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THE

CRETACEOUS-TERTIARY

MULTI-EVENT
D. Kramar
U.

BOUNDARY

AT BJALA,

EASTERN

BULGARIA:

EVIDENCE

FOR

A

SCENARIO.
T. Adatte i, G. Keller 2, Stoykova, K.H 3, Ivanov M.I. 4, Minkovska, V. 4, Vangelov 4,
5, and StUben I3. 5. I Institut de G6ologie,
11 Emile Argand, 2007 Neuchfitel,
Switzerland,

thierry.adatte@geol.unine.ch.
2 Department of Geosciences,
Princeton University, NJ 08544 USA. 3 Geological
Institute of Bulgarian Academy of Sciences, 113 Sofia, Bulgaria. 4 Sofia University "St. Kliment Okhridski", 1000 Sofia,
Bulgaria. 5Geologisches Institut, Universitaet Karlsruhe 76128, Germany.

We report the results

of preliminary

investigations

of two

K-T boundary sections which are about 1.2 krn apart and
located near Bjala in eastern Bulgaria. The study is based
on high resolution
sampling,
lithological
observations,

L

L--

m

biostratigraphy,
bulk rock and clay mineralogy
and
geochemistry.
At the Bjala-2
section
the uppermost
Maastrichtian
consists of alternating
grey marls and
marly limestones
with an undulating
upper
surface.
Overlying this surface is a variably 3 to 6 cm-thick dark
grey clay layer that contains
common
reworked
late
Cretaceous
planktic foraminifera
and rare P. eugubina.
The age of this clay layer could be either P0 or mixed
with the overlying Pla assemblage.
An Ir anomaly of 11.6 ppb is present. A marly limestone with a diverse
early Danian zone Pla planktic foraminiferal
assemblage
overlies the clay layer. The undulating erosional surface
of the Maastrichtian
limestone layer, the variably thick

N
L--

clay layer, and the mixed foraminiferal
assemblage
all
suggest an incomplete
sequence
due to erosion and/or
non-deposition.
A more continuous sequence
the K-T transition consists of
hemipelagic
limestones with
Agewise
the section
spans
Micula
Prinsii
zone
to

w

W!

1

is present at Bjala-1 where
alternating marls and marly
two thin dark clay layers.
from Late Maastrichian
the Early
Danian
zone

NPl(Biantholithus
sparsus) and NP2 (Cruciplacolithus
tenuis, 1-2). Lithoiogical
examinations
at the cm-interval
reveal a complex depositional
history. The top of the
uppermost
Maastrichtian
grey marly limestone
has an
irregular,
bioturbated
(chondrites)
surface
which
is
overlain by a 1-3 cm-thick dark grey to black clay. This
clay-layer-1,
which is nearly devoid of calcite, marks the

I

K-T boundary since it contains a P0 planktic foraminiferal assemblage
(as well as common
reworked
late
Cretaceous
species), though it contains a very low iridium concentration
of <0.5 ppb. In contrast,
(3) earlier
reported
a mega Ir anomaly of 6.1 ppb from the K-T
boundary of this section, though he did not mention the

D

presence
of a second clay
by a 10 cm-thick
marly
bioturbated
(Chondrites)
surface
that suggests
a

layer. Clay
limestone
and has an
period of

layer-I is topped
which is strongly
undulating
upper
reduced
or non-

deposition.
A 10 cm-thick marl layer overlies the marly
limestone and contains abundant Parvularugoglobigerina
eugubina
and other early Danian species
indicating
W

B
m

deposition during zone Pla. No significant Ir enrichment
is observed in either the marly limestone or marl layer.
So far the sequence of events at Biala-1 parallels that of
other continuous
K-T boundary sections. What is different is the second 1-2 cm-thick clay layer that overlies the
marl layer. Clay layer-2 is enriched in Ir (0.22 ppb) and
Pd (1.34 ppb) and may correlate with the second Ir peak
detected (3). A diverse early Danian zone Pia planktic
foraminiferat
assemblage
is present including abundant
P. eugubina.
The presence of a distinct clay layer and a
very diverse and evolutionarily
more advanced
faunal
assemblage
in clay layer-2 indicates that this represents
a
separate event from clay layer-1 below, which occurred
at least 100 ky after the K-T boundary event.
ence of the second Ir anomaly is an enigma.

The presIt can be

explained by either reworking of the K-T Ir anomaly that
is represented
in clay layer-l,
or by a second event. We
believe that the latter is more likely because there is
increasing evidence
of a second Ir-bearing
event in the
early Danian zone Pla in Haiti (4), Guatemala
(5; 6) and
Brazil (7). We therefore
suggest a multi-event
scenario
with a second impact, or volcanic event,
Danian following the K-T boundary event.

in the

early

References:
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Although

the Permian-Triassic

thought

to have

tinction

in Phanerozoic

derstanding

been the greatest

with the advances

z

pecially

mass

rare and seldom

is

Nevertheless,

ex-

time, progress

it has been

understanding

(PT) event

cepted.

over the last two decades
mass extinctions,

the Cretaceous-Tertiary

in
es-

ments

sea-level

(KT) event.

been

on the Permian-Triassic

impeded

event

has

by the fact that the 250-Ma

PT

event
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correlation

for global

fossils
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PLANKTIC

FORAMINIFERAL

MASS EXTINCTION

ACROSS

THE

K/T BOUNDARY

m

AT LA CEIBA

AND BOCHIL (MI_XICO):
A COMPARISON
WITH EL KEF STRATOTYPE
(TUNISIA).
Ignacio Areniilas l, Laia Alegret l, Jos6 A. Arz 2, Esteban Cedillo-Pardo 3, Jos6 M. Grajales-Nishimura
3, Carlos Liesa l, Alfonso
Mel6ndez 1, Eustoquio Molina 1, Carmen Rosales 3, and Ana R. Sofia l, 1Facultad de Ciencias de la Tierra, Universidad
Aut6noma de Nuevo Le6n, Linares, MEX- 67700, Mexico, 2Departamento
de Ciencias de la Tierra, Universidad de
Zaragoza, E-50009, Spain, 3Gerencia de Geociencias,
Subdirecci6n de Exploraci6n y Producci6n, Instituto Mexicano de Petr61eo, D.F., MEX-07730,
Mexico.

A micropaleontological
study across
the
Cretaceous/Tertiary
(K/T) boundary
from La Ceiba
and Bochil sections (Mexico)
was performed to examine K-T planktic foraminiferal
biostratigraphy
and
assemblage
turnover. These sections with the El Kef
stratotype (Tunisia) to analyse the planktic foraminiferal extinction pattern across the K/I" boundary and
the cause-effect
relation between K/T planktic foraminiferal mass extinction and Chicxulub impact.
At La Ceiba, the K/T boundary is marked by
a >1 m-thick clastic unit, intercalated
between
two
pelagic
marly units (M6ndez
and Veiasco
Formations) and displays
a general finning upwards
sequence
similar to a turbidite
sequence.
This unit
contains a basal subunit with Calcareous marls rich in
millimetre-size

spherules

(microtektites)

altered

to

clay minerals
and shocked
quartz.
The sedimentological
features of La Ceiba support an impactgenerated
sediment
gravity
flow genesis at lower
bathyaI depths (more than 1000 m according to benthic foraminiferal
assemblages).
The clastic unit was
deposited
under a high sedimentation
rate in upper
flow regimes and emplaced in a single-pulse event as
turbidites.
At Bochil, the K/T boundary is represented
by a finning upwards ciastic sequence that can be
subdivided
into three main subunits: (a) >60 m thick
basal coarse carbonate breccia with blocks of up to 23 m in diameter,
followed
by, (b) a 4 m thick medium-grained
breccia, including a 2 m thick bed with
round calcareous objects in a whitish matrix, and (c)
a -2 m thick sandstone
to claystone
subunit with
abundant
loose benthic
foraminifera,
altered glass
fragments
and shocked quartz. The Ir anomaly was
reported
from the clay topping the sequence.
We
interpreted
that the basal coarse breccia represents a
gravity
flow deposit formed
by seismic
shacking
triggered by the impact at Chicxulub.
Subunits b and
c were originated
by a combination
of mechanisms
including
ballistic
sedimentation
(ejecta deposits)
later reworked and mixed with local material by the
backwash
of the tsunamis.
The Iridium-bearing
uppermost part of the subunit c represents the wanning
stage of turbulent flow where sediments are deposited
by settling of fine-grained
suspensions.
The strati-

graphic and micropaieontoiogical
studies support this
interpretation.
The E1 Kef section was officially designated
the K/P boundary global stratotype
section and point
(GSSP) in 1989 at the 28th International Geological
Congress
in Washington.
The K/T boundary
was
defined at the base of a 50-60 cm thick marly clay
layer, which is intercalated
between
Maastrichtian
and Danian pelagic marly sediments. The basal part
of the K/T boundary clay at El Kef stratotype has an
ir anomaly, crystalline microspheruies
(altered microtektites),
Ni-rich spinels and shocked minerals.
According
to the K/T stratotype definition from El
Kef (Tunisia), the K/T boundary at La Ceiba must be
placed
at the base of the clastic (microspherules)
layer since it is equivalent to the base of the boundary
clay at El Kef. Similarly, the K/r boundary at Bochil
must be placed at the base of the K./T sandstone complex just below
bris-flow.

the impact-generated

polymict

m
m
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m
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I

m

u

i
l

m
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de-

We considered five biozones: Abathornphalus mayaroensis
Biozone
and Plummerita
hantkeninoides Biozone (Cretaceous),
Guembelitria
cretacea
Biozone, Parvularugoglobigerina
eugubina Biozone
and Parasubbotlna
pseudobulloides
Biozone (Terti'
ary). The bases of these biozones were placed at the
first appearance of the eponymous
species, except for
the base of-G. _retacea
Biozone
which was situated
at the last appearance datum of A. mayaroensis,
precisely at the K/I" boundary. Since Pv. eugubina and
Pv. longiapertura
are considered synonyms by some
authors, the Pv. longiapertura
FAD has frequently
been used to situate the base of the P0, which is not
exactly equivalent
to the Pv. eugubina Biozone we
used_ These five biozones were recognized at El Kef.
At La Ceiba, a hiatus affects the lower part of the
Danian, including Guembelitria
cretacea
and Parvularugogiobigerina
eugubina
Biozones
and the
lower part of the Parasubbotina
pseudobulloides
Biozone. At Bochil, we only studied the lower part of
the G. cretacea Biozone (approximately
P0 zone and
lower part of P1 zone).
Terminal Maastrichtian
planktic
foraminiferal assemblages
were very abundant and diverse at
La Ceiba (Gulf of Mexico)
as well as El Kef
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(Tethys). These assemblages
included 67 stable identified species at El Kef and 63 species at La Ceiba. At
E1 Kef, 1 (1.6%) species disappeared
in last meter of
the Maastrichtian,
46 (74.1%)
species at the K/P
boundary
and 15 (24.2%)
ranging into the earliest
Danian. At La Ceiba, nearly all Maastrichtian
planktic foraminiferal
species
were found in the last
Maastrichtian
sample and there was no support for a
gradual mass extinction
pattern in the terminal Cretaceous. This pattern of catastrophic
mass extinction
constitutes
the largest and most sudden extinction
event in the history of planktic
foraminifera
and is
very compatible with the possible catastrophic
effects
caused by the impact of a large extraterrestrial
asteroid. Furthermore,
a planktic foraminiferal
evolutionary radiation occurs in the earliest Danian. This radiation always begins above the K/T boundary
and
never below, which also is very compatible
with the
impact theory.
Danian
planktic
foraminiferal
species
evolved
sequentially
in K/T boundary
continuous
sections. Since these gradual Tertiary species appear
over an extensive stratigraphic
interval at the lower
part of the Danian from El Kef, this section is considered one of the most continuous
and expanded
marine K/T boundary sections known at the Tethys. The
comparative
study of Tethyan and Gulf coast sections
helps identify four quantitative
stages in the planktic
foraminiferal
population in the lowermost part of the
Danian. Initially, the planktic
foraminiferal
assemblages were dominated
by Guembelitria
(Stage 1).
This stage spanned the lower part of the G. cretacea
Biozone
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and Globoconusa
and it spanned
the G. cretacea
Biozone and the
Pv. eugubina
Biozone. Later, ChiWoodringina
were the most abun-

dant (Stage 3). This stage spanned the upper part of
the Pv. eugubina Biozone and the P. pseudobulloides
Biozone. Finally, they were replaced in abundance by
Eoglobigerina,
Parasubbotina,
Praemurica
and
Globanomalina.
The partial or complete
identification of these stages allowed us to further recognize
and quantify the hiatus span across the K/T boundary,
since these stages do not depend
on problematic
taxonomic
assignments of species.
All stages were identified
in the El Kef
stratotype.
On the contrary,
Stages 1 and 2 were not
identified
at La Ceiba and Stages 3 and 4 were not
studied at Bochil. The simultaneous
first tertiary
planktic foraminiferal
appearances
at La Ceiba sections mark a hiatus that also affects the lower part of
the Danian. This hiatus did not allow us to investigate
the last and first appearance
datum of possible Maastrichtian survivor species and new Danian evolving
species at La Ceiba. However,
the identification
of
the Stages

1 and 2 at Bochil

is very significant

be-

cause it supports two views: (1) the K/T boundary
and mass extinction
are placed
below the impactgenerated polymict debris-flow
and sandstone
complex; (2) the planktic foraminiferal
evolutionary
radiation also occurs just above impact-generated
complex sandstone in Gulf of Mexico. Consequently,
our
micropaleontological
and sedimentological
evidence
are consistent
with the K/T impact theory
asteroid impact on the Yucatan peninsula.

and the

sy/ J
6

Catastrophic

Events

Conference

m
i
mira

SHOCK
METAMORPHIC
EFFECTS
CAUSED
BY IMPACTS
V.V.Shuvalov
Institute for Dynamics
of Geospheres,
38 Leninsky
art@idg.chph.ras.ru,

INTO WATER
prospect,
Moscow

BASIN.
117979,

N.A.Artemieva,
Russia. E-mail:

shuvalov @id_.chph.ra.ru
g

Introduction.

The most

part of asteroids

should

hit the ocean, but modern geological
data reveal an
appreciable
deficiency
of underwater
craters. At least,
two reasons are evident: impact cratering is weakened
by water column and even giant crater is crushing by
dynamic plate-tectonic
movements
on the crust. However, impact affected materials may conserve beneath
the bottom
and may be found during ocean drilling
projects.
Numerical
simulations
of the impact,
including estimates
of maximum
pressure value in the
material, allow to estimate the size of shock zones at
the bottom and to define the region of fine-grained
ejecta (microtektites)
deposition.
Shock metamorphism
(SM) is a set of physical,
chemical
and mineralogical
changes in the rocks under the shock loading. Most crystalline solids undergo
structural
rearrangements
at successively
higher pressures (in the range of 5-40 GPa) or melting (at the
pressure above 50-60).
Numerical
simulations
of the meteoroid
impacts
into the ocean [ 1-3] have been conducted for huge impactors with diameter exceeding
the ocean depth. Undeniably, these impactors reach the ocean floor, form
underwater
crater (with SM) and giant waves. But it is
not clear yet whether it is possible to find shock zones
for smaller impacts?
What are the critical impactor
size, impactor velocity and ocean depth?
Laboratory
experiments
[4,5] have demonstrated
that strong bottom effects (SM) may be found, if the
ratio of ocean depth to impactor diameter is less than
2.5, and some other signs may be found if this ratio is
less than 25. However,
these results were obtained for
the small (2.5-5 km/s) velocities.
Extrapolation
of the experimental
results to the
velocities typical for asteroids (15-30 km) can lead to
the mistakes, because the depth of the impactor penetration into water (and, hence, shock wave in water)
strongly
The
problem
SOVA

depends on the velocity.
main purpose
of this paper is to study the
using detailed
numerical
simulations.
The
multi-material
hydrocode
[6] is applied
to

model the impact. We use ANEOS [7] for impactor
and ground material and Tillotson EOS [8] for water.
To determine
maximum pressures
in the floor material, we use tracer particles, which are initially placed
near the impact site and than move together with the
material and note maximum pressure value for appropriate

mass particle.

About

30 - 50 thousands

markers

are usually used.
Three regions
of shock compression
are recognized in our calculations:
first - above 60 Gpa (melting), second - between
40 and 60 GPa (incipient
melting),
third - above 15 GPa (low pressure
phase
LPP - high pressure phase HPP transformations).
Hydrodynamic
equations descriptive of the impact
process are self-similar,
i.e. they do not change if we
multiply all linear dimensions
and time by constant
value, except of the gravity, which is not essential at
the initial stage of the impact and hydrostatic
pressure
on the floor, which is small (0104 GPa) in comparison
with the shock pressure
necessary for SM. Thus, the
results for the one fixed value of impactor
diameter
(1 km in this study)
ameters.

can be recalculated

II

W

m

to all other di-

Impact
into deep water. First we model the impact into water without floor and define pressure in
the shock as a function of water depth. In a wide range
of the impact velocities
(from 15 to 40 km/s) we can
see two sharply distinguished
regions of the shock
wave decay: isobaric core (depth/diameter
ratio is less
than 2), where shock pressure is proportional
to r-°15
and far region where pressure drops quickly, as r3.
For the lowest velocity
under consideration
(15
km/s) melting does not take place, if the ocean depth
exceeds two impactor diameters. Any floor effects are
not evident
(pressure
is less than 5 GPa) for depth
greater than 6. In the case of highest velocity of 40
km/s sufficient amount of melting may be found at the
oceanic depth of 4 impactor diameters. Pressure drops
below 5 GPa at the distances of 8 impactor diameters.
Vertical impact into finite depth water. To take
into account the complex flows near the floor and to
determine the size of shock affected region numerical
modeling of the vertical impact is performed for various oceanic depths and for various impact velocities.
Strong shock waves are well visible in water and
in the floor. Excavation
of the water crater leads to
strong upward flow. It is just the flow, which leads to
surge formation later. It is easily seen that crater formation in the floor is associated
with highly compressed water, which operates as a giant piston, not
with the impactor itself.
Variations
of the impact velocity from 15 to 40
krn/s with fixed oceanic depth of 2 km have shown
that in the case of low velocities (15-20 kin/s) impactor does not mix with the floor material and for higher
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impact velocity it is mixed with the floor strongly. The
size of the bottom crater increases with the increase of

the impact velocity - the same effects may take place
for higher velocity or for smaller impactor size.

the velocity. Certainly,
it is not the final shape of the
c1'ater. Later excavation
stage begins, but in the case
of underwater
crater this stage is far weaker than in

Oblique
impact.
The most probable
angle of the
impact equals 450 . We model oblique impact with ve-

the case of solid-solid
impact, because, first, impact itself is weaker due to water layer, and second, excavation is bounded by water, filling water crater.
It is well seen that mass of shock modified material sharply increases with velocity increase. Layers of
bottom material, affected shock compression,
have a
spherical shape. They are clearly separated and are not
mixed, at least at this stage of the impact. Even for the
smallest velocity of 15 km/s the substance is melted in
the shock. For the case of highest velocity of 40 km/s
the zone of melting is positioned
2 km below the
ocean floor, and the zone of HPP 4 km below it.
=

[

locity of 20 km/s into ocean of 1-2km depth.
t=0. ls

t=0.25 _,

Fig.2. Density distributions

t=0.6

for the oblique impact.

Shock wave in the water is not hemispherical
- it
is weaker behind the impactor, and stronger in the direction of its flight (Fig.2). Bottom
crater is more
shallow.
Two parts of this crater may be distinguished: the first is associated
with initial shock in the
water, the second is connected
with additional
compression from the near-floor
impactor.
The projectile
does not reach the floor, some parts of the projectile
separate from it very early and move upward together
with water excavation.
The total mass of shock modi-

D

n
w

" Fig.1. Density distributions in 1 s after theim-pact
different ocean depth. Impact velocity equals 20 km/s.

for

Variations
of oceanic depth with Constant impact
velocity of_20 km/s (Fig.l) have Shown that for shalm

M

H

low water impact underwater
crater practically
looks
like the impact crater without water layer. The ejecta
cu!_$ain begins to form, as the rim of the crater cavity
moves upward and outward. But the maximum
pressure in the floor
is approximately
2 times lower
than in the case of solid-solid
impact. For oceanic
depths exceeding
two impactor
diameters,
tile influence of the water layer is important.
This layer
strongly smoothes
down impact effects. Underwater
crater looks like a shallow bowl - the deeper is the
ocean,
the more shallow
is the bowl. For oceanic
depth

of 4 km underwater

crater

is practically

invisi-

ble_ Pressure markers favor the great role of the wate L
layer thickness.
For the depths exceeding
two impactor diameters,
high pressure
modifications
of quartz
m

w

W

do not arise, and mass of quartz, exposed:to
pressures
above 15 GPa, sharply diminishes.
Summarizing
results on the vertical
impact,
we
can say that increase of oceanic depth (or decrease of
the impactor diameter) is equivalent
to the decrease of

fied materials
is essentially
less than in the case of
vertical impact with the same initial conditions.
Ejecta deposition.
Long-term
(up to 100 s) calculations
demonstrate
space
distribution
of shockmodified (primarily melt) ejecta. In the case of vertical
impact the cloud, consisting
of vapor-liquid
mixture,
rises to the altitude of tens km, its radius exceeds 20
km. The next fate of the cloud material depends on the
local atmospheric
conditions,
impact induced disturbances are small.
Results
of numerical
simulations
together
with
geological data allow to estimate preimpact
conditions
and the size of impact affected region for the case of
shallow (Chesapeake,
Chicxulub)
and deep (Eltanin)
oceanic impacts.
The results may be applied to the
search of parent crater for the North-American
and
Australasian
microtektites.
References:
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JGR,.88, suppl.: A799-AS06. 2. D.J.Roddy, S.H. Schuster et
al. (1987).
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Introduction:
of most marine
passes

one

Sepkoski
invertebrates

of the

most

[1] closely studied the generic-level
Ordovician taxonomichistories
and concluded
that the early part of the "Ordovician
Period encom-

profound

evolutionary

radiations

and

marine

faunal

Phanerozoic."
That dramatic
radiation
was truncated
abruptly
in the Late
the two or three most severe mass extinctions
among
marine
organisms
Phaneroic.
In that extinction
Sepkoski
the pre-early-Ordovician
proliferation.
2 million

year interval

of continental

glaciation

which

developed

in north-central

of that glacial interval
have
successions.
The Laurentian

of the time.

inherent

cause.
The

The

studies

Great

reveal

Basin:

biostratigraphic

patterns

One

analyses

transitions

Ordovician
to occur

such

study

of Late Ordovician

in the mass

of the

[2]

has

::=
involved

environments

Africa.

and suggest

have

graptolites

mum zones and
minimum zones.
the latter part

been

inluded

documented

in study

refined

sedimentologic

representative

taxa that lived

close

of the Great

oxygen

basin

of an inner

and
shelf,

an

of the

minimum

Ordovician.

Sedimentologic

evidence

zone

became

extinct

as their habitat

indicates
oxygen
lowstand.

first.

Among

oxygen

Their disappearance
occurred

brachiopods,

was

among

this turnover

followed

the brachiopods

that as sea level

led to establishment

were

during it. 2) Conodont taxa in
as sea level fell. When depoin slope/basinal
waters
disaptaxa.

of a new faunal

3)

Significant

taxa as sea level
association

m
ID

which

sisted through the glacial episode.
When deglaciation
commenced
and sea level rose,
faunal turnover
took place during which elements
of the faunas that typify the Silurian

l

I

not

zone became
extinct prior to those
in oxic waters survived all oceanic

[3] and most other shelly

I

dropped,

Disappearances

by loss of the shelf-dwelling

B

mini-

minimum
zone became
diGraptolites
living near the

disappeared.

changes during the glacial episode and even proliferated
modestly
the same stratal successions
as the graptolites continued to survive
sitional environments
shallowed
significantly
, conodonts
living
faunal turnovers

1) Late Ordo-

of oceanic

zm

are
The

taxa that lived in relatively
more oxic waters,
relatively removed from oxygen
An oxygen miniumum
zone existed along the Laurentian Plate margin during

synchronous,
for those living closer to the oxygen minimum
living near the periphery
of the zone. Those graptolites living

peared

successions:

to or on the periphery

presumably
as a result of glacio-eustacy,
a shelf-marginal:
minished and, ultimately,
disappeared
during glacioeustatic

I

i

abound in the slope and ourter shelf successions.
Conodonts
and organic-walled
microfossils
found in shelf strata.
Inner shelf strata bear brchiopods,
corals, crinozoans
and bryozoans.
patterns

J

a possible

outer shelf and slope on the shelf margin. The area investigated
lay on the western
(in terms of
modern orientation)
side of Laurentia and is within the Great Basin.
Graptolites
and conodonts

following

m

Marine

been examined
closely in a
Plate lay within the tropics

extinction

m

g

by one of
within the

[1] noted, generic divers!ty
dropped
t0 aboutth
e level of
The Late Ordovician
extinctions
took place during a 1 to

environmental
and faunal consequences
number
of Laurentian
Plate stratigraphic
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Introduction:
The K/T boundary
in the marine
sediments is generally characterized
by a thin band of
limonitic clay. Geochemical
anomalies
in KTB clays
have been attributed to impact of a large bolide on
Earth, 65 M.Y. ago [1]. Several
studies have been
made to determine
the nature
of
the impactor,
climatic conditions
arising from the impact and their
biological
effects.
On the basis
of the isotopic
composition
of chromium
(53Cr/52Cr) the impactor
appears
to belong
to the carbonaceous
chondrite
group of meteorites
[2]. These meteorites
have high
concentration
of iron (-20%)
in form of silicates,
magnetite and other iron bearing minerals. Normally
limonitic layers in terrestrial sediments
are formed by
subaerial
exposure
and represents
a hiatus, but the
limonitic
layer at the KTB has been
formed in a
different
process.
A possible
scenario
can be
described as follows. A large fraction of the impactor
material
and
some
target material
would
have
vaporized
and ejected into the atmosphere
at high
velocities
during
the impact.
Because
of its high
abundance
in the bolide as well as the large volume
of
the
terrestrial
material
involved
in crater
formation,
iron is expected to be a major component
of the vapor cloud. The temperature
of the vapor is
likely to be high enough to dissociate
many of the
minerals.
While the coarse ejecta would deposit in
and around the foreground of the site of impact, the
fine particulate
material
formed
during
the high
temperature
reactions in the vapor cloud followed by
fast quenching
is expected to disperse throughout
the
globe. The micron size nickel rich spinels [3] and the
iridium
nuggets[4]
found to be associated
with
iridium in the limonitic layers were probably
formed
in such processes [5]. However, little is known about
the nature of submicron
particles,
formed in such
processes.
They would be
transported
across the
globe
by
atmospheric
migration,
followed
by
scavenging
and deposition
on land and oceans, and
under the action of acid rain accompanying
the large
impact at KTB, resulted in formation
of the limonitic
layer.
The variation in iron mineralogy
across KTB
can provide information
about the chemical processes
occurring
in the atmosphere
and the chemical
environment
prevailing
at the
deposition
sites
following the impact. We have therefore
studied the
limonitic
layers from a few KTB sites, using 57Fe
MOssbauer spectroscopy,
which is ideally suited for
understanding
the
physico-chemical
processes
responsible for their formation.

