance profile.
Maurrasse notes that Asaro found a secondary Ir peak in a marl lens
located below the peak value, but this probably reflects bioturbation,
reworking or geochemical dispersion rather than a primary signal.
Since Hildebrand and Boynton established that a thick ejecta
layer occurred at the Haitian KIT boundary, several investigators have
studied the altered and unaltered components.

Jehanno et a1. (1991)

studied Ir profiles at both site 1 (their Bl) and near site 4 (their B2
which is also near the type section of Maurrasse (1980)).

At site 1

they determined values close to background at the base but that rise to
a peak of -1.2 ppb Ir in the sample of limestone overlying the ejecta
layer.

This is consistent with the Ir being associated with the

fireball layer which occurs at the base of the Tertiary limestone.

The

Ir abundance level decreased slowly in the limestone above the peak
value.

At their B2 site which is an anomalously thin (-20-cm-thick)

and reworked ejecta layer, they found a double-peaked distribution with
a maximum Ir value of -0.5 ppb near the base of the layer.

Another

weaker peak of 0.4 ppb occurred near the top of the layer.
Subsequently, Jehanno et al. (1992) determined a peak value of 8 ppb Ir
for the site-l Tertiary base and a peak value of 28 ppb for a -rom-thick
rusty layer at the Tertiary base at another section near site 1 (Beloc
H).

No explanation for the 8-fold increase in Ir concentration at site

1 was given.

On the basis of these larger Ir concentrations Jehanno et
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al. calculated Ir fluences of 85 ngcm- Z and 100 ngcm- Z at these two
sites.
Izett et al. (1990; see also Izett, 1991), Sigurdsson et al.
(1991a, b), Maurrasse and Sen (1991) and Koeberl and Sigurdsson (1992)
reported analyses of both altered and unaltered tektites from the
ejecta layer.

Electron microprobe analyses of major elements in the

unaltered glass showed intermediate (andesitic) compositions (See Table
5.2 for a summary).

Izett et al. (1990), Sigurdsson et al. (199lb) and

Koeberl and Sigurdsson (1992) also determined trace-element
concentrations.

Trace elements, including the REEF, show abundances

typical of continental crust establishing that a continental terrane
was targeted by the KIT impact.

Izett et al. and Koeberl and

Sigurdsson also analyzed trace elements in the clay mineral alteration
products finding large depletions in the abundances of the incompatible
lithophile elements.

The results of Izett et al. (1990) who used a

laser-ablation charged inductively coupled plasma - mass spectrometry
technique (ICP-MS), vs. the INAA technique used by other investigators,
are inconsistent with those of the other studies and the values
reported here.

This apparently reflects the difficulty of calibrating

the ICP technique.

4.6.2:

Geochemical results from this study

Three pseudomorphed tektites and a clay matrix sample were
analyzed by INAA before it was realized that unaltered glass was
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present in the ejecta layer.

Table 4.2 presents the results of this

work and values forewo standard rocks.

As previously reported

(Hildebrand and Boynton, 1990a) the altered impact melt products show
extreme depletions in the incompatible lithophile elements including
the rare earth elements (REE) and Rb, Cs, Th and U.

Of the highly

siderophile trace elements, only Au was detected instrumentally with
abundances ranging from 0.4 to 0.6 ppb.
continental crust.

These are

ty~ical

values for

Upper limits of -1 ppb, -3 ppb and 25 ppb were

determined for Ir, Re and as, respectively.
The REE patterns and abundances of the altered tektites and
matrix (Figure 4.4) look much like those of the depleted upper mantle,
having the typical V-shaped pattern and abundances at the upper end of
the oceanic harzburgite range (e.g. Suen et al., 1979).

The variations

in Ce from the V-shaped REE pattern (i.e. the Ce anomalies) are
attributed to its greater geochemical mobility relative to the other
REE as the Ce~4 ion.

Tnese abundance patterns are distinctly different

from those found by Izett et al.

(1990) who determined, using the ICP-

MS technique, even lower abundances for the REE that defined a ragged
pattern.

Because the Allende standard rock analyzed together with the

samples in this study had similar REE abundance levels (roughly
chondritic) and yielded REE concentrations in excellent agreement with
literature values (e.g. Jarosewich et al., 1987), the results of this
study are probably accurate and the abundance values found by Izett et
al.

(1990) are probably invalid.

Furthermore, the concentrations

determined by Koeberl and Sigurdsson (1992) are in fair agreement
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Table 4.2: INAA concentration results from pseudomorphed KIT tektites.
Instrumental neutron activation data from three individual altered
tektites (lOA, B, C) and a matrix sample (11) from the base of the KIT
ejecta layer at Site 4, the type section of the Beloc Formation.
Samples 61 and 72 are standard rocks NMNH Allende (prepared from the
Allende meteorite) and NBS SRM1633a, Coal Fly Ash. One sigma errors of
concentrations are as follows: ~ 5% - Na, K, Sc, Cr, Fe, Co, Zn, Sr,
Zr, Ba, La, Nd, Sm, Yb, Hf, Os and Ir; ~ 10% - Ca, Ni, As, Ru, Nd, Tb,
Ta, Re, Th; ~ 35% - Ga, Rb, Cs, Ce, Eu, Lu, W, and Au; upper limit
only except for Allende - Ru, Re, Os, Ir. Upper limits are two sigma
uncertainties. The Allende meteorite sample has higher concentration
errors for some of the lithophile incompatible elements than shown
here.

Sample

Na

Number

UGIG

UGIG

lOA

43.9

940

2.09

15.91 82.0

lOB

47.9

1222

2.21

10C

59.0

1129

11

68.3

61
72

Ni

Zn

Ga

% UGIG

UGIG

UGIG

UGIG

5.57

1.45

26.5

28.1

7.1

13.37 29.0

6.19

2.77

43.5

26.6

8.8

2.10

13.77 39.7

5.51

5.03

34.3

35.3

9.2

283

2.10

12.65 8.19

4.95

6.41

53.8

33.1

7.1

3230

360

1.82

13.96 3600

21.17 610

1650

18900 0.88

38.2

194.3 9.52

44.3

138
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56

K

Ca

Sc
% UGIG

Cr

Fe

UGIG

Co

14200 112.4 <30

As

Rb

Sr

Zr

Ru

Sb

Cs

Ba

La

Ce

Nd

Sm

DGIG

DGIG

DG/G

DG/G

DG/G

DG/G

DG/G

DG/G

UG/G

UG/G

UG/G

UG/G

0.101 1.89

59

149

<1.0

0.225 <0.12 171

0.240 0.57

<0.8

0.104

0.182 3.28

61

115

<1.0

0.180 0.100 174

0.083 0.09

<0.7

0.029

0.095 1. 99

61.3

108

<1.3

0.301 0.074 247

0.229 1.10

<0.4

0.081

0.064 0.75

65.5

76.4

<1. 3

0.165 0.051 237

0.358 1.029 0.48

0.131

1.57

25

<30

1.32

0.082 0.31

0.557 1.24

<1.6

0.330

253

<5

6.15

172.4 78.6

16.30

<3

145.2 138.7 861

<90

9.711 320

80.5
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Eu

Yb

Lu

Hf

Ta

DG/G

DG/G

DG/G

DG/G

DG/G

DG/G

0.026

0.218

0.038

5.31

0.495

0.017

0.010

0.191

0.035

3.95

0.320

0.014

0.023

0.211

0.037

3.51

0.346

0.035

0.035

0.218

0.039

1.494

0.131

<0.030

0.146

0.337

0.055

0.22

<0.24

0.17

3.49

7.41

1.061

6.94

1. 98

4.77

Re

Os

Ir

Au

Th

UG/G

DG/G

DG/G

DG/G

DG/G

DG/G

<0.003

<0.04

<0.001

<0.001

3.87

0.124

<0.003

<0.024

<0.001

0.0006

1.684

0.047

<0.003

<0.025

<0.001

0.0005

2.11

0.072

<0.002

<0.17

<0.001

0.0004

1.433

0.033

0.060

1.00

0.712

0.138

<0.15

<0.17

<0.05

<0.07

<0.001

0.003

25.7

9.91

W

D
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Figure 4.4: Chondrite-normalized REE data for altered tektites and
matrix from the Haitian KIT boundary ejecta layer. The samples are
from the base of the ejecta layer at the type section of Maurrasse
(1982). The INAA data are normalized to the CI chondrite data of
Evensen et al. (1978).
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with those determined here for most elements although their results are
frequently somewhat higher.

Some element concentrations are very

discrepant; Au presents the largest difference.

Koeberl and Sigurdsson

determined values of 5 to 18 ppb vs. 0.4 to 0.6 ppb in this study.
Causes of the differences are not known.
Because the REE abundances and patterns looked so much like those
typical of upper mantle ultramafic rocks, Hildebrand and Boynton
(1990a) interpreted these data as indicating an oceanic provenance for
the ejecta layer.

However, from the compositions of the unaltered

tektite glass it is now known that a continent was targeted and that
the extraordinary mimicking of the upper mantle pattern is entirely a
consequence of the alteration process.

Because other deep-water marine

KIT tektites have not been so extraordinarily stripped of lithophile
incompatible elements (by two orders of magnitude) during alteration
(e.g. Klaver et al.

(1987) found only slightly depleted REE patterns in

the pseudomorphed tektites of DSDP site 603B) , some or most of the
depletion may be due to the deep tropical weathering which is prevalent
on Haiti.
A l-cm-thick sample of the grey clay layer from site 6 was sent
to C. Gregoire for ICP analysis of the siderophile trace elements to
confirm the presence of the fireball layer as suspected on the basis of
stratigraphy and the earlier Ir concentration results of F. Asaro.
Also analyzed were two standard rocks, a South African platinum group
element standard rock (Platinum Ore SARM 7) and an informal boundaryclay standard from Stevns Klint, Denmark (which does not yet have
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published concentration values).

Because this sample had been

specifically chosen to represent just the putative fireball layer, it
was possible that an Ir concentration greater than that previously
found by Asaro might be determined.
the ICP work.

Table 4.3 presents the results of

The fireball layer sample is enriched in the highly

siderophile trace elements containing -1% of chondri tic abundances but
shows considerable variation of 0.22% to 2.44% chondritic.

The values

determined for the SARM 7 standard are generally close but the Ir
concentration determination is a factor of 2 below the certified value.
The 1.3 ppb concentration value for Ir is lower than the 2.3 ppb value
determined by Asaro.

This suggests that, although Ir (and the other

highly siderophile elements) are present in anomalous concentrations
and indicate that this layer probably represents the fireball layer, no
particularly large concentrations might be determined in the Haitian
sections.

However, if the results of Jehanno et al. (1992) are

confirmed, it means that some sections do contain Ir concentrations an
order of magnitude higher than those previously determined.

Because

the Ir value for SARM 7 is a factor of two lower than the certified
value, the B26G Ir value may be somewhat greater than 1.3 ppb.

The

concentrations of the 5 highly siderophile trace elements determined
are roughly in chondritic proportions.

This supports an

extraterrestrial source for the anomalies as discussed in Chapter 1.
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Table 4.3: ICP siderophile trace-element data from the fireball layer.
Sample B26G is the I-em-thick fireball layer from site 6 where the
layer was found to be most distinct in outcrop. No adjustments have
been made to the concentrations based on the standard rocks' measured
concentrations but the Ir concentrations are probably nearly a factor
of 2 too low. Sample A7S is the South African Platinum Ore standard
rock; certified literature values are shown in brackets after the
measured values. TIS is an informal boundary clay rock which does not
yet have certified values. CI chondrite normalizing values are from
Anders and Ebihara (1982) and Anders and Grevesse (1989). No
normalizing values are available for Rh. All concentrations are in ppb
(Data are courtesy of C. Gregoire).

CI

B26G/CI

3258/(3740) 210

953

0.83%

22%

14.1

1168/(1530) 120

577

2.44%

20.8%

Ru

1.6

338/(430)

53.5

714

0.22%

7.5%

Ir

1.3

39/(74)

17.2

473

0.27%

3.6%

Rh

C.5

239/(240)

~.2

134

0.37%

6.9%

B26G

A7S

Pt

7.9

Pd

TIS

TIS/CI
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4.7:

Shocked Quartz in the Boundary Layers

The K/T fireball layer contains shocked quartz grains at globally
distributed localities (e.g. Bohor et al., 1987a).

The ejecta layer

does not contain nearly as many shocked grains and the observed
population may represent contamination (See Chapter 1 for a
discussion).

The size of the largest shocked grains preserved in K/T

sites varies unimodally around the world with the largest previously
reported grains occurring in western North America (e.g. Izett et al.,
1990).

The abundance of shocked grains is also greatest in the western

North American sections.

The abundance may be estimated from point

counting boundary-layer thin sections or gravimetrically by weighing
bulk samples before and grain residues after processing (e.g. Izett,
1990), but the latter method is preferred because of the effectively
larger samples studied.
of shocked grains.

(The mineral residues do not consist entirely

Izett reports that the proportion of grains shocked

ranges from 10 to 47% with an average of 30%.

If the residues are

studied with a multiaxis microscope stage, then the proportion of
shocked mineral grains may be determined.)

In the uncontaminated

sections the fraction of the mineral grains which show no obvious shock
features is still assumed to have been ejected from the crater.

As

Izett (1990) reports, the unshocked grains have lithologies to those of
the shocked grains and distinct from those of the detrital component in
the enclosing sediments.

The abundance of mineral grains or the more

restricted category of shocked grains is best expressed as an
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integrated column abundance or fluence analogous to the commonly
employed method of describing the quantity of Ir deposited in a KIT
section.

Izett (1990) found concentrations of the mineral grain

residues varying from 0.02 to 2% in the fireball layer at KIT sites as
preserved in the Raton and Powder River Basins of the western

u.s.

The

extremely low concentrations probably represent sections where the
fireball layer was reworked and separated from the coarse fraction.
Some of the larger concentrations may be due to contamination by a
detrital component in some sections.

In the author's opinion a

reasonably generous average fluence estimate is 3 mm% (corresponding to
a true thickness of 0.03

~n

of insoluble grain residue) based on an

average fireball-layer thickness of 3 mm and an average mineral-grain
concentration of 1% in the layer.

The shocked mineral fluence would be

0.3 times this or 0.9 mm%.
If the Beloc, Haiti KIT boundary localities are near the source
crater, then the f1uence of shocked quartz and size of the largest
shocked quartz grains should be greater at these localities than at KIT
sites in western North America or elsewhere in the world.

Sixteen

grain-residue separations were done on samples from three different KIT
sections, sites 1, 4 and 6, to study the characteristics of the shocked
mineral population and to determine their abundance.

The site 1

outcrop was studied in greatest detail because there the ejecta layer
is a single upwards-graded bed as expected for impact fallout and
showed no signs of reworking.

Also, as it is capped by a thin grey

clay-rich layer that probably represents the fireball layer, a complete
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section is probably present.
concentration information.
Table 5.1.

Table 4.4 presents the grain residue
Mineral grain petrography is presented in

Grains were individually mounted on a spindle stage and

rotated so that a more complete search for planar deformation features
characteristic of shock metamorphism (e.g. Alexopoulos et al., 1988)
could be made than is possible on a flat microscope stage.

Kring

(written commun.) also studied the mineral grains from samples spanning
the entire thickness of the boundary couplet at site 1.

He found

higher proportions of shocked minerals and much smaller proportions of
feldspar grains using the spindle stage.
discrepancy is not known.

The reason for this

The distribution of the insoluble grain

residues as tabulated shows very low concentrations (0.0016 to 0.007%)
in the coarse-grained base but which rise to -0.45% at the fine-grained
top of the ejecta layer.

Duplicate samples were run to confirm the

validity of the residue concentrations.
duplicate samples was good.

Agreement between the

Tne calculated total fluence of mineral

grains at this site is 64.9 mm% using the concentration data from the
larger sample in the cases of duplicates.

This corresponds to a layer

of insoluble grains 0.6 mm thick or 20 times the fluence observed at
the western U.S.

KIT localities.

Thus, the large fluence of mineral

grains found at the Haitian sections is consistent with the prediction
of more shocked minerals near the source impact crater.

The thickness

of the site 1 ejecta is also -20 times thicker than the -2-cm-thick
ejecta layers preserved at the western U.S. localities consistent with
the magnitude of the increase in the grain fluence.
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Table 4.4: Mineral-residue abundances at K/T sites, Beloc, Haiti.
Residue abundances were determined gravimetrically by weighing airdried samples before processing and HC1 and HF-insoluble, clay-free
grain residues after completed separations. Two splits of four of the
six samples from Site 1 (BIB to B6B sample series) were done to confirm
the reproducibility of the technique. The six sample intervals from
site 1 cross the 46-cm-thick graded ejecta bed preserved at this site.
Samples B26G, BIG, B20G and 20-32 cm are all from site 6. The two grab
samples are from site 4.
San:ple interval
(cm)

Sample No.

Mass
(g. )
sample/residue

Conc.
(%)

BlBa
(coarse)

113.3/.00177

.0016

6

BIBb
(coarse)

84.6/.00403

.0048

6

B2B
(coarse)

153.4/.00367

.002

10

B3Ba
(medium)

135.9/.00945

.007

10

B3Bb
(medium)

801.8/.05290

.007

10

B4Ba
(med. to fine)

105.5/.11037

.105

6

B4Bb
(med. to fine)

576.7/.73756

.128

6

B5Ba
(fine)

115.6/.49247

.426

12

B5Bb
(fine)

736.9/3.31315

.450

12

B6B
(fine)

55.0/.0596

.11

2

49.5/
B26G
(diluted fireball layer)

.01

1

Coarsest
1076.5/.10502
grab bag - Site 4

.010

Grab

1832.2/.17996

.010

Grab

Grab bag
- Site 4
Site 6
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20-32cm

.27

12

BIG
90.6/.03556
(Cretaceous marl)

.039

15

B20G
(Paleocene marl)

.51

20

-50/.13628

91. 2/ .46554
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Izett et al.

(1990) reported finding an insoluble grain residue

constituting 0.006% of the bulk ejecta layer in a sample from the base
of the layer at the type section located near site 4.

This is

consistent with the concentrations of 0.010% found in two grab
samplesof coarse material from site 4 and the 0.0016 to 0.007%
concentrations found in the coarse base of the layer at site 1.
nowever, Izett et al. (1990) erroneously conclude from this single data
point that the Haitian KIT boundary localities contain less shocked
quartz than those in the

u.s.

Because the shocked quartz is

concentrated in the finer portion of the layer the entire ejecta layer
must be studied to appreciate the large fluence.

The occurrence of

0.27% mineral residue in the upper (20 to 32 em from the layer's top)
finer fraction of the ejecta layer at site 6 confirms the shockedquartz distribution.
The Haitian sections are unique in that the KIT ejecta layer
contains abundant shocked grains while the fireball layer has a lesser
amount.

For example, at site I the 2-cm-thick interval at the top of

the ejecta bed which contains the disturbed fireball layer contains
only 0.11% grain residue.

This is confirmed by the fireball layer

sample at site 6, B26G, which contains only 0.01%.

Therefore, in the

Haitian sections the shocked grains are not concentrated in the
fireball layer but rather in the fine-grained fraction of the ejecta
layer.

This is assumed to represent a size sorting as the ejecta

products, tektites and mineral grains, settled through the >2-km-high
water column.

As this is the first deep-sea KIT section to be studied

201
that distinctly preserves both the fireball and ejecta layers, this
grain distribution has not been seen before.

This settling model

assumes that the coarse base has very few grains because the average
tektite size is much larger than the mineral grains.

It is only in the

medium and fine-grained fractions where the mineral grains become
abundant.

The fireball layer material and associated very fine

fraction of the ejecta layer are finer than most of the mineral grains
so that these materials arrived on the sea floor after most of the
mineral grains had already settled out.
western

u.s.

In the nonmarine sites of the

described by Izett (1990) the layers' components settled

through only a few metres of water so that this size-sorting effect is
not observed.
Another consequence of this settling model is that the largest
mineral grains should be found in the middle or bottom of the ejecta
layer rather than in the top.

Visually the residues' grain sizes did

indicate this tendency to some extent and when the residues were
searched for the largest shocked grains, the biggest grain was found in
the B3B sample interval.

This 1.25 mm grain may be the largest shocked

grain found to date at the KIT boundary (Figure 4.5), although
Maurrasse and Sen (1991) report seeing rare 1 to 2-mm-long shockedquartz grains in thin section in the coarse basal part of the ejecta
layer at the type section.

This study did not confirm the presence of

grains of this size in the two samples studied from site 4.
al.

Izett et

(1990) reported seeing grains only up to 0.53 mm long from their

sample from the base of the type section.

The presence of the 1.25-mm-

202
Figure 4.5: Global shocked-quartz grain-size distribution plotted on a
plate tectonic reconstruction for KIT time (Modified from Izett, 1990).
Grain size of the largest shocked quartz grain found at a KIT locality
is reported in mm. Localities are positioned with dots; dot sizes
schematically correspond to the size of the largest quartz grain at a
locality. Note the large grains on the North American continent and
the largest grain at Haiti. The deep-sea core sites represented by CH
and G have not been well enough sampled to know what the largest grain
size is that will be found at these sites. Therefore, the values cited
are lower limits for this largest grain size datum at those two sites.
The more well sampled sites may have larger grains found but any
increases will probably be modest. Locality abbreviations are: A,
Knudsens' Farm, Alberta; F, Frenchman River, Saskatchewan; S, Morgan
Creek, Saskatchewan; M, Brownie Butte, Montana; PY, Pyramid Butte,
North Dakota; SU, Sussex, Wyoming; T, Teapot Dome, Wyoming; L, Dogie
Creek, Wyoming; CO-~l1, Raton Basin, Colorado and New Mexico (data from
Sharpton, 1989); B, Beloc, Haiti, (data from this work); CH, DSDP site
603B; G, GPC-3, Giant piston core (site relocated for plate motion);
SP, DSDP site 596 (data from Zhou et al., 1991); N, Nye Klov, Denmark;
SK, Stevns Klint, Denmark; C, Caravaca, Spain; P, Petriccio, Italy; PO,
Pontedazzo, Italy; AS, Turkmenia, USSR; NZ, Woodside Creek, New
Zealand. Localities without references are referenced in Izett (1990).
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long shocked-quartz grain in the Haitian boundary ejecta is consistent
with the prediction that larger shocked-quartz grains will be found
near the source crater.
One result that strongly conflicts with this settlingdepositional model has been presented by Jehanno et al.

(1992).

They

report that abundant Ni-rich spinel-phase crystals occur at the level
of the fireball layer and are apparently a component of this layer.
The spinel phases have compositions similar and textures similar to
those found in the fireball layer at other KjT boundary sites.
Although only a few microns in size they occur in spherules up to 200
microns in diameter.

Jehanno et al. argue that this indicates that the

fireball layer was deposited much later than the ejecta layer or these
coarse objects would have settled out with coarser fractions of the
ejecta layer than is observed.

(Jehanno et al. conclude from this line

of reasoning that the ejecta layer is not related to the KjT boundary
impact and, based on other arguments as well, that the ejecta layer is
not an ejecta layer, but rather a volcanic deposit.)

Additionally, the

spherules are of the same size as many of the shocked quartz grains
found lower in the ejecta layer and the spherules are thought by the
author to represent another component of the fireball layer which was
also distributed by the impact fireball.

Their different distribution

implies, as Jehanno et al. argued, a different timing for their
deposition.

However, the timing argument may also be used, based on

the occurrence of the shocked quartz from the fireball layer in the
ejecta layer, as indicating that the ejecta layer was deposited as part
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of the same event.

The deep-water localities on Haiti may allow a

resolution of different depositional histories of components of the
fireball layer.

4.8:

Discussion

The KIT boundary stratigraphic sequence preserved near Beloc,
Haiti apparently represents a greatly thickened ejecta layer overlain
by the fireball layer as defined by Hildebrand and Boynton (1990a) and
in Chapter 2.

The ejecta layer is probably composed of impact ejecta

because it consists dominantly of tektites that are generally wholly or
partly pseudomorphed by smectitic clay, and contains shocked mineral
grains as a minor component.

The true thickness of the ejecta layer is

probably -50 cm as the layer is 46-cm-thick at the one locality where
the layer has been only minimally disturbed by reworking.

At all three

boundary sites studied in detail a <lO-mm-thick grey clay layer rich in
Ir and 4 other siderophile trace elements caps the ejecta layer.

The

latter is sometimes overlain by reworked Cretaceous limestones and
ejecta material before the grey clay layer occurs.

This layer probably

represents the bioturbated fine fraction of the fireball layer.
Because its thickness is approximately the same (-3-mm-thick) at KIT
boundary sites where only it is present and at sites where the ejecta
layer is a half metre thick, the fireball layer probably has a uniform
thickness globally.

This implies dispersal by some mechanism that

allowed it to be uniformly distributed in large part (the shocked
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mineral grains show a gradient in size and abundance as discussed above
and the spinel phases may show a gradation in composition (Kyte and
Smit, 1986)) or that it was dominantly composed of material of small
enough size so that the layer's mass fluence could be homogenized
globally while settling through the atmosphere.

The fireball layer

does contain submillimetre-sized components at many sites (e.g. Smit
and Klaver,

1981) and even seems to be composed of mostly coarse

components at one site (Smit et al., 1992) but the proportion of coarse
to fine is not yet established.
Maurrasse and Sen (1991) advocated that the reworking of the
upper portion of the ejecta layer was possibly due to a second large
impact in the Caribbean region that closely followed the impact that
produced the ejecta layer.

In particular they describe coherent lenses

of marl and coarse ejecta lithologies intermixed on top of the ejecta
layer.

They suggest that

n •••

significant subaqueous flow processes

recurred over a protracted period (perhaps several thousand years)
after initial deposition of the bed."
et al.

This is in contrast to Maurrasse

(1979) and Maurrasse (1980, 1982) who had previously advocated

that the marker bed was deposited from a single turbidity current.
Maurrasse and Sen (1991) do not describe the subparallel faulting which
has affected all the Haitian boundary exposures studied by the author
including the type section and which does produce tectonic lenses at
some sites including the type section.

Therefore, the degree to which

the section studied by Maurrasse and Sen has been affected by tectonism
may not be evaluated from their work, but could account for some of
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their described lensing.

All the boundary coarse-ejecta sequences

(including the reworked portion) studied in detail have a thin grey
clay layer overlying them that is probably the fireball layer.

This is

also true for the section studied by Maurrasse and Sen (1991) who
describe a 2.3 ppb Ir anomaly in the uppermost thin (2.5 cm maximum
thickness) marl layer.

Because the fireball layer settled in -3 months

(e.g. Toon et al., 1982) the suggested timescale for reworking as
proposed by Maurrasse and Sen is probably invalid because a delay of
several thousand years is inconsistent with the required time frame.
As discussed in Chapters 3 and 5 the Chicxulub impact could have
produced bottom currents on the deep ocean floor through a number of
effects, including secondary craters in the deep ocean and submarine
landslides triggered by seismic energy.

These effects, if they

continued to times late enough so that the ejecta had settled to the
sea floor, could have caused the reworking of the upper part or even
all of the ejecta layer.

These effects must have ceased before the

settling of the fine component of the fireball layer was complete.

The

stratigraphy at Brazos River, Texas as described in Chapter 3 is
consistent with this model as the fireball layer caps a series of
coarse and reworked boundary lithologies.

Also, the boundary

stratigraphy described by Smit et al. (1992) for the Mimbral, Mexico
locality is consistent with this model.

The Mimbral coarse boundary

sequence has a -2 m thickness of coarse sediments deposited on the
ejecta layer with the maximum Ir anomaly occurring at the top of the
coarse sediments.
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If the Chicxulub crater is the source crater the occurrence of
high-Ca tektites in the K/T ejecta layer rules out at least one
suggested model of tektite origin.

Chicxulub is a submarine crater and

apparently produced high-Ca and high-K glasses in addition to andesitic
glasses.

This impact setting and some of the tektite compositions are

inconsistent with the proposed model for tektite formation of Wasson
(1989) who advocated that tektites are formed only when loess deposits
are targeted.

He suggested the small number of tektite strewnfields

was a consequence of the rarity of the required cold and dry climatic
conditions for loess formation.

Because the K/T boundary tektites are

probably from a submarine crater and were produced in part from
carbonate/evaporite rocks, the loess formation model cannot apply to
the K/T boundary tektites.

4.9:

Other Proximal K/T Boundary Sections

Since the discovery of the thick K/T boundary ejecta sequences on
Haiti, other thick K/T ejecta sequences found in the region between the
Americas confirm the validity of the Haiti ejecta thicknesses as a
primary signal.

Izett et al.

(1990) questioned whether these were true

thicknesses and suggested that the large thicknesses found on Haiti
might be due solely to reworking.
One thick boundary sequence, found in the Arroyo el Mimbral in
Tamaulipas, northeastern Mexico, was discovered and described by Smit
et al.

(1992).

It consists of a 2 to 3-m-thick section of reworked K/T
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ejecta covered by coarse sediments.

The basal unit is a 0 to I-m-thick

bed composed of calcite-cemented reworked coarse pellets.

Thi~

unit

rests on an irregular surface separating it from the underlying Mendez
Formation.

This formation is a fine-grained marl containing the

uppermost Cretaceous (Zone M3) index foraminifera Abathomphalus
mayaroensis (Smit et al., 1992).

The ejecta unit consists of largely

pseudomorphed tektites, although it contains some unaltered cores of
tektite glass with compositions similar to but of wider compositional
range than those found at Haiti.

The altered tektites are up to 8-mm-

long with a suite of shapes typical of splashform tektites.

The

reworked ejecta is overlain by a series of coarse-grained, laminated to
poorly graded calcarenites with an erosional base that cuts completely
through the reworked ejecta into the top of the Mendez in places.

Both

this unit and the underlying ejecta unit are channel fillings with
characteristic widths of 10 to 20 m.

Large clasts up to 80-cm-long of

the Mendez marl are found in both of these units.

The uppermost unit

in the coarse sequence is a 12 to 20-cm-thick sequence of rippled and
graded sequences of calcareous sandstones, siltstones and mudstones.
Smit et al. (1992) report that the rippled unit is overlain by the
lowermost Danian (PO zone) marls of the Velasco Formation.

They also

report that Ir abundances reach a peak of -0.9 ppb in the basal Velasco
marls versus background values of -0.010 ppb in the ejecta and
calcarenite layers.

The observation that the reworked ejecta and

associated possible impact-wave deposits are capped with an Ir anomaly
probably indicates that the fine fraction of the fireball layer settled
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onto the top of the boundary sequence once the impact-generated
currents subsided.

This is consistent with the stratigraphy of the

Beloc, Haiti boundary sections.
Another thick boundary sequence is found at DSDP site 540 located
in the mouth of the Gulf of Mexico.

Pszczolkowski (1986) suggested

that this core might preserve coarse boundary sediments similar to
those he described occurring on Cuba to the south, and Hildebrand et
al. (1991) and Alvarez et al. (1991a, b) independently suggested that
this site might preserve a thick KIT ejecta sequence.

The stratigraphy

at this site (See references in Buffler et al., 1984; Alvarez et al.,
1992) consists of a thick possible impact-wave or slump deposit
overlain by a current-bedded boundary unit.

In this section Early

Cenomanian limestones are overlain by a -45-m-thick clastic unit of
varying limestone lithologies, marl, chert and altered volcanic clasts.
Core recovery is poor across this interval so that the unit is not well
known and the only age assigned is late Cenomanian.

This unit is

overlain by a current-bedded sandstone -2.5 m thick (from 280.2 to
282.7 m in the 540 core) which had been interpreted as volcanic glass
subsequently replaced by smectitic clay (Buffler et al., 1984).
Alvarez et al. (1992) discovered anomalous amounts of Ir (0.1 to 0.2
ppb) throughout the smectitic unit with a weak peak (0.65 ppb) at the
top of the unit.

Alvarez et al. (1992) and Margolis et al. (1991) also

report the occurrence of unaltered tektite glass in this unit.

The

author also found shocked quartz and feldspar grains in insoluble
residues of this unit (See Chapter 5, Table 5.1).

Because the core is
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not complete at site 540, Alvarez et al. studied the same interval at
site 536.

Some section is also missing at site 536, but the upper

fine-grained portion of the boundary section is present.
al.

Alvarez et

(1992) report uppermost Maastrichtian (Abathomphalus mayaroensis)

forams mixed with other Upper Cretaceous forams in the current-bedded
sediment in the 536 core.

Although the thin basal PO zone has not yet

been identified in this core, the unit is overlain by the Early
Paleocene PIa zone (Globigerina eugubina zone) suggesting that these
are K/T boundary deposits.

Alvarez et al. (1992) report an Ir anomaly

of 0.7 ppb near the top of the current bedded unit.

The occurrence of

the Ir peaks at the top of the boundary interval is consistent with the
fine fraction of the fireball layer settling out after other coarse
ejecta fractions have been deposited and impact-wave/seismically
triggered sedimentation has ceased.

This model is the same as

discussed above for the Brazos River, Texas, Mimbral, Mexico and Beloc,
Haiti boundary sections.

4.10:

Required Impact Location

The existence of thick K/T boundary ejecta at three widely spaced

KIT crater using

localities allows an attempt at locating the source
ejecta-scaling relations.

This technique was previously used by

Hildebrand and Boynton (1990a) to determine that the
crater probably lay -1000 km from the Beloc, Haiti
in the deep ocean

an~

KIT boundary

KIT sites if it was

a slightly greater distance (-1150 km) if on
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land.

Tne difference is due to a decreased thickness of ejecta in the

case of an ocean impact because ejected water would not be preserved in
the ejecta deposit.

Hildebrand and Boynton used a crater size of 200

km on the assumption that the K/T crater had to be substantially larger
than craters of -100 km diameter, such as Popigai and Manicouagan which
apparently formed without producing any associated mass extinction.
Further, craters of -100 km size are expected to be comparatively
common in the Phanerozoic from cratering frequency relations (Grieve,
1987), but extinction events like the K/T are rare events probably
requiring even bigger impact events.

An upper limit on the crater size

derives from the statistical expectation that it would not be much
larger than -200 km based on the scarcity of craters larger than -150

km diameter formed since the end of heavy bombardment in the cratering
records of the terrestrial planets (e.g. Carr, 1984).
Now that three KIT sites with thick ejecta are known, a
calculation of this type may be repeated, although a crater diameter
not be assumed because, in theory, only two possible sizes of craters
at two different positions should uniquely fit the three observed
distance/thickness constraints defined by the three known proximal K/T
sites.

If only two sites were available, then a circular locus of

possible crater locations with corresponding diameters would be the
result of this calculation.

A maximum and minimum crater size would

also be defined (See also Hildebrand and Stansberry, 1992).

This

exercise could also have been attempted with the -2-cm-thick ejecta
deposits in the western North American region and DSDP holes 603B and
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390A, but, while these sites are certainly consistent with an

impa~t

site between the Americas, the ejecta thickness varies comparatively
slowly at great distances from the crater so that these sites do not
provide nearly as sensitive location constraints as proximal ejecta
deposits.

However, the constraints from these distant sites are

sufficiently accurate to chose between the two possible crater/location
solutions determined from the three proximal sites.

To be successful a

calculation of this type also requires that the crater's ejecta blanket
be symmetrical.

In the present case the true thickness at the Mimbral,

Mexico site is not well known due to severe reworking, and the precise
position of the Beloc, Haiti site at K/T time is not well known because
of uncertainty associated with the plate-tectonic reconstruction.

The

ejecta-scaling relation employed by Hildebrand and Boynton (1990a) was
Equation (3) of McGetchin et al.

where:

t
R

r

=

(1973) as shown below:

ejecta thickness
c::::ater radius
distance from center of crater

and all variables are expressed in metres.

Hildebrand and Boynton used this relation because its results were
compatible with the observed K/T ejecta thickness variations with
distance in at least a qualitative way.

Testing other ejecta-scaling

relations, such as that of Housen et al. (1983), yielded results
incompatible with the observed ejecta distributions.
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Rather than initially attempting an analytical solution, the
method of trial and inspection was employed.

As initial guesses for

the size of the KjT crater diameters of 160 to 220 km were used based
on the same reasoning employed by Hildebrand and Boynton and also the
suggested size of the Chicxulub crater (180 km) which is an excellent
candidate as the KjT boundary crater (Hildebrand et al., 1991).

Table

4.5 lists the calculated distances to the crater from each of the sites
for crater diameters of 160, 170, 180, 200, 220 km together with the
observed distances of the Mimbral, Mexico and DSDP 540 sites from the
Chicxulub crater.

An approximate distance to the Haiti localities

based on the plate tectonic reconstruction of Pindell and Barrett
(1990) is also shown.

Table 4.5: Ejecta thicknesses versus distance to source crater from
the ejecta scaling relation of McGetchin et al (1973).
KjT ejecta

Ejecta

Distances to the source crater

Distance to

locality

thickness

assuming diameters in km of

Chicxulub
crater (km)

(m)

160

170

180

200

220

0.46

870

939

1000

1150

1300

-880*

Mimbral,
Mexico

-0.50

850

910

980

1120

1260

950

DSDP 540

2.5

500

535

570

650

740

610

Beloc,
Haiti

*

Distance dependent on plate tectonic reconstruction to KjT time
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Tne distances to the Mimbral and DSDP 540 sites are shown only to the
nearest 10 km because the uncertainty in the position of the center of
the Chicxulub crater is of that order.
Remarkably, given the potential for subsequent disturbance of the
ejecta thicknesses at the three sites, possible asymmetry in the ejecta
blanket, the uncertain distance to the Haitian site, and the largely
untested nature of the ejecta-scaling relation of McGetchin et al., one
solution to the crater size and location is very near the Chicxulub
crater (See Figure 4.6).

By minimizing the distances between the

intersection points of the circles the solution is found for a crater
just ur.der 180 km diameter (178 km diameter) located -150 km north of
the center of the Chicxulub crater on the Campeche Bank.

This solution

was confirmed analytically by a computer model prepared by J.
Stansberry (written commun.).

(The other possible solution from the 3-

site case was a -320-km-diameter crater located -1200 km north of DSDP
site 540 which is clearly excluded by the thickness of the ejecta layer
at the nearby KIT sites on the North American continent.)

Figure 4.6

shows the solution for the 180 km guess, the size of the Chicxulub
crater.

The gravity and magnetic data from the Campeche Bank and the

Yucatan Peninsula (e.g. Garcia Abdeslem, 1990; Gravity Anomaly Map of
North America, 1988) show only the geophysical anomalies centered under
the town of Chicxulub Puerto as the potential signatures of a large
impact crater.

Using Chicxulub's location, a crater slightly closer to

170 km diameter would provide the minimum residuals in distance to the
KIT ejecta localities.

As may be seen from inspection of Table 4.4,
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Figure 4.6: Location of K/T ~rater from distance/ejecta thickness
scaling. Modified from Hildebrand et al. (1991) and plate tectonic
reconstruction of the Caribbean region near K/T time by Pindell and
Barrett (1990).
Bold lines show fault zones between plates with
relative motions indicated by arrows and triangles. Solid triangles
indicate subduction zones; open triangles indicate thrusting. Vees
indicate subduction-related, island-arc volcanism. The diagonal-ruled
areas show regions where possible impact-wave deposits occur.
The
lightly dashed line shows the paleoshoreline on the N. American
continent.
Impact-wave deposits also occur at DSDP sites 151, 153, and
603B, which are shown as dots. Stars mark the positions of the 0.5 to
2.5-m-thick K/T ejecta layers preserved near Beloc, Haiti, Mimbral,
Mexico and D.S.D.P. Site 540 in the mouth of the Gulf of Mexico. A
solid circle shows the -IBO-km-diameter Chicxulub crater on the Yucatan
platform. Heavily dashed circles show calculated distances to the K/T
crater from the three proximal K/T ejecta localities using the scaling
relation of McGetchin et al. (1973) and assuming a crater diameter of
180 km.
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smaller and larger craters respectively understate and overstate the
ejecta thicknesses as compared to the observed values.

Therefore, the

l80-km-diameter Chicxulub crater fits the size and location constraints
provided by the proximal

KIT ejecta deposits remarkably well.

Furthermore, the ejecta blanket is probably radially

symme~ric.

This

result may seem even more fortuitous recalling that the McGetchin et
al. scaling relation was tested only on poorly known lunar ejecta
blankets, but seems to have been tailor-made for the Chicxulub crater.
Additionally, it does not seem that any adjustment for the greater
final size of terrestrial craters due to collapse of the transient
cavity to shallower depths need be applied as Hildebrand and Boynton
(1991) had suggested.
The validity of the McGetchin et al. scaling relation may be
further checked by comparing ejecta thicknesses at a range of known
sites (See Table 4.6, Figure 4.7).

KIT

Choosing ejecta thicknesses is

somewhat a subjective process, particularly at the distal localities
where the thin layers may easily have their thicknesses altered by
secondary processes.

The thicknesses listed in Table 4.6 are from

observations by the author except &s referenced otherwise.

The

agreement between the calculated and observed ejecta thicknesses is
remarkably good, being within a factor of two (with one exception) over
ejecta thicknesses ranging by five orders of magnitude.

(Figure 4.7

shows a log-log plot of the ejecta thicknesses versus distance.)
suggests that the

This

KIT ejecta distribution may be well modelled by the

McGetchin et al. relation and confirms that the ejecta blanket is
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Table 4.6: Calculated versus observed ejecta thicknesses for the
Chicxulub crater. Thicknesses calculated using the ejecta scaling
relation of McGetchin et al. (1973) and a radius of 90 km for the
Chicxulub crater.

KIT Site

Distance from
Chicxulub crater
(km)

Observed ejecta
thickness
(cm)

Calculated ejecta
thickness
(cm)

Yucatan-2

135

9 x 10 3 (1)

1. 92

X

10 4

Yucatan-l

165

1.75 x 10 4 (2)

1.05

X

10 4

DSDP 540

610

250 (3)
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Be1oc, Haiti

880*

Mimbra1, Mexico

950

46

69

-50 (4)

55

2-3

22

Brazos River, USA

1300

DSDP 390A

1630

>2 (5)

11

Raton Basin, USA

2300

1.5-2.5

4

DSDP 603B

2500

-5 (6)

3

Dogie Creek, USA

2900

Brownie Butte, USA

3300

1.0-1.5 (7)

1.3

Morgan Creek, Canada

3500

0.7-1.5 (8)

1.1

Knudsens' Farm, Canada

4000

Caravaca, Spain

6000*
10000

2

1.5
-0.1 (9)

1.9

0.7
0.2
0.05

*These distances are approximate because they depend upon plate
tectonic reconstructions.
The suggested ejecta deposits in wells Yucatan-l and 2 are poorly
known. References and notes:
(1) Weidie et a1., unpublished cross
section; (2) Lopez Ramos, 1975; (3) Buffler, R.T., Schlager, W., et
al., 1984; (4) average of a range of 0 to 100 cm; Srnit et a1., 1992;
(5) lower limit because sequence was severely disturbed by drilling;
Benson, W.E., Sheridan, R.E., et al., 1978; (6) Klaver et al., 1987;
(7) Bohor et al., 1984; (8) Nichols et al., 1986; A. Sweet, pers.
commun.; (9) as spherules in the fireball layer; Bohor and Betterton,
1990.
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Figure 4.7: Plot of observed versus calculated K/T ejecta thickness.
Points represent observed ejecta thicknesses from Table 4.6. The solid
line represents the calculated ejecta thicknesses for the Chicxulub
crater using the ejecta scaling relation of McGetchin et al. (1973).
Plot is courtesy of J. Stansberry .
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symmetric over a range of azimuths.

The outstanding exception is the

Brazos River, Texas locality where apparently only diluted remnants of
the ejecta layer are preserved as discussed in Chapter 3.

The boundary

stratigraphy at the Brazos sites has been strongly affected by impact
waves so it may be that most of the ejecta layer was emplaced before
the waves arrived and was subsequently eroded by them.

This would

imply that the observed 2- to 3-cm-thick layer interpreted as the
ejecta layer (Hildebrand and Boynton, 1988; Chapter 3) represents only
the finest fraction of the ejecta that was deposited after the waves
subsided or is unrelated redeposited sediment that contains some Ir
from the coarse fraction of the fireball layer or geochemical
remobilization.

After the realization that the ejecta thickness,

expected for the Brazos River area was much greater than the observed
thickness a field trip was undertaken to restudy the coarse deposits
for reworked components of the ejecta.

However, no unequivocal

evidence such as unaltered or pseudomorphed tektites was found although
Smit et al.

(1992) report finding altered tektites.

The upper part of

the skeletal sand does have some mm-sized glauconite and clay
spheroids, but identification as pseudomorphed tektites could not be
made with any certainty as pellets of this size are not uncommon in
sediments of this type.
The predicted ejecta layer thicknesses from the scaling relation
also fit the single-layer distal KjT sites well because the ejecta
layer is calculated to be thinner than the -3-mm-thick fireball layer
at sites as distant as those found in Europe or the South Atlantic.
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Therefore, the lack of a distinctly recognizable ejecta layer
underlying the fireball layer at these distant locales is not
surprising.

The western European sites, such as at Caravaca, Spain do

have abundant submillimetre-sized spherules (usually replaced by
sanidine) in the fireball layer.

These spherules are mcstly not the

spinel-bearing variety which are also found in the fireball layer, but
have been interpreted, at least in part, as the pseudomorphed tektites
such as
1990).

are found in the ejecta layer (e.g. Bohor and Betterton,
Therefore, these spherules may represent the ejecta layer

component predicted at this distance from the crater (-2 mm) mixed with
the fireball layer.