Sample
details: MOssbauer analysis was carried
out on iridium
rich (KTB) layers from Gubbio,
Meghalaya,
Anjar and Turkmenia
and some samples
from above and below the KTB layers. Gubbio
(Bottaccione)
section in Italy is a deep marine section
where the Ir anomaly was first discovered
[1] in the
mass-extinction
horizon
and several
other impact
markers (Ni rich spinels, shocked quartz , soot, etc.)
have been found_ Meghalaya_is
anear c0ast_ marine
section in the eastern India [6] whereas Anjar (Kutch)
is a continental
lake section in the Deccan volcanosedimentary
sequence
in western
India [7]. Both
these Sites were located outside
the fallout
zone
according
to the demarcations
made by Alvarez [8]
fol-_ varioUs
ballistic
velocities.
The
Meghalaya
section has anomalously
high Ir and Ni-rich spinels
[9] at KTB whereas three well separated layers with
high iridium have been observed in the Anjar section
[7].
Turkmenia
shows
iridium
anomaly
and
characteristic
excursions of C and O isotopes.

t

Q

Z

Ill

[]

U

i

m

g

W

!
I

il

4

i

R

Fig.1 Mtssbauer
transmission
at 295K (left) and at
120K (right)
for various
KTB clays. Mtssbauer
spectra of sample B1 away from KTB is given for
comparison.
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Experimental
method:
The
Mtssbauer
spectroscopy
was carried out using a conventional
constant acceleration
M0ssbauer
spectrometer
at IIT,
Kanpur. The absorbers
for MOssbauer
spectroscopy
were prepared
from the powdered
samples.
S7Co in
Rh matrix was used as the MOssbauer
source. A
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liquid nitrogen cryostat was used for cooling, except
for temperatures
below 80K where a close-cycle
helium cryostat system from APD Cryogenics
was
used. X-ray diffraction patterns were recorded
using
a Seifert Iso-Debyflex
2002 diffractometer
using Cu
K_ radiation.
Results:
Fig.1 shows the M0ssbauer
spectra of
KTB samples
studied at 295K (RT) and at 120K
(LT). The M0ssbauer
parameters
show that all the
KTB samples have magnetic phases of iron together
with Fe 3÷ in clay minerals
(largely illite). At RT,

w
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Gubbio
shows
a well developed
six line pattern
whereas Anjar shows partially relaxed spectrum. The
RT spectra
of Meghalaya
and Turkmenia
do not
show magnetic splitting at RT but both of these are
superparamagnetic
(SPM) as confirmed
by their low
temperature
spectra. Considering
that the particle size
of iron
component
is related
to the blocking
temperature
at which
the sextet
collapses
to a
doublet, we find that particle size in the Gubbio KTB
sample is well above 10 nm, whereas the particle size
of the magnetic
iron phases is smaller in Anjar and
still smaller
in Meghalaya
and Turkmenia
KTB
samples.
Such fine size is also inferred from the
broadness
of the XRD peaks. The particle size shows
a decreasing
trend with distance from the Chicxulub
crater. Gubbio
shows
hyperfine
magnetic
field
(HMF)
of 522 kOe, indicating
the presence
of
hematite
(c_ Fe203) as the main magnetic
phase.
Anjar also has a small component of hematite but the
major part is with HMF of 415 kOe or lower showing
the presence
of
g0thite, and possibly maghemite
(y Fe203). The HMFs of Meghalaya
and Turkmenia
spectra correspond
to goethite.
These observations
are supported
by the X-ray diffraction
patterns. The
MOssbauer
parameters
for the central doublet
in
Gubbio,
Meghalaya
and Turkmenia
correspond
to
Fe 3+ in illite, which is a common clay mineral. Thus
we find that the oxide phases of iron appear at all
sites irrespective
of the lithology
of the local
sediments,
indicating
a global nature of the chemical
environment
at KTB.
Fig. 2 shows the M0ssbauer
spectra of the Anjar
samples
at 100 K collected
at various stratigraphic
distances
above and below the limonitic
layer. The
sharp variation in the iron phases at KTB is quite
clear. Magnetic oxides appear suddenly at KTB and
disappear
above and below it. The off-KTB samples
are devoid of magnetic phases as well as iridium. The
amount of magnetic
phases of iron correlates
with
iridium content, indicating that they probably have a
common origin. Similar correlation
is found for the
Meghalaya
and other sites.
Discussion:
The presence of oxide and hydroxide
phases of iron at all the KTB layers irrespective
of
the local lithology
is indicative
of the climatic

excursion at KTB. It is possible that these oxide and
oxyhydroxide
iron phases are formed by leaching of
iron by the accompanying
acid rains. The presence of
hematite
indicates
severe environmental
conditions
(arid and warm) whereas gOthite forms under milder
conditions
of
temperature
and
aridity.
Such
information
may be used to infer about the climatic
conditions
in various parts of the Earth at the K/T
boundary. The decreasing
size of SPM particles from
impact
to deposition
site
is consistent
with
atmospheric
migration as discussed above.
Based on
these
limited
studies
we suggest
that
sudden
appearance
of iron based oxide particles with a size
distribution
dominated
by nanometer
range
at a
geological boundary may be indicative of large-
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Fig. 2. Mtissbauer
spectra of samples
at different
stratigraphic
distance from the KTB in Anjar section.
bolide impact. Work is in progress to confirm the'
magnetic phases present at other boundaries,
such as
at Pfr boundary.
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of Permo-Triassic

boundary

to be the greatest
especially

spinels,
sections,

in the

and iridium
all have

been

disputed.
Strong evidence for any causal relationship
to an impact event, for example, in the form of
shock deformation,
has not yet been observed in Permo-Triassic
boundary
rocks [e.g., 2].
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at the
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Conclusions:
Clay pellet conglomerates
have been reported
to contain shocked
nonmarine
P/r sections
in Antarctica
and Australia
[12]. To date, no planar deformation

quartz at
features

have been

sequence

in South
attempt
impact

identified
Africa.
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et al. [12]

in an

for a major

have

wlw

shown

J

the

of shocked quartz and iridium anomalies in fluvially dominated
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in Antarctica
and
however,
a similar search in the northeastern
Karoo Basin of South Africa, has, so far,

proved fruitless.
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of possibilities
stratigraphic
placement
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the incorrect
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OF K/T BOUNDARY

SECTIONS.

and R. B. Stewart l, ISoil and Earth Sciences, Institute of Natural ResourceS,
New Zealand, r.brooks@massey.ac.nz
and r.b.stewart@massey.ac.nz.

Introduction:
When the idea was first suggested
that enhanced iridium concentrations
in K/T boundary
clays were indicative of a meteoritic impact [1], it was
only because of the constraints of chemical analysis that
this particular element had been cited. At that time, the
scientific community had been wedded to the use of the
highly
regarded
techniques
of radiochemical
and
instrumental
neutron activation
analysis
(RNAA and
INAA) whereby iridium was the platinum group metal
(PGM) with the lowest limit of detection among these
six elements. As an indicator of extraterrestrial
material
in boundary clays, gold or any one of the other five
PGM would have served equally well since their concentrations
in chondritic material are much higher than
in the Earth's crust.

palladium

Massey

quantified

R.R.

Brooks I, A.W. Cook l

University,

by

Palmerston

atomising

=,=,_
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such as palladium,
are very difficult
to quantify by
these methods. The development
of plasma emission
mass spectrometry
(ICP-MS)
has provided a means of
determining
gold and all the PGM with a high degree of
sensitivity.
Unfortunately,
this
instrumentation
is
expensive and not available in most laboratories.
The technique of graphite furnace atomic absorption spectrometry
(GFAAS)
is a procedure
that provides sensitivity comparable
to INAA and ICP-MS. It
complements
INAA extremely well because palladium,
platinum
and ruthenium
can be determined
at much
lower limits of detection (1.o.d.) than INAA, yet the
other
three
PGM
have
better
l.o.d,
by INAA.
instrumentation
for GFAAS
is common
in many
laboratories
and is an inexpensive
alternative to INAA
or ICP-MS. For the past 15 years, we have regularly
used GFAAS to quantify gold and palladium
in K/T
boundary material and present our findings below.
Analytical
methods:
Using a method developed in
our laboratory
[2], finely ground samples (1 g) were
digested with 10 mL of a I:1 mixture of hydrofluoric
and nitric acids and taken to dryness. The residue was
then treated with 10 mL of aqua regia and evaporated
almost to dryness. The residue was taken up with 5M
hydrochloric
acid to which was added 0.2 mL of a
100% (w/v) solution of potassium iodide. The gold and
palladium were then extracted as their iodo complexes
into methylisobutyl
ketone (MIBK). The organic layers
were transferred
to a GFAAS instrument and gold and

= :=

North

at 2500°C

after

ashing at 400°C and 900°C respectively.
Mineralogical
analysis [3] was carried out on K/T
boundary material. Samples were treated with liquids of
different density to separate out the clay, silt and sand
fractions that were then analysed by GFAAS.
Results and Discussion:
Our samples consisted of
K/T boundary
material
from Woodside
Creek, the
original locus classicus described by Alvarez et al. [1],
and from Chancet Quarry (Flaxbourne
River), a nearby
site with a well preserved section containing
most of the
diagnostic
microfossils
[4]. There was a very highly
significant (P<0.001) relationship
between the Pd vs. Ir
and Au vs. Ir concentrations
in both of the above
sections.

This is illustrated

in Figs.

1--4.

The main disadvantages
of RNAA and INAA are
that reactor-based
facilities are not available
in most
laboratories,
and that limits of detection for iridium are
much lower than for the other PGM, some of which,
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l
Elemental abundances and concentration
quotients of
gold, iridium and palladium are given in Table 1
Palladium and gold indicators of_
boundaries that
also includes data for CI carbonaceous
chondrites [5].

Chancet

Quarry

Gold

vslddium

concentrations

I

o L._'_

]it_ _:!_:!_i_!
Au c_.,'=(_/2)

Figure

3

Chancet Quarry palladium vs iridium
concentrations

60

o

Figure
Table

4
1. Elemental

abundances

(ng/g = ppb)

and

concentration
quotients in K/T boundar_ material
Bulk
Sand
Clay
Silt
C 1*
Woodside Creek
Au
55
280
15
110
140
Pd
20
8
28
2.5
560
Ir
110
17"*
33**
481
Pd/Ir
0.18
0.47
0.85
1.16
Auflr
0.50
16
0.45
0.29
Pd/Au
0.36
0.03
1.87
4.00
Chancet
Au
Pd
Ir
Pd/Ir
Au/Ir
Pd/Au

Quarry
44
53
16
3.30
2.80
1.20

*C1 chondrites

(Flaxbourne River)
2
14
6
4

12

140
560
481
1.16
0.29
4.00

Although gold and palladium concentrations
in K/T
boundary material closely follow those of iridium, there
is clear disproportionality
in their distribution
among:
the different
mineral phases and between
sites. The
Woodside
Creek site is more heavily oxidised than is
Chancet Quarry, having been exposed to weathering for
a very long period, whereas the Chancet Quarry site is
pristine and was uncovered by rock blasting only about
10 years ago. Compared with C1 chondrites,
there is at
Woodside
Creek, a deficiency ofpalladium
and excess
of gold. This is probably because palladium
behaves in
meteorites
more like a chalcophile
element
than a
siderophile
[7]. Extensive weathering
and oxidation has
resulted in a strong residual gold signature at this site.
At Chancet Quarry, the lesser degree of oxidation
and weathering
has resulted
in concentrations
of
palladium that are higher than at Woodside
Creek, with
a consequent
increases in the elemental
concentration
quotients dependent on these higher levels.
It
is
concluded
that
gold
and
palladium
concentrations
in K/T boundary
material
define the
boundary equally as well as iridium and can moreover
be determined
analytically
at lower cost as well as with
equal sensitivity.
Although
palladium
is classified
as
siderophile,
it is unique among the PGM in having
some characteristics
of a chalcophile
element in meteoritic material and thereby can serve as an indicator of
the degree of oxidation
and/or weathering
of a given
site when comparing
abundance
quotients
with this
element and gold or other PGM.
References:
[1] Alvarez E.W. et al. (i980) Science,
208, 1095-1108.
[2] Brooks R.R. and Lee B.S. (1988)
Anal. Chim. Acta, 204, 333-337.
[3] Whitton J.S. and
Churchman
G.J. (1987) N.Z. Soil Bureau Sci. Rep. #79.
[4] Strong C.P. et al. (1987) Geochim.
Cosmochim.
Acta, 2769-2777.
[5] Anders E. and Grevisse N. (1989)
Geochim.
Cosmochim.
Acta, 53, 197-214.
[6] Evans
N.J. et at. (1994) Meteoritics
29,223-235.
[7] Wasson
J.T. (1985) Meteorites,
Freeman, New York.
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One of the major contentious issues among paleontologists concerning the extinctions of the Cretaceous-Tertiary
boundary is the duration of the extinction process itself, with tenants of gradual extinctions thinking in terms of
millions of years and catastrophists posutlating much shorter time spans. As already emphasized elsewhere [1], a
catastrophic model of impact-induced extinctions apparently fits the available paleontological data concerning
"vertebrates better than a gradual one. This leads to a further question : can the duration of the extinction events be
estimated with any accuracy ?
It is now widely accepted that the prime causal factor for mass extinction on a global scale at the K/T
boundary was the injection of enormous amounts of dust into the atmosphere following the Chicxulub impact,
which caused sufficient light reduction to stop photosynthesis and thus led to the collapse of various food chains.
Although estimates about the length of this period of darkness have varied, it is commonly accepted that it may
have lasted for several months. Independently from phyical models about the dust cloud, paleontological data also
provide evidence about the possible duration of the event and its biological consequences. Some approaches which
may prove valuable for estimates of the duration of the extinction event are presented below.
The hypothesis implies that during the period of darkness there was a drastic decline in plant productivity,
but that many plants could survive the unfavorable period by going into dormancy, and that vegetation could
reestablish itself from seeds, spores, etc., once sufficient amounts of solar energy became available again. This
would seem to be in agreement with a pariod of darkness lasting for several months, or possibly much longer,
considering the resistance of some seeds to adverse conditions. A possibly interesting appraoch would be to
estimate what is the minimum duration required for a period of darkness to lead to a significant devastation of
plant life (both in the oceans and on land).
A second step is the collapse of food chains following devastation of plant communities. In other words,
how long would it take for plant-eating animals to starve as a consequence of the lack of plants ? A precise
estimate is not easy for extinct forms with no living counterparts, such as dinosaurs, since their physiological
requirements are not well known. However, if dinosaurs possessed relatively high metabolic rates, as has often
been suggested, the large herbivorous forms probably required a considerable daily intake of plant food, in which
case extinction by starvation may have been a rapid process. Again, a few months of darkness would seem to have
been sufficient.
|ii=_

[!iii!_
[]

The final step in the collapse of food chains is the extinction of predators by starvation. On land, this
mainly means carnivorous dinosaurs, although some other forms (such as giant terrestrial lizards) may also have
been affected. Again, the high metabolic rates envisioned for theropods would suggest rapid starvation.
On land at least, it would thus appear that a period of darkness lasting for several months may well have
been suficient to cause widespread extinctions through food chain collapse. It should be remembered, however, that
things certainly were much more complicated than simple starvation leading to extinction. What must be
envisioned is very rapid ecosystem decay on a large (global) scale, with resulting complex patterns of extinction
(and survival) which will probably be very difficult to unravel. This may explain some of the extinctions for which
a simple explanation is not obvious, such as that of small carnivorous dinosaurs (which, at least in theory, should
have been able to survive on mamals, lizards and other small surviving animals). Because of the long-term effects
of ecosystem disruption, the duration of the mass extinction event probably exceeded that of the period of darkness,
and may have been spread over years or decades.
Groups of organims that survived the mass extinction also provide clues as to the duration of the events.
Freshwater communities are known to have suffered comparatively few extinctions. This can be explained by the
fact that the freshwater food chains ultimately depend on particles of organic matter in the water rather than on
living plants. However, the ultimate source of organic matter' in freshwater is living organisms, including thoe
living on land, and this implies that organic productivity cannot have stopped for a very long period - otherwise
the supply of organic matter to the freshwater environment would have dried up. The same applies to the
community of small terrestrial animals, the survival of which is ascribed to a food chain based on organic matter in
humus and soil, and to benthic communities, which supposedly survived on organic matter in bottom mud. Again,
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quantitative
estimates
duration event.

are

not easy,

but survival

patterns

at the

K/T

boundary

are in agreement

with

a short-

Temperature
change is a poorly understood
factor in the K/T mass extinction.
Some models predict a
severe temperature
drop, with sub-freezing
temperatures
lasting for months. This is not in agreement
with the
survival
of reptiles
with living representatives
known
to be unable
to endure
low temperatures
(such as
crocodilians).
Although
hibernation
processes may have helped survival under adverse conditions,
they probably
would not have been sufficient to ensure it if very low temperatures
lasted for months. If a severe temperature
drop
occurred, it cannot have lasted very long. Again, more accurate estimates are not easy to provide.
dtn'ation

It thus appear§
of the extinction

that paleontological
and biological
data can provide some constraints
concerning
the
events at the Cretaceous-Tertiary
boundary, on the whole, they do not suggest a long-

lasting period of extreme
environmental
stress. Paleontological
data are thus in generally
good agreement
with
impact scenarios involving
a period of deep environmental
crisis lasting for some months, although
some aspects
(especially
the often suggested
drastic temperature
drop) are problematic.
The bulk of the extinctions
may have
taken place within a very short time geologically
speaking,
probably only a few months, even though the longer
lasting consequences
of ecosystem
disruption
may have caused additional
extinctions
over a more extended
time
span. However, beyond listing victims and survivors,
unravelling
the extinctions
events that took place 65 million
years ago and precisely _estimating
their duration
will be an extremely
difficult
tasl(, both because
of the
imperfection
of the fossil record and because of the insufficient
temporal
resolution
currently
some of the approaches
outlined above may eventually provide chronological
constraints.
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and Risks

Clark R. Chapman
Southwest
Research
Institute
Suite 426, 1050 Walnut St.
Boulder CO 80302 USA

This invited review will summarize
our current understanding
of the modem
impact
hazard from asteroids
and comets and place it in the larger context of Earth history.
The
numbers of impactors
of various sizes is quite well known.
There is improved
understanding
of the kinds of physical and environmental
consequences
to be expected
from impacts of various sizes. There is only a poor understanding
of how various species,
including
human beings (and our civilization),
might fare under various impact scenarios.
Surely our political
and economic
structures,
and our own psychology,
are poorly adapted
to dealing with very rare events of unprecedented
consequence.
We may look for analogs in several places.
First, there is a body of knowledge
(called "surety")
that undertakes
to reduce very small risks, for example
in nuclear
weapons
and airliner safety contexts.
Second, there are other hypothetical
but possibly
very real risks from modem
technological
society (e.g. potential
plagues,
terrorism
involving
toxic substances
or nuclear weapons,
and hypothesized
accidents
from
experimental
physics).
Finally, we may look to the historical record -- especially
on our
own planet

-- for insight

It is very

unlikely
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that,

doomed most fossil species
catastrophe
are not zero.
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the impact
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the K/T extinction.
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the target

crater

example,

the production

ered. Former
the Chicxulub
was

may not be

thus

a significant

impactite

and

mation
can
the

of carbonate

process,

ejecta

melt

which

the amount

on the amount

product

needs

also

present

J

More

infor-

in the target

rock

J

found in
the well

6 (Y6) on the side of the Chicxulub
crater peak ring
abundant clasts originating
from the different litholo-

gies which form the Yucatan
suevite (sample N13, N-14)
ring is clearly

dominated

target. The upper part of the Y6
located
on the side of the peak

by sedimentary

clasts

from the upper

3 km of the target. Detailed
point counting
of the available
material
indicates that much less than 10% of the sedimentary
clasts present in the suevite
are composed
of anhydrite
(Fig
2). SEM observation
indicate that the matrix which probably
condensed
hydrite.
material

iij

to be accounted

be obtained
from the composition
of the clasts
suevite. The fall-back
suevite
recovered
from

Yucatan
contains

i

is often not consid-

of CO2 released.

of evaporite

z
J

rock.

melted-carbonates
grains (Fig 1) occurs in both
suevite and in the ejecta.
Melting
of carbonate

for when estimating

u

14%) and

provide
constrains
as to the type and physical
state of the
sedimentary
components
involved in the Chicxulub
event. For

from the vapor

cloud,

also

contains

But secondary
anhydrite
occurs
in both the suevite and underlying

very little

an-

be determined
1/10 evaporite

at other location of the
to carbonate
proportion

based

samples

from

on only

a few

suevite.
This value may
whole unit. Nevertheless,
portion

of only

thick

ing the atmospheric

taken

a - 200

consequences

in the target

J

m thick

thus not be representative
of the
it is recommended
to use the pro-

10% evaporite

g

also as void-filling
melt rock. Suevite

clast proportion
should
crater and the present

as is

on field work and core obserthat evaporites
formed 30 %

red

(0 to 26 %, mean 7%).
This result is still ambiguunconstrained.
Also, since impact
glass originated

representative

2) At the scale of the crater, the composition
of Yucatan target
rock is not well known. The basement
underneath
the Yucatan
Peninsula

carbonate
ous and

30%),

J

glass

(. liB, • 180, ° 34S) can be explained
by mixing of variable
proportion
of andesite
(31 to 75 %, mean 49%), sulfate (5 to
mean

W

Ca-rich

of de-

and these

IB

sedimentary

30 to 40 GPa shock loading pressure
and is completed
at 60 to
80 GPa [4]. But recovery experiments
by Ivanov et al. showed
at 63 Gpa

M

isotope

impact glass from Beioc (Haiti) contains
< 1 wt% sulfur. Its
abundance
in the ejecta bed is difficult to estimate
because it

and thermodynamic

as to the onset

[1, 2, 3]. In evaporites

f. Mineralogie,

isotopically
heavy Ca-rich
and a lighter silica end
They inte-rpfe_ tlieir results has the product Of mix-

ing Yucatan
cover
terial

shock pressure
is not fully understood.
C(h released
from shocked carbonates
lations

depend

factors.

1) The behavior

ments

it is capital

of volatiles
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The

Eocene-Oligocene

(E-O)

transition

(37-33

Ma) witnessed
long-term
important
changes in oceanic circulation
and climate (see [1], for a review).
In such a context of global changes,
the late Eocene is characterised
by a striking
concentration
of
extraterrestrial
body impact
evidence
with the two
largest
known
impact craters
(Popigai
and Chesapeake Bay) of the Cenozoic Era occurring almost_synchronously
at about 35.6 Ma [2], [3]. Moreover,
_Hebased evidence indicates that a comet shower wich, in
many cases, produced impact debris [4] invested our
planet across these major impact events.
Most of these cosmic signatures
are recorded
in
the 23 m-thick Massignano
Section, the Global Stratotype Section and Point (GSSP) for the E-O boundary
[5]. In particular,
two k-rich
layers occur at 5.65 m
and 10.25 m above the base of the section [6] and3are
associated
with major spikes of extraterrestrial
He
[4]. The impactoclastic
layer at 5.65 m which contains
high concentrations
of shocked quartz grains [7] and
Ni-rich spinel crystals [8], is dated as old as 35.7_+0.4
Ma [6], [7] and has been correlated
to the Pacific
strewn field ([6], [7] [9] [10]).
A high resolution, multidisciplinary
analysis based
on dinoflagellate
cysts (dinocysts),
calcareous
nannofossils, and foraminifera
suggests
that the impact
event recorded at Massignano
had no abrupt, dramatic
effects on marine biota in terms of extintion.
However, significant
quantitative
changes
in the calcareous plankton
and dinoflagellate
cyst assemblages
occurred following the impact event.
An abrupt
shift towards
lower values
in the
planktonic
foraminiferal
SST curve occurs above the
impact
layer suggesting
that a major cooling pulse
took place shortly after, though not immediately
following, the impact. A marked increase in the abundance of deep and/or cooler and intermediate
water
planktic foraminifera
accompanied
the shift of planktic foraminiferal
SST curve. This indicates that a water structure
thermocline,

re-organization
enhanced
water

(e.g. more
stratification)

superficial
followed

the impact.
Besides fossil evidences,
a sudden change of sediment color from reddish to greenish occurs across the
impact layer testifying a major decrease of ventilation

on the sea floor.
The observed
long-term water
lower thermocline
We interpret
the impact as the

m
m

m

J

:-

ii

pattern is intepreted as reflecting a
structure re-organization
(e.g. shaland/or water stratification).
the long-term trend observed after
expression
of a feedback mechanism

J

that might have sustained
for a longer time the environmental perturbation produced by the impact itself.
In a context of ongoing global cooling such a feedback
mechanism
might have been relied upon increased
extension
of snow-cover
in the Antarctic region in
turn caused by increased albedo and/or seasonality.
A similar
pattern of long-term
environmental
changes (e.g. accelerated cooling) has been reported
by [10] across the same impact layer in the southern
high-latitude
ODP Site 689B (Maud Rise) suggesting
a global extension of the impact-induced
perturbation.
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The Bosumtwi
rim diameter

crater in Ghana,

of about

which

has a rim-to-

10.5 km and almost

completely

filled by Lake Bosumtwi,
was inferred to be the source
crater for the Ivory Coast tektites, based on the geo-

L

graphical
proximity,
the same ages (1.07 Ma) of the
crater and tektites, similar chemical
and isotopic compositions between the tektites and crater rocks [1]. This
makes the Bosumtwi
crater one of only three impact
structures that have been identified as source craters of a
tektite strewn field. The other two are the Chesapeake
Bay impact
strucfure
(eastern
coast of the U.S.A.),
which
is the source
of the North
American
tektite

U

strewn field,
the source of
In total, four
crater has yet
field. Strewn

and the Ries crater in Germany,
which is
the Central European
tektite strewn field.
tektite strewn fields are known; no source
been identified for the Australasian
strewn
fields are usually defined
based on the

geographic
distribution
of microtektites
(in deep sea
cores) and tektites (on land). All tektites represent distal
ejecta. Besides tektites,
there are several other distal
ejecta layers known in the geological
such as the K/T boundary
ejecta layer,

record.
Some,
are associated

with significant
siderophile
element anomalies,
which
are thought to represent
an extraterrestrial
(meteoritic)
contribution.
On the other hand, none of the tektite
strewn field seems to be associated
with a significant
meteoritic component.
A minor Ir anomaly was di_co_/ered in a microtektite-bearing
layer from the Australasian strewn field. Of the known tektites, only the Ivory
Coast tektites were found to contain a distinct meteoritic

,

=

=

component,
which, based on Os isotopic studies, was
determined
to be slightly less than 1% [2]. Here, we try
to compare the meteoritic
component
found in the tektites with the siderophile
element anomalies
in the target rocks and impact breccias at the Bosumtwi crater.
In 1997 and 1999, representative
samples of impact
breccias and target rocks were collected
from the Bosumtwi impact crater, to conduct the petrographic,
geochemical
and paleomagnetic
studies. In this work, the
major and trace elemental
composition,
as ;;yell as the
platinum
group dement
lyzed in the selective

(PGE) abundances,
were anatarget rocks (including
shale,

graywacke
and two different
types of granites)
and
suevite-derived
impact glass samples.
Major elements
were determined
by X-ray fluorescence
spectrometry
analysis (XRF), and trace elements (expect the PGEs)
by instrumental
neutron
activation
analysis
0NAA).