With increasing distance the predicted ejecta

thickness rapidly becomes much smaller than the fireball layer so the
recognition of this boundary ejecta component as a discrete layer
becomes even more problematical.
This calculation of

eje~ta-thickness

decrease with distance is

predicated on the assumption of a "flat Earth".

Because the Earth is

spherical, ejecta travelling to its antipode from Chicxulub will become
concentrated by the spherical geometry.

A thickening of the ejecta

would be expected as first suggested by Argyle (1989) despite the
Coriolis effects associated with a rotating Earth.

He calculated an

ejecta distribution analogous (although thicker at great distances) to
that observed for the
thicknesses of -2 cm.
crater at

KIT boundary and found expected antipodal ejecta
Unfortunately, the antipode to the Chicxulub

KIT boundary time was oceanic crust in the Indian Ocean (See
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Figure 4 in Alvarez et al., (1982)) which has been subsequently
subducted so that this suggested effect may not be verified.

4.10.1:

Crater volume versus ejecta volume

The validity of the McGetchin et al.

(1973) ejecta-scaling

relation may be further checked by comparing the excavated volume of
the Chicxulub crater to that calculated for its ejecta blanket
(assuming that Chicxulub is the KIT crater).

The volume of the

Chicxulub crater is 15, 250 km 3 or 20,350 km 3 depending on using 600 or

800 m as the crater's depth (See Chapter 5 for a discussion.) and
assuming a cylindrical hole.

The silicate volume of the projectile,

-250 km 3 if composed of CI chondrite-like material should be added to
the crater volumes to get the total predicted ejecta volume.

The

ejecta-scaling relation may be integrated about all azimuths and
evaluated to infinity yielding:

where V

T
R

the total ejecta volume
ejecta thickness at the rim
crater radius

which is Equation 5 of McGetchin et al.
ejecta volume of Chicxulub is 33,000 km 3 •

Using this relation, the
The volume of the fireball

layer, -1500 km 3 should be added to this total to get the total
observed volume of ejecta.

So the calculated ejecta volume of -34,500
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km3 is approximately double the crater's plus projectile's volume of

15,500 to 20,600 km3 at first glance.
However, the discrepancy between the volumes is easily
reconcilable by considering displaced mass.

The Chicxulub crater has

an associated mass deficiency of -1.5 x 10 19 g based on assuming an
average value of 25 mGals for its negative Bouguer gravity anomaly (See
Chapter 5).

(This mass deficiency is due to low density breccias and

fractured rocks in the crater.

Basically it is a measure of the

porosity induced by the impact in the rocks remaining in, and
underlying, the crater.)

This corresponds to a volume of 7,700 km3 of

rock, assuming a specific gravity of 2.7 gcm- 3 , and that the porous
rock is water saturated, so that the corrected crater volume is 23,200
to 28,300 km3 .

Also, a further volume adjustment is necessary because

the volume of the crater's ejecta has been increased by the fraction
which is due to the porosity of the fragmental deposit.

The ejecta

deposit would be required to have porosities of 18 to 33% to account
for the remaining difference between the crater and ejecta volumes.
These porosities are reasonable for fragmental deposits and are
consistent with the -40% matrix component reported by Izett (1991) at
the base of the Haitian ejecta layer.

This interpretation assumes that

the matrix represents the original porosity which has subsequently been
filled with secondary minerals during the alteration of the tektites
that compose the rest of the layer.

Therefore, it seems that the

McGetchin et al. scaling relation not only correctly predicts the
observed variation in KIT boundary ejecta thickness, but also predicts
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a total ejecta volume consistent with the excavated volume of the
Chicxulub crater.
A lower limit can be calculated for the total volume of the
ejected rock which has been melted.

Assuming that the ejecta layer is

completely altered from melt rocks at the localities of DSDP 540,
Mimbral, Beloc and all the more distant KIT sites as indicated by the
presence of unaltered and pseudomorphed tektites, the volume of the
fraction of the ejecta which lies further than the closest of these
sites may be calculated using Equation 6 of McGetchin et al.
At 610 km distance DSDP 540 is the closest of these sites.

(1973).
The volume

of the more distant ejecta is -5,000 km3 or -0.15 of the total ejecta
volume.

Because altered melt rocks are found as components of the

proximal ejecta in well Yucatan-2, the total volume of melted ejecta
will be larger than this lower limit.

This is consistent with the

fraction of displaced mass which is calculated to be melted at a crater
of Chicxulub's size, 0.3 to 0.6, as discussed in Chapter 5.

4.11:

Conclusions

The Haitian KIT boundary sections preserve a -50-cm-thick ejecta
layer overlain by the fireball layer.

The 20-times-greater thickness

of this layer relative to any other previously known KIT ejecta layer
requires a nearby KIT impact crater.

The ejecta layer is composed of

generally altered tektites up to 10-mm-long.

The largest examples are

larger than pseudomorphed tektites occurring in thinner KIT ejecta
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layers.

The Haitian sections also have the largest fluence and size of

shocked quartz grains of any known K/T section.

The tektite sizes, the

shocked-quartz sizes and the shocked-quartz fluence also imply a nearby
source crater.

The shocked quartz found in the ejecta layer probably

represents a coarse fraction of the fireball layer which was sizesorted while settling through the >2-km-deep water column anc mixed
with the fine fraction of the ejecta layer.

The Ir anomalies typically

found at the top of the boundary sequence of coarse ejecta and/or
coarse impact-wave or seismically triggered sediments probably
represent the fine fraction of the fireball layer that settled after
the other more-energetic processes were complete although a coarse
fraction has also been reported in this layer.
Starting with the ejecta thicknesses at the three proximal K/T
boundary localities, the McGetchin et al. (1973) scaling relation
correctly predicts the size and location of the Chicxulub crater.
Furthermore, the McGetchin et al. relation correctly predicts the
variation in thickness of the K/T ejecta layer with distance over the
entire globe and the predicted ejecta-layer volume matches the volume
of the Chicxulub crater.

The dominance of once-melted ejecta (i.e.

tektites) in the K/T ejecta

l~ye~

is consistent with the prediction

that large craters melt a significant fraction of their displaced mass.
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CHAPTER 5 - THE CHICXULUB CRATER:

5.1:

THE KjT BOUNDARY IMPACT CRATER

Introduction

The debate concerning the postulated impact at the KjT boundary
(Alvarez et al., 1980) may be best resolved by the discovery of the
impact site andjor the thick proximal deposits of the impact.

As

discussed in the previous chapters, the occurrence of -0.5 to 2.5-mthick, KjT boundary ejecta layers in Haiti, DSDP 540 (in the mouth of
the Gulf of Mexico) and Mimbral, Mexico, and the occurrence of proximal
impact-wave deposits between North and South America, suggest that the
KjT boundary impact occurred in the Caribbean region (e.g. Hildebrand
and Boynton, 1990a, b).

Shocked quartz grains are also largest and

most abundant at the Haitian KjT sites, consistent with this region
being the target area (See Chapter 4).
Since this area has been highlighted as the region of the impact,
several candidate structures have been suggested in the area, although
without substantial evidence in some cases.

The suggested -300-km-

diameter candidate buried on the floor of the Colombian Basin
(Hildebrand and Boynton, 1990a) would have excavated oceanic crust and
mantle, which is inconsistent with the silicic composition of the
unaltered tektites found in the ejecta layer.

rne

suggestic~

that the

Isle of Pines at the southwest end of Cuba is the central uplift of a
very large candidate crater (Bohor and Seitz, 1990), was made on the
basis of out-dated stratigraphy, and subsequent investigations (e.g.
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Dietz and McHone, 1990; Bohor et a1., 1992) have established that no
evidence of an impact occurs in this area.

The suggestion of an impact

at what is now the Massif de 1a Hotte on the southern peninsula of
Haiti (Maurrasse, 1990) has no supporting evidence despite adequate
exposure and many geological studies in the region, and, for a crater
of any size, would be too close to Beloc, Haiti to produce the observed
thickness of KjT ejecta.

An impact at this position would also have

difficulty explaining the known distribution of ejecta at other KjT
localities.
A candidate crater, named the Chicxulub crater (Hildebrand and
Penfield, 1990), has been confirmed to lie buried on the northern
Yucatan peninsula (Figure 5.1).

Approximately 200-km-diameter,

circular anomalies in both magnetic and gravity fields with associated
andesitic igneous rocks at depth have been known for decades on the
northern margin of Mexico's Yucatan peninsula.

They have been

generally interpreted as representing a volcanic center (e.g. Lopez
Ramos, 1975), however, they were independently suggested by R.
Baltosser (written commun.) in 1968 and G. Penfield (proprietary
industry report) in 1978 to possibly represent a large, buried impact
crater.

However, proprietary data sets acquired by Petr61eos Mexicanos

in the course of petroleum exploration were never released for
publication, although Penfield and Camargo (1981) were allowed to
present the results of modelling the geophysical data at the 1981
annual meeting of the Society of Exploration Geophysicists, together
with the suggestion that the structure might be the KIT boundary
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Figure 5.1:

Plate tectonic reconstruction of the Caribbean region near

KjT time modified from Pindell and Barrett (1990) and Hildebrand et al.
(1991). Bold lines show fault zones between plates with relative
motions indicated by arrows and triangles. Solid triangles indicate
subduction zones; open triangles indicate thrusting. Vees indicate
subduction-related, island-arc volcanism. The diagonally-ruled areas
show regions where possible impact-wave deposits occur. The lightlydashed line shows the paleoshoreline on the N. American continent.
Impact-wave deposits also occur at DSDP sites 151, 153, and 603B, which
are shown as dots. Stars mark the positions of the 0.5 to 2.5-m-thick
KjT ejecta layers preserved near Beloc, Haiti, Mimbral, Mexico and
D.S.D.P. Site 540 in the mouth of the Gulf of Mexico. A solid circle
shows the -180-km-diameter Chicxulub crater on the Yucatan platform .
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crater.

Recently a version of the gravity data was published and some

samples from some of the oil wells drilled in and near the structure
were found, allowing Hildebrand et al. (1991) to describe geophysical,
stratigraphic, and petrologic evidence establishing that this structure
is, indeed, a large impact crater of possible KIT boundary age.
Subsequent work by other investigators (e.g. Swisher et al., 1992;
Sharpton et al., 1992) has supported this identification and provided
additional evidence of a KIT boundary age for the crater.

The

discussion presented here is based largely on the information described
by Hildebrand et al. (1991).

5.2:

Gravity and Magnetic Data

The occurrence of the crater in the midst of the Yucatan
carbonate platform and its subsequent burial in a region of tectonic
quiescence has allowed an extraordinary degree of preservation of its
gravity and magnetic signatures.

Bouguer gravity data from the

Gravity Anomaly Map of North America (1988) show a -180-km-diameter,
circular, radially-symmetric, negative, field anomaly with a maximum
negative value of -10 mGals (Figures 5.2 and 5.3).

The background

values on the east side of the structure are 25 to 35 mGals and 15 to
22 on the west side, resulting in a -30 mGal negative Bouguer anomaly.
A center (89.60 W, 21.27 N) 10 km east of Progreso near the town of
Chicxulub Puerto best fits two internal concentric lows; the outer
margin of the anomaly might be best fit by a center slightly to the
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Figure 5.2: Contour plot of Bouguer anomaly gravity data (from the
Gravity Anomaly map of North America, 1988; contour interval = 2 mGals)
covering the northwest corner of the Yucatan Peninsula, Mexico
(Modified from Hildebrand et al., 1991). The outermost heavily-dashed
circle shows the margin of a circular negative gravity anomaly; the two
other circles show concentric lows within the negative anomaly, whose
center is indicated by a cross. The dotted line represents an ENEtrending regional lineament which truncates the anomaly. The two
lightly dashed lines indicate the positions of profiles shown in Figure
5.3. The dark solid lines near the top of the figure indicate the
positions of two seismic reflection profiles. The alternating shortand long-dashed line indicates the position of the fracture-pattern
ring described by Pope et al. (1991); its center is indicated by an X.
The ring of diamonds outlines the edge of the central zone of high
amplitude magnetic field anomalies. Small open circles indicate
positions of exploration wells drilled by Petr6leos Mexicanos: C-l,
Chicxulub-I; S-l, Sacapuc-l; Y-l, -2, -6, Yucatan-I, -2, -6; T-l,
Ticul-l.
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Figure 5.3: Two Bouguer gravity anomaly profiles (ENE-trending,
parallel to the coastline) across the Chicxulub crater showing a
symmetrical negative anomaly with a central high (from Hildebrand et
al., 1991). Figure 5.2 indicates the positions of the profiles. The
profiles are drawn through data points spaced at -6 km intervals. The
regional field decreases from east to west as shown by the dashed line.
The bottom profile is located -10 km south of the upper (central)
profile. The upper profile has been displaced 25 mGals above its true
position to separate the two. The crater's center, two concentric
gravity lows and suggested crater rim are indicated along the central
profile. The profile from Manicouagan crater shown for comparison is
from Sweeney (1978) and has had a regional background removed. Note
that the vertical and horizontal scales on the Manicouagan profile have
been expanded for comparison purposes.
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northeast.

A -20-km-radius, twin-peaked, central high of -20 mGals is

surrounded by a well-defined concentric low with a best-fit radius of
-35 km.

Another concentric low occurs at -60 km radius.

This outer

low is well defined on the western side of the structure, appearing as
a reversal in the profiles, but is generally expressed only as a
profile inflection in the eastern side of the structure.
-90 km best fits the outer margin of the negative anomaly.
is most distinct on the east side.

A radius of
The margin

A -lO-km-wide, weak «5 mGal)

gravity high may occur outside the margin of the negative anomaly.

The

gravity field anomaly is truncated to the north by an ENE-trending
lineament which crosses the Yucatan platform north of the present
coastline.

A -70 km-wide, negative anomaly trails -100 km to the south

from the southern margin of the circular gravity field anomaly.

The

circular structure of the anomaly is complicated near the northerntruncating lineament and the southwards-extending trough.
Total magnetic field data (Penfield and Camargo, 1981, Lopez
Ramos, 1975, Lamont Doherty Geological Observatory, unpublished data)
show -2l0-km-diameter, circular dipolar anomalies with large horizontal
gradients and some concentric structure nearly coincident with the
gravity anomaly.

Large-amplitude, short-wavelength anomalies (up to

-1000 nT) occur over the central gravity high, but extend further, to
-40 km radius.

An outer zone of weaker (5 to 20 nT) short-wavelength

anomalies extends to a radius of -105 km.

The magnetic field anomalies

extend to the north without significant disruption across the lineament
which truncates the gravity field anomaly.

The central anomalous zone
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is slightly elongated in a NNW-SSE direction.

Modelling of the

magnetic field anomalies place the top of the magnetic source bodies at
a depth of -1100 m (Penfield and Camargo, 1981).

The outer margin of

the zone of magnetic field anomalies is slightly irregular and is
slightly larger than that of the gravity field anomaly.

5.3:

Stratigraphy

The stratigraphy within the geophysical anomalies and the
adjacent Yucatan carbonate platform is known primarily from petroleum
exploration drill holes which record extraordinary deposits within the
area outlined by the anomalies (Cue A., 1953; Murray and Weidie, 1967;
Lopez Ramos, 1975, 1983; Marshall, 1974; Marshall et al., 1976; Weidie,

1976; Weidie et al., unpublished cross section).

Discussion of the

subsurface stratigraphy is hindered by the lack of detail in the
descriptions and sometimes slightly conflicting logs.

The descriptions

presented here are an attempt to synthesize the information from the
above sources while recognizing that additional data may revise some
unit thicknesses and lithologic descriptions.
The Yucatan platform is structurally uncomplicated with a
platform sequence of nearly horizontal Early Cretaceous to Late
Tertiary evaporites and carbonates overlying a poorly-known crystalline
basement of metasediments and metavolcanics of probable Paleozoic age.
The base of the Early Cretaceous carbonate sequence also contains
abundant pyroclastics.

In the northern part of the Yucatan peninsula
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the platform sequence is at least 3500 m thick.

In this region the K-T

boundary occurs at a depth of 300 to SOD m, excepting within the
boundary of the geophysical anomalies, where it is depressed to -1100 m
in the drill holes which intersected this horizon (Figures 5.2 and
5.4).

The Upper Cretaceous deposits of these drill holes include rocks

described as sandstones, marls, lutites, carbonates, evaporites, tuffs,
andesites, and limestone and bentonite breccias.

Some of these

lithologies are not known elsewhere in the subsurface stratigraphy of
the Yucatan platform.
Three deep oil wells (1527 to 1631 m total depth) have been
drilled within the margins of the geophysical anomalies.

Figure 5.4

shows a compilation of the available stratigraphic information from
these wells.

The -lOOO-m-thick Tertiary sequence ranges from

Pleistocene to Paleocene in age and is a flat-lying conformable
sequence with no known significant stratigraphic breaks.

The

sedimentary facies and fauna reported from these wells indicate a
deeper water environment than that found elsewhere on the platform
(Marshall, 1974).

The rocks are fossiliferous limestones and marls

with minor shale, bentonite, and chert; pyrite and chert clasts also
occur.

The Yucatan-6 CY-6) well has a greater proportion of limestone

than the Chicxulub-l (C-l) or Sacapuc-l (S-l) wells, and an interposed
shallower well (Merida-2) shows a greater proportion of clay and shales
(Lopez Ramos, 1975), indicating that significant lateral variation
occurs.

Underlying the Tertiary sequence is a unit 60 to 170-m-thick,

consisting of fossiliferous marl, shale, and sometimes dolomitic
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limestone, interbedded in varying proportions from well to well.
interbedded bentonite also occurs.

Minor

This unit has been previously dated

as Upper Cretaceous, but as later discussed, it is Paleocene at least
in part.
The remainder of the wells penetrated unusual coarse breccias and
clastics and andesitic igneous rocks.

In wells C-l and S-l limestone

and bentonite breccias (containing Cretaceous fossils), 180 and 445-mthick respectively, are found with interbedded marls, shales, and
sometimes dolomitic limestones.

Thin intercalations of andesitic glass

occur in the lower part of this unit.
inclusions of anhydrite.

Well S-l also contains veins and

In well Y-6 no such breccias are recorded.

Instead a 150-m-thick unit of sandstone with interbedded shale, marl,
and bentonite is described.
Andesitic igneous rocks occur underlying the sedimentary sequence
in all three wells.

Thick units of andesitic glass underlie the

breccias in C-l (with minor interbedded tuffs) and S-l.

The unit is

111 m thick in C-l and S-l bottomed in andesitic glass after
intersecting 97 m.

Cue A.

(1953) showed the interbedded glass and

tuffs in C-l as a series of layers ranging from 10 to 30 m thick.

Well

Y-6 did not intersect any andesitic glass, but 380 m of
microcrystalline andesitic rock is recorded.

Well C-l bottomed in

191.5 m of a similar unit containing abundant crystals of magnetite and
occasional pyritic zones.
at the top of this unit.

Cue A. shows two distinct layers -35-m-thick
The Y-6 well bottomed in 6 to 8 m of

laminated anhydrite, underlying the andesitic rocks.
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These andesitic igneous rocks are found only in the three deep
wells inside the circular zone of the geophysical anomalies, although
several other drill holes have intersected this stratigraphic level in
the northern Yucatan peninsula and one of them, the Ticul-l (T-I) well,
is only 60 km from Y-6.

Possible analogues to the limestone and

bentonite breccias do occur in other holes as the uppermost
stratigraphy of the Cretaceous.

For example, in well Yucatan-2 (Y-2),

located -135 km southeast of the anomalies' center (Figure 5.2), a unit
of bentonitic, limestone breccia occurs from 240 to 330 rn, (Weidie et
al., unpublished cross section).

Also, in well Yucatan-l (Y-l),

located -170 km southeast of the anomalies' center, from 265 to 440 m,
is a unit of anhydrite interrupted by thick bodies of limestone breccia
and cryptocrystalline limestone with interbedded thin layers of
bentonite near its base (Lopez Ramos, 1975).

Both these units are

overlain by Paleocene limestones.

5.4:

Petrology

Investigating the origin of the andesitic igneous rocks and
carbonate breccias within the outline of the geophysical anomalies was
hampered by the lack of samples to study.

Because the wells sited in

and near the structure were drilled for petroleum exploration,
recovered samples were proprietary, and because of a subsequent fire at
the sample storage facility, most recovered samples were lost.

Some

material was obtained for study from the Y-6 well within the area of
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the geophysical anomalies and from several wells exterior to this zone
by Hildebrand et al. (1991).

Subsequently, a much larger amount of

sample material from Y-6, C-I, S-l and several external wells was found
to have survived at the Insituto de Petr6leos Mexicanos (and the author
has briefly examined some of this material).
Sharpton et al.
samples.

Swisher et al.

(1992) and

(1992) briefly describe some of these additional

The descriptions presented here are based in large part on

work previously described by Kring et al.

(1991), Hildebrand et al.

(1991), Hildebrand and Boynton (1991) and Kring and Boynton (1992).
Sample Y6 N14 came from a core drilled from 1208 to 1211 m in the
Y-6 well, at the base of a unit described as sandstone, with
interbedded marl, shale and bentonite (Figure 5.4).

It is a partly-

chloritized polymict breccia with angular to subrounded igneous and
sedimentary clasts in a fine-grained calcite matrix which comprises
-25% of the specimen (Figure 5.5).

The -5% component of sedimentary

clasts is composed of anhydrite, typically with a radiating, lath-like
habit, and carbonate sediments which sometimes contain minor quartz and
feldspar detritus.

Trace amounts of small po1ycrystalline quartz

clasts also occur in the breccia.

Kring et al.,

(1991) describe the

-65% igneous clasts as dominated by a microcrystalline groundmass
consisting of alkali feldspars (Ab 93 0rzAn s to Ab140rssAnl), plagioclase
feldspars (An13Abs40r3)' and augite (Wo50En39Fs~1)

Approximately half

of the igneous clasts contain lithic inclusions and/or ropy-textured
phyllosilicates.

Some 3% of this

s~mple

is comprised of clasts which

are entirely ropy-textured phy1losilicates.

Some of these clasts
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Figure 5.5: Polished slab showing polymict breccia sample Y6 Nl4 (From
Hildebrand et al., 1991). The specimen is 4 cm long.
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contain subcircular inclusions of anhydrite and calcite which may
represent secondary fillings of vesicles.

These clasts typically have

angular outlines, although one clast's shape is a droplet shape similar
to those of splashform tektites (Figure 5.6).

These ropy-textured

clasts may represent altered glass fragments.
Some of the microcrystalline igneous clasts have imbedded quartz
crystals and aggregates of quartz crystals with undulose extinction.
Quartz crystals in two of the polycrystalline xenoliths have multiple
sets of planar deformation features, which are indicative of shock
metamorphism (e.g. French and Short, 1968).

Quartz crystals with up to

8 sets of planar elements also occur in clay- and carbonate-free grain
residues of three breccia splits (Figure 5.7).