The PGEs were measured by ICP-MS after NiS fire assay [3] and by NAA after an anion resin preconcentration procedure.
Here, the major and trace element
abundances
in
five suevite-derived
impact glass samples at the crater
were compared with Ivory Coast tektite and microtektite
data [4]. The chondrite-normalized
abundance patterns
of the rare earth elements (REE) for all the impact glass
samples were agree very well with those for the tektites.
Meanwhile,
the uniform content Of lithophile
elements
(Sc, Rb, Sr, Zr, Ba, I-If, Ta, Th, U), the reduced content
of siderophile
elements
(Cr, Co, Ni), and the increased
content of volatile dements
(Zn, As, Sb, Cs) for the
impact glass samples
were found, in comparison
with
the tektite and microtektite.
Furthermore,
the range of
chemical composition
of the target rocks is wider than
that of the Ivory Coast tektites, but overlap the tektite
compositions.
the Bosumtwi

Our data support the interpretation
that
structure and Ivory Coast tektites formed

during the same impact event.
In the previous investigations
[1,3], the geochemistry of target rocks and breccias from the Bosumtwi crater was studied for comparison
with Ivory Coast tektites.
However,
another important
line of research,
which is
necessary
for the identification
of a meteoritic
component in impact breccias and melt rocks, namely the determinatibn_of
sidefophile
elements
(especially
the
PGEs) in the target rocks at the crater, has so far been
somewhat
neglected.
Here, the contribution
of meteoritic component
will be also calculated
in the light of the
content of PGEs in the target rock samples, which will
help to access the extraterrestrial
component
in the tektites.
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In hypervelocity
impacts of asteroids or comets on the surface
of a planetary body, depending on the impact velocity, part or
all of the projectile material and some of the target material can
be vaporized and expands as a dense gas cloud [6, 8]. Purely
hydrodynamic
treatment using an equation of state valid for

m

m

thermodynamic
equilibrium [9] does not cover the case when
the vapor is quenched into a metastable state before condensation sets in. During the expansion, density and pressure fall
by many orders of magnitude, making it difficult to treat the
process with conventional
hydrodynamic
algorithms.
Hexc,
for expansion into vaccuum, an analytical solution due to Zeldovich and Raizer [3] is used to approximate hydrodynamics.
In the presence of an atmosphere, a numerical solution based
on a second-order
accurate Godunov method with van der

..............................

Waal's equation of state is constructed.
After the poineering work of Raizer [1] Who investigated
the fate of condensation pr6du-_i_ of an iron meteroite expand-

the coexistence

the vapor becomes saturated, further
the gas adiabate leads to supercooling

o.oi
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t_.
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j
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Figure

ing into vacuum, only few authors have studied the problem
of condensation
in impacts (e.g. O'Keefe and Ahrens [2]).
Qualitatively, the main theoretical results of Raizer stayed unchanged. The conventional view of the order of events during
condensation is as follows (see [31, e. g.):
• the adiabate of the vapor reaches

i

// ....
1:

I

curve,

expansion

b

along
E

• at some critical degree of supercooling,
the nucleation
rate becomes high enough that a large number of critical
nuclei of the new phase forms

--------4-,

- _

• nucleation terminates, and clusters grow into droplets
of macroscopic
dimensions, the gas pressure drops
• at some moment,

the flux of molecules

lit

---

at the surface of

_ ..aJ......
; ....,o--i

-

the droplets is so low that the degree of condensation
freezes, a non-zero mass fraction of gas remaining
In this work, a numerical

solution

of the kinetic equations

....

Figure 2:

for

moments of the size distribution of growing droplets and of the
energy equation is presented. It is demonstxated that the above
order of events is a too simplistic scenario and that nucleation
events in impact-generated
vapor appear several times at different temporal and spatial scales. The degree of supercooling
follows a complicated oscillating pattern on a logarithmic time
scale, see fig. 1. In this way, several 'generations'
of droplets
are formed, with very different final dimensions.
The distribution of sizes such is no more dominated by a single scale,
but rather characterized
by several 'generations'
of droplets

and pressures.

The density distribution is the only input re-

condensation
reaches large values at rather late times, only. If
an atmosphere exists, more detailled considerations
are necessary because of the density gradient in the atmosphere and the
role played by the atmospheric shock. Condensation begins in

of different characteristic sizes (each time a new 'generation'
appears, the r.m.s,
size of droplets decreases, because the
older and large drops are outnumbered by finer, newly-formed

a layer near the boundary of the original vapor material with
the swept-up atmospheric
gas (the shock wave is travelling
ahead of this zone). The geometry of shock-wave
propagation in the atmosphere is complicated (see fig. 3), because the

droplets, see fig. 2).
Thermodynamic

vertical density gradient hinders lateral propagation and leads
to acceleration vertically upward, see Newman et al. [7], e.

nucleation

events

conditions

at the moment

are very different,

of the various

in terms of temperatures

b

quired for the kinetics and adiabatic evolution of the liquidvapor mixture, since no back-reaction
of condensation
on hydrodynamics
is assumed.
This is justified, if the degree of

g.

Here, Lagrangean

tracer particles

are used to derive

m
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tence curve is crossed,

these variables

CONDENSATION:

where the coexis-
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pressure contours, at t = 6.825s.
log_oP in Pascal. Contour interval _ factor of 4.4377. Initial conditions:
uniform hemisphere
of 5 km radius, specific
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138, 224-240.
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Process.

energy corresponding
to [9], isothermal (exponential)
atmosphere. Note the excellent resolution of the shock wave by the
Godunov method.

H. J. 1998: Hyimpact event and

active gases. J. Geophys.

[9] Melosh, H. J., Pierazzo, E. 1997: Impact vapor plume
expansion with realistic geometry and equation of state.
28th Ann. Lunar and Planet. Sc. Conf., p. 935.
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Mass

Extinctions

and

the Global

Carbon

Cy-

cle.: Carbon isotopic studies can be used to document effects of mass extinctions and biological recoveries on the
global carbon cycle. For example, many studies have shown
that the carbon isotopic (813C) values of bulk marine carbonates decreased by about 2.0 %0 at the time of the Cretaceous/Tertiary impact (e.g., [I]).
Carbon isotopic values
remained low for more than three myrs after the impact
before recovering to their pre-boundary level [1]. A similar
decrease in the carbon isotopic values of bulk carbonates
approximately coincided with the Permo/Triassic boundary
event (e.g., [2]). Comparison to U/Pb radiometric dates [3]
indicates that carbon isotopic values remained low for at
least one million years into the Triassic. The simplest explanation of the decreased early Paleocene and early Triassic carbon isotopic values is a small decrease in the global
organic carbon burial rate for the first one to few million
years after these mass extinctions (e.g., [4]).
The long-lasting early Paleocene decrease in carbon
isotopic values of bulk carbonates bulk was paralleled by a
radical decrease in the carbon isotopic values difference
between carbonates secreted by planktic and benthic marine
organisms [1]. These decreased differences probably resulted from a large extinction-driven decrease in the sinking
of organic matter to the deep ocean [1]. It is not yet known
whether a similar response followed the Permo/Triassic
mass extinction because carbon isotopic studies of the
Permo-Triassic interval are largely limited to bulk limestone
and bulk organic records.

Carbon Isotopes ani] Ecoio_ic_i
Strategies:
Stable carbon isotopes can also be used to document the disappearance and re-appearance of specific ecological strategies
(such as life span, se_onality of growth, relative depth of
habitat, and photosymbiont reliance) during mass extinctions and evolutionary recoveries.
For example, taxonomically focused isotopic studies show that (I) strong reliance
on photosymbiosis disappeared among planktic foraminifera
during the impact-driven Cretaceous-Tertiary
mass extinction, but re-appeared a few million years later in unrelated
taxa as the global carbon cycle recovered [5].
Conclusions:
ha short,
studies
of the Cretaceous/Tertiary and and Permo/Triassic intervals show that
these large mass extinctions changed the way that carbon
moved through the world for millions of years. We can
infer from those changes in the carbon cycle that large-scale
ecosystem structures did not fully recover for the same intervals of time.
References:
[I] D'Hondt S. et al. (1998), Science, 282,
276-279. [2] Holser, W. T. (1997), PaIaeogeography,
Palaeoclimatology, Palaeoecology, 132, 5173-5182. [3] Bowring S. Aet al. (1998), Science, 280, 1039-1045. [4] Kump,
L. R. (1991), Geology, 19, 299-302. [5] DTIondt S. and
Zachos J. C. (1998), Paleobiology, 24, 512-523.
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THE
CRETACEOUS-TERTIARY
BOUNDARY
"COCKTAIL"
IN WESTERN
CUBA, GREATER
ANTILLES,
C. Dfaz Otero <_), M. Iturralde-Vinent _2) and D.Garcfa Delgado_)._Instituto
de Geologfa y Paleontologia,
Via Blanca y Linea de Ferrocarril, San Miguel de Padron, CP 11000 La Habana, Cuba (igpcnig@ceniai.inf.cu);
2Museo Nacional de Historia Natural, Obispo #61, 10100 La Habana, Cuba (geopal@mnhnc.inf.cu)
Recently Bralower
and Leckie (1998) described the Cretaceous-Tertiary
boundary (KTB) in the Caribbean
as
characterized
by a "cocktail"of
fossils elements reworked from strata older than Paleocene.
A similar distinctive
mixture
of reworked foraminifers
was found in several formations
of western Cuba, associate with shocked quarz,
spherules and an enrichment
of Ir.
The fossiliferous
composicion
confirm the model of the "cocktail",
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of both the Moncada calcarenites
and the Pefialver formation
as reworked micro- and macrofossils
of different ages within

in western Cuba,
the Cretaceous are

found in the samples.
The Moncada calcarenites
(Iturralde-Vinent,
1997), and the Pefialver Formation (Pszczolkowski,
A.; 1986 and
Iturralde-Vinent,
1992) were generally characterized
as calcareous
clastics strata probably
related with the KTB
impact.
The Moncada calcarenites
overlie black indiferentiated
Cretaceoous
limestones, and contein planktic foraminifera and radiolaria of Aptian, Albian-Cenomanian,
Santonian, Campanian
and Maastrichtian
in age. No Paleocene
taxa were found (Table I).
The Pefialver Formation
overlies the Campanian-Maastrichtian
Via Blanca Formation
and include both bentic
and planktic foraminifera,
radiolaria,
nannofossils,
etc. The larger amount of reworked microfossils
belong to the
Campanian-Maastrichtian
interval, probably eroded from the via Blanca Formation;
both also contain older Cretaceous fossils of different ages. No Paleocene taxa Were found (Table I).
The recognition
of the paleontological
"cocktail"
in different formationas
of western Cuba, strongly suggest
that these units probably belong to the KTB
References
Caron, M., 1985. Cretaceous
planktic foraminifera
in: Plankton stratigraphy
(ed. H. M. Bolli, J. B. Saunders y
Perch-Nielsen.
Cambridge
University Press (4): 17-86.
Iturralde-Vinent,
M. !992. A short note on the Cuban late Maastrichtian
megaturbidite
(an impact-derived
deposit?):
Earth & Planetar3;Science
LetterS, 109: 225-228.
"
Iturralde-Vinent,
M., i997. Field Guide. Sedimentary
Geology of Western Cuba. 1st SEPM Congress on Sedimentary Geology, St. Pete Beach, Florida, 21 pp.
Premoli Silva, I. And Sliter, W. V.; 1995. Paleontographia
Italica. LXXXII.
Psczczlkowski,
A., 1986. Megacapas
del Maestrichtiano
en Cuba occidental
y central. Bulletin of the Polish Academy of Earth Science, 34(1): 82-94.
Siiter, W. V.; 1989. Bioestratigraphy
zonation for Cretaceous
planctonic
foraminifers
examinad
in thin section.
Journal of ForaminiferaI
Research. 19( 1): 1-19.
Sliter, W. V.; 1999. Cretaceous planctonic foraminifers
examinad in thin section. U.S. Geological
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Table I. Foraminiferal
assemblage
found in the Moncada calcarenites
(*) species which do not occur at the top of the Maastrichtian

and Pefialver

Formation.
U

Planktic

Foraminiferes

Abathomphalus
mayaroensis
Archaeoglobigerina
cretacea
Dicarinella hagni
Globigerinelloides
barri
Globigerinelloides
bentonensis
Globotruncana
arca
Globotruncana
bulloides
Globotruncana
falsostuarti
Globotruncana
linneiana
Globotruncana
mariei
Globotruncanella
havanensis
Globotruncanella
petaloidea
Globotruncanita
calcarata
Globotruncanita
conica
Globotruncanita
elevata
Globotruncanita
stuarti
Globotruncanita
stuartiformis
Guembelitria
cretacea
Hedbergella
Hedbergella
Hedbergelta
Heterohelix

delrioensis
excelsa
holmdelensis
striata

Marginotruncana
Planoglobulina

sp.
glabatra

__.___globotruncana
Praeglobotruncana

stephani
delrioensis

Pseudotextularia
elegans
Racemiguembelina
fructicosa
Rotalipora cf. brotzeni
Contusotruncana
contusa
Contusotruncana
fornicata
Contusotruncana
walfischensis
Rugoglobigerina
Rugoglobigerina
Rugoglobigerina
Rugoglobigerina
Ventilabrella
cf.

macrocephala
cf. reicheli
rugosa
scotti
multicamerata

Age
Late Maastrichtian
Coniacian-Early
Turonian
Albian

MaastrichtJan

Albian
Late Santonian-Maastrichtian*
Late Santonian-Early
Maastrichtian
Late Campanian-Maastrichtian*
Cenomaniaan-Earl),
Maastrichtian
Santonian-Early
Maastrichtian
Late Campanian-Maastrichtian
Late Maastrichtian
Late Campanian
Late Maastrichtian
'i','ate Santonian-Late

Moncada
calcarenites
X
X
X
X

Late Campanian -Maaslrichtian
Campanian-Maastrichtian*
Late Maastrichtian
Albian-Early
Santonian
Albian
Coniacian-Maastrichtian
Campanian-Maastrichtian
Turonian-Santonian
Santonian-Early
Campanian
Albian-Turonian
Albian-Cenomanian
Late Campanian-Maastrichtian
Late Maastrichtian
Cenomanian
Late Maastrichtian
Late Santonian-Maastrichtian*
Late Maastrichtian
Late Maastrichtian
Late Maastrichtian
Late Campanian-Maastrichtian
Late Maastrichtian
Late Maastrichtian*

u

×.
X
X
X
X
X
X

.....
Maas_ichtian*

Pefialver
Formation
X
X

X
X
X
X
X
X
X

ml

'X
X
X
X
X
X
X
X
X

m

!

M

X
X
_P

X
X
X
7_

X

!

X
X
X
X
X
?
X
X
X
X
X

u

X
X
X
X
X
X
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The Central

Andes

of Peru,

Bolivia,

and northern Argentina
exhibit some of the thickest and
most complete
Paleozoic
stratigraphic
sequences
in
South America.
A maximum
total composite thickness
exceeding
15 km was deposited during the Paleozoic at
what then was the active margin of Gondwana,
recording important
geodynamic,
paleogeographic
and paleoclimatic
events. The Paleozoic
record of the Central
Andes includes
two conspicuous
diamictite
units with
fairly well constrained
ages: latest Ordovician-earliest
Silurian,
and latest Devonian.
The coincidence
of the
time of deposition
of these two units with important
known periods of global climatic,
eustatic and biotic
changes has traditionally
fostered their interpretation
as
a result of glaciations.
Despite the many recent
advances, knowledge
about these units is still very limited
with regard
to detailed
sedimentology,
geochemistry
and biostratigraphy,
but presents wide possibilities
for
future research.
The reconstruction
of the Paleozoic

Silurian package. It is called San Gab_in Fm. in central
and southern Peril, Cancafiiri
Fm. in Bolivia, and Zapla
Fro. in northern Argentina
[7]. The total modern extent
of the outcrop area exceeds 1500 km in length (NNWSSE) and 600 km in width (WSW-ESE).
It consists of
diamictites,
sandstones
and mudstones
interpreted
as
submarine
resedimented
material
(debris flows, slided
slabs, slumps, turbidites,
etc.) [8,9].
is a disconformity
or slight regional

The lower contact
unconformity
(lo-

cally angular unconformity)
overlying different Ordovician units ranging in age from Tremadocian
to Ashgillian [10]. A precise age has not yet been determined
and
is still under discussion
due to the frequent recycled
character of fossils and lack of detailed studies. In Brazil, equivalent units have been dated as Llandovery
[11],
whereas in northern
Argentina
most authors
assign a
late Ashgillian age. The thickness
varies greatly

basins in South America (Fig. 1) identifies large areas
of marginal
and intracratonic
basins, although the Paleozoic stratigraphic
record is poorly preserved in most
of them, due to later deformation
and erosion. The study
of the Paleozoic
of the Central
Andes has undergone
important
advances during the last two decades. In this
paper I attempt to summarize
the evidence regarding
the Paleozoic diamictites,
to review their interpretation,
and to propose future lines of research.
Whereas interpretations
such as local tectonism and/or glaciation have
traditionally
been accepted,
meteorite
impacts
have
never been considered
as an alternative
interpretation.
Evidence
described
below shows that they may be related with impact events.
The mid-Paleozoic
basin of the Central Andes of
Peru and Bolivia (Peru-Bolivia
basin) extended south-

0
I

500 1000 km
I

I

wards into northern
Argentina
and western Paraguay,
connecting
with the Parami basin through the Asunci6n
Arch. To the north, it continued
into Ecuador, connecting with the mid Paleozoic
record of Colombia
and
Venezuela,
and into Brazil (Solim_es
and Amazonas

W

basins)
to the northeast
(Fig. 1). The mid Paleozoic
Peru-Bolivia
basin has been interpreted
as a foreland
basin [1-4] located in a retroarc position with respect to
the magmatic
arc represented
by (a) the San Nicohls
batholith along the southern Peruvian coast [5], and (b)
other igneous rocks in northern Chile [6].
Latest
Ordovician-earliest
Silurian
diamictites:
These diamictites
extend throughout
the Central Andes,
from Peru to Argentina,
as a conspicuous
unit within
the otherwise
monotonous
siliciclastic
Ordovician-

Li__

t 20_

..-:

Figure 1: Location of the study area with approximate paleogeography for the mid Paleozoic.
from a few meters or not being present at all, to more
than 1500 m. Apart from the large intrabasinal
resedi-
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mented

clasts,

also includes
clasts, mostly

boulders

and

slabs,

the diamictite

unit

faceted and estriated
polymictic
extracomposed of sedimentary
rocks, but also

outsized
clasts of igneous
plutonic
rocks which may
exceed 2 m in diameter.
The source of the sediments is
interpreted
to be located towards the SW,
by the increase
in clast size and thickness

as indicated
of the unit

[3,8,9]. The depocenter
of the diamictite
unit is located
in southern Bolivia, coinciding
with the area where striated clasts are more frequent.
Latest
Devonian
diamietites:
A diamictite
unit is
present
in the northern
Bolivian
Altiplano
(Cuman_i
Fm.; Fig. 2) and parts of the Bolivian Eastern Cordillera
and Sub-Andes
(Toregua and Itacua Fms.) near the Devonian-Carboniferous
boundary
[ 12-14]. Together
with
the previously
mentioned
Cancafiiri
Fm., it is also a
rather conspicuous
unit within the otherwise
monotonous mid-Paleozoic
Figure

siliciclastic

2: Stratigraphy

package.

of the Late Devonian Cuman_i Forma80_
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Grahn, Y. & M.V. Caputo (1992) Palaeogeogr.,
Palaeoclim., Palaeoecol.,
99, 9-15. [12] Dfaz-Martfnez,
E.
(1991)
Rev.
T_c. YPFB,
12, 295-302.
[13] Dfaz-

BOLIVIA

0
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According
to all the evidence, and also considering
recent proposals for the reassessment
of diamictite
units
[ 18-20], both dlamictite
units are excellent candidates
to

Mart/nez (1995)AAPG
Mere., 62, 231-249. [5] Mukasa,
S.B. & D.J. Henry (1990) J. Geol. Soc. London,
147,
27-49. [6] Breitkreuz,
C. et al. (1989) J. South Am.
Earth Sci., 2, 171-189. [7] Laubacher,
G. et al. (1982) J.
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slumps,
turbidites,
etc.) related
with local tectonism
[14,15]. The lower contact is a disconformity
or slight
regional unconformity
overlying
mid or late Devonian
units. A precise age of late Famennian
(Fa 2c-d, palynozone PL) has been determined
by means of detailed
palynology
[15-17].
The thickness
varies greatly from
not present at all, to 120 m. As with the previous unit,
faceted and striated
clasts are frequent,
and mostly
composed
of resedimented
intrabasina]
siliciclastic
sedimentary
rocks. Other lithologies
are also present,
such as metamorphic
and igneous plutonic and volcanic
rocks. Granite boulders may exceed 4 m in diameter.
In
the N Ahiplano
and N Eastern Cordillera,
thickness
and
clast size increase towards the SE, identifying
a probable source towards the south.

I

Andean
Geodynamics,
547-550.
[3] Sempere
(1995)
AAPG Mem., 62, 207-230. [4] Isaacson, P.E. & E. Dfaz-

VM

PERU

mostly consists of diamictites,
with few sandstone
and
mudstone
interbeds,
and is interpreted
as submarine
resedimented
material
(debris
flows,
slided
slabs,

be impact deposits, and research should be pursued considering this possibility.
References:
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tion. Numbers in sections indicate palynology samples.
The total modern extent of the outcrop area of these
latest Devonian diamictites
is around 1000 km in length
(NNW-SSE)
and 600 km in width (WSW-ESE).
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for distal

impact ejecta is found in relation with the Dogger-Maim
and Cretaceous-Tertiary
boundaries. The Middle-Upper
Jurassic (Dogger-Maim)
boundary at Ricla and Pozuel
del Campo (Iberian Range) presents conspicuous
geochemical
anomalies (e.g., heavy metals, platinum-group
elements),
volcanic and hydrothermal
activity,
submarine corrosion, high concentration
of spherules, and FeMn bacterial-fungal
stromatolites
[1]. The K-T boundary has been thoroughly
studied at several stratigraphic
sections with deep marine deposits (Zumaya and Eibar
in the western
Pyrenees
-corresPonding
to the eastern
Basque-Cantabrian
basin-, Agost and Caravaca
in the
Bethic Cordillera,
etc.), where unequivocai
evidence
was found for an impact origin in relation with a major
faunal turnover [2-15]. At Caravaca, a marked Ir anomaly was found, in conjunction
with V, Cr, Fe, Ni, Zn
and As anomalies,
and abundant
spherules
[2,3]. The
absence of volcanic products at this section strengthens
the case for an extraterrestrial
hypothesis [10,i 1]. Highresolution
biostratigraphy
of planktic
foraminifera
at
Osinaga
and Musquiz
(Navarra Pyrenees)
has further
detected
a small hiatus with iron oxides at the K-T
boundary [16], to be considered
in the interpretation
of
related
biotic changes.
Many other sections
exist in
Spain
with
continuous
exposure
and
detailed
biostratigraphy
of the K-T boundary, and with potential
to identify distal •impact ejecta within them.
Proximal
record
of impact
events:
The only
proximal impact ejecta bed in Spain is the Pelarda Formation, related with the Azuara impact structure, near
Zaragoza (Spain). After its first recognition
and inter'
national consideration
[17-19],
a strong debate arose
regarding
its tectonic or impact origin [20-24].
The
Azuara impact structure is located on the eastern branch
of the NW Iberian Range, which separates the Tertiary
Ebro and Calatayud-Montalb_in
basins. The diameter of

I

I053

AND POTENTIAL
IMPACTOCLASTIC
UNITS
IN THE
E. Sanz-Rubio & J. Martfnez-Frfas,
Centro de Astrobiologfa (CSIC-

Introduction:
The sedimentary
record of Spain presents evidence for impact events, as well as units with
potential to be interpreted
as impactoclastic
beds (some
of them currently
under study). We herein summarize
and review the information
available on the sedimentary
record of meteorite
impacts in Spain, most of it published in Spanish
journals.
In addition,
we propose
other stratigraphic
units with potential
for future research.
Distal

I[:z_

kin. 4, 28850

No.

the ring-like
remanent
structure is 30 kin, and the total
original diameter is estimated between 35 and 40 km. It
is considered as late Eocene-Oligocene
in age [20], and
is outlined by Mesozoic and Paleozoic rocks. The rem-

nants of the ejecta blanket deposits (Pelarda Formation;
[25]), with an outcrop of roughly 30 km _ and a thickness of 200 m, overlie clastic alluvial fan deposits of the
adjacent
research

Calatayud-Montalb_in
basin. Part of our current
focuses on the sedimentological
and paleon-

tological
evidence
in both the Ebro and CalatayudMontalb_in basin, to contribute
to solve the controversial
impact vs. tectonic origin of the Azuara structure,
and
to determine
the age of the Pelarda Fm.
Potential
impactoclastic
beds: One important criteria for the recognition
of impact-related
units in the
sedimentary
record is the presence of breccia or diamictite beds or well-dated
massive extinction
events with
ages roughly coinciding
with those of known meteorite
impacts.
Breccia and diamictite
beds are frequent
in
Spain, although
they are usually interpreted
as synsedimentary redeposition
related with slope and/or tectonic
instability, and more rarely as glacigenic
deposits. Apart
from those more clearly related with active tectonism or
eustacy, other units exist displaying
a strong potential as
impact-induced.
For most of them, evidence is not unequivocal,
and many
features
still remain
to be explained.
Vendian-Cambrian
boundary.
Deep marine
and olisthostromes
of the "Nivel de Fuentes"

breccias
(Fuentes

Bed, Membrillar
Megabreccias
and Olisthostrome,
Navalpino Breccia) in the Valdelacasa
and Navalpino anticlines (Central Iberian Zone of the Hercynian
Massif)
broadly coincide with the Vendian-Cambrian
boundary
[26-33], and have been traditionally
related to the Cadomian/Pan-African
orogeny.
Latest
Ordovician.
Shallow-marine
Hirnantian
diamictites

(the

fragment-bearing
Central Iberian

so-called

"Pelitas

con

fi'agmentos"

or

shales)
are present
throughout
the
Zone with different formational
names

[34-36].
They have been generally
north African glaciation.
Late Devonian.
Shallow-marine

assigned
diamictites

to coeval
within

the "Phyllite-Quartzite
Group" of the Iberian Pyrite Belt
(South-Portuguese
Zone of the Hercynian
Massif) are
commonly interpreted
as mega-debris
flows related with
tectonism [37,38].
Triassic-Jurassic
boundary.
In most of Spain this
boundary
is
marked
by
a
regional
erosional
unconformity
and/or earliest Jurassic (Hettangian)
breccias. Some are interpreted
as related with rifling and
eustacy [39-42],
whereas others are considered
the result of collapse after evaporite dissolution
[43].
Cenomanian-Turonian
boundary.
Impact ejecta have
recently been found north of Nazar6 (Mesozoic
Lusi-
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tanian
basin
of Portugal),
near
the CenomanianTuronian
boundary,
and in probable relation
with the