In the most

representative sample of the breccia 33% of the single and composite
quartz, chert and feldspar grains showed shock lamellae (Table 5.1).
The largest single quartz grain with shock lamellae is 1.25 mm long;
other, larger grains occur in the residues, but are too large to be
easily examined for shock deformation features because of the size of
the spindle stage employed.

The percentages and sizes of shocked

grains in the residues may not represent the entire breccia because the
size of the sample digested in acids was comparable to those of the
largest clasts in the breccia, and individual quartz grains may derive
from partly-altered clasts of larger size.
Debye-Scherrer X-ray diffraction (XRD) studies of rotated single
quartz grains confirm the visual identification of shock deformation.
Harz and Quaide (1973) describe application of this XRD technique to
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Figure 5.6: Photomicrograph of a 2.2-mm-long, droplet-shaped clast,
from polymict breccia sample Y6 Nl4. The original material, possibly
glass, has been completely replaced a by poorly-ordered phyllosilicate,
leaving a ropy texture.
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Figure 5.7: Photomicrograph of a 0.32 rom shocked quartz grain from
polymict breccia sample Y6 N14 (from Hildebrand et al., 1991). This
grain, seen here mounted on a spindle, shows 8 sets of planar
deformation features when rotated; two strong sets, and part of a
third, are visible in this orientation. The lamellae are "decorated"
with inclusions.
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Table 5.1: Composition and number of mineral grains separated from
Chicxulub crater breccias and proximal KIT boundary sections.
Y2 N6 (clast)

Y2 N6a

Y2 N6b

Y6 N14

Quartz (Unshocked)
Quartz (Shocked)

25
22

15
3

34
10

Quartzite (Unshocked)
Quartzite (Shocked)

15
5

3
0

0

Chert (Unshocked)
Chert (Shocked)

29

64
1

16

0

0

24
0

Chalcedony (Unshocked)

11

1

7

0

5
9

2
0

0

3

9

1

1

0

3

13

89

82

98

12%

33%

DSDP 540

Mimbral

Haiti

6
5

9
14

54

11

Quartzite (Unshocked)
Quartzite (Shocked)

78
8

7

8
13

8

4

Chert (Unshocked)
Chert (Shocked)

12

26
0

44
4

33

0

Chalcedony (Unshocked)

6

5

0

3

Feldspar (Unshocked)
Feldspar (Shocked)

0
0

11
7

0
0

13
3

Unknown (Unshocked)

1

5

2

12

Feldspar (Unshocked)
Feldspar (Shocked)
Unknow~

(Unshocked)

Total grains

122

Percentage shocked

31%

Y6 N14 (matrix) *
Quartz (Unshocked)
Quartz (Shocked)

Total grains
Percentage shocked

116
9%

4%

3

25

2
7

26
22

'.1.J.,

5

1

88

150

100

28%

28%

20%
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* Many of the grains classified as quartzites during study of tn~s
sample could possibly have been classified as chalcedony (or in some
cases chert) and were probably produced by a secondary alteration
process.
The grains studied were separated as a HCl- and sometimes HFinsoluble residue after disaggregating the samples in an ultrasonic
bath, and decanting clay-size particles. The acid etching removed all
the carbonates, sulfates, and phyllosilicates, yielding residues
composed of silicates, oxides, and occasionally amber and glass. All
Chicxulub samples were processed in new beakers to avoid any
possibility of contaminating the samples with shocked minerals from K/T
boundary samples. Grains were selected from the residues on a random
basis if possible, but in the small mass samples typically all the
grains larger than a minimum practical size were studied. The grains
were individually glued to the end of a needle and placed in a
"spindle" stage for study with a petrographic microscope. Mounting the
grain on the spindle, allowed it to be rotated through a half circle,
thus enabling most sets of the planar deformation features to be found
if present.
Sample Y2 N6 (clast) was a 1.17 g split of the -5 cm altered
ejecta clast found in this core from 301 to 303 m in well Y-2.
It
yielded 1.7% of its mass as an acid insoluble residue of predominantly
quartz and feldspar grains; 0.38 mm was the largest observed size for a
shocked grain.
Samples Y2 N6a and b were 6.9 and 9.6 g splits of the
carbonate/anhydrite breccia from the same core, which yielded grain
residues of 0.13% and 0.003% by mass with maximum sizes of shocked
grains of 1.1 and 0.19 mm, respectively.
Sample Y6 N14 was an -2 g
fragment of the breccia found in this core from 1208 to 1211 m in well
Y-6. The sample incompletely disaggregated so no yield could be
calculated; the residue included lithic fragments.
Shocked grains
occurred as large as 1.25 mm; this approaches the working size limit
for the spindle stage (Data courtesy of D. Kring).
Sample Y6 N14
(matrix) was a residue produced from matrix material which spalled off
a sample of this breccia when it was placed in water for a specific
gravity measurement. Sample DSDP 540 was provided by M. Kastner; it
consisted of residues from 1 cc of sediment from site 540 core 31-1,
29-30 cm and 2 cc of sediment from 53-55 cm in the same core. The
combined results are presented here; the largest shocked grain observed
was 0.21 mm. Sample Mimbral was provided by A. Montanari; it consisted
of two samples of the KIT ejecta layer from Mimbral, Mexico (See Figure
5.1). A 31 g sample from the base of the layer yielded 0.55% residue
by weight; the largest shocked grain observed was 0.68 mm. The Haiti
sample was B5Ba; it consisted of a 12 cm-thick interval from 32 to 44
cm above the base of the ejecta layer from site 1 (See Chapter 4). A
115.6 g sample yielded 0.43% residue by weight; the largest shocked
grain observed in this sample was 0.45 mm (Other Haitian samples
yielded shocked quartz grains as large as 1.25 n~).
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the study of shocked minerals and calibrated the degree of
"streakiness" of the mineral grains' diffraction spots to the shock
level they had experienced.

In an effort to have comparable results

this study employed similar experimental parameters; a fine-focus X-ray
tube, a Debye-Scherrer camera of the same size, and similar exposure
times (3 hours vs. 4 hours).

Unfortunately, relatively few quartz

grains were available for study so that studied grains were sometimes
substantially different in size than the -0.3 rnm diameter size which
Horz and Quaide employed.

Choice of grains was also restricted by a

requirement to choose, to the extent possible, unfractured and
inclusion-free Single crystals so that diffraction spots were not
streaked because of lattice disruption effects unrelated to shock
deformation.

The results of this study (Figure 5.8) indicate that the

quartz grains have been subjected to shock pressures ranging from -10
to -20 GPa.

Sharpton et al.

(1992) report similar shock levels.

Tne margins of crystal units in the polycrystalline grains of
quartz in the thin section and the grain residues vary from being
moderately sutured to polygonal, and may represent recrystallized
sandstones or metaquartzites.
Sample Y6 N17 came from a core drilled from a depth of 1295.5 to
1299 m in the Y-6 well, near the top of a 380-m-thick unit described as
andesite (Figure 5.4).

Kring et al.

(1991) describe it as similar in

composition to low-K to medium-K calcalkaline acidic andesites or
trachyandesites (Table 5.2).

A microcrystalline groundmass of

plagioclase feldspars (An30Ab640r6 to An 4gAb 4s Or 3 ) , alkali feldspars
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Figure 5.8: Debye-Scherrer diffraction patterns of shocked quartz.
The "a" film shows the type of pattern produced by an unshocked grain
with relatively sharp and round diffraction spots. The rIb, c and d"
films show patterns from three shocked grains. Increasing amount of
streakiness goes from "b" to lid" to "e" indicating an increase in shock
level. All three shocked grains are from the Y6 Nl4 breccia sample.

248
Table 5.2:

Composition of Chicxulub melt rock and K/T tektites

Oxide
SiOz
TiOz
Alz03
CaO
MgO
FeO
MnO
NazO
KzO

G6*
63.2
0.72
15.5
7.9
2.6
5.4
0.16
2.7
1.7
0.27

P20S

Total
Oxide
Si02
Ti0 2
A1 2 0 3
CaO
MgO
FeO
Cr2 03
MnO
NiO
Na2 0
K2 0
P2 0 S

CuO

90G RANGE
60.3-67.6
0.7- 0.8
13.7-15.3
4.7-10.9
2.4- 3.8
4.7- 5.7
0.1- 0.2
2.4- 3.6
1. 0- 1.8

--.1.:.2

BE*
63.1 ±2.1
0.7 ±0.1
15.2 ±0.3
7.3 ±1.7
2.7 ±0.3
5.4 ±0.4
0.14±0.06
3.6 ±0.3
1.6 +0.1

98.8

99.74

M RANGE
66.2-52.2
0.9- 0.6
18.7-12.4
23.0- 0.8
9.3- 0.4
12.0- 4.2
0.06- 0.0
0.14-0.02

C1 N9
59.7-58.5
0.13
15.8-13.8
11.2-9.4
5.4-4.1
4.4-3.5

Y6
63.2
0.4
12.6
10.2
3.1
4.5

0.14

0.1 / 0.1

3.9- 0.1
3.7- 0.6

4.6-4.0
2.4-2.1

4.0 / 4.7
1.9 / 1. 9
0.08/ 0.1

100.17
MIMBRAL*
63.0 ±1.6
0.7 ±0.1
15.7 ±0.6
6.9 ±l. 9
3.0 ±0.6
5.3 ±l. 5
0.04±0.02
0.13±0.08
0.03
3.3 ±0.3
1. 5 ±O.4

11M*
63.2
0.8
14.7
7.1
2.8
5.3
0.2
3.3

N17
/60.5
/ 0.4
/13.6
/10.5
/ 3.2
/ 5.0

0.04

99.64
Total
100.08 /l00. 09
Table 5.2: Comparison of major and minor element compositions of
tektite glass from the K/T ejecta layer and the Chicxulub crater melt
rock. All analyses in weight percent. Sample G6: glass from Haitian
K/T ejecta layer residue (Hildebrand et al., 1991); 90G RANGE, 11M:
Haitian tektites described by Izett et al. (1990); BE: average Haitian
tektites (la variation; Sigurdsson et al., 1991); MIMBRAL, M ~~GE:
Mimbral, Mexico K/T tektites; the range includes high-Ca tektites (S.
Margolis, written commun.); Cl N9: andesitic, glassy matrix in meltrock sample from the C-l well, Chicxulub crater described by Swisher et
al. (1992); Y6 N-17: slightly-altered, andesitic, melt-rock sample
from the Y-6 well, Chicxulub crater. All analyses by electron
microprobe, except Y6 N17 which was analyzed by X-ray fluorescence
(reported on a sulfur-free basis). No numbers = not determined.
* Values given are averages of mUltiple analyses.
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(AbggOrOAn1 to Ab 17 0r il2!·m1), and augite (Wo4sEu44Fsll to "W04gEn17Fs34) is the
dominant component (Kring et al., 1991).

Magnetite, ulvQspinel, and

apatite occur interstitially in the groundmass.

Large quartz grains or

aggregates of quartz grains are common in the rock.

These grains are

surrounded by coronas of medium-grained augite and feldspar that
nucleated on the pre-existing quartz.

Similar coronas are common in

impact melt rocks (e.g. Grieve, 1975; Simonds et al., 1978), although
they also have been observed around xenoliths and quartz xenocrysts in
volcanic andesites and basalts (e.g. Smith and Carmichael, 1968; Sato,

1975).

The occurrence of these coronas, and the absence of glass or

any phase which may be pseudomorphed glass, probably indicates the rock
represented by the Y6 N17 sample cooled slower than the igneous clasts
found in the Y6 N14 breccia.

Kring et al (1991) report that the quartz

crystals in the polycrystalline aggregates have moderately sutured
margins and rare quartz overgrowths, and are not intergrown with any
plagioclase.

They therefore conclude that these clasts are sandstone

or metaquartzite xenoliths similar to those found in the Y6 N14
breccia.

Sharpton et al.

(1992) report that granitic gneiss fragments

dominate the basement clast population which they found in Y6 breccia
samples but that some metaquartzite clasts do occur indicating that at
least some of the xenoliths may be derived from metaquartzites.
Hildebrand et al. (1992) and Sharpton et al.

(1992) subsequently

reported the discovery of planar deformation features with
crystallographic orientations indicative of shock in these xenoliths
and xenocrysts.

Plagioclase phenocrysts that are typical of most
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volcanic andesites do not occur in this rock, but it does contain other
grains, pods and xenoliths of feldspar, augite, and magnetite described
by Kring et al.

(1991).

Small pockets of calcite and veinlets of

quartz occur throughout the Y6 N17 sample, which probably reflect
secondary alteration of this andesitic unit.
Sample Y2 N6 is a series of core fragments taken from a 2-m-long
core drilled from 301 to 303 m in well Y-2, which occurs - 50 km
southeast of the zone of geophysical anomalies (Figure 5.2).

The core

is from the lower part of a 90-m-thick bentonitic breccia, which occurs
as the uppermost Cretaceous unit in the well (Weidie et al.,
unpublished cross section).

The rock is a poorly-sorted, polymict

breccia with angular to rounded fragments in which subangular clasts
dominate.

This light-grey breccia contains varicolored clasts ranging

from a few tens of microns to -5 cm across, but the breccia is probably
inadequately sampled to show the largest fragments.

On sawn surfaces

the breccias have no distinct matrix/clast division; the size
distribution is variable with approximately half the clasts larger than
1 rnm.

Clasts are predominantly calcareous and dolomitic limestones

(sometimes fossiliferous), anhydrite and marl, with a trace amount of
<1 rnm silicate clasts.

One 5-cm-diameter, crudely-laminated, disc-

shaped clast of very poorly ordered smectite also occurs (Figure 5.9).
Veins of gypsum up to I cm wide crosscut the breccia.

Two mineral

separates from two different samples of the breccia contain variable
concentrations of quartz grains with varying proportions of grains
showing single and multiple planar deformation features typical of
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Figure 5.9: Altered ejecta clast in polymict breccia sample Y2 N6.
Note contorted internal fabric and cross cutting gypsum veins.
Scale
shows cm divisions.
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shock deformation (See Table 5.1).

Tne large smectitic clast contains

-2% quartz and feldspar (low temperature albite) grains 31% of which
also show single and mUltiple planar lamellae typical of shock
deformation.

Debye-Scherrer XRD studies on individual quartz and

feldspar grains confirm the visual identification of shock deformation
(Figure 5.10).

As Hildebrand and Boynton (1991) note, the presence of

shocked mineral grains within the large ejecta clast establishes that
the grains are not reworked from a thin distal KIT boundary layer as
suggested by Sharpton et al. (1991).
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Figure 5.10: Debye-Scherrer diffraction patterns of shocked albite.
All four feldspar grains were separated from a sample of the 5-cmdiameter clast of altered melt ejecta found in a Y2 N6 core fragment.
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5.5:

Morphology

Because the rocks responsible for the geophysical anomalies are
buried by -1100 m of sediment, the shape of the presumed circular
structure is poorly known.

The KIT boundary within the crater is

depressed -600 m based on its -500 m depth in well Ticul-l (Lopez
Ramos, 1975), which is located -5 km outside the suggested margin of
the structure (Figure 5.2).

The boundary would be depressed -800 m

assuming a depth elsewhere on the peninsula of -300 m based on an
average of all the drillholes in the northern Yucatan.

Two

multichannel seismic reflection lines, located -50 km north of
Progreso, show that a rough acoustic reflector occurs at -1.1 sec. twoway travel time which corresponds to a depth of -1500 m (A. Camargo Z.,
written commun.).

Well control from elsewhere on the Campeche bank

indicates that this reflector corresponds to the KIT boundary.

The

occurrence of the boundary at -1500 m vs. -1100 m in the three deep
wells to the south suggests that the lineament which truncates the
gravity signature (Figure 5.2) may correspond to a normal fault with
downthrow to the north.

These indicators of a depressed KIT boundary

in the area of the circular geophysical anomalies, together with the
presence of relatively deepwater facies in the Tertiary, suggest that a
basin existed in the area in early Tertiary time.
No obvious topographic or bathymetric expression of the structure
responsible occurs, although its edges roughly correspond to bends in
the coastline, which crudely bisects the structure.

A flat coastal
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plain overlies the landward portion with elevations everywhere less
than 30 m.

Similarly, a shallow shelf sea covers the submarine portion

with water depths everywhere less than -40 m.
An expression of the crater apparently occurs in the surfacefracture distribution of the region which in turn influences the
groundwater regime.

Lesser and Weidie (1988), Pope and Duller (1989)

and Marin (1990) all describe an arc of sinkholes, a "cenote" ring,
which roughly corresponds to the margin of the geophysical anomalies.
Pope et ale (1991) have compiled a map showing that fracture patterns
(Figure 5.11) are terminated along a circular arc (Shown on Figure
5.2).

The position of this arc roughly corresponds to the ring of

sinkholes (The ring of cenotes, as determined by Marin (1990), is
slightly "flatter" than the arc defined by the fracture patterns).
Pope et ale suggested that the circular arc thus defined is a surface
expression of the Chicxulub crater.

The fracture arc does correspond

to an inflection point in the Bouguer gravity data along much of its
length, and probably does reflect some structural feature such as the
crater's rim.

However, their suggested mechanism for inducing the

fractures, late-stage collapse of the crater, seems untenable as the
fractures extend to several crater radii at equal intensity in one
direction, and the distribution of fractures is partly controlled by
other structural features unrelated to the crater, such as the Ticul
fault.

The geological control of the development of the fractures is

more likely a differential mechanical response (to regional stresses)
of the impact-generated rocks within the crater relative to the
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Figure 5.11: Fractures on the northern Yucatan peninsula (Modified
from Pope et al., 1991; courtesy of K. Pope). Fracture patterns show a
-165-km-diameter, subcircular arc crudely corresponding to the outline
of the buried Chicxulub crater as defined by Bouguer gravity anomaly
data. See Figure 5.2 for a comparison with the Bouguer gravity data.
The center of the fracture arc lies -10 km farther east than the crater
center picked on the basis of the Bouguer gravity data (Figure 5.2);
this latter pick was largely based on the location of the central
Bouguer-anomaly high and inner concentric low.
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undisturbed strata outside or possibly an effect related to the
isostatic anomaly created by the excavation of the crater.

If the

fracture arc did reflect the crater's rim, the Chicxulub crater would
be somewhat smaller, at -165 km diameter, than the 180 km diameter
suggested by Hildebrand et al.
data.

(1991) on the basis of Bouguer gravity

Also, the crater rim should then cross the NS seismic line

offshore of Progreso, but no such feature is reported on this profile
(Camargo Z., written commun.), suggesting that a crater diameter larger
than -165 km is required.

The center of the fracture arc lies -10 km

farther east than the center picked on the basis of the Bouguer gravity
data (Figure 5.2); this latter pick was largely based on the location
of the central high and inner concentric low.

5.6:

Impact Origin

Tne circular anomalies and the unusual stratigraphy in the
northwestern Yucatan had been previously interpreted as representing a
volcanic center or possibly as an impact crater with associated
extrusives (Lopez Ramos, 1975, Penfield and Camargo, 1981).
Hildebrand and Penfield (1990), Hildebrand et al.

Recently,

(1991), Swisher et

a1. (1992) and Sharpton et al. (1992) have presented evidence that
strongly indicates an impact origin.

The area is unrelated to regional

igneous trends such as the trans-Mexico neo-volcanic belt or the system
of Triassic grabens adjoining the Gulf of Mexico.

No significant plate

interactions have affected the northern Yucatan block since Early
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Cretaceous times -140 Ma ago (Pindell, 1985; Pindell and Barrett,
1990).

Consequently, the Yucatan Peninsula has maintained its present

orientation relative to the rest of North America since that time.
The envisaged scenario is an impact into a shallow-water
carbonate and evaporite platform with penetration to a depth of -40 km
and excavation to a depth of -15 km (Melosh, 1989).

Although material

at the bottom of the transient crater would not be ejected, the central
rebound would probably have uplifted lower crust within the crater.
Using the relation of Grieve et al.

(1981) the magnitude of upwards

displacement for the central uplift should be -18 km.

After crater

relaxation the resultant -600-m-deep basin might have been isolated
from the surrounding ocean by the ejecta blanket, which could have been
subaerial in part, depending upon the depth of the shallow platform
sea.

The broad negative Bouguer gravity anomaly with a central high

and two concentric lows is consistent with a -180-km-diameter, peakring crater, but is inconsistent with the expected positive anomaly of
an andesitic volcanic center.

The depression of the

KIT boundary by

600 to 800 m indicates the presence of a basin with a depth consistent
with the strength-limited depth of -500 m expected for terrestrial
impact craters (Melosh, 1989).

The central gravity and magnetic high

are consistent with the elevation of basement rocks and such a central
uplift would be in correct proportion for a crater of this size.

From

modelling the magnetic field data Penfield and Camargo (1991) report
that the central uplift is raised at least 3.5 km above the surrounding
basement surfaces.

The ENE-trending lineament that truncates the
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gravity anomaly to the north may represent a fault which has downthrown the northern third of the crater thereby obscuring its gravity
signature.

The magnetic signature crosses the lineament with only

minor disruption at most, clearly indicating the presence of a complete
circular structure.
The andesitic glasses and microcrystalline rocks interbedded with
polymict breccias are probably a sequence of interbedded impact-melt
rocks and impact breccias as expected for the fill of a large, complex
impact crater (Grieve et al., 1977).
support this interpretation.

The few samples in hand strongly

The Y6 N14 and Y2 N6 polymict breccias

contain shocked quartz indicating production by impact, not volcanic,
processes.

The Y6 N14 breccia also contains microcrystalline clasts

(with embedded shocked quartz) and ropy-textured clasts, which probably
represent impact melt rocks.
presence of maskelynite.

Sharpton et al.

(1992) also report the

This unit is a polymict breccia, not a

sandstone as it was previously described.

The formerly assigned

designation was probably given because the upper part of the unit,
which is normally graded, is well sorted and composed of sand-sized
fragments (Technically, if the unit was water-lain then the upper finegrained part could be described as a sand.).

In hand specimen the

samples look much like the polymict breccia samples from the Sacapuc 1
well.

A unit like this would be expected to cap the crater-fill

sequence in a submarine crater such as Chicxulub because the backwash
that filled the crater should have reworked portions of the ejecta
blanket and intracrater breccias.

This is also is also supported by
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the comparatively well sorted and size-graded character of the breccia
unit.

However, at least some portion of the unit could be a fallback

breccia, formed before the ocean returned to fill the crater.

The Y6

Nl7 sample contains xenocrysts and xenoliths of quartz displaying
multiple sets of planar deformation features in the crystallographic
orientations characteristic of shock deformation and is therefore from
an impact melt body.

Also, the presence of quartz xenocrysts and

polycrystalline quartz xenoliths and the absence of plagioclase
phenocrysts are unusual for volcanic andesites.

The >380-m-thick,

microcrystalline andesitic rocks represent a thick melt-pool that
cooled slowly enough to crystallize.