161-164. [35] Robardet,
M. & F. Dor6 (1988) Palaeogeogr., Palaeoclim.,
Palaeoeeol.,
66, 19-31. [36] Gar-

Tore seamount impact structure located off the coast of
Portugal
[44-47]. The potential
exists in Spain to find
distal ejecta in the frequent excellent exposures
of shallow and deep marine sequences covering
this same interval (Cenomanian-Turonian
boundary).
Some of these
Spanish
sections are already well dated baSed on calcareous nannoflora,
planktic foraminifera,
and ostracod
biostratigraphy
[48-49].
The present contribution
attempts
(a) to bring the
attention
of the international
community
towards recent
and ongoing research relating the sedimentary
record of
impact events in Spain, and (b) to promote new research
regarding
the aforementioned
units to search for evidence of an impactogenic
origin.
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Our understanding

of the end-Permian

demonstrated the existence
of two discrete pulses of
extinction,
one at the close of the Capitanian Stage of
the middle Permian, the second at the end of the final,
Changhsingian
Stage of the Permian.
More recently,
Bowring
et al. [5] showed that this second pulse of
extinction
occurred in less than 500 kyr, and the
rapidity of the biological
and geochemical
changes at
the Permo-Triassic
boundary
appears
increasingly
similar to the end-Cretaceous
mass extinction.
The
calculated
sediment
accumulation
rates from the

L

Meishan
PT boundary
section
in south China [5],
coupled with new carbon isotopic
data suggest the
extinction
probably
occurred
in less than 165,000
years, but could have been even more rapid. Other
developments
over the past few years have also
constrained
the possible
explanations
for the endPermian
mass
extinction,
eliminating
some

_
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mass extinction
has been revolutionized
over the past
decade.
In 1990, Teichert [1] and Erwin [2] argued
the extinction occurred over ten million years, or more.
Stanley and Yang [3] and Jin et al [4], however,

H

EARLY

Museum

possibility
introduced

is the eruption
of the Siberian
traps
large volumes of carbon and sulfates into

the atmosphere,
triggering
climatic
changes
and
extensive
acid rain [7,9].
To explain
the marine
extinctions
and the isotopic
shift, the associated
climatic warming must have been sufficient to warm
the surface ocean enough to release a minimum
of
1200 gigatons of methane carbon. As originally noted
in 1993 [10], the release of gas hydrates is the most
straightforward
solution to the shift in carbon isotopes.
However the explanation
in 1993 reliedupon
a drop in
sea-level during the extinction,
while more recent data
clearly demonstrate
that sea-level was rising [6, 11,
12], requiring
a different
mechanism
to release the
methane gas hydrates
[5]. Methane release triggered
by the Siberian
flood basalts may also explain the
other aspects of the extinction,
including the anoxia.
Other possible mechanisms
are not yet excluded by
the data, however. A tsunami and heat released by the
impact of an extra-terrestrial
object could also be
sufficient to cause the release of gas hydrates, causing
the isotopic shift; if the impactor was an icy object, it

suggestions,
but enhancing
other possibilities.
The
end-Capitanian
extinction
phase remains
less well
known
that
the
second
pulse,
which
will
be
emphasized
here.
Constraints
on mechanisms:
Bowring et al [5] and
subsequent
work have summarized
the following
constraints on the cause of the end-Permian
extinction:

could have directly introduced the requisite carbon [5].
Although
there remains
no direct evidence
for an
impact
at the PT boundary,
the geological
and
paleontological
evidence
is strikingly
reminiscent
of
some evidence
for the KT mass extinction.
The

1) widespread
evidence for deep-sea anoxia across the
PT boundary, and for shallow-water
anoxia at or close
to the PT boundary;
2) a 8_3C shift from +2 to -2 per
mil essentially
coincident
with the extinction horizon;
3) a close temporal correlation
with the eruption of the
Siberian
flood
basalt
[6].
Additionally,
there is
growing evidence for an interval of climatic warming
during the earliest Triassic, which may be related to
the cause of the extinction.
Evidence
for this global
warming comes from fossils and sediments in northern
Canada,
the Karoo
Basin
of South
Africa,
and

no direct evidence in favor of this possibility.
Patterns of biotic recovery: The end-Permian
mass
extinction
marked the demise of groups which had
dominated
marine ecosystems
for over 200 million
years, and the subsequent radiation established
those
groups
which
continue
to
dominate
marine
communities
today.
Thus a critical
component
of
research
into the
extinction
involves
the postextinction
recovery [13-15].
The Early Triassic is a
highly anomalous
interval of time.
Although some
clades rebound quickly,
in most clades the biotic
recovery is considerably
delayed, with the survival
interval extending
for millions of years to near the
Smithian/Spathian
boundary
[10]. Most other survival
intervals
last less than 1 myr [14]. Whether
this lag

Australia
[7,8]. The close correlation
between
the
Siberian
flood basalt and the extinction
suggests
a
correlation
[7,9],
but
several
aspects
remain
unexplained
by
that
hypothesis,
including
the
magnitude
and rapidity of the shift in carbon isotopes.
The isotopic shift is often considered
a whole ocean
shift, but may actually involve a whole ocean shift
from +2 to 0 and a transient surface water shift to -1 or
-2 per mil [5].
This correspondingly
reduces
volume of organic
carbon required
to produce
shift.
Plausible

mechanisms:

The

available

the
the

evidence

remains consistent
with several possible mechanisms,
but difficulties
exist with each of them.
The first

temporal constraints
on the PT extinction
strengthen
the possibility
of an impact, although,
again, there is

reflects
continuing
environmental
dampening,
precluding
biotic recovery,
or the magnitude
of the
ecological
disruption
caused by the extinction[13]
has
been the subject of considerable
discussion.
Recovery
of coniferous
forests
in Europe follows
a lengthy
period
of lycopsid
dominance
[16].
Anomalous
carbonate
cements
from the western
US suggest
continuing
high alkalinity
into the Smithian/Spathian
[17], and environmental
dampening
of the recovery.
In contrast,
analysis
of sections from northern
Italy
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[18] and the western
US
shallow
marine
sections

MASS EXTINCTION:

[19] indicate
that these
exhibit
normal
marine

conditions
by the late Greisbachian.
While there may_
be considerable
biogeographic
variation in the pattern
of recovery,

as documented

for the KT extinction

U

Q

[20],

the re__is_little evidence for environmenta
! dampening
continuing through most of the Early Triassic.
A more
powerful explanation
for the delayed recovery comes
from a recent
cross-correlation
of origination
and
extinction rates throughout
the Phanerozoic,
based on
Jack Sepkoski's
data. This
analysis
suggests
an
approximately
10 my lag between
extinctions
and
originationsl
independent
of the scale of theextinction
[21]. This surprising
result suggests, contrary to the
views
of some
studying
biotic
recoveries,
that
originations
do not simply represent refilling of empty
ecospace,
but the active creation
of a new ecological
fabric. The positive feedback effects of recovery thus
entail a delay before the onset of recovery,
very rapid rebound once it begins [21, 22]
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I

J

u
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COMPELLING NEW EVIDENCE FOR PALEOC-ENE DINOSAURS 1NTFIE OJO ALAMO SANDSTONE,
SAN JUAN BASIN, NEW MEXICO AND COLORADO, USA. J.E. Fassetd, S.G. Lucas 2, R.A. Zielinski _, and
J.R. Budahn I.
IU.S. Geological
Survey, P.O. Box 25046, MS 939, DFC, Denver, Colorado 80225
(jfassett@usgs.gov), 2 New Mexico Museum of Natural History, 1801 Mountain Road, N.W., Albuquerque, New
Mexico, 87104 (slucas@nmmnh.state.nm.us)
The San juan Basin is in the western United States in
the states of New Mexico and Colorado (fig. 1). A
hiatus of about 8 m.y. separates Late Cretaceous from
Tertiary rocks in the Basin. Most of the missing strata
are from the Maastrichtian Stage. The Unconformity
is overlain by the Ojo Alamo Sandstone in the south
and underlain by the Kirtland or Fruitland Formation
at most other places in the basin. Isopach lines on
figure 1 show that the pre-Ojo Alamo unconformity
beveled underlying Upper Cretaceous rocks southeast_vard by more than 640 m; (2:100 ft', fig. i):
108 _
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the Ojo Alamo was deposited by high-energy, braided
streams with a north to northwest source. Numerous
papers [21 have suggested new member names for
parts of the Ojo Alamo and the upper part of the Kirtland Shale. In this report, the name Ojo Alamo is
used as first formally applied but is considered to be
entirely Paleocene in age.
Two publications [5, 1] focused on the contradictory
evidence of Paleocene pollen and dinosaur bone
within the Ojo Alamo in the basin. These reports tentatively concluded that pollen was the more accurate
age indicator and therefore the Ojo Alamo dinosaurs
were Paleocene in age. The conclusion was tentative
because Paleocene pollen nowhere occurred at exactly the same locality as dinosaur bone. Paleocene
pollen is present, however, in the Ojo Alamo near
Barrel Spring, within one mile of the Alamo Wash
bone locality (fig. 1). Fassett et al [1] discussed the
recent discovery of a large hadrosaur femur in the
Ojo Alamo at the San Juan River site (fig. 1) and
showed a photograph of this bone, in place (fig. 2A).
Subsequently, the bone was excavated, cleaned, and
mounted for display at the Department of Earth and
Planetary Science, at the University of New Mexico,
Albuquerque, N.M. (fig. 2B).

Podales

30 Km

Figure 1 - Index map of San Juan Basin showing outcrop of
Tertiary, Ojo Alamo Sandstone and locations of dinosaurbone and (or) pollen collection sites. Isopached interval is
from the Huerfanito Bentonite Bed of the Lewis Shale to the
base of the Ojo Alamo Sandstone.
Line delimiting northern
part of basin _s base of Tertiary Animas or Nacimmnto Formation. Modified from Fassett et al [1].

The Ojo Alamo Sandstone was defined at Alamo
Wash (fig. 1) as two conglomeratic sandstone beds
separated by a medial, sandy-shale unit and was assigned a Cretaceous age because of its abundant dinosaur fauna [2]. Elsewhere in the basin, the Ojo Alamo
consists of a series of lensing, overlapping, multistoried channel sandstone bodies, conglomeratic in
the north and west and non-conglomeratic in the
south and east. Paleocurrent studies [3, 4] show that

B

0
I

.5
t

1 meter
I

Figure 2 - Right femur of a hadrosaurian dinosaur from the
San Juan River site (fig. 1). A -- bone in place in the Tertiary
OjoAlamo Sandstone, west-central San Juan Basin, New
Mexico; photograph from Fassett et al [1]. B -- bone after
excavation, preparation, and mounting. Bone in B is rotated
on its long axis about 180 degrees from view in A.
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Following the excavation of the hadrosaur femur from
the San Juan River site, a coaly, carbonaceous shale
bed was discovered about 160 m west of the dinosaur-bone locality and 3 m stratigraphically below the
le-ve]-fr_mwhich the bone lihd been excavated. Samples of this coaly bed were collected and analyzed for
their pollen and spore content and were found to contain a diverse assemblage, including Momipites
tenuipolis, indicating a Paleocene age for these rocks.
Figure 3 is a composite stratigraphic column showing
the stratigraphy of the lower part of the Ojo Alamo
Sandstone at the San Juan River site.
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The fully documented Paleocene dinosaur bone from
the Ojo Alamo Sandstone at the San Juan River site,
bolsters conclusions [5, 1] that the dinosaur-bone
assemblage from the Ojo Alamo Sandstone in the
vicinity of Alamo Wash is also of Paleocene age,
even though vertebrate paleontologists have assigned
a Lanclan age to that assemblage.
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Alamo Sandstone
fied From Fassett

We suggest that this animal lived in Tertiary time and
died near the place where this silicified femur was
found. As the corpse decayed, river currents disarticulated the skeleton, dispersing the lighter elements,
and leaving this large massive bone behind to be
quickly buried and silicified.

column

at the San
et al [1].

of the lower

part

Juan River site (fig.

of the Ojo
1).

Modi-

The data from the San Juan River site demonstrate
that the large hadrosaur femur found there was preserved in rocks of Paleocene age. Because this is a
single bone, however, the question of possible reworking from the underlying Kirtland Formation of
Cretaceous age must be addressed. We find that possibility unlikely to impossible, for the following reasons: 1) The base of the Ojo Alamo Sandstone is a
planar surface in this area with no local topographic
highs in the underlying Cretaceous strata extend_g
15 m-upward into the Ojo Alamo to the level of the
bone; the isopach lines of figure 1 also indicate a very
fiat surface at the base of the Ojo Alamo in the vicinity of the San Juan River site, 2) Uppermost Kirtland
strata were certainly at the same level as the San Juan
River site bone a few miles to the northwest, but
given the size of this bone and its silicified weight of
more than 150 Kg, it would have been practically
impossible for this bone to have been transported
even a few meters, not to mention a few miles southward to the San Juan River site, and 3) The bone,
(fig. 2B) has a pristine outer surface with no abrasions or scratches and with all of its delicate outer
processes intact. There is thus no evidence of transport of this bone.

We have initiated trace-element analyses of dinosaur
bone from the Ojo Alamo to further resolve the
reworking question. Instrumental neutron activation
analysis of 14 bone samples _from the southern San
Juan Basin, seven from the Kirtland and seven from
the Ojo Alamo, indicate distinct differences in the
concentration of rare earth elements (REE) and uranium (U) in the two populations.
Chondritenormalized REE abundances in Kirtland bone indicate a markedly steeper slope (La/Yb=16.1±7.8)
compared to Ojo Alamo bone (La/Yb=5.7±3.9). Kirtland samples also have markedly lower concentrations of U (2.1 to 38.3 ppm) compared tO Ojo Alamo
samples (166 to 834 ppm). Upiake Of _Eand
g by
apatite is believed to occur rapidly during early
diagenesis and to reflect differences in pore-water
environments [6, 7]. REE abundances preserved in
fossil bone have been used to identify reworked bone
in other settings [6]. The distinctive REE pattern and
U content of Ojo Alamo bones suggests that they are
not reworked Cretaceous bones. Fission-track radiography will be used to determifie if the distribution
of uranium in Ojo Alamo bone is consistent with
early diagenetic uptake in apatite or with secondary
introduction of U. An unexpected f'mding is that iridium concentrations in these bone samples are high,
ranging from 0.1-2.77 ppb.
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been

thought

the K-T

from a single

respectively.

originated

gradually

evolved

As a consequence

of

vicariant
passengers
on
ostriches
and rheas were

flightless

Several

One of sluggish

to have

and

boundary.

groups
of birds and mammals
were considered
continents.
For example,
groups
such as the

evolved

and

over

orders

the mid-Cretaceous

orders,

this early origin, many
the Cretaceous
drifting
thought

evolution

living

ancestor

recent

and drifted

on

studies

[1-

molecular

3] have also suggested
that birds and mammals
are much older (by some 50 to 90%) than the
fossil record indicates
and one study [1] suggests that the continental
breakup was an important
mechanism
in the ordinal diversification
of birds and mammals.
However,
require

for modem
that the fossil

bird

and mammaiorders

record

of these

to have

two groups

is horribly

to believe that the fossil record is fairlyaccurate.
wrong.
Too,-recent
discoveries
0 f fossil birds have
during both the Mesozoic
and Cenozoic,
and suggest
phylogenetic

picture.

end of the Cretaceous,
mals in an explosive

According
underwent
phyletic

to this new model
a dramatic

evolution

K-T

in the early

originated

in the mid-Cretaceous

incorrect,

and there

is every

would
reason

Obviously,
one side or the other is simply
revolutionized
our view of avian evolution
a dramatic
departure
from the time-honored
[4], birds

endured

bottleneck,
Tertiary.

went an initial Mesozoic
adaptive
radiation
of archaic
closed the Cretaceous
Period, and underwent
a major

massive

and then
Birds,

types, were
reorganization

extinctions

at the

paralleled

mam-

closely

then,

like mammals,

under-

devastated
by the event that
in the early Tertiary,
with

perhaps initial landbird
and shorebird
descent.
All the major lineages of birds evolved
within a
time period of some i0 million years, with allthe
major orders appearing
by the late Paleocene
or early Eocene
[5]. Gap analyses
[6] support the hypothesis
that the avian
a common
ancestor over a brief time interval following
the K-T cataclysm.
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There is accumulating
evidence
that Precambrian
glaciations reached equatorial
latitudes [1,2]. Kirschvink
proposed

between obstacles (e.g., islands) could result in cracking either
due to shear forces between
the grounding
line and moving

that cooling
tion created

ice field,
obstacle.

m

of the Earth and subsequent
low-latitud-e
an albedo-driven
runaway to a "Snowball

g/acia_
Earth"

or compression
These regions

forces in the windward
will support photosynthetic

side of an
commu-

state in which pack ice covered
hydrological
cycle and curtailing

the world ocean, halting the
primary marine productivity

nities, including
eukaryotic
algae at the sea-ice interface.
production
of oxygen in a predominantly
reducing ocean

[3].

unique

in turn, create

The theory

proterozoic
has

explains

several

sedimentary

been

proposed

rock record

to explain

features

anomalous

in drastic

recorded

reduction

in carbonate

fossil record is sparse
or clades of microbial
ble to distinguish
information

of the biosphere

613C values.

should

have

and appears

However,

based

on morphology

entire

to discriminate

Without

between

of the oldest

Metazoa

that appear

the emergence
researchers,
appear

a mass
-

a role. The large

strictly

microbial.

be the oceans.
-50°C

from freezing
The

Although

or below
global

A critical

surface

[9] upwelling

average

temperatures

heat

solid and instead

for life will
will

will prevent

a thick

ice thickness

refugia

will be determined

by the

flow through oceanic
due to the increasing

luminosity
of the Sun and the decreasing
heat flow of the Earth
with time. Mean ice thickness was approximately
700 m in the
Neoproterozoic
and 400 m in the Paleoproterozoic.
Ice this
thick will not develop penetrating
cracks [10]. Hydrothermal
vents

at mid-ocean

ridges,

water, could support
metabolisms.
However,
ditions
thin

equator

m

of the oxidants

[11] has shown

of sunlight
These

areas

near the equator

within

that under

certain

the ice results

will be initially

but may expand

con-

as atmospheric

to the
CO2

levels, unchecked
by weathering,
rise. Areas of high ablation
will produce
blue, regelated
ice which because
of its low
albedo

and low scattering

thinner

than mean conditions.

propagating
absorbed

if ablation
heat.

properties,
rates

In addition,

will remain

These regions
increase
flows

warmer

may become

because

of ablating

and
self-

taphonomic

and

by many

The Ediacara

Neoproterozoic

Ediacara-like
as well

and ecological

surface

of severe

that the advent
sediments

glaciation

that more

factors may have played

of burrowing

of these organisms
Their soft-bodies

and the efficiency

re-oxidized

and returned

with

which

versely,
the rise in atrfi0spheric
of a UV-screening
ozone shield

and the oc-

et al. suggested

increased

to the atmosphere

to the

climate

Hoffman

animals

U

ratios and the quilted

global

events:

J
i

overturn

of

carbon

is

organic
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or

glaciation

has been noted

Life itself may have influenced
curence

Earth

in ice as

restricted

tm

of the

forms also suggesf _ ocean chemistry:_unfavorable
stability of carbonates
or phosphate
skeletons.

in deep

and methanogenesis

the last global

pneu structures
suggest that many types
were adapted to low-oxygen
environments.

al.

McKay

absorption

as _2

deprived

only sulfur reduction

seas oxidation

with Kirschvink.

in the Cambrian

complex

average

the oceans

ice shell will develop.

mean surface temperature
and the heat
crust and will vary with geologic time

can

the iron and manganese

metazoa

[12]. However,

the oldest

An improved description
of possible ecologies
during the
onset, total, and aftermath phases of a snowl_!
even_t will aid

between

in the terminal

predate

of the fossil record.

potential

in the rock record.

beginning

briefly

shallow

produce

of modern

Ediacara, whose relationship
to the former is debated [7]. Fossils contemporaneous
with the Paleoproterozoic
events, which

interpretation

which use oxi-

tion and subsequent
disappearance
from the fossil record at ca.
550 Mahas
als_been-a_cribed
to a glaciafion'sevolutionary
aftermath

[8], will be

could

The coincidence

this

and the enigmatic

fossil of a eukaryote

bacteria

electrochemical

ventilated

column

found

plausible

within

0f vaiying

In poorly

water

deposits

extinction
(reduction
in biodiversity)
and a mass cu!ling(reduction in biomass). Terminal Neoproterozoic
units do include
fossils

pathways.

re-

to be

the Precambrian

alone.

a microecol0gy

and reductants

survive. This would lead us to predict that the glaciations
did
not lead to extincti0nof
bacterial
Species or their metabolic

and predominantly
microbial:
Species
organisms
can be difficult or impossi-

it is not possible

megascopic

dants

Paleoproterozoic

diamictites
metalliferous
deposits [5,6].
A climate catastrophe
of this magnitude
suited

in the Neo-

[4] and a sin(i-lar event

W

The
will,
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J. Afr. Earth Sci. 28, 17. [13]
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History

Diversity

event,

of the trophic
Across

the Permo-Triassic
What

section

by a brachiopod

marine

diverse

Cretaceous

among

Gallagher,

530,

Trenton,

by reductions

the plankton

Wil-

NJ 08625-

in the diversity

is documented

reverberate

upward

record

and

for the Fras-

and the K/T boundary.

can form

The effects

to higher

of mass

crops.

The brachiopods

tary coral (Flabellum
During

are often
mortoni).

levels

extinctions

Dwarfed

(1).

important

while

became

sponges

are part of the reef community
Sponges

volume

for

temporarily
fossil

bank

in the

concentrations

ecosystem

replaced

(Oleneothyris

zone can be traced from
level

(Peridonella

dichotoma)

form an insignificant
mass

New

in Paleocene

out-

and a soli-

proportion

of this fauna.

extinction,

hexactinellid

other groups

severe

extinction

Again,

event,

after the

the Permo-Triassic,

Triassic/Jurassic

mass

demo-

extinction,

in the Jurassic.

organisms,

per day (2).

of the

of Paleozoic

of one species

at the same

by a sponge

numerous

in the Triassic.

are minimalist
of water

oyster

Frasnian-Fammanian

After the most

sponges

are replaced

a diverse

Carolina

bivalves

after the

for a resetting

by faunas

In particular,

The Oleneothyris

North

accompanied

and diversified

decimated

assemblages

large terebratulids

of the bioclasts.

into southeastern

and immediately

proliferated

where

is evidence

are dominated

assemblage.

Plain show

gravel

there

which

molluscan

Coastal

shell

up to 99%+

North America,

ecosystems,
dominated

of the Atlantic
dominated

in the north down

body

are often marked

can we see in the fossil

in eastern

in Danian

Jersey

being

PO Box

mass extinction,

evidence

the K/T boundary
clock

Widespread

sponges

EXTINCTION.

State Museum,

reduction

by a sponge-brachiopod-coral

harlani)

K/T MASS

RESTRUCTURING

of this hypothesis?

evolutionary

in the K/T

Jersey

ORGANISMS:

crash in the base of the food chain should

pyramid.

confirmation

were

New

THE

in the marine realm

of plankton.

of this population

aspect.

AFTER

Bureau,

extinctions

nian/Fammenian

Danian

MINIMALIST

wgallagh@museum.sos.state.nj.us.

Mass
abundance

AND
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They

able to filter
specialize

up to 10,000

in extricating

to 20,000

smaller

times

their own

bits of nutrients

from

the water column.
In mass extinction
events such as the K/T event, the kinds of plankton (e.g.,
foraminifera)
left over after the event are generally smaller than the larger and more ornate forms
found

before

the extinction.

are more effective

Therefore

at filtering

sponges

are liable

out small particles,

to be favored

and processing

as survivors

large amounts

since

of water

they

for these

particles.
Brachiopods

are also minimalist

els, and in general

have

nized

The abundance

benthos.

(3)

lower

food

area after the K/T event suggests
trophic ocean of the Danian.
Hypothesized
earth's

surface,

on the plankton

effects

organisms.
requirements

of large body

foraminifera

survived

be adapted

to severe

As Olsson

the K/T boundary.
reduction

species

such

a opportunistic
impacts

acid rain, and near-destruction
population.

and lower

of a single
it was

They are able to survive

such

The resulting

in food resources

that could

as reduction

in solar

layer would

shown,
Danian

marine

lev-

harlani

over a wide

thrive

in the oligo-

radiation

all have

only three species

in an oligotrophic

oxygen

than other exoskeleto-

as Oleneothyris

species

of the ozone

and Liu (4) have

metabolism

at lower

community
ocean,

reaching

negative

effects

of planktonic
would

especially

have

to

in waters

closer to the Chicxulub
impact site, for example
in eastern North America.
Such a pattern
demonstrated
in the minimalist
assemblage
of the Danian of the Atlantic Coastal Plain.

is
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affected

organisms

W. B. Gallagher
m

The

plankton

planktotrophic
larvae

larvae.

were

favored

lations

crashed

in the

plankton

survived.

Normally,
during

were

those

dispersal

patterns

of high planktonic
those

affected.

went extinct,

while

are larval

that

explains

nautiloids,

brooders,

large

prodfictivity;

organisms
This

and

that reproduced
but when

depended

why

which

while

numbers
upon

ammonites,

if they

survive

at all (e.g.,

The
food

niche
web.

the planktonic

popu-

a developmental

stage

were

planktotro-

eggs on the sea bottom,

can reproduce

bony

fish

tition

adapted

were

asexually.

some

predator

was an important

trophic

of shell-crushing

carnivores

and crustaceans.

Chimaerids,

turtles

marine

as crocodiles

echinoids

as a common

mollusks
and

a few mosasaurs

for shell crushing.

By contrast,

Russian

established

a variety

of Cretaceous

species,

Cucullaea).

has been

w

levels in
generally

show

dwarfing

feature

of earliest

m

w

of duraphagous
There

food resources

Pycnodonte,

(5), and dwarfing

of

of planktotrophic

which

lay lecithotrophic

sponges

by means

Dwarfing
among Danian benthos is explainable
as a response
to lower plankton
K/T ocean.
Danian
representatives
of Maastrichtian
molluscan
genera are

across the K/T boundary
Paleocene
marine faunas.

such

wide

times

severely

Brachiopods

smaller,

fine

also probably

at the K/T boundary,

phic reproducers,

the post

crash

in the Cretaceous

taking

(Globidens,

advantage

rays, certain
Carinidens)

ma-

of the

sharks,

rich

various

show jaws

u

of the Paleocene

sharks.