Microcrystalline melt rocks are

known at much smaller impact craters such as the 45-km-diameter
Montagnais crater (Jansa et al., 1989) or the 20-km-diameter Mistastin
Lake crater (Grieve, 1975).

The required volumes of melt could easily

be produced at a crater of Chicxulub's size; using a melt-volume,
scaling relation (Melosh, 1989) and a transient crater diameter of 110
km, one may calculate a lower limit to the ratio of melt volume to the
displaced-mass volume of the crater of 0.4.

The energy scaling

discussion in section 5.8.1 implies that the projectile was probably a
high-velocity comet.

Because the proportion of melt produced by the

impact is a function of impact velocity this implies that the melt to
displaced-volume ratio may have been as high as 0.6.

These relatively

high proportions of melt are also consistent with the abundant tektites
found in the ejecta layer (Chapter 4) and the occurrence of an altered
melt clast in the Y2 N6 boundary breccia.

The 6 to 8 m of anhydrite
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intersected at the base of 380 m of andesitic rocks in well Y-6,
located -50 km from the crater center, probably indicates that this is
the outer and thinner part of the melt pool.

The anhydrites could

represent underlying stratigraphy or foundered blocks but probably
represents the former in the form of a large clast in an impact
breccia.

At other large terrestrial craters, such as Popigai, the

impact breccias that underlie the melt sheet contain blocks up to
several hundred metres across.
The crater's impact-generated strata is probably the cause of the
geophysical anomalies in the area, although no modelling has been done
since that of Penfield and Camargo Z.

(1981), and the required physical

measurements of samples were not available to them because of a lack of
sample availability.

Tne breccias and the andesitic rocks are probably

the cause of the magnetic field anomalies.

Samples Y6 N14 and N17 have

magnetic susceptibilities of 2.5 x 10- 4 and 1 x 10- 3 (c.g.s. units),
respectively, which is in contrast to the 10- 5 to <10- 6 (c.g.s. units)
susceptibilities of the overlying sediments.

These susceptibility

values approach the maximum magnetic susceptibilities (4 x 10- 3 c.g.s.
units) suggested by Penfield and Camargo (1991) for this portion of the
crater.

Their work was based on modelling the magnetic data using

Werner deconvolution profiles.

Therefore the andesitic rocks may

produce, at least in part, the central high-amplitude anomalies, while
the intracrater breccias and proximal ejecta may produce the smalla~plitude

ancmalies that extend -15 krn past the margin of the gravity

anomaly (and suggested crater rim).
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Assuming a specific gravity contrast of 0.3 g/cm 3 (based on
values determined for breccia sample Y6 Nl4 vs. the overlying
sediments), an -2 km breccia thickness would be required to produce the
observed -25 mGal negative gravity field anomaly.

Therefore, the 200

to 450-m-thick breccias overlying the andesitic rocks may produce the
reversals in the gravity profiles by forming peak-rings, but most of
the anomaly must be the result of some other mass deficiency such as
the megabreccia underlying the melt pool and the fractured basement
beneath the crater.

The total mass deficiency associated with the

crater is _10 19 g, which is consistent with the mass deficits found at
other terrestrial impact craters (Dvorak, 1979; Hildebrand et al.,
1992).

The possibility that the gravity profile reversals are caused

by peak-rings composed of breccias is supported by the greatest
observed breccia thickness occurring in the S-l well, which is the well
closest to the suggested inner peak-ring (Figure 5.2).

The top of the

breccia in this well is also at higher elevation (Figure 5.4) than in
the nearby, but more central, C-I well, suggesting that the feature may
once have been a positive bathymetric feature as well.

z.

Also, Camargo

(written commun.) reports that a N-S multichannel seismic reflection

line located offshore Progreso (Figure 5.2) may cross the outer
suggested peak-ring (with an associated concentric gravity low) -10 km
north of its projected position, but details of the reflection
character are not yet available.

The origin of an outer peak-ring is

problematical because its position lies outside the expected extent of
the transient crater.

The available geophysical and well information
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gives no indication of the presence of a central peak, although neither
the C-I or S-l wells are precisely at the putative center of the
crater, so a small central peak might be present.

However, large peak-

ring craters often do not have central peaks so this apparent lack
would not be unusual (e.g. Pike, 1985).

The two concentric lows that

could reflect peak-rings are spaced at 35 and 60 krn radius, which is
not unreasonable relative to Pike's (1985) observed relationship of an
inner peak-ring having half the diameter of the outer ring in craters
that lack central peaks.

The observed gravity lows would fit this

relation even better if the outer ring was slightly larger as suggested
by the N-S seismic reflection profile.
Antoine and Ewing (1963) present results of a seismic refraction
survey on the Campeche Bank including one line oriented NNW which ended

-5 km north of Progreso near the suggested center of the crater.

They

correlated several seismic velocity layers to the Tertiary sequence as
recorded in wells C-l and S-l, although the velocities assigned by them
to the units do not agree in a detailed way with those assigned by Cue
A.

(1953) from a study of the seismic stratigraphy in the C-l well.

The discrepancies seem to reflect real lateral differences, but the
difference in resolution of the two studies is substantial and may
account for some or all of the differing results.

The refraction

station located -5 krn north of Progreso recorded fewer secondary
arrivals than any other refraction line in the study of Antoine and
Ewing, suggesting that at least one seismic-attenuating layer was
present below this station.

The intracrater impact breccias might
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represent such an attenuating layer on the basis of their observed low
density and high porosity.
The breccias recorded at the K/T boundary exterior to the crater,
such as the 90-m-thick breccia in well Y-2 or the 175-m-thick breccia
in well Y-l, may represent the proximal ejecta blanket mixed with
locally-derived sediment by impact effects because the Y-2 breccia
contains an ejecta clast and associated evidence of shock metamorphism.
The large smectitic clast is probably altered glassy impact ejecta
which may be analogous to Muong Nong tektites (Barnes and Pitakpaivan,
1962), or the suevite bombs in the Ries crater ejecta (H6rz, 1965).

At

this distance from the crater the ejecta must have been mixed with
locally-derived sediment when it was deposited and/or was disturbed by
impact-waves.

The back surge filling the crater may also have

extensively modified portions of the ejecta blanket.

Part of this

layer may have been deposited subaerially depending upon water depths
on the platform, and subsequent sea level/water table fluctuations may
have imposed a pseudo-stratigraphy on parts of the ejecta blanket
before it was buried.

5.7:

Age

Although the available stratigraphic information provides some
constraints, the biostratigraphic age of the crater is not precisely
known.

The stratigraphy of the C-l, S-l, and Y-6 wells suggests a Late

Cretaceous age based on the occurrence of 60 to 170 m of marl and
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limestone, logged as Late Cretaceous, overlying the presumed impact
breccias and melt rocks (Lopez Ramos, 1975).

Many investigators have

criticized the identification of Chicxulub as a K/T crater in
consequence (e.g. Officer et al., 1992; Marin et al., 1992).

In

contrast, the Y-2 well stratigraphy suggests a K-T boundary age, based
on the 90-m-thick breccia unit occurring as the uppermost Cretaceous
unit.

To test the validity of the age of the unit overlying the

breccias within the crater, two samples from Y-6 were independently
studied by G. Keller and W. Sliter.

The first sample from a core taken

between 700 and 703 m depth was found to have a Middle Eocene age
consistent with previous work.

However, the second sample from 1000 to

1003 m depth was found to have a Late Paleocene (P3) age (G. Keller and
W. Sliter, written communs.), although the preservation is not good.
The latter sample was within the marl/limestone unit previously dated
as Late Cretaceous (Lopez Ramos, 1975), which extends from 986 to 1095
m.

These new data establish that the earlier age assignment is

probably invalid and that the top of the breccias could be of K/T
boundary age.

If this is so, the resulting sedimentation rate for the

marl/limestone unit would be -2 cm/kyr, in good agreement with those of
other units of similar age and lithology on the Yucatan platform.
The age of the crater has recently been determined
radiometrically by two different groups using the Ar-Ar technique.
Swisher et al. (1992) report a 64.98±0.05 My age for the crater on the
basis of well shaped plateaus from glassy chips of melt-rock sample Gl
N9 (See Figure 5.4 for sample location.).

This age is statistically
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indistinguishable from ages they determined with the same technique for

KIT tektites from Beloc, Haiti and Mimbral, Mexico.

This establishes

that the age of the crater is within -100,000 years of the

KIT boundary

and represents as precise a constraint as can be expected using current
radiometric techniques.

Sharpton et al.

results of poorer precision.

(1992) report consistent Ar-Ar

They also determined that the melt rock

is reversely polarized magnetically consistent with the crater's
formation in magnetozone 29R.

5.8:

Relevance to the

KIT Boundary

The evidence that the Chicxulub structure is an impact crater,
possibly the largest impact crater known on Earth, and its radiometric
age and stratigraphic position close to or at the
a very likely candidate for a

KIT boundary crater.

KIT boundary, make it
Its size and

position come close to satisfying the location constraints for the
crater (Hildebrand and Boynton, 1990a).

KIT

Because its calculated maximum

excavation depth is -15 km (Melosh, 1989) and the crust under the
Yucatan platform is at least 30 km thick (Ewing et al., 1960; AlvaradoOffiana, 1986), the crater could have excavated only continental crust.
It is an attractive candidate for supplying the shocked quartz and
alkali-feldspar grains found in the boundary layers (Izett, 1990,
Sharpton et al., 1990; Sharpton et al., 1992).

The crater is well

located to produce the observed size distribution and fluence of
shocked grains which are largest at Caribbean

KIT sites (Hildebrand and
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Boynton, 1990a, Chapter 4).

The proportion of the shocked grains in

the mineral residue from the Y6 N14 breccia and the Y2 N6 ejecta clast
are 33% and 31% (Table 5.1), respectively, within the range of 10% to
47% (average of 30%) reported for 12 K/T sites in western North America
(Izett, 1990).
The Chicxulub crater is also an attractive source for the KIT
boundary tektites (Izett et al., 1990; Sigurdsson et a1., 1991a,b;
Maurrasse and Sen, 1991; Hildebrand et al., 1991; Smit et al., 1992;
Alvarez et al., 1992; Kring and Boynton, 1992), particularly because
the K/T tektites are deficient in silica relative to most tektites
derived from continental impacts (Koeber1, 1986), and the Chicxulub
crater has melt rocks of the necessary intermediate composition.

Table

5.2 lists major and minor element compositions for the KIT tektites and
the crystalline andesitic rock preserved in wells Y-6 and C-l.

The

composition of the Chicxulub andesitic rock falls within the range
observed for the K/T tektites, except for its generally lower A1 2 0 3 and
Ti0 2 content.

In addition, the carbonate/evaporite rocks of the

Yucatan platform are a good candidate source for the high-Ca tektites
reported from the Mimbra1 and Beloc KIT sites (Sigurdsson et al.,
1991a,b; Maurrasse and Sen, 1991; Izett, 1991; Smit et a1., 1992).
However, the Chicxulub crater may not be the sole source of the
boundary layers, because isotopic data (Shaw and Wasserburg, 1982)
suggest that a mantle component occurs in the boundary layers.
€Nd

found by Shaw and Wasserburg is the only positive

€Nd

The +2

reported to

date from a KIT boundary sample and remains to be confirmed.

Another
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potential difficulty is that the Chicxulub andesitic rock Y6 N17 yields
an

ENd

(65Ma) of -5.0 (Hildebrand et al., 1991; Table 5.3) which is

lower than more radiogenic values of -2.9 (65Ma) found in altered
boundary clays (Hildebrand and Boynton, 1988) or -2.8 (66Xa) found in
unaltered tektite glass (Premo and Izett, 1991; 1992).

If the

Chicxulub crater were the source of the boundary ejecta, some Nd
isotopic heterogeneity would be required in the andesitic melt rocks.
However, Sr isotopic data from the same sources shows that the

ESr

(65Ma) of the andesitic rock (+55) agrees well with that of the Haitian
tektites (+62).
The Chicxulub crater is well located to produce the known KjT
boundary ejecta.

This crater is approximately centered between the

three thickest known deposits (Figure 5.1), the 0.5- to 1.2-m-thick KjT
ejecta found on Haiti (Hildebrand and Boynton, 1990a), which was to the
southeast at KIT time, the 0 to 1.0-m-thick ejecta layer found in
northeastern Mexico (Smit et a1., 1992), and the 2.5-m-thick KIT ejecta
layer cored at DSDP site 540 located between the Straits of Florida and
the Yucatan Channel at the mouth of the Gulf of Mexico (Alvarez et al. ,
1991; 1992; Table 5.1).

These and other more distant KIT ejecta

deposits are of thicknesses comparable to those predicted by an ejecta
scaling relation (McGetchin et al., 1973) for a crater of this size as
discussed in Chapter 4.

Hildebrand and Stansberry (1992) have explored

the constraints on size and location of the KIT source crater further
using the known KIT ejecta deposits, establishing that Chicxulub is an
excellent candidate on this basis.

Because the thick ejecta deposits
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Table 5.3:

Sm-Nd and Rb-Sr isotopic data from Chicxulub rock Y6 N17~

147Sm/144Nd

0.1072

€Nd(O)U}U

-5.78 ± 0.08

€Nc!(65 Ma)U}U

-5.03 ± 0.08

87Rb/86Sr

0.102

€Sr(O) i

55.34 ± 0.10

€Sr( 65 Ma) *

55.10 ± 0.10

* Corrected for mass fractionation using 146Nd/142Nd = 0.636151 for Nd
and 86Sr/88Sr = 0.1194 for Sr. The NBS-987 Sr and Nd~ Nd standards
yielded 87Sr/86Sr = 0.710241 ± 8 and 143Nd/144Nd = 0.511114 ± 5,
respectively.
u}u€ -values calculated from measured 143Nd/144Nd using present day values
of 147Sm/144Nd = 0.1967 and 143Nd/144Nd = 0.511847 in CHUR.
; €-values calculated from measured 87Sr/86Sr using present day values
of 87Rb/86Sr = 0.0827 and 87Sr/86Sr = 0.7045 in UR.
Data courtesy of S. Jacobsen and from Hildebrand et al. (1991).
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are nearly equally spaced radially (Figure 5.1), their adjusted-fordistance uniform thickness (See Chapter 4) indicates that the ejecta
blanket is probably

s)~etrical.

The Chicxulub crater might have

difficulty producing the observed suite of impact-wave deposits (Figure
5.1), because it formed on a shallow-water platform a minimum of -200
km from the deep sea and the size of impact-induced waves is limited by

water depth.

Nevertheless, because the Chicxulub impact would be

seismically equivalent to a magnitude 10 to 11 earthquake (McKinnon,
1982), it may have seismically triggered the formation of the deepwater
slump and turbidity-current deposits (Grieve and Sharpton, 1986)
observed at the

KIT boundary at DSDP sites 94, 95, 536, and 540

adjacent to the Campeche bank (Figure 5.1; Buffler et al., 1984; Worzel
et al., 1973).

These deposits are apparently overlain by

sites 536 and 540 (Alvarez et al., 1991; Table 5.1).
boundary deposits in the trough present at

KIT ejecta at

Also, the coarse

KIT time between Cuba and

the Bahamas bank may have been formed partly or wholly as seismicallytriggered slumps as suggested by Pszczolkowski (1986) rather than as
impact-wave deposits.

However, it might be difficult for this impact

to produce the distant impact-wave deposits, such as at Brazos River,
Texas or DSDP sites 603B, 151, and 153, if the ocean on the Yucatan
platform was too shallow at

KIT time, suggesting a nearby, deep-water

impact may have occurred at the same time.

This deepwater impact could

have been caused by a secondary impact of large ejecta from the crater.
Alternatively, large scale slumps at the continental margin may have
produced surface waves andlor bottom currents of sufficient magnitude
to produce the distant impact-wave deposits.
Finally, assuming that the Chicxulub crater is the

KIT boundary

crater, the Chicxulub crater may be added to the list of craters (e.g.
Palme, 1982) which preserve the geochemical signal of the impacting
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projectile in products of the impact such as intracrater melt rocks.
The

KIT boundary siderophile trace-element signature is by far the

largest in magnitude for any detected in impact products which is
probably due to the

KIT fireball layer being the first of this type of

impact product recognized.

Sharpton et al. (1992) report variable Ir

concentrations up to 13.5 ppb in some samples of Chicxulub crater melt
rocks (Cl N10, Y6 N19R) but were unable to detect any Ir in other
splits of the same rocks.

The variability indicates that caution

should be applied in interpreting the results.

Also, the author was

unable to detect any Ir in samples of the Y6 Nl7 melt rock (unpublished
data).

The siderophile trace-element signature of the fireball layer

is chondritic within a factor of two (e.g. Kyte et al., 1985),
excepting for the anomalous amounts of Re.

The high concentrations of

the latter element may reflect operation of a secondary process such as
leaching.

The chondritic ratios indicate that the

KIT projectile was

an undifferentiated object consistent with the result of the next
section which argues that the projectile was a comet.

5.8.1:

Projectile size and impact energy for the Chicxulub impact

Knowing the size of the crater (180 km diameter) and the global
fluence of Ir, -50 ngcm- Z (Gilmore et al., 1984; Kyte et al., 1985) or
2.5 x 10 5 tonnes globally, allows the size, composition and velocity of
the impactor to be calculated within reasonably tight constraints
(compared to widely permissible values when only the Ir fluence was
known).

However, the calculation of the total Ir fluence assumes that

the projectile's Ir was completely partitioned into the impact fireball
and was subsequently entirely deposited in the fireball layer; thus it
requires that none was ejected from the planet, retained at the impact
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site, such as by the projectile constituting a part of the melt rocks,
or was stored in a terrestrial reservoir, such as the atmosphere or
oceans, long enough to avoid deposition near enough to the KIT boundary
so as to escape detection in the by now standard determinations of the
Ir fluence.
below.

Potential ejection of the projectile's Ir is discussed

The projectile probably was not significantly partitioned into

the melt because in large impact events a greater proportion of the
projectile and proportionally greater volume of target are vaporized
(Melosh, 1989).

This may be checked in the case of the Chicxulub

impact by determining Ir abundance levels in the melt rocks and impact
ejecta.

As discussed in the previous section the amount of the

projectile partitioned into the melt remains to be determined because
variable results have been obtained.

Storage in terrestrial reservoirs

for long timescales is apparently impossible as Ir is insoluble in the
terrestrial atmosphere and dust quickly settles out; Ir is also very
insoluble in the oceans with concentrations of only 2 X 10- 15 gig (Hodge
et al., 1986).

Therefore no terrestrial reservoir is available to

"hide" the projectile's Ir.

An Ir concentration in the impacting

projectile must also be assumed.

Because, as

show~

below, a comet

seems most likely as the impactor, an Ir concentration of 473 ppb
representing CI chondrites (Anders and Ebihara, 1982), the most
primitive undifferentiated meteoritic material, is used.
Assuming a comet of Halley composition (i.e. -5% silicates of CIchondrite composition; the rest ices and organics (Geiss, 1987;
Jessburger et al., 1988)) the required mass of cometary material to
supply the global Ir fluence at the KIT boundary is -1.1 x 10 19 g.
Assuming a specific gravity for the comet of -1.0 gcm- 3 , yields an
impactor diameter of -27.2

km.

Using the crater scaling relation of

Schmidt and Housen (1987) for a non-porous target, which is assumed to
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have a specific gravity of -2.7 gcm- 3 in the case of the Chicxulub
impact, a 180-km-diameter crater is produced with an impact velocity of
-57 kms- 1 .

Remarkably, this is the most probable impact velocity for a

long-period comet with the Earth (Weissman, 1982).

However, because

the crater diameter calculated from the Schmidt and Housen relation is
probably more representative of a transient crater diameter, the
velocity and/or mass of the Chicxulub impactor might have to be
smaller.

The impact energy would have to be decreased by -5 times to

produce a 110-km-diameter transient crater, allowing radial growth by
-60% (Melosh, 1989) to produce the final observed size of the Chicxulub
crater.
Some uncertainty is associated with some of the numbers in this
calculation, but it illustrates a probably robust scenario.

No

plausible asteroid can produce the Chicxulub crater while meeting the
siderophile trace-element constraints (chondri tic ratios and a global
Ir fluence of 250,000 tonnes), assuming that collected meteorites
reflect asteroid compositions.

Undifferentiated asteroids have order

of magnitude greater Ir concentrations than those of comets, and all
asteroids generally impact the Earth at relatively low velocities
(Their average impact velocity is -20 kms- 1 (Wetherill and Shoemaker,
1982»).

Therefore, they are improbable as Chicxulub impactors because

they would deliver too much Ir per unit of specific energy.

This

problem is compounded for Ni-Fe asteroids, which are even more Ir-rich.
Also, as discussed in Chapter 1, the siderophile trace elements are
present in the K/T boundary fireball layer in roughly chondri tic
proportions, implying an undifferentiated projectile.

An unusual

fragment of a partly differentiated parent body could be contrived as
an Ir-poor, low-velocity, but very large impactor sufficient to
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excavate the Chicxulub crater, but the impact of such an object is
highly improbable.
By definition, the Halley-composition comet used in this
calculation has sufficient Ir to supply the KIT-boundary Ir fluence.
This impact scaling calculation assumes that none of the comet's Ir
escapes from the Earth in a high-velocity vapor plume as suggested by
Vickery and Melosh (1990).

As discussed in Section 1.3.3, observations

of the fireball layer suggest their model over-estimated plume
expansion velocities.

Nevertheless, if some Ir escapes from the Earth,

then the typical comet may have a higher silicate-to-ice ratio as
Vickery and Melosh (1990) considered (See their Table 1), or a lower
impact velocity coupled with a larger total mass.

However, in no case

will impact velocity, or impactor size or specific gravity, need to
change significantly to still produce an appropriately sized crater and
Ir fluence.

Any impact which meets these criteria will release a total

impact energy of _10 32 ergs, therefore suggesting that the total energy
dissipated by the KIT boundary impact is well known.

Assuming that the

scaling relation of Schmidt and Housen is valid at these scales, it is
highly likely that the Chicxulub crater was formed by the impact of a
comet (and probably a long-period comet).
The available evidence suggests that the Chicxulub impact was
relatively high angle, ruling out extremely oblique impact scenarios
for the KIT boundary impact.

Although the central zone of magnetic

anomalies is slightly elongated, most morphologic evidence suggests the
crater is nearly circular.

This precludes an extremely low angle

impact, which would have produced an elliptical crater (Gault and
Wedekind, 1978).

This constraint requires an approach to the target

surface elevated more than -10 degrees.

The KIT impact scenario of

Schultz and Gault (1990), which relies on an extremely oblique impact,
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is therefore precluded.

The available evidence from the known ejecta

localities indicates a symmetrical distribution, although the ejecta
layer is not sampled at all azimuths yet (e.g. Hildebrand and
Stansberry, 1992).