!

g

or den-

'

predators

or lamnid

level

Duraphagy

tend

survived

to be more

as a niche,

generalized

carnivores

but in the Danian

opporm

tunistic

predators

oligotrophic

ocean

This
collapse
such

with broader
affected

pattern

of marine

ecosystems
impact.

of impact

new Late

under

farther

fossil

The

scarce

resources

of the early Paleocene

IR

predators.

and survival

Such

effects

Cretaceous

predominated.

specialized

of extinction

as an asteroid

intensity

tastes

across

stresses

away

provides

by large-scale

environmental

generated

a pattern

discoveries

the KIT boundary

should

from

be zonally

the crater.

in eastern

North

distributed,

a model

disturbance,

reflecting

Preliminary

proof

America;

coelacanths

for the
w

decreasing

for this comes

from

and lungfish

of

J

Late Cretaceous
age were wiped out in this part of the world but survived
at the antipodes
of the
impact in the Indo-Australian
region.
This idea is also supported
by the distribution
of other
well-known
living
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AN IMPACT
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IN A BIOTIC

Profsoyuznaya

Impact of an asteroid size object produces a global
catastrophy
on the Earthl
Such catastrophes
could
cause temporal
changes in the composition
and density of an atmosphere,
climatic
and oceanic circula-

there
That

tion, and other changes that could be over a certain
period of time equilibrated by endogenic processes to a

can be significant
since chemical
transported
to long distances
by
mechanisms.
Chemical
changes
in
can cause slow extinction
of some

regular state. Some changes could have no recovery to
the former state, one possible example of which is the
extinction of some forms of life.
Among
significant

different factors of an impact which are
for the survivability
of life forms we can

separate physical (the action of shock waves, expansion and luminosity
of the fireball, ejecta, tsunami,
high amplitude earthquakes,
etc.), chemical (the damage of the chemical equilibrium
of the atmosphere
by
the release of impact generated
gaseous components
and chemical
reactions
between
atmospheric
gases
and vapor
cloud, formation
of toxic components,
acidic rains, change of pH in the ocean water, formation of aerosols, etc.), and climatic.
The significance
of physical,
chemical
and climatic
factors changes
with the distance from the center of an impact. Schematically
it is shown on the Fig. 1. In the close vicin-

The Earth
_.._
/f:i

x'_
i_i_

/

_i_

_

_

:ii.._

immediate t°tal exV_physical factors)
_mediate selective

?ysical
A

factors)

/gw death
chemical factors)

Zone of long-term mortal effects
(result of chemical and climatic changes)

Fig. 1. Schematic
effects.

ity of a crater

there

zonning

of a catastrophic

is a zone

of immediate

impact

total ex-

tinction of all forms of life mainly due to the action of
physical
factors. Physical factors are reducing
from
the center of an impact and at some more distance
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MASS

st., 84/32,

is a zone with immediate
selective
extinction.
means that some life forms can survive while

other are extinct. At greater
does not have mortal effect.

distances
Chemical

physical factors
factors are still
products
can be
wind and other
the environment
sensitive to such

changes life forms. If impact is catastrophic
enough to
cause climatic changes
then the whole planet is the
zone of dangerous
environment
for some life forms.
Also some toxins being distributed
globally
can be
dangerous even at low concentration.
The significance
of chemical
changes and the production of toxins during an impact has rather weak
coverage in the literature
and is not well understood.
This paper is focused on the experimentally
derived
information
about the chemistry
of impacts
and its
possible mortal effect.
Our experimental
approach
included
small scale
impacts using light-gas-gun
(LGG) facility and simulation of impact vaporization
by use of laser pulse
(LP) technique [1]. In our experiments
we used a wide
range of targets including
different
types of silicates
from ultramafic
to acidic and different salts modeling
some specific sediments
(e.g. gypsum, anhydrite
and
calcite for Chixculub
case). We also performed
experiments in different gas environments.
Investigation
of the forming gas mixture shows the
presence of large quantities
of species which can be
toxic for life forms: CO2, CO, HCN, SO2, SO3, H2S,
CS2, COS, C6I-I6, hydrocarbons,
H2504
and other
[2,3,4]. The amounts of released toxic gases into the
atmosphere
depended on the composition
and dimension of a projectile and target rocks. Impact vaporization high-temperature
chemistry
shows weak dependency of the pattern of chemical
products on physical
paramete(s and on the scale of an impact. The composition of gases which are released during impacts are
mainly depended
on the relative quantities
of volatile
elements involved in reactions.
The interp0iation
of experimental
data on the scale
of the Chixculub
impact with the amount
C and S in the range of 2.4+8.1×1017
3+38x1016 g [6] correspondingly
shows

of degassed
g [5] and
(see Table)

that the produced
amount of toxic gases exceeds 100
ppm level for the overall modern earth's atmosphere.
Being distributed
over the globe from the point of ira-
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I
pact the concentration
of toxic gases decreases with
distance and time, but large areas such as continents
could be subjected to high enough concentration
of
toxic cloud with inevitable extinction
for some organisms. The problem
of extinction
is amplified
by simultaneous
action of all toxic components.
The table does not account all possible toxic components. Experiments
also indicate a rather high production of PAH (see Fig. 2), also at oxidized conditions, some of which (e.g. 1,2-benzpyrene)
could be
extremely dangerous
even at very low concentration.
Another possible danger for life forms is connected
with the chemistry
of chlorine. Being mobilized
from
the ocean water C1 also could be a noticeable component in the impact chemistry in case of shallow ocean
impacts.
Such components
as phosgene
(COC12) or
dioxins could be synthesized
in the vapor cloud during
an impact but there is no data on their production
efficiency. Dioxins
are known as extremely
dangerous
components
even at very low concentration.
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Only ca.13% of the ca.165 known terrestrial impact structures have been identified to originate in marine
environments.
The marine impacts have been reported from shallow water marginal or epicontinental
seas, except
one, the Eltanin impact, that was discovered in the deep-sea basin of the southeast Pacific. Reasons for the mismatch
between the numbers of continental and deep-sea impacts include (i) the relatively young age of oceanic basins, (ii)
the post-impact
burial of marine impact structures, (iii) the deceleration and disintegration of small projectiles in the
water column preventing
the formation of impact traces at the deep-sea floor, (iv) the inaccessibilty
of the deep-sea
floor, and (v) the lack of programs for the detection of oceanic impacts.
In contrast to continental impacts, oceanic impacts will generate megatsunamis
that could potentially devastate
coastlines. This includes destruction of coral reefs, destabilisation of shelf ice and shelf deposits and the backwash
of terrestrial material. Future oceanic impacts represent a potential
hazard because impact-generated
large-scale
tsunamis can cause enormous loss in populated coastal areas, including areas located at great distances of the impact
ground-zero. Another specific threat related to oceanic impacts is the ejection Of large quantities of water and salt
into the atmosphere. Such deposition might lead to depletion of the ozone shield, to acidification of surface regions
and could affect the Earth's albedo and the power of greenhouse
forcing. Despite the great potential of oceanic
impacts for causing sudden disturbance of past and future Earth's climate, environment
and life, :our knowledge
on
these processes is still quite limited.
To date, the only example for a deep-ocean impact is the late Pliocene (2.15 Ma) Eltanin impact in the 5000 m
deep Bellingshausen
Sea. Originally discovered in 1981, based on an Ir-anomaly[ 1], and documented in more detail
in 1997 [2], the Eltanin impact represents
a baseline for further impact-related
studies and modeling,
and the
identification of other deep-sea impacts.
Combined
with seismic and sediment core data, numeric modeling
represents the most important tool to
understand the complex impact-related processes such as short-term effects (pressure, velocities, shock waves) in
the water column, large scale oceanic phenomena (e.g. tsunami generation and propagation),
the effects of shock
waves and oceanic processes on the sediment cover and basement,
as well as perturbations in atmospheric and

environment.
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The Boltysh impact crater is a circular depression about 24 km in diameter and 920 m depth formed in
crystalhne rocks of the Ukrammn shield. The central uphfi, about 580 m height and 4 km in surface diameter,
is
surrounded
by deep inner basin, 11 km in diameter and to 500 m depth. The inner basin is filled with impact melt
rocks, suevites and breccias. Impact melt rocks form a circular sheet to 220 m thick around the central uplift. It is
supposed that impact melt formed
a circular lake around the central uplift in the deepest part of impact structure.
The peripheral part of the crater is a shallow circular depression around the inner basin. A broken layer of allogenic
breccia covers the depression
floor [I]. The Boltysh structure
is filled
with post-crater sediments
that are
predominantly
argillites and siltstones. Commercial reserves of oil shales occur in sedimentary crater fill.
Estimates of energy of the Boltysh crater formation were made using relationships in [2]. Energy limits are
from 5.10 _ Mt in case of vertical impact to 1.1 106 Mt at impact by an angle of about 45 ° to the surface. Thus energy
of the Boltysh crater formation was accepted to be about 1.106 Mt. The consequences
of impacts with energyin
range from 1.105 to 1.106 Mt are considered as transitional
events from regional to global scale and may be
compared with consequences
of nuclear war [3].
One of the most important consequences
of impact is formation of ballistic ejecta layer. Intensively
eroded
ejecta now are a broken layer of allogenic breccia preserved in the area of about 6,500 km 2. The thickness of breccia
ranges from meters to some tens of meters and depends on distance from the crater center and pre-impact relief in
this region. Edges of preserved ejecta layer are close to estimated margins of initial ejecta layer from 10 m thick and
more. Estimated area of initial ejecta layer from 0.1 m thick to some hundreds meters thick near the crater rim is
about 100000 km 2. The breccia
layer is composed
of granite and gneiss clasts in fine matrix of the same
composition.
Rare clasts of intensively weathered
impact melt rocks and sedimentary
rocks occur in the breccia.
Granite blocks up to 8 m in diameter are distributed within the ejecta basal horizon.
Ejecta of the high temperature dust plume into the stratosphere
by gigantic impacts have a very severe
effect on the environment.
The thickness of fireball sediments formed by an impact with an energy of about 106 Mt
is about 0.03 mm in case of a uniform distribution on whole Earth surface accordingly to relationship in [4]. Now
this probiematic
layer of the Boitysh impact is unknown, although the Boltysh crater, 24 km in diameter, and the
Steen River crater, 25 km in diameter, are mentioned as only two known impact structures formed at or near of the
Cenomanian-Turonian
boundary [4].
Another consequences
of the Boltysh crater formation are not yet known, but the estimated area affected by
a catastrophic earthquake
and blowout of the atmosphere around the crater is about 100,000 km 2. The Boltysh
impact structure
was formed in continental conditions,
thus, no tsunami originated from that impact event.
Therefore,
the formation of the Boltysh crater was a catastrophic event of a regional scale on the territory of the
Ukrainian shield and adjacent areas.
References.
[I] Gurov E.P., and Gurova E.P. (1991) Geological
structure
and rock composition
of impact
structures. Kiev: Naukova Dumka Press, 160 p. (in Russian).
[2] Shoemaker
EM., Wolfe R.F., Shoemaker
C.S.
(1990) Geol. Soc. Amer. Spec. Paper, 247, 155-170. [3] Toon O.B., Zahnle K., Morrison D., (1997) Rev. Geophys.
35, 41-78. [4] Rampino M.R., and Haggerty B.M. (1996) Geol. Soc. Amer. Spec. Paper, 307, 11-30.
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Introduction:
The author has recently reported the
discovery of two new impact structures near Adelaide
in South Australia [1]. Both sites exhibit shock metamorphism
and include an 8.5km long elongate crater
(Crawford),
interpreted
as the product of a very lowangle NNE-directed
grazing
impact,
and a nearby
structure considered
to be of secondary
origin (Flaxman), resulting from down-range ricochet of part of the
projectile.
These sites form part of an extensive
(230x30km)
NNE-trending
corridor of similar elongate
features and breccia zones (Fig. 1). The corridor cuts
obliquely across regional structural,
stratigraphic
and
geophysical
trends and defies conventional
geological
explanations.
Although definitive shock metamorphism
has yet to be discovered
at the other structures, it has
been hypothesised
that the corridor is the consequence
of a multiple
low-angle
impact event of substantial
magnitude
[1], resembling
a scaled-up version of the
Rio Cuarto crater field in Argentina [2]. The southern
limit of the exposed corridor coincides with the shore
of the Southern Ocean (on Kangaroo Island) and it is
speculated here that the entire putative crater field may
comprise secondaries
from a single large grazing impact into the Southern Ocean south of Australia.
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diagram.

Pelican:
The
southern-most
candidate
impact
structure, here named Pelican (after Pelican Lagoon), is
a mainly covered feature marked
at surface by an
anomalous
gap in Cambrian
outcrop on Kangaroo
Island (Fig. 1). This gap is coincident
with a significant
gravity low, which has been modelled as an elongate
NNE-trending
sediment-filled
basin. The basin extends
from the near shore continental
shelf of the Southern
Ocean, across Kangaroo Island, to the southern margin
of Gulf St Vincent.
The shape, dimensions
(ca.
18x8km), orientation,
and alignment are analogous to

the craters

and inferred

craters

further

north,

and

in

similar fashion the Pelican structure cuts at a high angle across structural,
stratigraphic
and geophysical
trends in the surrounding
area. The age of the infilling
succession is unknown. From the only deep drill hole
into the basin, Wade [3] infers a Tertiary age for the
boulder-free,
clay-rich fill. However, the cuttings were
not examined
palaeontologically
and unfortunately
were not archived. Gulf St Vincent is underlain by the
St Vincent Basin, which has been undergoing
almost
continuous
marine sedimentation
since at least the
Middle Eocene. Basin margin areas, now uplifted onshore, probably preserve a relatively complete shallow
marine sequence from the Middle Eocene to the Middle Miocene
[4]. Thus, if Pelican does represent
an
impact structure younger than Middle Eocene, its position straddling the margin of St Vincent Basin suggests
that an impact tsunami/ejecta
horizon should be preserved within the basin succession.
This provides one
test of the multiple impact hypothesis
and could provide independent
timing constraints.
As most of the
succession
is comprised
of low-energy
muddy sediments, the preservation
potential
of a significant
regional event horizon should be high.
Impact
tsunami horizon?:
The accessible
basin
stratigraphy
was searched
in outcrop and in the two
available
diamond drill cores. A unique and obvious
candidate
for a tsunami deposit was quickly located:
namely the thin Chinaman
Gully Formation
(CGF),
which has long been recognised as an important marker
horizon within the basin stratigraphy.
The CGF lies
sharply
above fossiliferous
grey mudstones
of the
Blanche Point Formation.
The sedimentary
facies and
microfauna
of the Blanche Point Formation
indicate a
low energy marine environment
with poor circulation
and poor ventilation
[5,6]. It has been considered
that
during Blanche Point time the link between the Southem Ocean and St Vincent Basin was significantly
more
tenuous than it is today [7]. At the 2 m thick type section (60 km N of Pelican), the CGF consists of a series
of graded sand beds interbedded
with mudstones in the
upper part. Most of the sand, although often intermixed
with mud, has the texture of beach and dune sand and
contains scattered terrestrial plant remains. The unit is
bioturbated
in its upper part with burrows concentrated
at, and extending
down from a single horizon consistent with the entire unit below representing
a single
(although
pulsed) event deposit. In weathered
surface
outcrop
the formation
is leached
and heavily
iron
stained. In drill core the CGF is dark coloured, carbo-
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naceous
and pyritic,
containing
abundant
terrestrial
plant matter in some horizons.
Micropalaeontological
investigations
reveal a mixture of marine (foraminifera,
dinoflagellate
cysts, acritarchs)
and terrestrial
(pollen,
spores) indicators
[8]. Based on sub-surface
information, the CGF is thickest (up to 10m) and best developed close to the palaeo-shoreline,
but is thinner, finer
and sometimes
difficult to recognise
(from drill cuttings) in distal settings [4,8]. The CGF has long been
interpreted
as the result of a brief marine regression
and most workers assume it to be largely of terrestrial
origin [4,5,6,8]. The CGF is overlain sharply but conformably by the Aldinga Member of the Port Willunga
Formation.
This unit displays
a more open marine
fauna than the Blanche Point Formation
and its basal
part shows evidence
of significant
current
activity,
which decreases up section.
Microspherules:
In both of the examined
drill
cores the upper parts of the CGF contain horizons of
palagonitic
microspherules
(ca. 0.1-1 ram). These are
most abundant and best preserved right at the top of the
formation in both holes, but are not found above.
Shapes

vary from spheres

to ovoids

and more rarely

dumbbells, although=those=in contact with detrital sand
grains are commonly
deformed by compaction
suggesting that palagonitisation
was an early phenomenon.
The microspherules
display a thin whitish fragile shell
and are hollow except for a 'loose' core of brown waxy
palagonite of varying size. No relic glass has been observed. The microspherules
appear to be similar to
palagonitic
K-T boundary
spherules such as those reported from Haiti [9]. The microspherule-rich
horizons
are an obvious candidate for searching for shocked
debris, as well as siderophile
and isotopic anomalies
associated
with the putative projectile. Such studies are
in progress.
Age: The exact position of the Eocene-Oligocene
boundary
in southern
Australian
Tertiary sections
in
general, and in the St Vincent Basin in particular,
has
long been a matter of speculation.
A particular problem
for the St Vincent Basin is that its restricted nature has
precluded
many of the open marine planktonic
foraminifera
on which the boundary
is based elsewhere
[10]. Traditionally
the boundary
has been placed a
short distance above the top of the CGF near the top of
the Aldinga Member
of the overlying Port Willunga
Formation
[10]. Recently
it has been argued that the
boundary should be lowered to the base of the CGF
[5]. This reasoning is based mainly on the assumption
that the CGF represents
a brief marine regression,
which, if it were eustatically
controlled,
might be correlated
with a brief regressive
event placed
at the
boundary
on global sea level curves. Of course this
argument looses its Strengih if one accepts the tsunami
hypothesis presented here. Pending further information
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the CGF is here considered
to be of approximately
'terminal Eocene' age.
Discussion:
Any major impact generated
tsunami
within shallow,
confined
Gulf St Vincent
would be
catastrophic
on a local scale. It could be expected that
a signifcant
volume of water would be displaced onshore, the return of which would transport
large volumes of marginal
marine and terrestrial
sediment and
associated flora into the near shore marine zone. Giant
waves would no doubt be reflected
across the Gulf
multiple times inducing
a pulsed character
on the resulting deposit. The rain of impact ejecta would be
ongoing during
tsunami
activity
and such material
would thus be substantially
dispersed, except that finer
material such as microspherules
should arrive last and
be concentrated
at the top of the deposit.
Subsequent
bioturbation
by recolonising
organisms seeking trapped

W
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U

m
!

organic matter would extend down from a single horizon at the top. It is considered
that the sedimentological and other characteristics
of the CFG are in much
better agreement with these expectations
than any predictions that could be based on/he
marine regression _
hypothesis.
Any genetic association
with the Pelican
structure still remains highly speculative,
and another
unidentified
impac(slte(s)
could exist. H0wev_er, the
unique position of this feature, straddling
the divide
between Gulf St Vincent and the Southern
Ocean, potentially explains
another
observation,
ie. the more
open marine and higher energy character
of the basal
Port Willunga Formation.
It is speculated
that the inferred impact event may have created a new and more
direct pathway to the open ocean, temporarily
establishing a new wave and tidal regime in the Gulf, until
the connection
silted up. The apparent
transgressive
character of the Aldinga Member may not be real, are
there is thus no necess_/y for a significant
changes in
water depth across the CGF. Other workers
have also
speculated on the existence of a temporary
marine connection in the same locality during the Tertiary [l 1].
References:
[1] Haines P. W. et al. (1999) Meteoritics & Planet. Sci., 34, A49-AS0.
[2] Schultz P. H.
and Lianza R. E. (1992) Nature, 355, 234-237.
[3]
Wade L. K. (t944) Geol. Surv. S. Austral. Bull. 22. [4]

l

II

m
m
m_

m

,,u

m

J

Alley N. F. et al. (1995) Geol. Surv. S. Austral. Bull.
54, 151-217.
[5] McGowran
et al. (1992)
Eocenem

Oligocene climatic and biotic evolution. Princeton Uni
Press. [6] McGowran
B. and Beecroft
A. (1986) Palaeogeog.,
PalaeocIim.,
Palaeoecol.
55, 23-34.
[7]
Glaessner
M. F. and Wade M. (1958) J. Geol. Soc.
Austral. 5, 115-126. [8] Cooper B. J. 1979. Geol. Sure.
S. Austral. Rept. Invest. 50: [9] Bohor B. F. and Glass
B. P. (i995) Meteoritics
30, 182-198. [10] Lindsay J.
M. and McGowran
B. (1986) Terminal Eocene events.

l

m

g

Elsevier. [l 1] Cooper B. J. and Lindsay J. M. (1978)
Q. Geol. Notes, Geol. Surv. S. Austral. 67, 4-5.
m
m

LPI

MASS EXTINCTIONS
Birmingham,
Birmingham

AND SEA-LEVEL
B 15 2TT, UK.

CHANGES.

A. Hallam,

School

Contribution

of Earth Sciences,

No.

University

1053

of

k_

L_

m
W

m

m

m
m

L_
B

U
m
M

INto

u
w

Although the American geologist T.D. Chamberlin
was the first to propose, early in the last century, that
major faunal changes through time, which provided the basis for stratigraphic
correlation,
were under the ultimate control of epeirogenic
movements
of the continents
and ocean basins, it was his palaeontological
compatriot Norman Newell who began the modern study of mass extinctions.
In a series of articles in the 1960s, he
proposed a strong relationship
between marine mass extinctions and eustatic falls of sea level.
Of six major
events he recognised,
five have become generally accepted as the "big five" mass extinctions at the end of the
Ordovician,
Permian, Triassic and Cretaceous,
and in the late Devonian (FraSnian-Famennian
boundary).
The
causal relationship
that Newel] proposed involved loss of habitat areas in epicontinental
seas, where most at
least of the benthic biota are thought to have lived. After the classic publication
by Luis Alvarez and colleagues
reporting on the discovery of an iridium anomaly at the K-T boundary, interest became concentrated
on bolide
impact as a causal factor in mass extinctions in general.
Insofar as attention was paid to marine regression,
a
certain amount of scepticism
was expressed, for example at the rarity of extinctions
that could be related to the
evident glacioeustatic
regressions
of the Tertiary.
In 1989 Haliam Confirmed Newelrs regression hypothesis for
at least some major and minor extinction events, but pointed out that the spread of anoxic bottom waters associated with marine transgression,
sometimes but not always preceded by a major regression,
was also a potent
extinction mechanism,
presumably
because of the severe reduction in viable habitat area.
In their 1997 book
Hall and Wignall observed
that, apart from the K-T boundary, evidence of impact aSa causal mechanism
for
mass extinctions was either weak or non-existent,
and even for the K-T boundary there was evidence for major
sea-level change that required
further evaluation.
Of the phenomena
apparently
related to sea-level change,
anoxia associated with eustatic rise seemed to be more important than regression
as a correlate of mass extinctions.
A review of the relevant literature coupled with personal fieldwork in some cases suggests that nearly all
marine mass extinctions are associated with rapid, probably global, sea-level fluctuations,
of which regressivetransgressive
couplets are the most common; the most notable exception are the Frasnian-Famennian
and endPalaeocene
events.
There is no general pattern as to where the extinction
occurs within the regressiontransgressive
cycle. Thus, the late Ordovician
extinctions were a double e_vent associated
with both regression
and transgression.
Permian
extinctions associated
with regression
were considerably
separated
in time from
those at the end of the period associated
with transgression.
The end-Triassic
extinctions are more obviously
associated
with regression
than the subsequent transgression
and accords well with Newell's hypothesis,
but in
other respects his hypothesis
is not well supported as a model of general validity.
Thus, two of his type exampies, the late Devonian and end Permian, are now regarded as transgression/sea-level
highstand
phenomena.
While the strong temporal correlation
with latest Cretaceous regression
and mass extinction holds, it is proving
difficult to disentangle
the environmental
effects of regression
from those due to late Maastrichtian
climatic
cooling and end Cretaceous
bolide impact.
The most frequent association
of marine mass extinctions
is with
transgression
and the spread of anoxic waters into epicontinental
seas. This applies to one of the two events
near the end of the early Cambian,
the second phase of the end Ordovician,
the Frasnian-Famennian
boundary,
the end Devonian, end Permian, early Toarcian and Cenomanian-Tur0nian
boundary,
Most workers favour anoxia as the direct kill mechanism.
With regard to the ultimate cause of the sea-level changes, the evidence of til]ites provides support for a
glacioeustatic
origin for the end-Ordovician
and end-Devonian
events, with sea-level fall being promoted
by the
build-up of Gondwana
ice caps and rise by subsequent
melting.
For all the other events, however,
such evidence is lacking and in some cases is strongly against the kind of climate that would promote the growth of substantial ice-caps. The end-triassic
event is especially interesting.
The rate of sea-level change across the Triassic-Jurassic
boundary in Europe appears to be too rapid to be accounted
for by changing oceanic ridge-volume
tectonoeustasy.
Relatively
sharp uplift followed quickly by subsidence
can be related to the initiation
of
breakup of Pangaea by tensional
activity recorded on both sides of the present central sector of the Atlantic
ocean.
This event is associated
with extensive flood basalt extrusion and shallow intrusions of dykes and sills,
an association
that has been related to the existence of a mantle plume.
Submarine
volcanicity
on a massive
scale appears to be implicated
in the likeliest scenario for the Cenomanian-Turonian
boundary, with concomitant phenomena
including sea-level rise, a possible runaway greenhouse
effect and increased oceanic anoxia.
Such a scenario could also be applicable
to the end-Permian
event, thereby helping to explain substantial
extinctions on land as well as in the sea.
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The late Cenomanian

extinction

EXTINCTION

of Plymouth,

event is one of those

initially
identified
by Raup & Sepkoski
[1]. The
"event" has long been recognised
as one of the major
features of the Cretaceous
succession on all continents
and, in many localities,
is associated
with dark/black
mudstones
[2]. The Bonarelli
Event, as it is known in
Europe (or CTBE in other areas) records a moderate
turnover of both macrofauna
and microfauna.
Associated with these extinctions
and biodiversification
events are a number of geochemical
signals, including
REE's and Iridium. The sedimentary,
isotopic, chemical, floral and faunal changes can be matched across
continents
and a detailed event stratigraphy
generated.
While there are distinct views as to how significant
this event was, most authors recognise its importance.

Plymouth

EVENT.
PL4

M.B.Hart
8AA,

United

& G.D.Price
Kingdom.

(e-mail

date the recorded extinctions.
The sedimentary
record
appears to be following
the sea-level changes
across
the boundary
and the other events, although
related,
are not directly caused by these changes.

W

There are a number of models for the event, including
expansion
of the oxygen minimum
zone [3], sea level
fall caused by glaciation
[4] or a simple sea level rise

I

[5]. Our model uses information
from the sedimentary
succession,
microfossil
groups
(including
disaster
taxa), geochemistry,
isotope studies, regional
palaeogeography
and some biometric
analysis.
The recent
discovery of Iridium at the same stratigraphicai
level
in Portugal will also be incorporated.
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Introduction:
One of the long standing controversies in the Cretaceous-Tertiary
(K/T) boundary debate
is whether the terminal
Cretaceous
extinctions
were

l

W

m

l
m
W

l

[]

abrupt and coincident with physical evidence for bolide
impact, or gradual and linked to Earth-bound
causes.
Although there is abundant evidence that a large botide
impact did occur at the K/T boundary [1] and the K/T
turnover is exceptionally
sharp relative to other Phanerozoic extinctions
[2], some workers continue to dig:
pure that the impact played a significant
role in the
end-Cretaceous
extinctions [3-5].
Differing
interpretations
of the planktonic
foraminiferal biostratigraphic
record have been the focus of
much of this controversy.
Some authors suggest that
the gradual pattern of pre-boundary
extinction among
these organisms can be explained as a combination
of
sampling or taxonomic
artifacts and low-level, background extinctions,
while the post-boundary
occurrences result from sediment reworking
[e.g., 6-7]. On
the other hand, other authors maintain that changes in
sea level, temperature,
and global volcanism
led to
prolonged
extinctions before and after the K/T boundary [e.g., 4, 8-9]. The argument for catastrophic
K/T
extinction
of planktonic
foraminifera
has recently
strengthened
based on strontium
and carbon isotopic
evidence
that post-K/T
occurrences
of most "Cretaceous" species that originated
in the Cretaceous are an
artifact of sediment reworking
[7, 10-i 1].
In this study, we focus on analysis of changes in
planktonic
foraminiferal
population
structure,
stratigraphic distributions,
and shell size/mass ratios across
a remarkably
complete and well-preserved
K/T boundary sequence from Ocean Drilling Program (ODP) Site
1049 to further evaluate
evidence
for post-K/T
reworking of Cretaceous
taxa. This site, which was located at -30°N paleolatitude
in the western Atlantic,
yielded a undisturbed,
thick layer of meteorite impact
ejecta precisely
at the biostratigraphic
boundary
between the Cretaceous
and Paleogene
[12]. The ejecta
bed was recovered at 112 meters below seafloor (mbsf)
in three holes drilled within 30 m of each other. The

i

lithology on both sides of the ejecta bed is nannofossilforaminifer
ooze, and benthic
foraminiferat
assem-

M

blages indicate that this site occupied an upper bathyal
paleodepth throughout the Late Cretaceous [ 13].
Stratigraphy:
The studied samples are all from
Hole 1049C, which contains a i0 cm thick ejecta bed

t

m

that is in sharp contact with the underlying
upper
Maastrichtian
chalk (Fig. 1). The ejecta bed is predominantly
composed of green smectite spherules that
range from 1-3 rnm in size and show no size sorting.
These are accompanied
by large Cretaceous planktonic
foraminifera,
which are size-sorted
in discrete layers
within the basal 1 cm, but randomly through the rest of
tefi bed. Also occurring in the ejecta bed are clasts of
chalk as much as 1 cm in diameter, euhedraI
calcite
grains that reach 0.1 mm in length, and several grains
of shocked quartz, which have been identified
in the
middle and upper portions of this bed. Above the ejecta
bed is a 3 mm-thick
orange limonitic layer that contains fiat limonite concretions.
This is overlain by 5 cm
of dark, burrow-mottled
ooze that contains
abundant
quartz, limestone chips, and minute planktonic foraminifer species characteristic
of lower Danian Zone
P_. Smit et al. [14] reported iridium concentrations
of
1.3 ppb within the burrow-mottled
ooze, in contrast to
values of <0.06 ppb at the base of the spherule bed and
3 cm above its top. The final bed in the sequence is a 3
cm thick, white foraminiferal-nannofossil
ooze that
contains

a Zone Pcc foraminife_ra_l assemblage

and fos-

sils typical of Calcareous
Nannofossil
Biozone NPI.
The base of Zone Pla is identified at 88 cm above the
top of the ejecta bed based on the extinction
of P.
eugubina.
Absence of basal Danian Zone P0 at deep sea sites,
including Site 1049, has been attributed to the temporary absence or rare occurrence
in shallow marine sections of Parvulorugoglobigerina
eugubina,
the nominate marker for the overlying Zone P_ [12]. Whereas
the possibility
of a sedimentary
hiatus spanning Zone
P0 cannot be ruled out, thin section observation
of the
contact between the ejecta bed and basal Danian sediments reveals no evidence of sedimentary
winnowing
or development
of a hardground
surface, which would
be expected if this contact were truly disconformable.
Material
and Methods:
The analyzed samples are
spaced between 0.2 and 0.5 m apart to within 15 cm
below the ejecta bed and between 1 and 10 cm apart
from 15 cm below to ~ 1 m above the ejecta bed. All
samples washed over a 38/am sieve and dried at 50°C
over a warm hotplate.
The size/mass ratio of Cretaceous species in Danian
sediments
was determined
by weighing
the mass of
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found in

1/i phi intervals for sieve sizes of 125 p.m and higher.
Thin sections were prepared by embedding
a 20 cm
thick slab spanning the K/T of Hole 1049C with epoxy
in a vacuum chamber. Some disturbance
of the ejecta
bed occurred during this procedure as a result of initial
swelling when the epoxy was added.
Results:
Analysis of trans-K/T species distributions
suggests
minimal
extinction
below and across
the
boundary.
Of the 43 species identified
in the middle
through upper Maastrichtian
interval 3 species have
last appearances
below the K/T boundary and 37 species occur in the overlying Danian sediments.
Species
that disappear
below the boundary are rare and occur
sporadically
throughout
their stratigraphic
ranges. The
lowermost
20 cm of Zone Pct contains mostly Cretaceous taxa, but by the top of this zone the Cretaceous
component
of the total assemblage
represents less than
1% (Fig. 1).

+

Fig. 1. Comparison of pre- and post-KIT planktonic
foraminiferal assemblages and examples of shocked
quartz and a spherule from the K/T boundary interval of
ODP Hole 1049C. Relative abundance of planktonic
foraminifera and calcareous nannofossils are based on
data presented in Nords et al. [12].
Comparison
of the relative mass of Cretaceous
vs.
Tertiary species above the ejecta bed reveals the most
dramatic
change
in planktonic
foraminiferal
assemblages. Small individuals
dominate typical Maastrichtian planktonic
foraminifer
assemblages
immediately
below the spherule bed whereas samples
from the
overlying Paleocene contain a disproportionate
number
of large Cretaceous
foraminifera.
The difference
in
size distribution
is the opposite expected if the Cretaceous species were genuine survivors, and is also different from the expected
size distribution
of living

populations,
which tend to be dominated by small individuals [15].
Discussion:
The biased size distribution
is unlikely
to have been produced by winnowing
in the Paleocene,
since small Paleocene
taxa are increasingly
abundant
above the boundary
and constitute
nearly the entire
<125 #m fraction above the ejecta bed. Instead, sorting
of Cretaceous
foraminifera
probably
occurred
within
the plume of resuspended
sediment that settled out immediately
following the impact event and subsequent
downslope
transport
events. Further evidence for reworking is revealed by (1) differences
in the color of
sediment matrix within some shells of Cretaceous
species compared to the surrounding Danian sediment, and
(2) larger size and greater abundance
of terrigenous
clastic sediment grains above the ejecta than below.
Conclusions:
Distribution
analysis and thin sec:
tion study of the K/T sequence from Site 1049 indicate
that the post-K/T
occurrence
of all but 3 planktonic
foraminiferal
species
results
from reworking.
This,
combined
with observation
of negligible
change in
species composition
and relative abundance
of assemblages during the last 3 m.y. below the KIT ejecta bed,
provide
conclusive
evidence
that extinction
of over
90% of Cretaceous
species was a direct result of the
K/T bolide impact event.
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In their initial
investigation
of periodic
extinctions
Raup & Sepkoski [1] identified
an important
faunal
turnover
at, or about,
the Pliensbachian-Toarcian

i_3

boundary. Subsequent
work on the palaeontology
of the Lower Jurassic successions
in Europe, South
America and Asia has shown that the most important
faunal turnover was in the early Toarcian.
By comparison to some of the other events (Permo-Triassic
boundary,
K-T boundary,
etc.) the early Toarcian
is
clearly of less importance
and appears to be both regional (.9) and at the species (rather than genus or
family) level [2]. As part of our on-going research on
Jurassic foraminiferal
assemblages
[3,4,5,6] the early
Toarcian
extinction
event has been comprehensively
investigated
in the U.K., Germany and France.
The Early Jurassic was a time of rapidly rising sealevel associated
with the extensive
spread of anoxic
bottom waters. Sea-level rise across the PliensbachianToarcian boundary culminated
in the faIciferum
zone
of the Toarcian
and is one of the best authenticated
eustatic events in the Jurassic. This major transgressive pulse was marked
by deeper water marine sequences
and was associated
with the deposition
of
organic-rich
shales.
The development

of anoxia

period of mass extinction
resolution
sampling
and
through
several sequences

coincides

with

a notable

of the marine fauna. High
study of the microfaunas
in the U.K. confirm that

benthonic
foraminiferal
faunas were affected by an
early Toarcian
falciferum
zone event. Samples were
analysed from Pliensbachian-Toarcian
mudstone, clay
and shale sequences
of the South Dorset Coast, the
East Midlands
and the Yorkshire
Coast. The sections
studied show distinct changes
in assemblages
across
the Pliensbachian-Toarcian
boundary and in the basal
zones of the Toarcian Stage. Evidence for a foraminiferal extinction
event includes
the elimination
of the
important
Lower Jurassic
Lingulina
tenera,
Frondicularia
terquemi
and Marginulina
prima plexus
groups, initiating
a significant
period of turnover of
the microfauna.
A marked change also occurred in the
character
uniserial

of associated
nodosariid
assemblages:
the
forms of Nodosaria,
FrondicuIaria,
and Lin-

gulina,
dominating
the Pliensbachian
assemblages,
were largely replaced
by coiled Lenticulina
in the
Early Toarcian.
A reduction
in test size and a decline
in species

diversity,

compared

with Hettangian

to Si-

nemurian
velopment
subsequent
Toarcian.

foraminiferal
assemblages,
of low oxygen conditions
renewal of the microfauna

reflect the defollowed by a
in the Middle

As indicated by Hylton & Hart [5] (fig.5) it is possible
to disaggregate
the succession
of events
recorded
within the overall extinction
event. At the base of the
exaratum

subzone

(falciferum

zone)

at Tilton

fEast

Midlands,
UK), there appears an abundance
of very
small (~ 100mm diameter),
trochospiral
foraminifera.
These are similar to the aragonitic
genus Conorboides
which is also reported from thefaIciferum
zone of the
Upper Lias at Empingham,
Rutland [7]. Given their
extremely
low abundance
before the Toarcian
events
and their "bloom" once the environmental
conditions
markedly

declined,

this taxon

"disaster"
or "opportunist"
Harries et al. [8].

could be described
species

as a

as described

by

This species is almost identical
to the species described by Wernli [9] as Oberhauserella
quadrilobata
Fuchs. This was recorded (op. cit.) from thefalciferum
zone of the Creux de l'Ours, Teysachaux,
Swiss Alps.
In a recent review of early planktonic
foraminifera,
Simmons
et al. [10] have re-illustrated
some of
Wernli's
material
(Simmons
et al. [10] pl.2.2, figs
4,7,9). These are virtually identical to our Conorboides and, as they are of identical
age, we are certain
that our material is the same taxon. Simmons
et al.
[10], in a lengthy
discussion
of the origins of the
planktonic
foraminifera
indicate that the earliest species that can be confidently
identified are those of the
genus Conoglobigerina
fi'om the Bajocian of Eastern
Europe. These aragonitic,
benthonic
forms which appear in large numbers during the transgressive
event
in the earliest Toarcian may, therefore,
be the ancestors of the planktonic
foraminifera,
it is interesting
to
speculate on whether it was the widespread
occurrence
of sea floor anoxia at this level that led to the development of a planktonic
mode of life.
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THE PROPERTIES
OF THE NUCLEUS
OF SHORT-PER_IOD
COMETS
Kh.I. Ibadinov, Institute of Astrophysics
of the Tajik Academy of Sciences,
Tajikistan (ibadinov @ ac.tajik.net).
r

A part of short-period
comets is a Near Earth
Objects (NEO) and be of great danger for the Earth. At
time (once in 50--100 years) the Earth collide with big
fragment
of cometary
nucleus
and as is generally
known this collision
is catasatrophic
for the Earth.
Therefore
!t is very important to know of the orbit and
the physical properties
and chemical
copmosition
of
nucleus of such Near Earth Comets (NEC) in detail.
....
The
physical
properties
and
the
chemical
composition
of cometary
nucleus
were studied by
different methods in the Institute of Astrophysics
of the
Tajik Academy
of Sciences.
This report include the
new results of our investigations
of the nucleus of
short-period
comets.
These
results
considerable
supplemented
our notion about short-period
comets
and their relation with asteroids and meteoroids.

L

A dependence
of the rate of the decrease of secular
brightness
on
perihelion
distance,
established
previously
from observations
for short-period
comets,
clearly points to the progressive
growth of a refractory
mantle
on the nucleus
surface
and evolution
such
comets into asteroid-like
body
Gerasimenko,
1984; Ibadinov,

(Dobrovolsky,
1993; 1999).

Ibadinov,

The results of laboratory
simulation
of a cometary
nucleus show that, if the insolation energy is constant,
the mantle thickness is proportional
to the square root
of the insolation
duration, the sublimation
rate grows
lineary with mantle thickness,
the temperature
of ice
under the mantle depends very weakly on the mantle
thickness,
and the temperature
distribution
over depth
is nearly linear within the mantle
(Ibadinov
et ai.,
i991).
Physical and mechanical
properties
of the mantle
models were studied experimentally
under conditions
that mimic true conditions.
The porosity, the density,
the
surface
temperature,
the
effective
thermal
conductivity,
the strength,
and the coeffisient
of gas
diffusion
in mantle
were
studied
in laboratory
experiments
(Ibadinov, et al., 1991; Ibadinov,
1999).
The results of laboratory experiments
(Ibadinov,
1989;
Ibadinov et al., 1991) in particular,
ion bombardment
of
ice
conglomerates
(Hashimov,
Ibadinov,
Shoyokubov,
1994) and Vega-1
and Vega-2,
and
Giotto data on the nucleus of comet Halley show that
the dark (albedo
0.03-0.06)
and high-temperature
(320--4000
K) portions of cometary nuclei may consist
of a graphite-like
substance.
The results of calculations
of the evolution
of
short-period
comets into asteroid-like
bodies show that
the complete
mantling of cometary
nucleus achieved
after approximatly
dozens revolutions
of comet around
the Sun on the subsolab part of the nucleus surface the
mantle more than 20 cm thick formed and short-period
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DANGEROUS
FOR THE EARTH.
Bukhoro Str. 22, Dushanbe 734042,

: 7

comet turned into asteroid-like body 16-18 magnitudes
(Ibadinov, 1999).
Observations
support
the existence
of cometasteroid
(Comastr)
objects.
First,
we have asteroid
Chiron
and
comet
Harrington-Wilson.
Serious
arguments exist to suggest that the objects 1992 AD,
-544i Pholus,
1992 QB, and 1993 FW, recorded
as
_-'_steroids, as well as near Earth asteroids
of Taurid
complex, 2101 Adonis, 2202 Oljato, 2212 Hephaistos,
4183 Cuno, 4179 TA, 4341 Poseidon,
4486 Mithra,
5143 Heracles, 5731 Zeus, and 6063 Jason, are extinct
short-period
comets.
The Encke's
comet is potential
stort-period asteroid.
Thus, a part of Near Earth Objects dangerous
for
-the Earth is a comet-asteroid
objects. They are a icy
nuclei of short-period
comets
covering
with porous
refractory
mantle. The thickness
of this mantle is up
dozens
centimetres.
The mantle
may consist
of a
graphite-like
consist. The density of this mantle may be
0.1-I g/cm 3, and the its thermal conductivity
is 0.010.1 W/mK, and mechanical
strength
of the mantle is
20-50
kPa.
The
dependence
of mantle
surface
temperature
on
heliocentrical
distance,
in first
approximation,
may be represented
as T = To / r m. The
icy temperature
under crust is low (-200 K at r = 1
A.U.).
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The Cretaceous/Tertiary
Boundary
(KTB)
bolide
impactor
that allegedly
created
the
crater in Yucatan,
should have produced
a sei'idS 6f eventsthat
must be recorded
in the

Chixulub

sedimentary

sections

sediments

of

and events,

the

surrounding

areas.

as in the territory

of the

Cuba

island,

is an

there

excellent

spot

are abundant

to

deposits

study

i

these

of the Latest

Cretaceous
and Paleocene.
Especially
some of these rocks have been discussed
recently
probably
associated
with the impact and related events (Pszczolkowski,
1986; Iturralde-Vinent,
1992)•
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A joint Cuban-Japanese
international
project started in 1997, with the aim of identifying
KTB rocks,
improve
its dating,
characterize
its composition
and origin,
and model
the

sediment-producer
events.
Some of the initial
(Tada et al., 1998; Matsui
et al., Kiyokawa
elaboration.
In this paper we would
report,
until the analysis
of the
observations
is completed.
Suspected

KTB

in the Guaniguanico
Moncada
calcarenite),
Amaro
Formations),
Formations)
under study,

Coco,

suspected

units,

KTB

containing

of this project have been published
in part
i998),
but many new data are still under

some of the preliminary
of samples
collected

results, as an update
and extensive
field

have

been

from

located

in different

the Yucatan

geological

borderland

context

(Cacarajfcara

1976-77,
1992).
Some other units, still
above the Cretaceous
arc, as the Isabel,

Fomento,

Santa

several

Vaquerfa

in the

and

Guaniguanico

indicators

of

Clara

terrain

it relationship

are
with

Formations

the

Formation

is up

thick

of Late

Jurassic

lamellar

quartz.

These

through
rocks

KTB

Bahamas
have
Pszczolkowski

have

of the

clastic

been

triggered

and

by

seismic

Lutgarda

is also

gradational

units,

Cretaceous

clastic

a megaturbidite,
and

containing

elements.

The

few

tens

spherules
Lutgarda

of meters
and
Formation

the

which

components,

deposited

by the

Amaro

megaturbidite,

shock

contain

and
and

tsunami
in the

with

waves

induced

by

southern

margin

of

to

minimum
cocktail

of marls

and

V

a lithologic

of slumping

lithological
consists

Moncada

as spherules(?)

According
Iturralde-Vinent

thick,

The

lamellar
quartz,
the Cacarajfcara

as well
and

#

ed.,

a combination

Formations

not been yet examined
by the projecL
(1986),
Iturralde-Vinent
et al. (1981),
and

Formation

with abundant
been usually

sections

graded

Maastrichtian
may

suspended
sediment
deposition,
the Chixulub
impactor.
The

single

i

as carbonate-

impact.

containing
the KTB paleontologic
cocktail,
on top (work on process).
On the other hand,

meters

(Kantchev

characterized

is about
2 m thick,
and a thin black shale

cocktail

as
and

paleomargin
of the Bahamas
platform
(Lutgarda
and
extinct
Cretaceous
volcanic
arc (Pefialver
and Mfcara

calcarenite
spherules,

to 400

of Cuba,

Formation

1986; Iturralde-Vinent,
KTB deposits,
in sections

rocks

m
R

II

in the southern
and above
the

Palmarito,

The

like to present
large
number

detached

(Pszczolkowski,
may encompass

Cantabria,
1978).
clastic

sediments

terrain

results
et al.,

Kantchev
(1978),
(1992);
the Amaro
of two
of
marly

grain-size

Jurassic

and

limestones

w

allochthonous
debris at the base of the section.
The age of both formations
have
identified
as Maastrichtian,
but this dating need to be revisited.
Pszczolkowski
n

"

LPI

THE K/T BOUNDARY

L,

,

(1986) and Iturralde-Vinent
(1992) suggested
to the impact.
Above
the allochthonous
Cretaceous
which

may

encompass

Pszczolkowski,
L

carbonate
cocktail,
Cuba

le===
w

clastic
spherules

contain

the KTB,
1978)

but the

there

unit

lithology

are pending

are

(Iturralde-Vinent,

know

is the

at least Amaro,

may be related

Maastrichtian-Paleocene
1976-77,

Pefialver

1992;

Formation,

is that of a siliciclastic

detailed

et al.

sections

Kantchev,
about

1978;

200

m thick

a limited
Late
Cretaceous
paleontological
et al., in press). Mfcara Formation
of eastern

of this unit is as yet in progress.

of the western

probably
impact-related
Formations;
but in order
investigations

m

KTB

best

arc

that,

No.

Other

flysch

KTB

(Iturralde-Vinent,

sections

above

1976-

the Cretaceous

investigations.

With the information
available
it is possible to conclude
that the KTB layer is present in
in geological
units of various allochthony,
which back in the Latest Cretaceous
represent

the infilling

W

The

the possibility

graded
section,
which
contain
and lamellar
quartz (Takayama

77). The investigation

Cuba,

the

1986).

arc (Kantchev,

m

IMPACT LAYER: M. Iturralde-Vinent

Contribution

original

Caribbean

in progress.

position

basin

facing

the Yucatan

as the Moncada
calcarenite,
to understand
the other units,
A paleogeographic

of the sedimentary

platform.

Some

of these

and the Cacarajfcara
one will have to await

map of the basin

was

units

are

and Pefialver
the end of the

elaborated,

to illustrate

the

rocks just discussed.

References

m
F

Iturralde-Vinent,
Oriente.

Rev.

M.

1976-1977.

La Minerfa

Iturralde-Vinent,
impact-derived

en Cuba.

M., D. Tchounev,

CamagUey-Las

Kantchev,

m

m

I. ed.,

geol6gicas

the Polish
=.._=

[]
w

2

M

y

Takayama,
Garcfa
formation
Geology

geol6gico

of Earth

H, Tada,

Delgado,

D.,

Okada,

in northwestern
(submitted)

las

investigaciones

T.,
H.,

Cuba

Geologfa

1:250

del territorio

cientfficas

y

de Cuba y Bulgaria.
La Habana.

de Las Villas.

a escala

34(1):

Resultados

000 realizados

(an

de Ciego-

del

levantamiento

940

p.

and

maps.

de las investigaciones
durante

el perfodo

y central.

1969-

Bulletin

of

82-94.

Iturralde-Vinent,

Hasegawa,
and

Arriba,

megaturbidite

y Pa!eontologfa.
_MINBAS.
La Habana.
del Maestrichtiano
en Cuba occidental

Science,

R., Matsui,

Mayarf

(6): 32-40.

et al. 1981.

de la provincia

Institut 0 de Geologfa
A.' 1986. Megacapas

Academy

Part II:

Academias
de Ciencias
of Basin Industries
files.

1978. Geologfa

levantamiento

1975(In6dito).
Pszczolkowski

de

Calabazas-Achotal,

On the Cuban
late Maastrichtian
Science Letters,
109: 225-228.

R. Cabrera

Tunas:Resultados

geoldgico
escala
1:250 000.
(unpublished
report). Ministry

de la zona

Part I: (5): 9-23;

M. 1992. A short note
deposit?):
Earth & Planetary

Iturralde-Vinent,

lml

Estratigraffa

T.,

its relation

M.A.,
Toyoda,
to K/T

Oji,
K.,

boundary

T., Tajika,
1999.

E., Kiyokawa,

Origin

impact

of

event.

the

S.,,

Pefialver

Sedimentary

I053

77

W

78

Catastrophic

Events

Conference

i

CRUST

AND

MANTLE

Institute for Dynamics

DEFORMATION

of Geospheres,

Russian

UNDER

CHICXULUB:

Acad. Sci., Moscow,

Russia

TEST
117939,

FOR

MODELS.

B. A. ivanov,

<baivanov@glasnet.n_
m
I

Introduction:
The importance
of the K/T impact
event formed the Chicxulub
crater for the terrestrial
biosphere
is widely accepted.
At the same time the
crater is the unique example of a large and relatively
young impact structure where the subsurface structure
is .well preserved in contrast to two other "big sisters"
(Vredeford
and Sudbury).
The geophysical
survey
revealed the main details of the subsurface target deformations
[1, 2]. However, the numerical modeling of
the complex phenomena
of the modified impact crater
formation
still meets many problems
[3-5]. The presented paper reports the current status report about the
continuation
of the work on quantitative
reproduction
of impact crater morphology
and subsurface structure
[6, 7].
Numerical
model: paths in the shock experiments
are numerically
modeled
using the heavily modified
ALE code [8-10]. The modified code allow to compute
problems with several materials
in the Eulerian mode
taking into account
material
strength.
The standard
thermal profile for the continental
lithosphere
is used.
The Tillotson
EOS for granite and dunite is modified
to allow compute pressure and temperature from density and internal energy for crust and mantle materials.
The thermal softening
model is used to describe
the strength
properties
for rock materials.
Typical
experimental
data for the strength
of olivine
are
shown on Fig. 1 in comparison
with =the assumed
model. The strength is assumed
to be proportional
to
the ambient pressure (dry friction regime) being limited with a HEL limit at high pressures.
The calculated elastic limit in each computational
cell is decreased as
Y=Y0 (1-T*la),
where

T*=(T_T0)/(Tm-T0),

Yo is the plastic

iimit

at

normal temperature,
To, and Tm is the melting demperature depending
on pressure
according to a simple
Simon approximation.
Preliminary
Results::
The model calculations
are
done for a slow projectile
(12 km s -l) to avoid mass
evaporation
of rocks. The simple two-layer
target
simulates
crust/mantle
structure
as 33 km of granite
upon the dunite "mantle" at the Chicxulub site.
The size of projectile
is chosen so to create the
transient
crater 40 km deep. The projectile is simulated with a crust material.
No atmosphere
is simulated (vacuum above the target).

First runs show a strong dependence
of the final
crater depth on the assumed model of a thermal softening. Variations
of the melt temperature
dependence
on pressure
and the thermal gradient resulted in the
final crater depth 5 to 10 km (Fig. 1 and 2). The crater
collapse on the "simple crater" scenario [5]: the main
engine of the collapse is the sliding of transient crater
walls. This is in contrast to O'Keefe
and Ahrens [4]
results where the "complex
crater" behavior
was reported for the Chicxulub
size events. The "complex
crater" behavior
(crater floor uplift) apparently
needs
additional
mechanisms
of the friction reduction.
As
the result we found the residual
subsidence
of the

m

Z

[]

II

m

[]

crust-mantle
boundary ca. 10 km below the preimpact
level which contradicts
to the geophysical
data [1, 2]
(see Figs. 2 and 3). We now work on the implementation of the acoustic fluidization
model into the Eulerian code.
Previously
our code in the Lagrangian
lowed to reproduce
some shear localization

version
around

althe

collapsing
transient
cavity [10]. The presented
Eulerian version
also reproduced
some
shear faulting
(Figs. 2 and 3). These data are ready to be compared
with the fauit structure
in the crystalline
basement
observed
with various geophysical
techniques
[1, 2]
which is a useful supplement
to the ongoing
ICDP
drilling in Chicxulub.
Conclusions:
The new Eulerian
version of the
ALE hydrocode
features of the

allows to simulate
Chicxulub
structure.

some important
While
not all

i

II

m

I

m
B
!

model results well fit to observations,
the presented
approach looks useful for the future "tuning"
of the
cratering models.
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Introduction:

The

impact-related

release

of

greenhouse
gases is one of the potential
mechanisms
that could have triggered
or accelerated
the crisis of
life at the end of the Cretaceous
via drastic and fast
changes of the climate. Estimates for the total input of
CO2 into the atmosphere
due to the Chicxulub impact
event range from 260 Gton [1] to 100 000 Gton [2];
the latter value is ten times the amount of CO2 in the
late-Cretaceous

atmosphere.