If additional evidence confirms a completely

symmetrical ejecta distribution, then this would indicate that the
elevation of the projectile's approach angle exceeded -45 degrees
(Gault and Wedekind, 1978).
effects of the

This means that researchers modelling

KIT impact event now need consider only the simplest

case of vertical incidence with some confidence that this is a valid
representation of the impact event.

Unfortunately, even though this

constraint on the angle of approach to the Earth's surface is
available, it places few constraints on the orbit of the Chicxulub
comet.

The apparent requirement that the impact occurred at large

relative speed is more useful in that it implies a retrograde orbit.

5.8.2:

Multiple impact scenarios

Much interest has recently been expressed in the possibility that
multiple simultaneous impacts (e.g. Hut et al., 1991), or two impacts
closely spaced in time, occurred at the

KIT boundary.

The latter

hypothesis (e.g. E. Shoemaker and Izett, 1992; Wolfe, 1991; Izett,
1991) is based on the occurrence of the two distinct layers in the KIT
boundary ejecta on and near North America.

The origins of the two

distinct layers, the fireball and ejecta layers, are described in
Chapter 2 as a consequence of dispersal mechanisms and grain size.

A

variant of the former hypothesis is that the shocked mineral grains in
the fireball layer are from the Manson crater in Iowa, while the rest
of the layer is from the Chicxulub crater.

As explained below neither
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of these possibilities is required by the evidence;

the two hypotheses

with their motivations are stated below for clarity:

1.

Multiple simultaneous impacts occurred at the KIT boundary because;

a)

The Manson crater has the same age,

b)

the Manson crater supplied the shocked mineral grains to the

boundary layers.

2.

The upper layer (fireball layer) was produced at least one year

after the lower layer (ejecta layer), because;
a) a diastem occurred between them
b) the Manson crater supplied the shocked mineral grains to the
boundary layers.

Multiple simultaneous impacts are rare events and cannot be
produced by atmospheric (Passey and Melosh, 1980) or tidal disruption
(Noerdlinger, 1980) of a single object at the scale of the KIT impactor
(i.e. 10 to 20 km).

The maximum separation of the components in a

binary co-orbiting system is dynamically restricted (Weidenschilling et
al., 1989) and would imply a second impact structure near the first.
More plausibly, a recently-split comet would be able to produce
mUltiple impacts over an entire hemisphere of the Earth, although the
number of such impacts would probably be limited to no more than -5
based on the observed splitting behavior of comets (Sekanina, 1982).
Also, judging from the observed size distribution of split-comet
fragments, the resulting craters would probably vary greatly in size
with one relatively large individual.
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Considering the arguments for mUltiple impacts in the above
order, available evidence does not particularly favour a
the Manson crater.

Using the

KIT age for

KIT age of Izett et al. (1991), 64.5 ±

0.1 Ma (1 sigma variation), which is consistent with that of Baadsgaard
et al.

(1988), and the Manson age of Kunk et al.

(1989), 64.9

± 1.0 Ma

(2 sigma variation; recalculated for different values of the flux
monitor),

a~

the 2 sigma level of variation the age of the two events

could be 1.4 million years different.

This assumes that the shocked

feldspar which Kunk et al. dated is good material for capturing the
time of the impact and that they had a good plateau, neither of which
is established because the only other sample they studied yielded
different results, suggesting that the age of the Manson crater is even
more uncertain than the result of Kunk et al. would imply.

Manson

could have formed completely independently of the boundary impact or
even a boundary comet shower (modelled duration of -1 million years
from Hills (1981)) if one occurred.

The formation of a crater of

Manson's size comparatively nearby in time would not have been unlikely
statistically if it were due to the background impact flux (Grieve,
1982).

Furthermore, Cisowski (1988) has provided evidence that Manson

formed in a normal paleomagnetic interval, which would exclude a KIT
boundary age, although additional paleomagnetic work is required to
confirm this result.

Establishing the precise age of the Manson crater

relative to the KIT boundary, will require finding Manson ejecta in a
correlatable stratigraphic sequence.
It seems unlikely that Manson supplied the shocked quartz to the

KIT boundary layers because:

1.

The proportion and lithology of the shocked mineral grains is the

same at the Caribbean sites and in and near the Chicxulub crater as at
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the western North American sites (Hildebrand et al., 1991, Table 5.1).
T.~is

does not seem to be true of the shocked granite reported at Manson

(Izett, 1990), although incorporating quartz from the overlying
sediments could alter the proportion produced by Manson.

2.

The fluence of shocked mineral grains is an order of magnitude

greater at Caribbean KIT sites, such as Haiti, than at Western Interior
sites (Hildebrand and Boynton, 1990a; Chapter 4).

3.

The largest shocked mineral grains from the KIT boundary layers are

found in Haiti (Hildebrand and Boynton, 1990a; Chapter 4; Maurrasse and
Sen, 1991).

4.

The volume of the Chicxulub crater is -150 times that of the Manson

crater.

In proportion to their sizes, the Chicxulub and Manson craters

both excavated continental crust with a crudely similar target
layering.

The Chicxulub crater produced shocked quartz (Table 5.1),

and because of its size, should have produced two orders of magnitude
more shocked quartz than Manson did.

Even if the formation of Manson

were simultaneous with that of Chicxulub, the shocked-mineral signature
from Chicxulub should dominate in the mixed ejecta layer except within
-300 km of Manson, based on the ejecta scaling law of McGetchin et al.
(1973), the radii of the craters (17 km vs. 90 km), and the separation
distance of the craters (-2400 km).

5.

Krogh et al.

(1992) have determined a crystallization age of -550

My for shocked zircons from the KIT fireball layer.

If this zircon age

represents the formation age of the crust at the KIT impact site, the
Manson crater is probably excluded because it formed largely in rocks
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of Middle Proterozoic age (e.g. Hartung et al., 1990).

The age of the

crystalline basement at Chicxulub is poorly known but a comparatively
young Early Paleozoic age is indicated based on the -410 My date from
the basement rocks of the Y-1 well located to the south of the crater
(Lopez Ramos, 1975).

The thesis that the upper layer is ejecta from a separate impact
is driven by stratigraphic evidence of a diastem between the fireball
layer and ejecta layer (e.g. Fastovsky et al., 1989).

A variation on

this idea is that two impacts slightly separated in time are required
by the observation of shocked quartz grains concentrated in the
boundary layer slightly under the concentration of submillimetre
spheroids in some Italian

KIT sections (Montanari, 1991).

As described

in Chapter 2, the lower -2-cm-thick layer found in western North
America is thought to represent altered tektites; mm-sized glass beads
formed from shock-melted target rock at the impact site, that were
dispersed ballistically and which settled through the atmosphere
quickly (e.g. in less than an hour), because of their large size.

The

upper, -3-mm-thick layer is thought to represent fine-grained material,
condensed from the impact fireball vapor, or entrained in the expanding
fireball, which was dispersed by the fireball while it expanded and
flowed around the outside of the atmosphere.

Although the coarse

components (such as the shocked quartz grains) of this layer would have
settled quickly, the bulk of the layer presumably settled through the
atmosphere on a much longer timescale (months).

These two layers are

usually in intimate contact, although both have been affected by
processes both during deposition and secondarily: e. g. erosion and
redeposition, soft sediment deformation, and faulting.

Evidence

certainly exists in the field that these processes were operating while
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the two layers were being deposited, but no evidence has been observed
by the author that requires a significant diastem between the two
layers.

If irrefutable evidence exists that significant time passed

between the deposition of the two layers, this would make a number of
observations concerning the layers difficult to understand:

1.

As discussed in Chapter 2, the maximum Ir (and other noble metals)

abundances occur in the upper fireball layer.

Although all sections

have had their Ir distributions altered by geochemical dispersion and
weathering, the location of the maximum Ir abundance in the fireball
layer seems well-established from sections where no coal is present
overlying the layer.

In contrast, the ejecta layer always has lower

abundances of these elements.

If the upper layer were from Manson,

then it would have enough Ir to indicate a cometary projectile of at
least 10 km diameter, which is inconsistent with the size of the Manson
crater.

Also, this would mean that the much larger Chicxulub crater

impact produced no Ir signature at all.

2.

The fireball layer has the associated signs of disaster such as the

peak in the soot abundances (Hildebrand and Wolbach, 1989), which the
ejecta layer does not show.

If the Chicxulub crater is 150 times

larger than Manson, it should have produced the disaster rather than
Manson.

3.

The fireball layer has the same Nd isotopic signature as the

Haitian tektites (eNd of -2.9 vs. -2.8; Hildebrand and Boynton, 1988;
this chapter) strongly implying the same target material for the ejecta
and fireball layers.

The Manson impact targeted significantly older
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crust so that

ENd

values would probably be considerably more negative

for its ejecta.

4.

The trace-element composition of the two layers is usually quite

similar (e.g. Chapter 2) suggesting a common origin.

The composition

of both layers is frequently distinct from that of the enclosing
sediments.

5.

Where the two layers settled through a long water column, the

coarse components of the fireball layer became mixed with the fine
components of the ejecta layer, implying that they were produced in
close time proximity (See discussion of Haitian section in Chapter 4).

6.

The ejecta layer declines in thickness away from the Chicxulub

crater following a power law as predicted; however, the fireball layer
is everywhere the same thickness in the western North American
nonmarine sections (and globally as well).

If the upper layer is the

Manson crater ejecta layer why is no variation in its thickness
observed?

Even within the Western Interior the fireball layer is

observable at distances ranging from 1000 to 2000 km distance from
Manson, which should correspond to an order of magnitude variation in
thickness.

This layer is correlatable globally with the layer seen

distally in marine sections on the basis of the occurrence of the PGE,
shocked quartz, and spinels of unusual composition.

It seems

unreasonable to posit that the smaller impact would make a uniformthickness, globally-distributed layer, while the larger impact makes
only a geographically-restricted deposit.
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7.

Finally, as previously discussed in this section, the shocked

minerals in the fireball layer are probably derived from the Chicxulub
crater.

Therefore, the evidence of erosion and/or deposition between the
fireball and ejecta layers seems more likely to reflect local and rapid
processes rather than a significant time break between the two layers.
Other stratigraphic confusion can arise from post-depositional
processes such as the subparallel faulting commonly associated with the
boundary layers.

For example, subparallel sliding could transport a

root cast in the fireball layer away from its corresponding penetration
the ejecta layer leading to a situation where the rooted ejecta layer
is overlain by an unrooted fireball layer.

Similarly, the fireball

layer could be stripped, plants grow, and the fireball layer material
(i.e. shocked quartz) could then be redeposited on top of the ejecta
layer leading to the same observation.

Pedogenesis as a mechanism for

substantially modifying the ejecta layer (Fastovsky et al., 1989) seems
inconsistent with the depositional environments involved (i.e. lakes,
coal swamps, and submarine settings).

Furthermore, Fastovsky et al.

(1989) make a case for pedogenesis having affected the ejecta layer
partly on the basis of the layer's fabric which is now known to be a
pseudomorphing of the tektite shapes.

The cases for mUltiple

simultaneous impacts, or two impacts closely spaced in time (and
involving the Manson crater, in particular), seem unsupported at the
present.

This does not preclude multiple simultaneous impacts, but

most of the

cu~rently

observed evidence at the KIT boundary is

explained by a single large impact, such as formed the Chicxulub
crater.
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5.9:

Climate Change and Extended Extinctions

Regardless of the precise age of the Chicxulub impact, because it
produced the largest known impact crater on Earth, it must have been
particularly effective at causing a mass extinction, assuming that any
impact may do so.

In addition to prompt lethal effects (as discussed

in Chapter 1), it should have produced a dramatic greenhouse warming by
shock production of CO 2 from the carbonate target rocks as suggested by
O'Keefe and Ahrens (1989).

The Yucatan carbonate platform at Chicxulub

was >3 km thick at the time of impact as established by the previouslydiscussed drillhole stratigraphy, and Penfield and Camargo (1991)
suggest that the carbonate platform thickness may have exceeded 5 km in
the area of the impact, based on modelling of magnetic-field data.
Carbonate platforms this thick are found on only -5% of the Earth's
surface (Poldevaart, 1955), suggesting that the Chicxulub impact was a
rare event based on its target type.

Reaction of the decarbonatized

product (i.e. lime - CaO) at the impact site may have lead to some
unusual chemistry in the crater's hydrothermal system while the shockproducts cooled.

The formation of a crater of this size in a carbonate

platform this thick corresponds to the worse-case scenario modelled by
O'Keefe and Ahrens.

A temperature increase of 10 to 15° C for a

timescale of 10 3 to 10 5 years could result (O'Keefe and Ahrens, 1989),
allowing for an extended period of extinctions of some species that
survived the prompt lethal effects of the impact.

Such delayed

extinctions are observed at the boundary on these timescales; for
example, delayed extinctions are observed among the planktonic
foraminifera (Smit and Romein, 1985, Keller, 1989).

The extended

period of warmer climate could also induce increased continental
erosion to produce the 87Sr/86Sr spike observed at the KIT boundary
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(Hess et al., 1986), which could result from increased riverine input
to the oceans.

The effects of shocking the sulfates gypsum and

anhydrite have not yet been studied experimentally, but shocking these
minerals, which are abundant in the thick evaporite sequences on the
Yucatan platform, may also have released large volumes of SOz to
augment the number of acid rain precursor molecules produced from
oxidizing atmospheric nitrogen (as discussed in Chapter 1, Section
1.3.2; Brett, 1992; Sigurdsson et al., 1992; Perry et al., 1992).

5.10:

Conclusions

The Chicxulub crater is the largest known impact crater on Earth
and may have a K/T boundary age.

It is an excellent candidate for

producing the K/T boundary layers including the tektites and shocked
mineral grains.

Its volume is -150 times that of the often-blamed

Manson crater (e.g. Izett, 1990), which, occurring in central North
America, is poorly placed to provide the observed distribution of
ejecta including the shocked mineral grains.

If the Chicxulub crater

is the K/T crater, its location between the Americas validates the
technique of searching for the K/T crater using the constraints derived
from the boundary layers, confirming that the layers represent
globally-distributed impact ejecta.

From the Ir fluence at the K/T

boundary and the size of the Chicxulub crater, the K/T impactor must
have been a -20-km-diameter comet.

Because of Chicxulub's large size,

its formation must have caused a mass extinction, assuming that any
impact may do so.

Shock devolatization of its thick

carbonate/evaporite-platform target probably led to severe CO z greenhouse warming of the Earth's climate and generation of sulfuricacid rain.

Assuming that Chicxulub is the K/T crater, its large size
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suggests that impact-induced mass extinctions like the K/T extinction
are one in -10 8 year events.

If the thick carbonate/evaporite platform

target m20e this impact particularly inimical to biota, then the
severity of the K/T extinction would probably be unique in the
Phanerozoic among impact-induced extinctions.
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APPENDIX A - NEUTRON ACTIVATION TECHNIQUES

A.l:

Instrumental Neutron Activation Techniques

The elemental concentration data reported in this dissertation
were largely acquired using instrumental neutron activation.

Muecke

(1980) is a compilation which describes the theory and practice of this
technique.

Samples of interest are placed in or near the core of a

nuclear reactor.

During operation the reactor generates a thermal

neutron flux which allows it to maintain a given fission reaction rate.
The thermal neutrons also collide with isotopes in the samples of
interest producing a variety of nuclear reactions; the simplest is the
addition of a single neutron.

This produces an isotope of the element

of interest which is one mass number heavier than the original
nonradioactive isotope.

The newly-formed isotope is usually unstable

and the excited nucleus decays (by a variety of mechanisms depending
upon the isotope) frequently producing one or more
characteristic energies.

ga~~a

rays of

After the samples have been removed from the

reactor the energies and intensities of gamma rays produced by the now
radioactive samples may be measured by a gamma-ray spectrometer.
Comparing the intensities of the gamma-ray peaks produced by the
samples of interest with those of standard rocks and chemical standards
of known composition (irradiated along with the unknowns), allows
elemental concentrations to be determined in the samples.
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The neutron activation data reported in this work were acquired
using the gamma ray spectrometer facilities in
Boynton at the University of Arizona.

th~

laboratory of W.V.

Equipment employed consisted of

two gamma ray spectrometers and associated counting apparatus,
computers for data reduction and storage, and a laboratory for
radioactive sample preparation and processing.

One detector was an

intrinsic germanium (Ge) detector (later referred to as a sum detector)
manufactured by EG&G Ortec with a phctopeak full-width, half-max.
(FWHM) resolution of 1.71 keV at the 1332 keV line of Co-60.

The peak

to Compton ratio was 70.1 with a relative efficiency of 37%.

The other

detector was a fast anticoincidence-coincidence system composed of an
intrinsic Ge detector, manufactured by Princeton Gamma-Tech, surrounded
by a sodium iodide (NaI) scintillometer, manufactured by Harshaw
Chemical Company.

The Ge detector had a full-width, half-max.

resolution of 1.78 keV at the 1332 keV line of Co-60.
Compton ratio of this detector was 53.7; the
efficiency was 24%.

de~ector

(FWHM)

The peak to
relative

Use of the NaI shield allows acquiring spectra

with greatly lowered background components produced by Compton
scattering.

When a gamma-ray photon interacts with the Ge detector it

can give up all of its energy contributing to a peak of a
characteristic energy.

Alternatively, it can give up only part of its

energy (thereby contributing to the backgound at a lower energy portion
of the spectrum), the remainder leaving the Ge crystal in a gamma ray
photon of lesser energy.

This secondary photon will usually interact

with the NaI detector producing an event at almost the same time as the
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original event in the Ge detector.
to be in coincidence.

Thus, these two events can be said

During a count the coincidence events are stored

as one spectrum and the Ge detector events without an associated event
in the NaI shield are stored as another spectrum (referred to as an
anticoincidence spectrum).

The latter spectrum is relatively free of

the background due to Compton scattering improving detection limits by
as much as an order of magnitude at some energies.

However, additional

benefits are provided by splitting the spectrum into coincidence and
anticoincidence components.

Some elements, such as Ir, decay producing

2 gamma ray photons simultaneously.

These events are usually detected

as coincidence events as opposed to the anticoincidence events produced
by the decay of most elements.

Thus, the peaks of some elements may be

separated from the interfering peaks of other elements because of a
difference in decay behaviour.

This effect allows up to order-of-

magnitude improvements in the detection limits for some elements, such
as Au and Ir.
Two different reactors were employed for irradiating the samples.
Because large samples of KIT boundary material are usually available,

-1 gm powdered splits were irradiated for 3 hours in the University of
Arizona TRIGA research reactor.

At its maximum power output of 100 kw

a neutron flux of 7 x lOll ns- 1 cm- 2 is produced.

In some cases where

only small samples were available -1 mg samples were irradiated for -12
hours at the University of Missouri research reactor in neutron
fluences of 5 x 10 13 ns- 1 cm- 2 .

Irradiating at the University of Arizona

reactor was preferred because larger sample splits are usually more
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representative of the sampled rocks' composition, and sample
preparation and handling was simpler for the low flux reactor.
Counting usually began after a decay time of -3 days from the end
of the irradiation to allow some reduction in the health risks of
working with the samples, and so that short-lived isotopes would not be
dominating the spectra to the exclusion of all other elements.

This

limited useful data to isotopes with halflives longer than -10 hours.
Typically all the samples were first surveyed and counted at a 6 cm
distance on the sum detector, which has an adjustable counting
geometry, followed by counts near contact (-1 cm geometry) on both the
sum and Compton-suppression systems.

On both systems the samples were

positioned by an automated sample changer, and rotated once per minute
at that position during the count, to provide consistent counting
geometry.

The latter two

C0 11nts

would begin at -5 days after end of

bombardment (EOB) and end at -10 days after EOB.

A late count

beginning -1 month after EOE on the Gompton-supression system would
complete the count sequence.

This late count allowed the best

determination of isotopes with halflives of -1 month or more.
Sometimes a fifth sequence was also counted at -2 weeks after EOB for
the best possible determination of isotopes with halflives of -1 week.
After collecting the spectra, data reduction was done on a
computer-based system with data reduction software developed in W.V.
Boynton's laboratory.

The end result would be concentrations of -35

elements with associated 1 sigma statistical errors or 2 sigma upper
limits.

The software allowed correcting the gamma-ray spectra peak
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areas for single or multiple interferences due to overlapping peaks of
isotopes of other elements, contributions from an isomer of the same
isotope with a different halflife at the same energy, and production of
the isotope of interest as a daughter product of another decaying
isotope.

The programs also allowed for a correction to be made for U-

fission products produced at the reactor (See Section A.I.I).
The concentrations derived using prepared chemical standards were
checked against those of standard rock powders irradiated along with
the unknowns and were sometimes adjusted for consistency.

The

necessary changes to chemical-standard concentrations were generally
found to be reproducible from experiment to experiment and were
consistent when compared to different standard rocks, suggesting the
modifications reflected poorly known concentrations in the chemical
standards.

Occasionally the standard rocks were also used as standards

for some elements.

Other aliquots of the multi-element chemical

standards were also compared to

single-elemen~

chemical standards as

well as larger suites of standard rocks in other experiments to further
establish the validity of the concentrations employed.

Standard rocks

used included a NBS Columbia River Basalt clone provided by R. A.
Schmitt of Oregon State University; NBS SRM1633a, Coal Fly Ash; NBS
SRM688 , Basalt Rock; NMNH Allende, a standard rock powder prepared from
the Allende meteorite; Platinum Ore SARM 7, distributed by the South
African Bureau of Standards; and a KIT boundary powder from the Stevns
Klint, Denmark locality provided by B.J. Hansen of the University of
Copenhagen.
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Tne following tables show the elements and associated gamma ray
peaks that were found to be useful in this study of crustally-derived
sediments.

Samples from other geo/cosmochemical environments, such as

chondritic meteorites, would have substantially different compositions
and would require different standard energy files to fully exploit the
neutron activation technique.

These standard energy files are the

residue of a process which included attempting to determine
concentrations of some additional elements that could not be
successfully determined at typical crustal abundance levels.

Many

elements may be determined by many different or additional gamma ray
peaks, but the peaks listed in these files produced the best results
because of having the greatest sensitivity,

~o

or easily-correctable

interferences, and flat or near-linear backgrounds (which are necessary
for accurate peak-area determinations).

These standard energy files

are in the format employed by the data reduction software used in the
University of Arizona gamma-ray spectrometry laboratory.

They also

show suggested background positions and widths for determining
background levels and peak areas, although every peak processed was
visually inspected because background positions and widths require
frequent adjustment (due to varying compositions of samples analyzed).
Note that the anticoincidence-coincidence system standard energy files
will not be very usefully employed when processing data from a sum
detector, because the ability to separate the spectra removes
interferences or smooths backgrounds which would be a problem in a sum
spectrum.

292
Tne tabled standard energy files (Tables A.1-4) show in columns
from left to right:

A - Peak number
B - Atomic number of the radioactive isotope of interest
C - Isotope number determined from Filby et al. (1970)
D - Gamma ray intensity number determined from Filby et al. (1970)
E - Radioactive nuclide
F - Energy of gamma ray peak in keV
G

Location of left background measured from peak centroid in keV

H - Width of left background measured in keV
I

Location of right background measured from peak centroid in keV

J - Width of right background measured in keV

K - Fraction of

~~

used in determining the peak area

Tables A.3 and A.4 show standard energy files for the Compton
suppression system.