Experiments.
In order to better constrain
shock
metamorphism
of calcite, we use two experimental
approaches:
(1) systematic
high-explosive
shock experiments
on single crystal calcite
and compacted
calcite powder (up to pressures of 100 GPa, see [3] for
the general setup), and (2) fast unloading
experiments
in a multi-anvil
apparatu_s (controlled
quenching
to
ambient
pT from 25 GPa at 2700 K in time scales
comparable
to large scale natural impact events, i.e. a
few sec). The recovered material is investigated
with
mineralogical
methods, amongst them ATEM_ Additionally a new design of the high-explosive
setup with
an open dri!! h01e on rear side of the container
was
tested (Fig. 1). First data are presented in [4].
Numerical
Simulations
of Experiments.
pT
paths in the shock experiments
are modeled using the
heavily modified ALE C_e [5-7]. This code allows to
compute problems with several materials in the Eulerian mode taking into account material strength. The
Bobrovsky et al. equation of state for calcite [8] with
constant
Gruneisen
parameters
for each material
(CaCO3, CaO, and COs) is used.
The geometry
of the simulations
includes
the
ARMCO iron sample container, and the calcite sample disk that is totally enclosed in this container. The
upper part of the container is treated as a flyer plate
(Fig. 2). Model runs yield the p-T evolution
in the
experiment:
during shock reverberation,
mainly the
first wave heats the target. For example, the first wave
creates in the calcite a shock pressure of 41 GPa and
gives the shock temperature of 1128K. The following
reverberations compress the specimen to 85 GPa but
all reverberated shocks add only 70K to the shock
temperature
- insufficient
for decomposition
after
pressure release. For comparison,
the single 85 GPa
shock wave has a shock temperature
of 2700K doubtless enough to release the sample into the de-

K/T EVENT?

B. A. Ivanov I, F. Lan-

Russian Acad. Sci., Moscow,
Bayreuth,
D-95440
Bayreuth,

(IfP), Univ. Mtinster, D-48149
Am Klingelberg
I, D-79588

MUnster,
Efringen-

composition
field. A different set-up with a hole under
the sample (Fig. 1, 2) changes the situation: the lower
central part of the calcite specimen is injected into the
collapsing
hole. The "implosion"
of the injected calcite leads to a secondary
heating (Fig. 3). However,
due to the solid lower boundary in calculations,
calcite
cannot be decomposed
as there is no room for the
expansion.
Expand
to Decompose.
Already the first experiments on shock-induced
calcite degassing
have revealed that the degree of decomposition
depends on
the ambient COs pressure [9]. Figure 4 shows the
calcite decomposition
in the pV space at equilibrium
conditions. It is important to note that at the pT decomposition
boundary
one need to expand CO2 dramatically to reach an observable level of decomposition. This feature explains why it is hard to observe
decomposition
in small-scale
laboratory experiments.
Discussion.
This above described, natural condition for an effective calcite degassing seems also to be
important in large scale events (like the K/T Chicxulub cratering event). The condition to separate CaO
and COs in space prompts the question if the assumption of a thermodynamic
equilibrium is valid in this
context. Recent experiments
with the reverse reaction
(CaO + CO2 = CaCO3) [10] show that diffusion of
CO2 to the urtreacted CaO grains takes ca. 100 sec. A
similar time scale may be valid in direct decomposition. This kinetic effect seems to be fundamental
for
proper estimates of COs production due to the Chicxulub (K/T) impact event, decreasing previously
published values.
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PATTERN
OF MARINE
MASS EXTINCTION
NEAR THE PERMIAN-TRIASSIC
BOUNDARY
IN SOUTH CHINA.
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The

end-Permian

mass

extinction

eliminated

over 90% of all marine species, and had significant impact on land. However, the patterns of extinction are poorly constrained
or not statistically
documented and the consistency
between extinction patterns and various extinction
scenarios remains unclear.
Geochronologic
results
from
south China reveal the extinction occurred in less
than 500,000 years (1), coincident
with the eruption of the 5iberian flood basalts (2) and a sharp
shift in 813Cc_b (3). The cause of the extinction
remains
enigmatic,
with claims
for multiple
pulses of extinction, including at least three at the
classic Meishan
sections
in South China (4).
Since abrupt extinctions can appear gradual due
to sampling and preservation
effects, statistical

analysis of
Analysis
of
333 species
tion evem-at

range end points is desirable
(5).
the occurrences
of 162 genera and
at Meishan confirms a single extinc251.4Ma,_coincident
With a dramatic

depletion
of 813Cc_ and a microspherule
anomaly. Although no definitive evidence for impact
has been identified, this strengthens the similarity
with the end-Cretaceous
extinction and suggests
involvement
of an extra-terrestrial
impact.
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(F-F) fau-

nal crisis represents
one of the 'Big Five Mass Extinctions'
in Earth History.
Studies have been published that favor either a collision with an extraterres-

L

--.=::Y=
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m

R
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B
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trial bolide [e.g. 1] or changes
in the oceanographic
and climatic systems [e.g. 2]. However, no unequivocal evidence on the origin of the Late Devonian faunal
breakdown
was reported.
E.g. iridium anomalies
reported from Australia
[3] and Southern
China [4, 5]
post-date
the F-F boundary
by 1.5 to 2 Ma. Microtekites from Belgium boundary
sections [6, 7] were
seen in context with the 368 +1 Ma old Siljan Ring
impact structure. However, the cosmic origin of these
spherules has been questioned
[8] and the microtektites were found above the F-F boundary
and clearly
post-date the extinction
event. Negative carbon isotope
excursions
were interpreted
as evidence for a sudden
biomass crash hat may have been triggered by a bolide
impact [9, 10]. In contrast,
two positive 813C excursions measured
in the late Frasnian
and at the F-F
boundary
[2, 11] seem not to support
the idea of a
dramatic
decline in primary productivity.
This contribution
presents
a comprehensive
geochemical
and
stable isotope data set that may help to unravel
the
mechanisms
responsible
for the Late Devonian
mass
extinction.
Results: Carbon isotope analysis on carbonate-rich
F-F boundary sections from Nevada, Central Europe,
Northern Africa and Australia reveal two +3%0 excursions in the late Frasnian
that can be correlated
with
the deposition of the Kellwasser
Horizons. _5_3Cvalues
measured
on total organic carbon as well as on individual biomarkers
(n-alkanes,
isoprenoids
and hopanes) reveal comparable
_13C records with two +3%°

Iff_?=

B
n_t

m
W

excursions.
Since the amplitudes
of the 8_3C records
measured
in sections from different palaeogeographic
units are well comparable,
changes in the carbon isotopic composition
of the oceanic dissolved
inorganic
carbon (DIC) reservoir
have to be assumed. The positive shifts in 5_3C are induced by an increase in the
organic carbon burial rate during the deposition of the
Kellwasser
horizons. These results seem to contradict
time-equivalent

negative

excursions

in _5t3C measured

in Chinese F-F boundary sections
[9,10]. The negative excursions
are observed
in organic
carbon-rich
and carbonate-poor
sediments.
Following,
we favor a
diagenetic
orgin of these depleted signatures
due the
incorporation
of light carbon from the oxidation
of
organic carbon during the recrystallisation
of the car-
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bonates.
This interpretation
is supported
by the fact
that well-preserved
brachiopod
shells show no depletion in 13C [12].
The increase in the organic carbon burial rate is
not only documented
by the positive shifts in _13C but
as well by the deposition of the Kellwasser
Horizons
in epicontinental
basins and on deeper swells. In addition, the identification
of biomarkers
diagnostic
for
green sulfur bacteria in a boundary
section from Poland [13] reveals that photic zone anoxia may have
prevailed
at least seasonally
in certain
areas of the
Prototethys.
Sulfur isotope ratios measured on sulfides
and organically-bound
sulfur show a +27%_ excursion
across the F-F boundary indicating
enhanced bacterial
sulfate reduction and sulfide sedimentation.
Modelling

the 8_3C record reveals

that the fraction

of organic
carbon on total carbon burial must have
increased from 20 to 30% in order to account for the
+3%_ shifts. The estimation
of the duration
of enhanced
organic carbon burial resulted
in a 0.4 Ma
time period for the Lower Kellwasser
Horizon and a
1.0 to 1.5 Ma period at the F-F boundary.
The additional organic carbon burial was calculated
as 1.4 to
1.6 x 106 mol C for the Lower Kellwasser
and 3.1 to
4.6 x 106 mol C for the F-F boundary.
that
this carbon
withdrawal
from

It is expected
the Devonian

ocean-atmosphere
system resulted
in a decrease
in
atmospheric
CO2 concentration
and culminated
in
global climatic cooling.
The comparison
of the 813C records measured on
inorganic
carbon
and biomarkers
derived
from primary producers shows parallel trends [13]. However, a
larger amplitude
in _513Cof individual
biomarkers
is
expected in case of a significant
drawdown
of atmospheric CO2. This assumption
is based on the fact that
the carbon
isotopic fractionation
during
the photosynthetic uptake of CO2 is dependent
on the CO2 concentration
of ambient seawater and on the growth rate
of primary producers.
Assuming constant
growth rate
and that the enhanced
organic carbon burial resulted
in a drawdown
of atmospheric
pCO2, photosynthetic
fractionation
should decrease and result in a greater
enrichment
of _3C in organic carbon relative to inorganic carbon. The fact that we do not observe a further
enrichment
in _3C of primary organic carbon does not
seem to support the conclusion that atmospheric
pCOE
was reduced as consequence
of an enhanced
organic
carbon
burial.
However,
calculated
photosynthetic
fractionation
is 23 to 24%, which is very close to the
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expected

maximum

lowing, we assume
was at-_i--nq_-_um

fractionation

of 25%0 [14].

Fol-

that photosynthetic
fractionation
level during the Upper Devonian

as a consequence
of high atmospheric
and oceanic
dissolved
CO2 contents
[15]. Accordingly,
any superimposed
change in pCO2 or growth rate was not
recorded
in the isotopic composition
of primary organic carbon.
Climatic
cooling
is considered
as another consequence of the enhanced organic carbon burial. Oxygen
isotope analyses on conodont
and fish apatite reveal
an increase in 8_80 from values around +17.5%o to
+19%o (SMOW)

parallel

to the positive

shifts in _513C.

Assuming
a 8180 value for Devonian
sea water
-1%o, the positive 8]80 shifts translate in a decrease
sea-surface
temperature
this drop in sea-surface

from 32 to 25°C.
temperature
awaits

of
in

Although
confirma-

tion by the investigation
of apatite from further F-F
boundary
sections,
a significant
climatic
cooling is
indicated.
Conclusions:
The geochemical
data base for the
Late Devonian extinction
event shows no evidence for
a bolide

impact

as potential

cause of the mass extinc-

tion. Instead, repeated changes
in the carbon cycle of
the ocean-atmosphere
system are indicated by positive
carbon excursions.
The enhanced
organic carbon burial is indicated by the higher 813C values, deposition
of the Kellwasser
horizon and a positive excursion in
834S of sulfides and organically-bound
sulfur A decrease
in atmospheric
and oceanic
dissolved
CO2
contents
is expected
and may have culminated
in
global climatic
cooling.
A decrease
in tropical seasurface temperature
of 7°C is indicated by preliminary
conodont and fish apatite 8_80 data.
The paleontological
data base seems to support
the conclusion
that climatic
cooling may have represented a potential mechanism
for the Late Devonian
mass extinction
[e.g.16].
Organisms
living in the
tropical to subtropical
pelagic and shallow-water
ecosystems were heavily decimated.
Organisms
thriving
in higher latitudes
or in deeper waters
were only
slightly affected. Further,
late Frasnian faunal groups
that were adapt-ed to cooler temperatures
migrated into
tropical latitudes during
the early Famennian.
This
pattern suggests that climatic
with significant
oceanographic
a powerful scenario to account
mass extinction.
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DEVASTATION OF TERRESTRIAL ECOSYSTEMS AT THE K-T BOUNDARY IN NORTH AMERICA:
THE FIRST CALIBRATED
RECORD OF PLANT AND ANIMAL RESPONSE TO THE CHICXULUB
IMPACT. Kirk Johnson l, Douglas Nichols 2, Conrad Labandeira 3, and Dean Pearson 4, IDenver Museum of Natural History, 2001 Colorado Blvd., Denver, Colorado 80205, kjohnson@dmnh.org, 2U.S. Geological Survey, MS 939,
Box 25046 DFC, Denver,
Colorado
80225, nichols@usgs.gov,
3Paleobiology
Department,
National
Museum
of
Natural History, Smithsonian
Institution,
Washington,
DC 20560, labandeira.conrad@nmnh.si.edu,
4pioneer Trails
Regional Museum, Bowman, ND 58623, pearson@bowman.ctctel.com.

with insect damage; palynomorphs;
and vertebrates
from the uppermost
Cretaceous
(upper Maastrichtian)

Introduction: Extensive collection of leaves, many

and corresponds approximately to the beginning of
magnetic polarity subchron C29R. This flora is significantly more diverse than that of the lower floral

and lowermost Paleocene (Puercan) formations in
western North America has resulted in a combined

zones and is characterized
by leaf physiognomy
that
suggests a significant
climate warming
in the final

database of unparalleled
density. These data are derived from sites from New Mexico to Canada with a

350,000 years of the Cretaceous.

strong focus on the excellent
record of the northern
Great Plains of the United States. These latter sites

all dominant plant taxa in non-mire facies.
lying depauperate Paleocene flora, preserved
ety of facies, is dominated by taxa that were
restricted to Cretaceous mires. We interpret

and samples
have
been
lithostratigraphic
framework
tostratigraphy,
and physical

correlated
calibrated

within
a
by magne-

radiometric
dates, and the geochemical
indicators of the Cretaceous-Tertiary
(K-

T) boundary. This integrated record documents major
devastation of terrestrial ecosystems as a direct consequence of the Chicxulub impact.
Plants: Plant fossils are studied as megafossils or
palynomorphs.

While both

are derived

from the same

original vegetation, they have different taphonomic
pathways and taxonomic resolution. We use both types
of fossils

W

to take advantage

of their relative

strengths.

m
m

The overin a varipreviously
this to be

spread

onto the

early Paleocene landscape from mires and wetlands
that, for unknown reasons, served as refugia during
the terminal Cretaceous event. Recent work on more
than 70 quarries spanning
the K-T in the more southerly Denver Basin in Colorado is still in progress but

preliminary results also suggest major floral extirpation at the K-T boundary.
The

record

based

from 23 K-T boundary

on palynology.

Palynomorphs

or near-boundary

sections in

relative abundance
or presence/absence
data were recorded in more than 230 samples based on surveys of

sampled K-T leaf flora in the world exists in our Great

among
morphs

from

306 localities

demonstrate

extinction across the K-T bo_undary.
section that spans the K-T boundary

V

flora that

at

eliminating

abundance
and broad distribution
allowing high stratigraphic
resolution
and the recognition
of continentwide patterns.
The plant megafossil
record. The most densely

leaves

k_

recovery

Floral extinction

effectively

southwestern
North Dakota indicate
30 percent
extinction at the boundary.
The palynological
database

and North and South Dakota) where more than 30,000

IP

a post-catastrophe

is extensive,

Leaf megafossils are suitable for extinction studies
because of their high taxonomic resolution and low
potential for reworking. Palynomorphs have great

Plains research area in the Bighorn,
Powder River,
and Williston
Basins (parts of Wyoming,
Montana,

ira
B

the K-T boundary

an 80 percent
The 180-m-thick
(K = 100 m, T =

80 m) in southwestern North Dakota has yielded
diverse megaflora (based on 13,500 voucher specimens) of more than 385 morphotypes from 171 quarry
sites. The uppermost Cretaceous
flora is dominated
by
angiosperms,
with ferns, fern allies, cycads, ginkgos,
and conifers representing
less than ten percent of total
taxa and specimens. The Cretaceous
sequence can be
divided into three distinct floral zones. The uppermost
zone begins roughly 20 m below the K-T boundary

for this area includes 110 palynomorph

taxa for which

more than 450,000 specimens. With a single exception, extinction in this area occurred exclusively
angiosperm
taxa. By their nature,
palynorepresent higher-level
taxa, so this extinction

involved not just species but genera

or families

of

plants. Additional
data originate from detailed investigations in five other research areas in the western
United States and adjacent southern Canada (27 additional sections). Palynostratigraphy
at all these localities is calibrated by the iridium anomaly and shocked

minerals. Results from these areas show similar effects
on palynofloras
of somewhat differing
compositions.
On a continent-wide
basis (16 study areas; 225 palynomorph
taxa), about 45 percent
of the late Maastrichtian
palynoflora
was destroyed
by the terminal
Cretaceous
event. This regional database covers some
5000 km from north to south; results reflect strong
variation with latest Maastrichtian
and earliest Paleo-
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[]
cene floras that was related to paleolatitude.
Extinction was varied within major groups of plants continent-wide: 51 percent among angiosperms,
36 percent
among gymnosperms,
and 25 percent
among-ferns
and fern allies. Because
total continent-wide
extinction levels are larger than local extinction
levels, we
suggest that locally endemic taxa were more affected
by the terminal
Cretaceous
event than were widespread taxa. Earliest Tertiary palynofloras
are characterized not by new appearances
but by loss of the
dominant
elements
of the Cretaceous
vegetation.
Unique palynomorph
assemblages
(such as fern-spore
abundance
anomalies)
in close proximity
to ejecta
deposits show regional
effects of impact-related
devastation
of terrestrial
ecosystems.
These short-lived
plant communities
consisted
almost exclusively
of
opportunistic
survivor
species of ferns in most areas
investigated.
RepopUiati0n
of post-impact
landscapes
evidently was from local refugia.
insec_i-Previous
studies have indicated
no evidence for mass
extinction
among
insects
at K-T
boundary. These studies were based on global, familylevel compilations
of body-fossil
data that indicated no
deviation
from background
rates of extinction.
In
contrast,
the palynologic
and megafloral
evidence
cited above demonstrates
a major extinction
of plant
taxa at the K-Tboun_Jary.
To test these opposite conclusions, we examined
insect-mediated
plant damage
on 6,000 leaves in a succession
of 78 of our megafloral localities
in Southwestern
North Dakota from a
section that spans a 2.0 m.y. interval
of the late
Maastrichtian
Hell Creek Formation
and earliest Puercan Ludlow Member of the Fort Union Formation.
All Characterizabie
leaf hosts from these floras were
assigned to morphotypes
and/or Linnean
taxa, providing explicit recognition
of plant hosts. We identified 42 types of insect damage,
representing
insect
herbivory from four functional
feeding groups: external foliage feeders, leaf miners, gallers, and piercerand-suckers.
For the Hell Creek megaflora, 41 types of
damage were identified,
inclfiding several conspicuous
examples
of galls and scales on primary veins, serpentine mines, and diagnostic
slot-hole feeding, each
occur/_ia_/n_n_pec_fic-ai[y
and abundantly
On Separate species of Lauraceae,
Platanaceae,
and Cannabaceae. For the Fort Union megaflora,
only 17 types of
damage were _dentified; abundance
levels were found
to be significantly
lower; and the associations
were
more generalized,
lacking
host-specific
associations.
These data demonstrate
that at local scales insect herbivory suffered dramatically
during the terminal
Cretaceous event, with no evidence of subsequent
recovery. Levels of herbivore
diversity remained
depressed

until

pronounced

vegetational

shifts

in the

Western

Interior of North America during the Early Cenozoic
Thermal
Maximum
in latest Paleocene
to early Eocene time.
Vertebrates:
Cretaceous
Hell

Recent
Creek

surveys
of the uppermost
Formation
in southwestern

North Dakota have yielded a total of 10,034 identified
vertebrate
fossils from 42 sites and dinosaur skulls or
skeletons from 41 additional
sites. This Lancian fauna
is composed of 67 taxa of fish (including
sharks and
rays),
amphibians,
lizards,
turtles,
crocodilians,
champsosaurs,
dinosaurs,
pterosaurs,
birds,
and
mammals.
The 83 sites span the entire
100-meter
thickness of the formation. Most vertebrate
sites in the
lower part of the Hell Creek Formation
deposits; those in the upper part of the
more common
in floodplain
deposits.
found in the highest vertebrate
sites in

are in channel
formation
are
Dinosaurs
are
the Hell Creek

Formation
and one ceratopsian
partial
skeleton was
found in the overlying Fort Union Formation
(1.4 m
below the K-T boundary).
Other significant
finds include pterosaur
fossils 8.4 m below the boundary, and
sharks within 4 m of the boundary. The former is the
world's
youngest
occurrence
and the latter suggests
that the Western Interior seaway was still present in
the area near the end of the Cretaceous.
Sample size,
rather than Stratigraphic
position,
aPi_ears to be the
primary factor that determines
the presence
of taxa at
these sites. All dinosaur taxa that occur at more than
two sites als0 occur at the highest well-sampled
specimens)
site, 8.4 m below the K-T boundary.

(>500
Dino-

saurs also occur in the highest sites that preserve vertebrate
fossils.
Common
vertebrate
taxa
range
throughout
the Hell Creek" Formation
and Lancian
faunal extinction
appears to be coincident
with plant
extinctions
at the end of the Cretaceous.
Summary:
In general,
this multidisciplinary
examination
of K-T ecosystem
change
documents
a
dramatic
loss of Cretaceous
species
richness.
The
ecological
landscape
of North
America
was fundamentally altered by the disappearance
of major groups
of plants and animals and the early Paleocene
terrestrial biota was markedly
depauperate.
Twenty years
ago, ihe _varez
hypothesis
_os_l the unexpectedly
difficult
challenge
for paleontologists
to evaluate
abrupt extinction
in the terrestrial
realm. The challenge has been met for western North America using
multidisciplinary
methods that provide a standard for
future work. A complete understanding
of the global
effects of the Chicxulub
impact on terrestrial
ecosystems awaits similar research on other continents.
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INDUCED

CRUSTAL
===

College

MAGMA

London,

Large

estimates

can

suggest

of the crust

-12-24

years

would
crustal

coofing

as in the

models

200

after

longer.
crater

of melt makes

crystal

textures

and

coarse

grained

igneous

the survival
rock

fabrics

of any early
is expected

chilled

Sciences,

Sudbury

depth

Sudbury
which

University

structure

similar
Igneous

where

to the thickness
Complex

(SIC)

slow cooling

and

Even if the impact did not penetrate
uplift and/or reduction
of lithostatic

the
load

units

to be exactly

continued

This may explain the mixture of
The massive heat capacity of this

somewhat
the same

remarkable,
as for normal

and the range

of

slowly

or

cooled

Complex,

which

has also been

is probably
the eroded Vredfort
Dome, located
lies the Earth's largest known
igneous intrusion,

proposed

as an impact

structure

been reported
from one of its roof granites.
These two structures
coincide
anomaly in the most recent tomographic
study of the south African craton
from bounding
et al, 2000).

EVIDENCE.

rocks.

....The Earth's largest known impact structure
(300km?)
within
the Witwat_rsrand
gold bek. Just to the north
the Bushveldt

km

crater

for the

temperatures,

for much
of central

THE

of Geological

melt and transient

to subsolidus

FOR

UK.

of melt,

Simple

may have persisted
that a combination

Department

6BT,

x 103 km 3 of impact

to crystallise

SEARCHING

have lead to partial melting of the mantle by decompression.
and mantle signatures
observed
in the SIC geochemistry.

volume
=

A. P. Jones,

vast proportions

et al, 1994).

hydrothermal
activity
mantle, it is possible

EARTH;

Street, London WC1E

generate

(Stoffier

-105

ON

CHAMBERS.

Gower

impacts

require

VOLCANISM

mobile belts) is characterised
In a region with little igneous

and shocked

quartz

has

in position
with the only
which
elsewhere
(apart

by a strong uniform base at -200-300
activity for very long periods of time

km depth (James
either side of the

2

Bushveldt

event

(-2

Ga),

it seems

same age as the Vredefort
event,

though

Mantle

still speculative,

during
1999).

should

unlikely

An earlier

perhaps

coincidence

suggestion

that it should

that they represent

have exactly
a multiple

the

impact

be reexamined.

evaluating

the possibility

that p_oportionally

greater

amounts

of melt are generated

impacts into thermally
active lithosphere,
due primarily to decompression
melting (Jones et al
In this scenario,
impact craters
of Sudbury
dimensions
into oceanic
lithosphere
might

generate
authors.
L_

an amazingly

(-2 Ga).

Impacts

We are currently
L

Dome

which

oceanic
plateau
type magmatism,
Preliminary
computer
simulations
appear

to support

the concept

or large igneous
provinces,
as suggested
of a 2-D symmetrical
hypervelocity
impact

of decompression

melting

by several
(Autodyne)

will be presented.

L_

Mantle

Shock

Indicators?

Although
there is no quartz in the mantle, there are some alternative
which might record
evidence
of shock,
though
mantle xenoliths
are
plateaus,

and the ambient

One possibility

might

high mantle

be the occurence

thermal

structure

generally

Of high pressure

phases

candidate
mineral
indicators
rarely erupted
from oceanic

provides
in natural

ample

time for annealing.

diamonds,

like Mg-wustite

or perovskite;
these are currently taken as evidence
of mass transport
from the lower mantle where
these phases are stable.
However,
this explanation
has always been a logistic problem;
might they not
instead record ancient impact events?
Similar high-P phases occur in shocked
meteorites,
even the
grain

sizes

ar comparable,

perhaps

mantle

diamond

serves

as a coat

of armour

to record

the mantle
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shock

event.

unkown

Similarly,

origin;

geographic
Meteorite

some

if these

and great

In Flood

VOLCANISM

mantle

deformed

distribution
Relics

INDUCED

diamonds

diamonds
ages

ON EARTH:

record

record

(often

>3.5

A. P. Jones

dramatic

the

internal

passage

deformation

of giant

shock

Ga) will be of potentially

great

which

waves

u

is of

then

their

i

significance.

l

Lavas?
W

Most

continental

formed
there?
mantle

flood

by giant

basalts

impacts,

are

clearly

as suggested

formed

for the

by plumes,

near

K-T

but it is also

aged

Deccan

possible

traps,

but

what

some

are

evidence

is

Geochemically
and isotopically
the melts generated
by impact
and decompression
of the
would
look like any other mantle melts.
A candid_it6_f6r
re-examination
must include the

famous

native

Greenland.

iron

Here

-bearing

the

rocks

minerals

near

the

schreibersite,

base

of the

cohenite,

~K/T

native

aged

glass-rich

nickel-bearing

iron

Disko

grained

but imbedded

in silicate

glass).