In these tables the A or C alongside the peak

number indicates the peak should be processed in the anticoincidence or
coincidence spectrum instead of the sum spectrum.

293
Table A.l:
A

B

C

D

1
2
3
4
5
6
7
8
9
10
11
12

0
11
19
20
21
24
26
26
27
27
29
31
33
35
37
51
55
56
57
57
57
62
67
74

1
2
2
1
1

1
1
1
1
1
1
1
2
1
2
1
3
1
2
1
1
2
4
1
2
4
1
1
1
3

13

14
15
16
17
18
19
20
21
22
23
24
25

92

1

1
1
3
3
1
2
1
3
1
1
1
1
1
1
1
2
1
5
1

Gamma ray peaks for processing -3 days after EOB
E

Pu1ser
Na-24
K-42
Ca-47
Sc-46
Cr-51
Fe-59
Fe-59
Co-60
Co-60
Cu-64
Ga-72
As-76
Br-82
Rb-86
Sb-122
Cs-134
Ba-131
La-140
La-140
La-140
Sm-153
Ho-166
W-187
UNp-239

F
987.22
1368.633
1524.90
1297.00
889.277
320.0842
1099.251
1291. 596
1173.238
1332.502
511.00
629.96
559.10
554.348
1076.72
564.10
795.76
496.23
1596.17
487.03
328.77
103.1807
80.57
685.81
277.63

G
4.00
4.00
3.00
2.00
4.00
5.20
4.00
5.00
5.00
4.03
5.00
2.00
1. 80
1.80
2.40
2.00
2.00
2.00
4.00
2.20
2.40
1. 60
1.20
2.00
2.80

H
4.00
2.00
3.00
0.60
1.60
0.80
3.00
3.00
2.00
2.00
2.00
2.00
1.80
2.00
3.00
2.00
3.00
2.00
2.00
1.20
0.60
0.60
0.40
2.00
1.00

I

J

5.00
4.00
3.00
4.40
4.00
3.00
6.96
9.57
8.37
10.3
4.00
2.00
2.00
1.80
2.40
2.00
2.00
3.00
4.00
4.60
2.40
4.80
0.96
2.99
2.80

4.00
2.00
3.00
0.60
1.20
2.00
2.60
3.00
2.20
2.00
2.00
2.00
1.40
2.00
3.00
2.00
3.00
2.00
2.00
2.00
0.60
0.20
0.20
2.00
0.60

K
1.40
2.50
1.50
1.50
2.00
1.50
2.00
2.00
2.00
2.00
3.00
1.50
1.50
1.50
1.50
1.50
1.50
1.50
2.00
1.50
1.50
1.50
1.50
1.50
1.50
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Table A.2:
A
1
2
3
4
5
6
7
8
9
10
11
12
13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

B

C

D

0

1
2
1
1
1
1
1
1
3
3
2
1
1
3
1
4
2
1
1
1
1
1
1
1
1
5
1
2
1
1
1
2
2
3
S
1
5
5
1
3
2
2
2
'1
1
1

1
1
1
1
2
1
1
2
1
2
1
1
1
2
1
1
1
1
2
1
4
1
2
3
4
1
1
1
3
1
3
1
2
1
1
3
1
2
1
1
1
2
1
1
3
4

11
20
21
21
24
26
26
27
27
28
33
34
35
37
42
44
51
55
56
56
57
57
57
57
58
60
62
63
65
70
70
70
71
72

73
74
74
75
76
77
77
79
90
92
92

Gamma ray peaks for processing -1 week after EOB
E

F

Pulser
986.90
Na-24
1368.633
Ca-47
1297.00
Sc-46
889.277
Sc-46
1120.545
Cr-51
320.0842
Fe-59
1099.251
Fe-59
1291.596
Co-60
1173.238
Co-60
1332.502
NiCo-58 810.775
As-76
559.10
Se-75
264.656
Br-82
554.348
Rb-86
1076.72
MoTc-99m 140.51
Ru-103
497.08
Sb-122
564.10
Cs-134
795.76
Ba-131
216.01
Ba-131
496.23
La-140
1596.17
La-140
487.03
La-140
815.74
La-140
328.77
Ce-141 145.4442
Nd-147
91.11
Sm-lS3 103.1807
Eu-lS2 1408.011
Tb-160
879.383
Yb-169 177.2144
Yb-175
396.32
Yb-175
282.52
Lu-l77
208.36
Hf-181
482.00
Ta-182 1221.408
W-187
685.81
W-187
479.57
Re-186
137.16
Os-191
129.43
Ir-192 316.5080
Ir-192
468.072
Au-198 411.8044
ThPa-233 311.89
UNp-239
277.63
lJNp-239
228.19

G

4.00
4.00
2.00
3.00
11.00
5.20
4.00
5.00
7.00
4.03
4.00
1.80
1.80
3.80
2.40
1.40
3.00
2.00
2.00
2.00
2.00
4.00
7.00
1.60
1.40
6.40
2.40
L60
3.01
2.20
1.60
1.60
1.20
4.00
3.80
1.20
2.00
2.00
2.20
1.20
L80
2.00
2.00
1.20
2.80
2.60

H

4.00
2.00
0.60
1.60
1.00
0.80
3.00
3.00
2.00
2.00
2.00
1. 80
1.80
2.00
3.00
0.80
3.00
2.00
3.00
1.60
2.00
2.00
2.00
1.40
0.60
1.00
0.80
0.60
2.20
1. 20
1.00
1.00
1.00
1.40
2.00
2.00
2.00
2.00
0.80
1.00
1.00
2.00
2.00
0.80
1.00
1.00

I

J

5.00
4.00
4.40
3.00
7.00
3.00
5.20
9.57
8.37
10.3
7.00
2.00
2.00
1.80
2.40
7.20
2.00
2.00
2.00
1. 60
3.00
4.00
3.60
2.80
1.40
1. 60
1.40
L80
4.00
2.20
5.20
S.60
1.40
3.20
1.80
3.00
3.00
3.00
1.20
2.00
1.60
2.00
1. 60
3.00
2.80
2.40

4.00
2.00
0.60
1. 20
3.00
2.00
2.60
3.00
2.20
2.00
2.00
1.40
1.40
0.80
3.00
1.00
3.00
2.00
3.00
1.40
2.00
2.00
2.00
2.00
0.60
1.00
0.60
0.20
3.00
1.20
LOO
LOO
1.00
1.50
0.20
2.00
2.00
2.00
1. 00
1.00
0.60
2.00
0.60
0.60
0.60
LOO

K

1.40
2.50
1.50
2.00
2.00
1.50
2.00
2.00
2.00
2.00
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1. 50
1. 50
1. 50
2.00
1. 50
1. 50
1.50
1. 50
1.50
1.50
2.00
1.S0
1.50
1.50
1. 50
1. 50
1.50
1.50
1.50
1.50
1.50
1.50
1.00
1.S0
L50
1.50
1.50
1.50
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Table A.3: Gamma ray peaks for processing -1 week after EOB on the
Compton suppression system
A
1
1A
1C
2
3A
4
5
6A
7
8
9
10
11A
12A
13A
14
15
16A
17A
18A
19A
20A
21A
22
23A
24C
25
26
27
28
29A
30A
31A
32
33A
34A
35A
36A
37A
38A
39
40
41A
42A

B

C

D

0
0
0
11
20
21
21
24
26
26
27

1
1
1
2
1
1
1
1
1
1
3
3
2
1
1
1
3
1
1
2
4
2
1
1

1
1
1
1
1

27

28
30
33
34
35
37
38
40
42
44
51
55
56
56
57
57
57
57
58
60
62
63
65
67
70
70
70
71
72
73
74
75

1

.1.

1
1
1
1
1
5
1
2
1
1
1
1
2
2
3
5
1
5
1

1

2
1
1
2
1
2
1
1
1
1
2
1
1
1
1
1
1
2
1
4
1
2
3
4
1
1
1
3
1
1
3
1
2
1
1
3
1
1

E

F

1543.00
Pu1ser
1543.00
Pu1ser
Pu1ser
1543.00
1368.633
Na-24
1297.00
Ca-47
889.277
Sc-46
1120.545
Sc-46
320.0842
Cr-51
1099.251
Fe-59
1291.596
Fe-59
Co-60
1173.238
1332.502
Co-60
NiCo-58 810.775
1115.546
Zn-65
559.10
As-76
Se-75
264.656
554.348
Br-82
1076.72
Rb-86
514.0076
Sr-85
Zr-95
756.729
UoTc-99m 140.51
497.08
Ru-103
Sb-122
564.10
Cs-134
795.76
216.01
Ba-131
496.23
Ba-131
La-140
1596.17
La-140
487.03
815.74
La-140
La-140
328.77
Ce-141 145.4442
Nd-147
91.11
Sm-153 103.1807
Eu-152 1408.011
879.383
Tb-160
Ho-166
80.57
Yb-169 177.2144
Yb-175
396.32
Yb-175
282.52
208.36
Lu-l77
482.25
Hf-181
Ta-182 1221.408
W-187
685.81
Re-186
137.16

G

H

I

J

4.00
4.00
4.00
4.00
2.00
3.00
11.00
5.20
4.00
5.00
5.00
4.03
4.00
5.60
1. 80
1.80
3.80
2.40
5.40
7.30
1.40
2.00
2.00
2.00

4.00
4.00
4.00
2.00
0.60
1.60
1.00
0.80
3.00
3.00
2.00
2.00
2.00
2.00
1. 80
1. 80
2.00
3.00
2.00
3.00
0.80
3.00
2.00
3.00

5.00
5.00
5.00
4.00
4.40
3.00
7.00
3.00
6.96
9.57
8.37
10.3
7.00
2.10
2.00
2.00
1. 80
2.40
2.00
2.00
7.20
2.00
2.00
2.00

4.00
4.00
4.00
2.00
0.60
1.20
3.00
2.00
2.60
3.00
2.20
2.00
2.00
0.50
1.40
1.40
0.80
3.00
2.00
3.00
1.00
3.00
2.00
3.00

'.!..vv
",...

0.60

1.00

0.60

2.00
4.00
6.00
1. 60
1.40
1. 80
2.40
1. 60
3.01
2.20
1.20
1.60
1.60
1. 20
3.59
3.80
2.20
2.00
2.20

2.00
2.00
2.00
1.40
0.60
0.30
0.80
0.60
3.00
1.20
0.40
1.00
1.00
0.60
1.39
2.00
1.20
2.00
0.80

3.00
4.00
3.60
2.80
1.40
1. 60
1.40
1. 80
4.00
2.20
0.96
5.20
5.60
4.80
2.89
1. 80
3.00
2.99
1. 20

2.00
2.00
2.00
2.00
0.60
0.40
0.60
0.20
3.00
1.20
0.20
1.00
1.00
1.00
1.49
0.20
2.00
2.00
1.00

K

1.40
1.40
1.40
2.50
1.50
2.00
2.00
1.50
2.00
2.00
2.00
2.00
1. 50
1. 50
1. 50
1. 50
1. 50
1.50
1.50
1. 50
1. 50
1. 50
1. 50
1. 50
1. 50
1.50
2.00
1. 50
1. 50
1. 50
1. 50
1. 50
1.50
2.00
1.50
1. 50
1. 50
1. 50
1. 50
1.50
1.50
1. 50
1. 50
1. 50
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43A
44C
45
46A
47A
48A
49A

76
77
77
79
90
92
92

3
2
2
2
1
1
1

1
1
2
1
1
3
4

Os-191
129.43
Ir-192 316.5080
Ir-l92
468.072
Au-198 411.8044
ThPa-233 311.89
UNp-239
277.63
UNp-239
228.19

1.20
1.80
2.00
2.00
1.20
2.80
1.00

'.L.vv
1''''

1.00
2.00
2.00
0.80
1.00
1.00

2.00
1.60
2.00
2.00
3.00
2.80
1.60

,

1"\1"\

.L.vv

0.60
2.00
2.00
0.60
0.60
1.00

1.50
1.50
1.50
1.50
1.50
1.50
1.50
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Table A.4: Gamma ray peaks for processing -1 month after EOB on the
Compton suppression system
A

B

C

D

1
lA
lC
2
3
4
5
6
7
8
9
lOA
llA
12
13
14A
15A
16A
17A
18A
19
20A
21C
22A
23A
24A
25
26
27A
28A
29A
30A
31A
32
33
34A
35C
36
37A
38A

0
0
0
21

1
1
1
1
1
1
2
1
1
3
3
2
1
1
1
1
1
2
2

1
1
1
1
2
1
1
1
2
1
2
1
1
1
2
1
1
1
1
1
2
1
4
1
1
2
1
3
2
1
3
5
1
1
3
1
1
2
1
1

2l

24
26
26
26
27
27
28
30
34
34
37
38
40
44
51
55
56
56
58
60
60
63
63
64
65
70
70
71
72

73
76
77
77
80
90

3

1
1
1
5
1
1
1
1
1
1
1
1
3
5
1
3
2
2
4
1

E

F

Pulser
1551.41
Pulser
1551.41
Pulser
1551.41
Sc-46
889.277
Sc-46
1120.545
320.0842
Cr-51
FeMn-54 834.843
Fe-59
1099.251
Fe-59
1291.596
1173.238
Co-60
Co-60
1332.502
NiCo-58 810.775
Zn-65
1115.546
Se-75
264.656
Se-75
136.002
Rb-86
1076.72
Sr-85
514.0076
Zr-95
756.729
Ru-l03
497.08
Sb-124
602.730
Cs-134
795.76
Ba-131
216.01
Ba-131
496.23
Ce-141 145.4442
Nd-147
91.11
Nd-147 531.0329
Eu-152 121.7824
Eu-152 1408.011
Gd-153 103.1807
Tb-160
879.383
Yb-169 177 . 2144
Yb-169 l30.5239
Lu-l77
208.36
Hf-181
482.00
Ta-182 1221.408
129.43
Os-191
Ir-192 316.5080
Ir-192
468.072
Hg-203 279.1968
ThPa-233 311.89

G
4.00
4.00
4.00
5.40
11.00
5.20
2.40
4.00
5.00
7.00
4.03
6.00
8.60
1.80
7.00
3.00
5.40
7.30
3.00
2.80
2.00
1.80
2.00
6.80
1.40
2.40
2.00
3.00
2.00
2.20
1.60
2.00
3.59
3.80
2.20
1.20
1.80
2.00
2.00
6.00

H
4.00
4.00
4.00
1.60
1.00
0.80
1. 60
3.00
3.00
2.00
1.20
2.00
2.00
0.80
1.20
3.00
2.00
3.00
3.00
2.00
2.00
1.00
2.00
1.00
0.80
0.80
1.00
1. 80
1.00
1.20
1.00
1.60
1. 39
1.40
1. 20
1.00
1. 00
2.00
2.00
0.80

I
5.00
5.00
5.00
3.00
7.00
3.00
2.00
6.00
9.57
8.37
10.3
7.00
11.00
2.00
2.00
2.40
2.00
2.00
3.00
4.00
2.60
1. 80
3.00
2.60
1. 20
3.20
3.40
4.00
3.00
2.20
4.60
4.00
2.89
1. 80
3.00
5.00
1. 60
2.00
2.00
3.00

J

K

4.00
4.00
4.00
1.20
3.00
2.00
2.00
2.60
3.00
2.20
2.00
2.00
1.00
1.40
1. 60
1.40
2.00
2.20
3.00
1. 20
1. 80
1. 00
2.00
1.00
0.40
1.20
1.40
3.00
1.00
1.20
1.00
0.40
1.49
1.00
2.00
0.60
0.60
2.00
2.00
0.60

1.40
1.40
1.40
2.00
1.50
1.50
1.50
2.00
2.00
2.00
2.00
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1. 50
1.50
1. 50
1.50
1.50
1.50
1.50
1.50
2.00
1. 50
1. 50
1. 50
1. 50
1. 50
1. 50
1. 50
1. 50
1.50
1. 50
1. 50
1. 50
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A.l.l:

Uranium fission product corrections

Several elements whose concentrations may be determined by INAA
have an additional interference problem.

Naturally-occurring uranium

in the irradiated samples will fission in the thermal-neutron flux of
the reactor, producing radioactive daughter isotopes.

In the cases of

the elements listed in Table A.S the daughter isotope is the same as
that normally used to determine the concentration of the element.

Thus

a correction for the amount of the isotope produced by U fission is
necessary.

Because the isotope used to determine U abundances has a

halflife shorter than those of some of the isotopes of interest, the U
peak may not be used to correct the amount of the fission product from
the peak of the element of interest.

Table A.S does not list all the

elements which have fission-product interferences because some elements
have indicating isotopes with halflives short enough that an indicating
peak of U is always present thus allowing the fission-product
correction to be made or because the fission-product correction is
small.

An experiment was done at the University of Arizona TRIGA

reactor which included a single-element U standard so that the
proportionate amount of U-fission products could be determined for the
purposes of making corrections for this effect.

As Table A.S shows the

U/fission product ratios are similar to literature values described by
Glascock et al.

(1986) and Landsberger et al.

(1986), although these
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Table A.s:

Uranium fission product correction ratios
Glascock et al.(1986)

Landsberger et

Element
a1. (1986)

WVBCV's

Zr

9.02 ± 0.27

11.3 ± 0.2

10.9 ± 0.9

Mo

1.05 ± 0.01

1.4 ± 0.05

1.7± 0.1

Ru

0.12 ± 0.003

0.126 ± 0.003

0.116

La

0.005

±

0.0003

0.0028 ± 0.0002

0.002 ± ?

Ce

0.277

±

0.01

0.287 ± 0.008

0.27 ± 0.02

Nd

0.245 ± 0.02

0.21 ± 0.01

0.20 ± 0.01

±

0.004

Table A.s shows the uranium fission products expressea ~n
mass/mass ratios, including the results from the single element U
standard included with the WVBCV experiment (University of Arizona
TRIGA irradiation).
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ratios are variable depending upon the neutron-energy spectrum of the
reactc~s

employed in each study.

The magnitude of the fission product correction increases as
Ujelement ratios increase.

U-fission-product La does not contribute a

significant La concentration at crustal ratios, however, the La-140
which forms from the decay of fission-product Ba-140 soon becomes a
significant interference.

This can be corrected using the UNp-239

isotope peak as an indicating peak for Ba-140, because they have
comparable halflives.
product.

A.2:

The table shows only the prompt La fission

The WVBCV result probably includes some Ba-140 contribution.

Siderophile

N~ble

Metal Radiochemical Procedure

The following procedure for radiochemical separation of the

siderophile noble metals palladiwll, iridiwu, platinwli, gold and rheniwll
was modified from one described by Kyte et al.

(submitted).

This

procedure also includes a method for separating osmium, but that
element requires nearly as many steps as all the elements listed above
and some specialized glassware, so the separation of as was not
attempted in this study.

Significant additional help and advice was

provided by F.T. Kyte who has employed the same or similar procedures
to analyze numerous

KIT boundary samples (e.g. Kyte et al., 1985).

Separating the isotopes of these elements from the background
generated by all the other radioactive elements in a crustal sample
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typically improves the detection limit by 2 to 3 orders of magnitude.
For example, the instrumental neutron activation analysis (INAA)
detection limit on the anticoincidence-coincidence counting system is

-1 ppb for Ir in crustal sediments.

Typical crustal abundance levels

for Ir are -10 ppt so that even with the Compton suppression system
only Ir anomalies of at least two orders of magnitude above background
are detectable.

Using this radiochemical neutron activation analysis

(RNAA) procedure improves the detection limit to -10 ppt Ir (crustal
background levels) for similar counting times if other experimental
parameters remain the same, thus allowing complete profiling of a
boundary Ir anomaly.

KIT

Using INAA, the anticoincidence-coincidence

counting system is able to detect Au and Re to limits of -0.5 and 5
ppb, respectively, and abundance anomalies of these elements are
detectable at many complete

KIT boundary sections.

However, use of

RNAA is also necessary to completely define the boundary anomalies of
these elements; Pd and Pt anomalies are not detectable at the abundance
levels found at the

KIT boundary without employing RNAA.

Measuring a suite of the highly siderophile trace elements in a

KIT boundary section allows the ratios of their integrated fluences to
be calculated.

These elements occur in chondri tic proportions at the

KIT boundary in both marine (e.g. Kyte et al., 1985) and nonmarine
(e.g. Orth et al., 1990) sections, and this remains one of the clearest
lines of evidence indicating that an impact of an extraterrestrial body
occurred at the

KIT boundary (See Chapter 1 for a discussion).
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Tne radiochemical procedure centers on the use of Srafion NMRR
ion exchange resin, which selectively absorbs the noble-metal group
along with some other cations (Koster and Schmuckler, 1967; Nadkarni
and Morrison, 1974, 1978).

Resins of this type are available from more

than one source; of the two types tested, one provided much better
chemical yields as later discussed.

A.2.l:

1.

Radiochemical separation procedure for Pd, Ir, Pc, Au and Re

Add carrier solutions, e.g. Pd, Ir, Au and Re, to crucibles

followed by NH 4 0H to neutralize solution.

(4 mg of carrier is

necessary to observe chemistry of the elements, 1 mg is necessary for
yield determinations by reactivation, 10 mg of Au is desirable for
improved yields.

Pt carrier is not necessary because this element is

most sensitively analysed using a Au-daughter isotope as listed in

Table A.l)

2.

Evaporate to dryness avoiding spattering.

3.

Fuse with approximately 10 gm of NazO z , assuming 1 gm samples

(swirl to mix carrier and radioactive sample).

Add sample to crucible.

Carbonaceous samples

require addition of NazO z in small increments with gentle heating.

4.

Place crucible in beaker.

water.

Wash lid.

Wash outside of crucible with distilled

Add 30 ml of distilled water to fusion cake while
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still hot.

Wash and rinse interior of crucible into beaker.

Wash with

conc. HCl if necessary.

5.

Add 5 ml conc HN0 3 , 30 ml conc HCl and bring to 200 ml volume with

distilled H2 0.

Boil 1/2 hr till 75 ml volume with airblast in 600 ml

beaker.

6.

Double volume with conc HCl precipitating NaCl.

(decant).

7.

Centrifuge

Wash ppt w/conc HCl.

Boil supernate till 25 ml volume.

precipitating remainder of NaCl.

Double volume with conc HCl,

Centrifuge (decant).

Wash ?pt w/conc

HCl.

8.

Heat (boil) to incipient dryness.

Add 25-40 mls of .05 N HCl (pH

2) .

9.

Pour into column with 10 ml of Srafion NMRR resin (previously

equilibrated for several hours with .05 N HCl)

(Iridium is dark

layer on top of column).

10.

Wash with 0.05 N HCl.

Use 4 or 5 ml, 4 or 5 times.

11.

Elute Pd, Pt, and Au with 100 ml of thiourea (5% thiourea in 0.06

N HCl) solution into 250 ml beaker.

Wash with 0.05N HCl into same
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beaker.

Use 4 or 5 ml, 4 or 5 times (Thiourea solution must be

recently prepared; Pd makes strong yellow color in elutate).

12.

Immediately elute Ir and Re with 7.5 N NH 4 0H into 100 ml beaker.

Use 4 or 5 ml, 4 or 5 times.

13.

Heat Ir, Re elutate until <20 ml.

While still hot, slowlv add 5

ml of conc HN0 3 to neutralize (and produce violent reaction, keep water
bottle in other hand to squelch reaction.

If the solution has cooled

the reaction will be even more violent when it goes).

Heat again until

<10 ml.

14.

Transfer to 10 ml teflon beaker, heat again till <1 ml volume,

then transfer to a counting vial.

Wash beaker with a few drops of

water.

15.

Add 15 ml of conc. NH 4 0H to Pd, Pt, Au-thiourea eluate.

Boil till sulfides precipitate obviously.
past 50 ml or Au will redissolve.

16.

17.

Allow to cool.

Centrifuge (discard supernate).

distilled water (centrifuge again).

Dissolve in aqua regia.

Do not reduce volume much

Wash precipitate with warm
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18.

Evaporate to dryness.

Convert to chlorides with conc HCl.

19.

Evaporate to dryness.

Redissolve in 40 ml 6 N HCl.

Put in

separatory funnel.

20.

Extract Au with two 40 ml portions of ethyl acetate (i.e. Do

separation twice in sequence).

Save denser aqueous layer containing

Pd.

(Au-bearing ethyl acetate should be yellow.)

21.

Combine ethyl acetate extractions in 250 ml beaker.

Add 50 ml of

2N HCl.

22.

Gently heat to evaporate ethyl acetate.

Transfer to 10 ml beaker

and heat until <1 ml volume, then transfer to counting vial.

Wash

beaker with a few drops of water.

23.

Boil aqueous Pd-bearing phase to near dryness.

Add 35 ml of IN

HCl.

24.

Add 15 ml of 1% dimethylglyoxime in ethanol.

hard, and scrape sides to precipitate Pd.

Put on ice, stir

Allow to precipitate for 20

minutes.

25.

Collect precipitate on filter paper and wash thoroughly with H2 0.

Dry filter paper and wad up in counting vial.

All DMG must be removed
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or counting vials can pop!

(Optional:

Ppt may be dissolved with

concentrated nitric.)

Labware required ner sample

1 crucible
6 centrifuge tubes
1 separatory funnel
1 resin column
1 watch glass
1 600 ml beaker
4 250 ml beakers
2 150 ml beakers
1 50 ml beaker
3 100 ml polyethylene beakers

1 50 ml polyethylene beaker
2 10 ml teflon beakers

Useful Facts

Aqua regia:

3 parts conc. HCl, 1 part conc. HN0 3

conc HN0 3 = l6N
conc HCl = l2N
conc NH 4 0H = l4.SN
conc NaOH

=

19.4N
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Table A.6:
for NAA

Stable
isotope

Isotopes of the highly siderophile trace elements useful

Isotopic
abundance
5.5
31.6
26.7

Thermal neutron
cross-section
(barns)

Isotope
formed

0.27
1.2
11

Principal
-ray(s)
Half-life
2.88d
39.35d

497.1

13.427h
39.8 s

88.0

110

90.64h

137.2

62.6

74

16.98h

155.0

26.4

4

15.4 d

129.4

41.0

1.6

30.6 h

138.9,460.5
316.5,468.1

37.3

540

74.252d

62.7

110

19.15h

328.4

0.71

18.3 h

77.4

3.7

30.8 m

7.2

3.148d
Au

215.7

37.4

25.3

197

(keV)

100

98.8

2.69d

158.4
411.8

*daughter of nuclide listed on previous line
The isotopes of the siderophile noble metals which are
potentially useful for NAA purposes. This table was compiled from data
listed in Lederer and Shirley (1978) and is slightly modified from one
provided by F. Kyte.
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This procedure was tested twice with radioactive tracers to
evaluate yields and variations in laboratory technique.

Aliquots were

removed at each step in the procedure and later measured with NAA to
determine the amount of each element remaining at each step.

Table A.7

lists the yields of the two tests.

Table A.7:

Element

Chemical yields of tracer experiments

First Experiment

Second Experiment

% yield

% yield

Pd

4.3

22.2

Re

9.9

14.3

Ir

14.0

45.5

Au

23.4

29.3

Substantial yield improvements were realized for most elements in
the second tracer experiment due to a combination of factors.

Washing

precipitates, particularly the initial chloride precipitate, reduced
losses substantially for all elements.

Most of the Pd is lost because

the dimethyglyoxime precipitate is incompletely formed and because the
precipitate is difficult to recover from the walls of the centrifuge
tube.

Washing the centrifuge tube and recovering the precipitate on a

filter paper increased the yield significantly.

Re and Ir yields
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improved greatly by employing a resin manufactured by Ayalon water
Conditioning Co., Ltd., Haifa, Israel.

(The other resin tested was

provided by D. Curtis of the Los Alamos National Laboratory.)
Approximately three times less Re and eight times less Ir was retained
on the Ayalon resin after elution (See Table A.8).

Employing only the

Ayalon resin would result in a doubling of yields for these two
elements; this would bring Ir yields to -90%.

Au yields were probably

low in both experiments as a result of evaporating the solution with
the sulfide precipitate overlong leading to its redissolution.

Ru

tracer was added to see how it responded to the resin, although the U
fission product would generally overwhelm any signal in a
sediment.

KIT boundary

Table A.8 shows the results of monitoring losses at each

step in the procedure during the second tracer experiment.
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Table A.8:

Partitioning of radioactive noble metal tracers

Procedure step

Per cent of element retained

Ru irradiation vial

0.6

0

C

0

0

Pd

0

3.5

0

0

0

0

0

0.5

l.4

0.5

First chloride ppt.

4.5

4.4

4.2

4.1

3.9

Second

2.6

2.3

2.1

2.3

2.1

Column washings

15.1/ 0.2/
12.7 0

0.1/
0

5.1/
4.2

5.3/
0

Pd-Au elution

7.2/
4.6

49.5/ 7.2/
45.9 0.3

0.3/
0.2

48.9/
44.2

Re-Ir elution

5.7/
2.2

0.5/
0.8

35.3/ 0.2/
10.9 0.8

Resin after elutions

24.8/ 3.0/
40.0 7.8

29.6/ 6.2/
81.1 47.1

Re-Ir product

7.9

0.7

14.3

45.5

0.8

Sulfur ppt. supernate

9.6

7.4

0.2

0.2

50.4

Au product

0

1.2

0

0

29.3

Pd aqueous

2.3

105.7 1.0

0.2

0

Pd DMG washings

0.9

17.8

0.2

0.1

0

Pd product

0

22.2

0.1

0

0

Re,Ir,Au

"

6.8/
0.3

1. 6/
10.9

The double values reported for the four steps associated with the
resin refer to the two different types of resins tested by splitting
the tracer solutions in half. The upper values are results from using
the Ayalon resin; the lower results are from the resin provided by D.
Curtis. The former resin performed better during elution, retaining
much less of the noble metals.
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APPENDIX B - EXPLORATION

B.l:

PUU~

FOR THE CHICxuLUB CRATER

Research Potential

The discovery of a large buried crater on the Yucatan Peninsula,
which may be the KIT boundary crater (Penfield and Camargo Z., 1981;
Hildebrand et al., 1991; Chapter 5), opens up the possibility of major
gains in our knowledge of the KIT boundary event and the cratering
process at large scales.

A strategy based on current knowledge is

presented here for exploring the crater by drilling.

Parts of this

plan may need modification if studies of additional proprietary data
already acquired by Petr6leos Mexicanos result in changes to the
current interpretations.

If arrangements can be made to inspect the

data acquired for petroleum exploration purposes in the area, this
would be a very useful and productive aid towards guiding future
exploration of the crater.

Also, existing samples from divers

collections may answer some of the questions posed here, although how
much material from previous drilling may still be preserved is not yet
known.

The picture we currently have of the crater is outlined in

Chapter 5.

Additional samples are required to detail the effects and

age of the impact and to explore the Chicxulub crater's suspected
relation to the KIT boundary ejecta layers and mass extinction.

B.l.l:

Shock metamorphism
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~~ile

the presence of shocked minerals has been established

(Hildebrand et al., 1991) drilling will provide large quantities of
material for searches of the whole spectrum of shock metamorphic
effects.

For example, the high pressure silica polymorphs, coesite and

stishovite, are most sensitively sought for by dissolving large amounts
of sample (i.e. kilograms) and studying the residues.

B.l.2:

Petrology of impact melts and age dating

Comparing the major-, minor- and trace-element compositions, and
isotopic compositions, of the crater's andesitic-composition glass (and
the proximal-ejecta melt glasses if found) to the K/T boundary
tektites, could incontrovertibly establish the Chicxulub crater as the
source of the K/T boundary tektites.

Having numerous samples of

different lithologies, including homogenous glasses, would allow the
most accurate possible determination, using a spectrum of existing
radiometric techniques, of the age of the crater and the K/T boundary
(assuming the crater is the K/T boundary crater).

B.l.3:

Biostratigraphy

Carefully recovered drill-core samples are required to allow
precise biostratigraphic studies to be done with microfossils, and
possibly macrofossils, to establish if the crater was formed at the
paleontological K/T boundary.

Modern biostratigraphic definitions of
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the boundary require sample control to the centimetre scale (depending
upon the sedimentation rate of the section) to resolve all possible
fossil subzones.

Biostratigraphy will probably supply the most precise

age constraint for the crater relative to the KIT boundary.
Furthermore, the assemblages found by these studies in the latest
Cretaceous sediments will constrain the water depth at the time of
impact, which will allow better modelling of the event particularly
with regard to the size of waves generated in the ocean.

B.l.4:

Magnetostratigraphy

Magnetostratigraphic studies of a complete stratigraphic section
will establish, assuming sedimentary lithologies with suitable magnetic
and biostratigraphic characteristics are present, if the impact
deposits are in magnetozone 29R.

Doing magnetostratigraphic studies in

what is effectively a very high sedimentation rate section will test
the validity of the possible normal event in magnetozone 29R reported
by Lerbekmo et al. (1991).

This possible normal event straddles the

KIT boundary and, if its detection is valid, implies that the deposits
resulting from the cratering process will exhibit normal remanence.
However, the magnetic data reported by Hildebrand et al. (1992) and
Sharpton et al. (1992) indicate that the melt-rock sequence is
reversely polarized.

B.l.S:

Cratering process
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Study of the Chicxulub crater will provide insights into all
aspects of the cratering process regardless of the
implications.

KIT boundary

The crater is among the largest (at -180 km diameter)

known impact craters on the Earth, but is young and buried, and,
therefore, well-preserved.

Many well-preserved small craters are

available for study, but the largest previously known craters, Sudbury
and Vredefort (both of -140 km diameter), are old, deformed and deeply
eroded.

Studying the Chicxulub crater will provide constraints at the

large end of the size range of terrestrial craters, which is the most
poorly understood area.

For example, impact-induced volcanism has

often been suggested as a possible consequence of large impacts,
although no substantial evidence has ever been found to support the
theory.

As a very large crater, Chicxulub might have induced volcanism

if any crater could.

Drilling will provide samples of the rocks

described as tuffs to see if they are mis-identified impact breccias or
are, in fact, tuffs.

However, if the "tuffs" are found to be impact

breccias, then postulated theories of impact-induced volcanism will
have to account for an additional negative observational constraint at
the largest known Phanerozoic crater.

Furthermore, Chicxulub is

similar in size to the Sudbury impact structure which probably has a
differentiated impact melt body (Grieve et al., 1991).

A deep drill

test of the interior of the crater will establish if the Chicxulub
impact melt body is differentiated and if a layer of immiscible
sulfides (with possible economic potential) lies at the bottom of the
melt pool.
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Study of this crater will allow an extraordinary opportunity to
investigate impact ejecta dispersion.

The Chicxulub crater's

geological youth has allowed preservation and easy location of its
ejecta at hundreds of localities around the globe,

asslli~ing

it is the

KIT boundary crater, and new localities are discovered every year.
More is already known about ejecta dispersion from this crater than any
other large terrestrial crater (See Chapter 4 for a discussion of the

KIT ejecta), and as the proximal ejecta is described and added to the
synthesis a comparatively complete understanding of the ejecta blanket
should be achievable.

B.2:

Proposed Drilling Sites

Figure B.l shows the suggested locations for drillholes to
provide samples for the purposes described above.
have all been sited for easy access.

The

sh~llow

The proposed holes
holes outside the

crater are easy targets for continuous coring, diamond drilling.

The

two deeper interior holes require large diamond-drill rigs and
petroleum exploration rigs could be employed as an alternative, but
would not have the advantage of providing continuous cores as do
diamond drills and are more expensive to operate.

If oil rigs are

employed, one possible option would be to reoccupy and deepen the
extant wells Merida-2 (drilled to -800 m depth), located east of Y-6
near Merida, or Progreso-I, located west of C-I.

Deepening either or

both of these holes would provide useful samples and information of the
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Figure B.l: Locations of proposed drillholes for the prel~m~nary
exploration of the Chicxulub crater and its proximal ejecta blanket.
For a detailed discussion, see text. The contour plot shows Bougueranomaly gravity data (contour interval = 2 mGals) covering the
northwest corner of the Yucatan Peninsula, Mexico (Modified from
Hildebrand et al., 1991; Figure 5.2). The outermost heavily dashed
circle shows the margin of a circular negative gravity anomaly. The
two other circles show concentric lows within the negative anomaly;
their center is indicated by a cross. The dotted line represents an
ENE-trending regional lineament which truncates the anomaly. The two
lightly dashed lines indicate the positions of profiles shown in Figure
5.3. The dark solid lines near the top of the figure indicate the
positions of two seismic reflection profiles.
The alternating shortand long-dashed line indicates the position of the fracture-pattern
ring described by Pope et al. (1991); its center is indicated by an
"X". Small open circles indicate positions of exploration wells
drilled by Petr6leos Mexicanos:
C-l, Chicxulub-I; S-l, Sacapuc-l; Y-l,
-2, -6, Yucatan-l, -2, -6; T-l, Ticul-l. Larger, numbered, solid
circles (1 to 4) indicate locations of proposed exploration drillholes.
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crater's impact-generated stratigraphy.

Four proposed holes are

described here as a compromise between economic constraints and the
desire to completely understand the Chicxulub crater.

The most

important unknown about the crater relative to the KIT boundary is its
age, although the radiometric constraints provided by Swisher et al.
(1992) strongly indicate a KIT age; this question can be answered
definitively by drilling only the two shallow holes outside the crater.

Drillhole #1 (DH #1 - 400 m) - This hole is sited alongside the
Yucatan-2 (Y-2) well (Figure B.l) to provide samples from the known
ejecta blanket with a high probability of success.

Hildebrand et al.

(1991) describe an ejecta clast and shocked minerals from a 90-m-thick
breccia which they interpreted as the proximal ejecta blanket.

This

breccia was logged as the uppermost Cretaceous unit in the Y-2 well as
expected for KIT boundary ejecta.

Drilling here should allow recovery

of a complete section of the ejecta blanket.

Complete recovery of the

enclosing stratigraphy should allow precise det8rmination of the
ejecta's position relative to that of the KIT boundary from
biostratigraphic studies. Detailed studies at the top of the unit may
also reveal the presence of the -3-mm-thick fireball layer, the
globally-preserved marker bed for the KIT boundary, although this will
also require complete core recovery.

Based on data currently

available, the targeted depth for this hole should be -400 m.

Wedging

off the first hole above the ejecta blanket, to drill a second complete
section of this critical interval, should be done if possible.
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Drillhole #2 (DR #2 - 500 m) - Tnis hole is sited alongside the
Yucatan-l (Y-l) well (Figure B.l) to potentially provide samples from
the ejecta blanket at a different locality.

Lopez Ramos (1975)

describes an l75-m-thick breccia as the uppermost Cretaceous unit in
this well which may also represent the ejecta blanket.

No known

samples are currently available to test this possibility, however.

If

the ejecta blanket is present, the same studies could be carried out as
for DH #1, as well as comparative studies between the two deposits.
Based on data currently available the targeted depth for this hole
should be -500 m.

Drillhole #3 (DH #3 - 1700 m) - This hole is sited near, but east of,
wells Chicxulub-1 (C-1) and Sacapuc-l (S-l) on the axis of the inner
(35-km-radius) gravity low (Figure B.I).

A deeply-targeted hole

drilled at this site will allow recovery of samples for most of the
research opportunities listed above.

The position, only -10 km east of

Sacapuc-l, is proposed so that similar stratigraphy will probably be
intersected, including a thick andesitic glass unit overlying the
microcrystalline andesitic rocks.

The position of DH #3 is close

enough to the two previously-drilled wells C-I and S-l so that detailed
correlations might be made to their logs.

This site will test the

possibility that the interior, ring-shaped, gravity lows are due to
peak-rings formed of low-density breccia as suggested by Hildebrand et
al.

(1991).

Samples from this drillhole will allow measurements of

magnetic susceptibility, specific gravity and seismic velocity for most
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of the units known within the crater.

Availability of these

petrophysical data would allow more accurate modelling of the
previously acquired geophysical data.

Finally, the basal sediments of

the crater-fill sequence may be studied to see if they represent the
base of the Tertiary section, and if the fireball layer rests on top of
the intracrater breccias.

This would not be as complete a

stratigraphic constraint as is potentially available at the two
proposed drilling sites exterior to the crater.

There the sediments

underlying the ejecta blanket may also be examined to see if they are
of uppermost Cretaceous age, thus allowing a bracketing of the age of
the ejecta deposit.

Also, the early crater-fill stratigraphy might be

abiogenic if the impact melt pool was cooling fast enough to keep an
extensive hydrothermal system communicating to the floor of the crater.
If a completely or partly abiogenic environment was maintained for a
duration exceeding those of the basal Paleocene fossil zones, the
necessary biostratigraphic resolution might not be obtainable inside
the crater.

Wedging off the first hole to drill-duplicate the base of

the crater-fill sequence and the uppermost intracrater breccias should
be done if possible.

Based on data currently available, the targeted

depth for this hole would be -1700 m.

Drillhole #4 (DH#4 - 1700 m) - This hole is sited west of the C-I and
5-1 wells towards the western side of the crater on the axis of the
outer (60-km-radius) gravity low (Figure B.l).

A deeply-targeted hole

drilled at this site will allow a test of the outer portion of the
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crater on the west side.
Hildebrand et al.

Tne interpretation of the gravity data by

(1991) placed the crater rim -30 km farther to the

west versus -10 km as inferred by Pope et al.

(1991).

Pope et al.

placed the rim position based on assuming that the position of the ring
defined by fracture patterns and cenotes represented the crater's rim.
DH #4 could probably provide enough constraints to choose between these
two interpretations, while also testing the theory that the outer,
ring-shaped, gravity low is due to a second peak-ring.

This hole could

also be located slightly further west along Route 25 to more closely
test the suggested rim of Pope et al.

(1991).

This location would also

avoid placing both the suggested deep holes on the possible peak-rings
in case they represent topographic highs where the basal sedimentary
sequence is not preserved.

Because it is located near the margin of

the fractures, it might also provide evidence of what geological
feature influences the development of the fractures and the resultant
groundwater flow.

Tnis hole is sited -20 km west of Yucatan-6 (Y-6),

which might allow detailed correlation between DH #4 and Y-6.
Exploration of the stratigraphy under the microcrystalline andesitic
rock is possible if the anhydrite reported from the base of the Y-6
well indicates the melt pool was only 380 m thick at that locality.
Indeed, because this proposed hole is -10 km farther from the center of
the crater than the Y-6 well, the melt pool may be thinner or not
present at all.

Finally, DH #4 is crudely on line with the others

previously drilled and proposed here so that a detailed profile can be
constructed parallel to the coastline through the crater.
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B.3:

Detailed exploration possibilities

After completing this series of preliminary exploratory
drillholes, a much more detailed investigation of the structure might
be undertaken.

For a thorough understanding of the crater a radial

"fence" of holes should be attempted, but how closely holes might
usefully be placed will probably not be known until the results of a
preliminary drilling program like the one proposed here are in hand.
For example, with measured samples to constrain geophysical modelling,
interpretations of magnetic, gravity and seismic data may be accurate
enough to remove the need for comparatively closely-spaced holes in
some areas.

Also, it is unknown if the two proposed new holes might be

closely correlatable with the existing wells; if they are found to be
correlatable, then narrower spacings are not required.

Structurally

complicated areas, such as the crater terraces near the rim, may
require closer spacings than elsewhere to provide a complete
understanding.

A line of drillholes would be best coordinated with a

dedicated reflection seismic profile so that holes could be located to
provide the most useful data.

If such a fence of drill holes is

attempted, then a line running to the southeast would probably be best,
because the crater rim seems better-defined geophysically on the east
side.

Also, the terrain is emergent for the greatest distance in that

direction, allowing the cheapest possible drilling.

Petr6leos

Mexicanos may have proprietary data and samples in hand, which if made
available to the crater exploration effort, could mean that the most
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useful orientation for a fence of holes would be to tie into existing
oil wells in some other direction.
Another possibility is that a very deep (>10 km) hole could be
drilled in the center of the Chicxulub crater to test the impactgenerated stratigraphy to the limits of capability of the drilling rig.
This effort would supply useful samples and data for modelling the
crater's geophysical signature and fill in the picture of the effects
of a large impact.

For example, the thickness and stratigraphy of the

melt pool and the attenuation of shock effects with depth could be
explored.

Because the central melt pool is probably several kilometres

thick, a deep hole is required to test for differentiation in the melt
sheet and to determine if a sulfide layer occurs at its base.

It would

also provide constraints on the magnitude of the displacement of the
central uplift and control for the modelling of deep seismic studies.
A simple model calculation suggests that the impact may have uplifted
mantle rocks under the crater to within the reach of drilling if the
continental CIoust was -30 km thick at the time of impact (Ewing et al.,

1960).

The crater has a calculated excavation depth of -15 km and

structural uplift of -18 km (Hildebrand et al., 1991; Chapter 5) so
that half of the continental crust at the center of the crater may have
been removed.

Therefore, rocks of the lower continental crust should

certainly be reach of a large petroleum exploration rig sited over the
structural uplift.

Two complementary deep holes, one drilled in the

crater but off the central uplift, and one just outside the crater rim,
would allow as complete a comparison of pre- and post-impact
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stratigraphy as possible.

Because the Chicxulub crater is so large,

only very deep holes by the measure of current technological capability
(even off the central uplift) would allow penetration through the
entire sequence of impact-generated stratigraphy to the undeformed
rocks below.
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