Nearby

continental

sediments

lavas

(mostly

troilite-graphite
clots (all found in iron i_teorites)
and bth-er _;ult3Ndes Occur in large
tons) rich in PGE's which require imaginative
conventional
explanations
(especially
coarse

that

in W

1-3 % Ni),

been

reported

well over

as a new

a century

high-T

form

ago

(Nordenskjold,

(non-sulphide)

1872).

of exactly

of PGE-ore

Native

the same

iron lumps

in the Siberian

W

lUmps (up to 25
as the irons are
age

preserve
spectacular
Ir-rich glassy spherulite
beds with similar minerals
plus quenched
Ni-spinel
as
inclusions
(P.Claeys,
E.Robin
pets comm.1999).
Texturally
and in many other respects
these irons
closely resemble
reheated
iron meteorites,
yet that original idea has been discounted
almost since the
day it was proposed,
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is known about the deePer structure
of the crater.
Aeromagnetic
surveys
indicate
the
presence
Of
magnetized
bodies, probably
suevitic impact breccias
or impact melts in the central area of the lake ([2], [3]).
In the fall of 1999 first gravity measurements
were
conducted
on land. Refraction
seismic
data were

brecciated
and
fragmented
basement
and
the
pronounced
effect of the significant morphology
of the
crater structure,
which
has yet to be determined.
Additional
measurements
will be carried out on the
lake later this year.
Refraction
and wide angle reflection
seismic data
were collected
by three Ocean-Bott0m-Hydrophones
(OBH) on one profile across the lake. They show good
signal penetration
despite pronounced
'shallow
gas
curtains' within in the lake's margin. Refracted
and
reflected arrivals are recorded to an offset of more than

and

elevation
determination.
The gravity data show the
expected minimum associated
with the crater structure
resulting
from the water in the lake, the sedimentary
filling of the lake, low density impact formations,

[1] Koeberl
C. et al. (1997),
Geochimica
et
Cosmochimica
Acta, 61, 1745-1772.
[2] Jones et al.
(1981), Geol. Soc. Am. Bull. 92, 342-349. [3] Pesonen
et al. (1998) Abstracts
with programs - GSA, 30, 190.

the

lake,

using

differential

GPS

for

location

g

m
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6 km, and their pattern shows a complex
subsurface
structure.
Initial
interpretation
of refraction
data
indicate low seismic velocities (less than 2 kms t) in the
unconsolidated
shallow sediments and high basement
velocities (more than 6 kmsl).
Prominent
steep and
wide angle reflections
are also visible although partly
obscured by a strong bubble pulse
We will develop a model of the crater's subsurface
structure (possible uplift, thickness and distribution
of
breccias,
fragmentation
zones etc.) based
on the
integration of gravity, magnetic and seismic data.
References:

acquired
in cooperation
with a reflection
seismic
survey of the University
of Syracuse, USA, using the
R/V
Kilindi,
a new portable,
modular
research
catamaran.
A new platform
is constructed
for future
geophysical
work as well as for further disciplines.
In October
1999 ca. 160 gravity stations
were
measured on land around the lake and on the shore of
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CRATER.
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The Lake Bosumtwi Structure is one of the largest,
youngest
craters on Earth. It is located in Ghana and
approximately
1 Ma old. The crater has a rim diameter
of 10 km and is very Well preserved.
The structure is
associated
wit the Ivory Coast tektites ([1]). Remote
sensing and digital topography
data indicate an outer
ring structure of 20 km diameter.
The crater is almost
entirely filled by Lake Bosumtwi
(depth up to -75 m)
and post-impact
sediments of unknown thickness. Little
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Mass
extinctions
are invariably
associated
with major environmental
particularly
changes
in climate
and sea level,
which
may
be exacerbated
catastrophes,
such as extraterrestrial
impacts or major volcanism.
Examination
extinction

events

in Earth's

history,

including

the Eocene-Oligocene

(E-O),

changes
and
by short-term
of various mass

W

Cretaceous-Tertiary

(K-T) and Cenomanian-Turonian
(C-T) transitions, reveal similar faunal patterns among planktic
foraminifera
in response
to environmental
changes.
In each case the extinction
pattern is
progressive
beginning
with the elimination
of large complex
tropical and subtropical
species

m
m

followed
by less specialized
morphologies
and eventually
the takeover by ecologic
generalists
and opportunists
at a time of minimum species diversity. Eventually,
evolutionary
diversification
reverses
this process beginning
with the appearance
of small simple morphotypes
that give rise
to successively
more
complex
species
and re-establishing
stable
high
diversity
faunal
assemblages.

Within

this

progressive

mass

extinction

attainment
of threshold
conditions,
may hasten the
patterns
of abrupt or sometimes
stepwise
extinctions.

pattern,
demise

Catastrophic

of

weakened

events,
species

or

the

leading

to

J

Mass extinctions,
whether or not they are associated
with short-term
catastrophic
events,
are always linked to major long-term
climate transitions.
The clues to the demise of the planktic
foraminifera
lie in their ecologic
requirements.
The evolution,
diversification
and extinction
of
planktic
foraminifera
are generally
associated
with stratification
of the water column,
variations
in the trophic structures,
vertical temperature
and density gradients
and associated
ecologic
niche
differentiation.
Fundamentally
important
in maintaining
planktic
foraminiferal
communities
is
stratification
of the Upper water column Wtiich is affected
by seasonal
changes in the thermocline
that in turn affects
(Mann
and
stratification
salinity

and

nutrient

availability,

nutrient

cycling,

productivity,

reproduction

and predation

J
5
g

Lazier
1991). Diversity
of planktic
foraminifera
is proportional
to the watermass
and the highest
diversity
is within a stable stratified
water column
with normal
nutrient

waters

and

year-round

temperature

gradients

that

provide

a variety

m

of

ecologic

niches and a stable nutrient supply (Lipps 1979; Hallock
et al. 1991).
The type of ecologic
niches
occupied
can be inferred
from the diversity
and relative
abundances
of species,
morphologies
and biogeographic
distributions.
Complex
morphotypes
(e.g., keeled and highly ornamented
species) generally
occupy deeper oligotrophic
environments,

exist in assemblages
larger morphologies,

with high species
diversity,
and prefer low and middle

but generally
latitude
open

l

Ill

m

low species
abundances,
have
marine
environments.
Simpler

morphotypes
(e.g., little surface
ornamentation,
thin test walls)
generally
occupy
the surface
mixed layers (above thermocline),
or shallow waters
with generally
unstable
and/or eutrophic
conditions,
have small test sizes, low species diversity
and often high species abundances
and
predominate
in higher
latitudes,
upwelling
regions,
shallow
epicontinental
seas and nearshore

I1

areas
(Keller,
1996).
At times of environmental
extremes
these
regions
are inhabited
by
ecological
opportunists,
such as the small thin-walled
triserial Guembelitria,
biserial
Heterohelix
and trochospiral
Hedbergella
morphotypes.
During the K-T and C-T crises Guembelitria
thrived
in shallow

marginal

marine

environments

where

they

were

most

abundant

in low

latitudes
and probably
tolerant
of both salinity and oxygen
variations.
Heterohelix
widely
into high latitudes
and thrived
in well-stratified
open marine
settings
developed
oxygen minimum
zone.
Stable
isotope
records,
species
richness
and faunal
abundances
reveal
relationships
extinctions.

between
marine ecosystems
At the C-T transition,
biotic

and climate-induced
stress and extinctions

biotic stress
are largely

to middle

ranged more
with a wellthe

that may lead
due to global

intricate
to mass
cooling

ll

W

_.m

W
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MASS

and

a sea level

widespread
associated
impact

regression

EXTINCTIONS,

which

ocean anoxia
with Antarctic

was followed

by global

Contribution

the K-T

warming,

a sea level

transgression

in low and middle latitudes.
At the E-O transition,
ice buildup was the primary
cause for the extinctions,

and

may

have

(age of oldest of three spherule
This warm event was followed
and Keller, ]_)98).gpecies
maximum
_at _the K-T
with
with

delaying

1053

global
though

and

cooling
multiple

impact

and

or two impacts?)
are superimposed
upon the long-term
late Maastrichtian
climate
mass extinction
began
at the time of maximum
global
cooling
during
the late
which ended with a short-term
warm event of 3-4°C between
200-400
ky prior to

boundary

coincident

No,

G. Keller

events during the late Eocene may have hastened
the demise of some species.
The K-T mass extinction
is unique in that at least two short-term
events (one

one volcanic,
record.
The
Maastrichtian

Danian

CATASTROPHES:

triggered

by major

an impact

event

of planktic

Volcanism

or a pre-KT

impact

event

layers in new NE Mexico
sections,
Stinnesbeck
et al., this vol.).
by 2-3°C cooling during the last 100 ky of the Maastrichtian
(Li

extinctions
accelerated
during
boundary
with the extinction

Cool fluctuating

recovery

been

fir anomaly).
climatic

Extreme

conditions,

foraminifera.

this final phase
of all tropical

This

biotic

stress

low

_13C values

delayed

recovery

of cooling and reached a
and subtropical
species

continued
and
has

through

the early

eutrophic
long

been

conditions
an enigma,

though recent studies suggest that the early Danian
may have experienced
an additional
impact
event
in the middle
part of the P. eugubina
zone (Ir anomalies
in Haiti,
Bulgaria,
Brazil,
Guatemala,
Mexico)
and a major volcanic event at the end of the P. eugubina
zone (see Adatte et
al., this vol.).
E
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COMPOSITION
A_
_ARIABILITY
OF THE CRYSTALLINE
BASEMENT
AT THE CHICXULUB
TARGET
SITE DEDUCED
FROM
GEOCHEMICAL-PETROGRAPHICAL
DATA
OF CLASTS
IN
IMPACTITES.
B. Kettrup j and A. Deutsch 1, _Inst. f. Planetologie,
Wilhelm-Klemm-Str.
10, D-48149 Mtinster,
Germany (kettrub @ uni-mia-e-nster .de) _
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Introduction:
The 65 Ma old, 190 km large
Chicxulub
structure,
Yucatan
peninsula,
Mexico
[I,
refs. therein], is sealed under a thick post-impact
sedimentary cover, and hence, considered
as fresh and
uneroded
crater. Moreover,
Chicxulub
had a layered
pre-impact
target (shallow
water, carbonatic-sulfatic
platform sediments topping the crystalline
basement).
These facts, and the world-wide
presence of in part
pristine ejecta deposits makes the Chicxulub structure
an ideal study object for all kinds of systematic studies
related to impact cratering. However,
while the postimpact sediments are the reason for the presumably
excellent state of preservation,
they also hinder access
to this crater. Therefore,
only geophysical
methods,
and drilling can help to expand our so far restricted
knowledge on Chicxulub.
In general, the geochemical-petrographic
investigation of lithic clasts in impact breccias as well as of
melt lithologies is considered
as promising approach to
better constrain the target, and to determine the contribution of different pre-cursor
lithologies to the impact
melt. In the Chicxulub
case, these rock fragments
are
recovered
from breccias
drilled
by UNAM
and
PEMEX. Disregard further drilling (i.e., The Chicxutub
Scientific Drilling Project - CSDP), these already existing core samples offer a very promising opportunity
to get insight into the Yucatan
basement (Maya terrane, e.g. [2]) postulated as pan-African
in age [3].
Samples, Results:
Here we present EMPA major
element data of four crystalline clasts from the Chicxulub suevite of Y-6 N14 and the impact melt breccia of
Y-6 N16; corresponding
Sr, Nd isotope data have been
given elsewhere, e.g [4]. These breccias carry different
types of target lithologies
often described in this context are, besides Cretaceous
platform sediments, granitic gneisses, (meta-)quartzites,
quartz-mica
schists, e.g.
[5]. Both studied fragments of N14 (#i and #2) are less
than 1 cm in diameter;
they represent
feldspar-rich
granitic gneisses, (Table 1). The original texture of the
gneiss is still preserved, the feldspars are weakly thermally annealed. Main phases are albite and anorthoclase in N14 frag. #1, and oligoclase
in N14 frag. #2
(Figure I). Subordinate
quartz and Ti-rich phases are
present only in N14 frag. #1. From impact melt breccia
Y-6 NI6, two greyish,
fine-grained
crystalline
rock
fragments were selected for analysis. N16 frag. #1 with
97 wt-% SiO2 is a quartzite (Table 1), according to e.g.
[5]. N16 frag. #2, is strongly recrystallized
due to highT annealing
(Figure 2). Geochemical
data for this
fragment indicate a rock of andesitic to trachytic composition as educt (Table 1). The modal composition
of

N16 frag. #2 is plagioclase,
ranging
from albite to
labradorite,
Na-sanidine
and augite (Figure 3). The
fsp/px ratio is 1112. The mineral parageneses
indicate
maximal
crystallization
temperatures
about 1350°C (1
bar) and rapid quenchingl

II

M

Table 1. Major element data for crystalline fragments
in Y-6 N14 suevite and Y-6 N16 impact melt breccia.
Y-6 N14
Y-6 N16
[wt-%]

frag. #2
68.4

frag. #1

SiO2

frag. #1
69.4

96.9

62.3

TiO2

3.09

n.d.

0.08

0.08

AI203

16.9

20.1

0.95

18.4

FeorOT

0.13

0.18

0.69

2.02

MnO

0.01

0.01

0.03

0.08

MgO

0.01

0.08

0.30

2.22

CaO

1.28

1.59

0.51

6.45

Na20

7.54

7.77

0.34

6.70

KsO

1.63

1.99

0.09

0.85

P205

0.02

n.d.

0.14

0.84

w

frag. #2

m

W

Analytical technique: JEOL JXA- 8600S (Inst. f.
Planetologle, normalized to 100 wt-%; n.d.: not detected
Discussion:
Together
with the already published
information
on lithic clasts in Chicxulub
impactites,
our data point to a rather complex crystalline
basement
in the Yucatan region. We have already reached this
conclusion
from O, Sr, Nd isotope data of Chicxulub
impact melt lithologies,
where mafic to intermediate
target lithologies
are necessary
to explain the data.
Such rock types had not been described
so far in the
context of the Chicxulub
target region. Frag. #2 in Y-6
N16 supplies
first information.
We plan to recover
additional
target lithologies
from UNAM
suevitic
breccias for this study. Applying the experience
from
systematic investigations
of impact breccias of the Ries
crater [e.g., 7], we will focus during this sampling on
variations
in the clast content. Such variations
occur
within one drill core, and between core samples from
different wells, located at a different distance from the
crater center, and in different
sectors of the impact
structure.
Data for a more complete
spectrum of basement rocks, and the different melt lithologies,
known
to occur in Chicxulub
may yield the following
information:
(i) composition
of the sub-crater
basement,
and variability
of the lithologies
with depth, and in
radial directions;
(ii) contributions
of these different
pre-cursor
lithologies
to the impact melt; (iii) mixing
and homogenization
of impact melts as part of the
cratering
process.
And finally, (iv) a more detailed
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study of the clast population
may help to eniiglat_n the
geological
history of the Caribbean
region in preCretaceous times.
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Y-6 Nt6
Figure 2 Photograph
of fragment-rich
impact melt
breccia of Y-6 N16 (scale: 1 cm). The big clast in the
middle represents
Y-6 N16 frag. #2. Rims of the fragment are partly dissolved.
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Figure 1 Ternary feldspar diagram of granitic
gneiss fragments from Y-6 N14 (3"= 900°C; p = 1 bar).
Open circles represent the feldspar composition of
fragment #1, solid triangles #2.
/
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MgSiO

V

V
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w
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FeSiO

Figure 3 A. Ternary feldspar diagram of crystalline
fragment #2 from Y-6 N16 (q"= 900°C; p = 1 bar). Open
circles represent a feldspar composition of Ab > 50%,
solid triangles Or > 50%, and open triangles An > 50%.
B. Pyroxene composition in the system CaSiO3MgSiO3-FeSiO3. Solid triangles represent augite with
high AI203 of about 8 wt-%.
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Introduction."
The total number of known layers in
the terrestrial
sedimentary
record that contain
ejecta
material [1] or cosmic debris is quite low. This is especially remarkable
if the rare occurrences
of such materials are compared to (i) this part of the terrestrial
crater
population
(close
to
160;
cf.
<http:llgdcinfo.agg.nrcan.gc.caltoc.html?/crater/world
craters.html>;
[2]) which has been discovered
so far,
and (ii) the estimated
mass of extraterrestrial
input per
year [e.g., 3]. For example,
only three geological
for-

survivors
of 7. The
SEM, and
following
total time

mations are known to contain fossil cosmic spherules,
i.e., Eocene sediments [4], Jurassic hardgrounds
[5] and

interest is the formation
of holes, from which cracks
lead into the spherules.
They seem to break along these
cracks, and having similar grain size as the quartz sand
media, are easily destroyed.
Indications
and outlook:
The micrometeorites
are

the Mesoproterozoic
Satakunta
red bed formation,
south-western
Finland [6-8].
Several factors influence
this disproportion
between
the events (i.e., impact, continuous
and/or periodic flux
of cosmic debris), and the traces of the events (i.e., tektites - microtektites,
impact glass, shocked minerals,
microcrystites,
chemical
markers
[e.g., 9]; micrometeorites) in rocks and loose sediments. These are (i) biased
searching - quite often fucussed to those materials (e.g.,
microfossils)
that are expected, (ii) problems
in detecting such materials
due to extreme
dilution
by background sedimentation
[e.g., 10], (iii) the generally
unknown resistance of most ejecta material and/or cosmic
debris to transport,
weathering,
diagenesis,
and metamorphism.
In this contribution,
we report on transport
simulation
experiments
with Cosmic spherules.
Experimental
set-up and results:
We have constructed
a simple
device
to simulate
abrasion
and
cracking of micrometeorites
during transportation
processes in a fluviatile environment.
This device consists of
Plexiglas cylinders rotating
at constant speed. The cylinders are filled with water, spec. pure quartz sand of a
defined
grain-size,
and a certain
number
of cosmic
spherules.
These micrometeorites
have been separated
from a recent Greenland
collection
[see 11] and documented spherule by spherule using field-emission
SEM
imaging.
Most of the micrometeorites
belong to the
barred olivine type, they all display perfect spherical
forms devoid of holes or signs for weathering.
The containers
were emptied in the first cycle after
(a) 30 rain (corresponding
to a transport length of 790
m), (b) 60 rain (= 1.583 m), (c) 370 rain (= 9.764 m),
and (d) 735 min (= 19.396 m). After a careful cleaning,
the surviving micrometeorites
were recovered by magnetic methods.
In experiment
starting material.

(a), 5 spherules
survived of 8 in the
Numbers for the other runs are - (b) 4

II

of 7, (c) 2 survivors of 8, and (d) 3 survivors
survivors were again documented
with the FEused for a second experimental
cycle with the
parameters
(e) 1295 min (=34.174 m), and (f)
2560 rain (= 67.557 m). In (e), we detected 6

survivors in experiment
(0 6 micrometeorites
out of 15
in the starting material.
The repeated inspection
of the surface by FE-SEM
indicate that abrasion plays an only minor role as Ultimate cause for the destruction
of the spherules. More of

apparently
highly resistant
against
fluviatile transport.
Sedimentological
investigations
have already shown [8]
that an early cementation
of clastic sediments by authigenic quartz is fundamental
for the conservation
of
these delicate materials (- they have a glassy matrix [7]
-) in clastic sediments.
We assume that similar to micrometeorites,
specific ejecta materials
(e.g., melt droplets +/- spinels) can survive sedimentological
processes.
Specific search strategies
have to be developed
to find
both classes of materials,
for example, routine screening
of the non-organic
content in samples prepared
for micropaleontological
purposes.
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We have created a comprehensive
database on the
Cretaceous-Tertiary
(KT)
boundary.
The database
(KTbase) is designed
to evaluate
spatial patterns
in
data that are important
to constrain
the causes and
mechanisms
of the KT event. KTbase is a localitybased relational
database
that is linked to a 65 Ma

=

plate tectonic reconstruction
and analyzed with GIS
(geographic
information
system)
software.
KTbase
contains
paleontological,
sedimentological,
miner_-logical,
sites.

H

and

geochemical

data

of currently

280

KT

ings in the dataset of macro-invertebrates
are attributed to regionally confined analyses (e.g. brachiopods
and bryozoans)
and problematic
taxonomic
concepts
(e.g. corals).
The best paleontological
data that can:be used to
unravel the environmental
perturbations
related to the
KT event are given by the calcare6us
nannoplankton.
KTbase contains
species-counts
for 40 KT sections
and summarizes
data on three time slices around the
KT boundary. The global pattern of calcisphere
abundance in the first post-impact
time slice (nannoplankton zone NP1) indicates
a zone of strongly enhanced
concentrations
from the Kerguelen
Plateau and the
South
Atlantic
to northern
Africa
and southern

distribution
of impact
ejecta
is also documented
(Claeys et al., this volume).
The often cited regression
at or just prior to the KT
boundary
[1] does not appear a globally significant
event. KTbase reveals that an eustatic low is inferred

Europe and further
to Gulf Coast region and the
northern
mid Pacific (Fig. 1). The NP1 calcisphere
bloom appears to be especially
significant
in midlatitude
regions, whereas
is less pronounced
in the
tropics and absent or delayed in the Antarctic,
the
Indian Ocean and Northern
Europe.
This example
demonstrates
the potential
of KTbase to detect global
patterns in ecological
signals and extinction
patterns
related to the KT event. Documenting
these patterns is

67

% of all

shallow-marine

KT sectip0s,

while in 33 % of the sections no evidence for a regression is evident or even a sea level rise is suggested
(e.g. [2]). The most significant
sea-level falls and
clastic "lowstand"
wedges are reported
around the
Gulf of Mexico area [1, 3], where strong evidence
exists for reworking
by megatsunamis
[4] or sediment
gravity flows due to the Chicxulub
impact [5].
The pelagic ecosystem collapse at the KT boundary is exemplified
by a strong decline in 813C in pelagic carbonates
[6]) and reduced
accumulations
of
nutrient-type
trace elements
[7]. The global distribu' ......
tion of the 813C event is confirmed
by KTbasel _'

i

But only for few of those groups, it is likely that the
values reflect the real situation. The major shortcom-

Although still incomplete,
KTbase can already be
used to summarize
global aspects of the ecological
catastrophe
coincident with the KT boundary and suggest some regional patterns related to the impact of an
extraterrestrial
body in the Gulf of Mexico. The global

in some

I

Museum

capital to understand
the biological
response to the KT
perturbation,
and the observed selectivity
of the mass
extinction.
Regionally
different
terns were also noted

extinction
and recovery
patfor macro-invertebrate
fossil

groups. Gulf Coast molluscan
assemblages
are characterized by a rapid expansion
and decline of "bloom
taxa" and have lower proportions
of invaders in the
early recovery phase as compared to other regions [8].

though less pronounced
in northern high latitudes, the
There appears to be no ecological selectivity of bivalve
drop in 8_3C is as significant
in southern
high latiextinction
as revealed from Gulf Coast assemblages
tudes as it is in low latitudes. Tlais indicates tlaat--i=h_e........ [9I oi" global databases
that strongly
refer to Gulf
bioproductivity
collapse
Cretaceous oceans,
m

F_

was

severe

in most

of the

Global patterns
in paleontological
data are more
difficult to achieve and KTbase is currently only able
to detail the spatial patterns of a few marine invertebrate groups. However, a compilation
of species level
extinction data and their critical evaluation is possible "
(Table 1). KTbase suggests very high extinction
rates
for a variety of marine invertebrate
fossil groups such
as calcareous nannoplankton,
planktonic
foraminifera,
larger
benthic
foraminifera,
corals,
ammonites,
belemnites,
bryozoans,
brachiopods,
and echinoderms.

Coast assemblages
[10]. This contrasts
selective bivalve extinctions
in Denmark

strongly the
[11]. It was

also demofistrated
that, although
endemism
per se
does not enhance the extinction
risk of echinoids,
endemic echinoids in North America are more prone to
extinction
than endemic species in other regions [12].
These observations
may well be related to enhanced
ecosystem
devastation
and delayed recovery close to
the Chicxulub impact site. A global database on Phanei_6ic
reefs [10] corroborates
this view. While reef
growth is apparently
and rapidly recovers

not affected in northern Europe
in southern Europe and northern

w
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of essentially
unconsolidated
sedimentary
units overlying crystalline basement rock. At time of formation,
estimated at 80 to 83 m.y. ago, this target was covered

all quartz PDFs to better understand
shock-pressure
effects at Wetumpka.
Impact-related
planar microstructures
are also present in plagioclase
and micas

by up to 100 m of seawater as the area was part of a
Late Cretaceous
continental
shelf [1,2]. Crater shape
(semi-circular,
open on southwest
quadrant)
suggests
oblique impact [3] on a southwesterly
trajectory
[2].
Wetumpka
has total gravity relief of 10 mGal [4] and
maximum
magnetic relief of 0.015 Gauss [5].

within polymict breccia matrix.
Geochemistry:
Gamma-gamma

Target
stratigraphy:
In this region, three soft
Upper Cretaceous
units lie unconformably
upon crystalline pre-Cretaceous
Appalachain
bedrock.
In age
order, they are: Tuscaloosa
Group (60 m); Eutaw
Formation (30 m); and Mooreville Chalk (30 m) [3].

yr ago [3], Wetumpka
impact structure
has been described as a "probable impact crater" on some crater
lists. Now, we are reporting shocked quartz, iridium,
and impactites,
which provide key evidence confirming meteoritic impact at Wetumpka.
References:
[1] King, Jr. D. T. et al. (1997) Alabama Geol. Soc. Guidebk.,
34c, 25-56. [2] King, Jr.

impactite facies, which encompasses
an area of a few
hundred square meters, occurs within this crater. This
centrally located outcrop coincides with a topographic
high, which may represent Wetumpka's
rebound peak.
Subsurface
geology:
All three stratigraphic
units
mentioned
previously
plus crystalline
bedrock
were
involved in this impact event and contributed
clastic
material
to Wetumpka's
subsurface
impactoclastic
crater-filling
unit [6]. Core drilling at Wetumpka's
crater center reveals
that disturbed
target strata are
only 64 m thick and that over 130 m of impactite facies occur below that level [6]. In Wetumpka's
subsurface crater-filling
unit, impactite
facies, consisting
of impactite sands and monomict and polymict impact
breccias, are intercalated
with 1 to 5 m-thick blocks of
target strata and crystalline basement [6].
Petrography:
Polymict breccias are comprised
of
crystalline
bedrock
clasts and cataclastic
matrix.
In
thin section,
cataclastic
matrix
contains
fine-sand

r_,.

Vienna,

sized shocked-quartz
grains. These grains display two
sets of PDFs, which appear to indicate shock pressures
toward the lower end of the 8 to 25 GPa range.
We
are currently measuring
crystallographic
orientation
of

rock, which has up to 87 m modern relief, and (2) a
highly dissected
crater floor composed of contiguous
tracts of slightly to highly disturbed target strata (consisting of Tuscaloosa
Group and minor but significant
irregularly
shaped
tracts of Eutaw Formation
and
Moorevitle
Chalk)
[3].
Only one, small outcrop of

i k

14, A-1090

Introduction:
Wetumpka
impact crater, located
in Elmore County, Alabama,
USA (N32 ° 31.5', W86 °
10.5'), is a prominent
6.5 km diameter semi-circular,
rimmed structure,
which formed in a target consisting

Surface
geology:
Surficial crater geology consists
of two main terraines:
(1) a heavily weathered,
semicircular rim composed
of Appalachian
piedmont bed-

S

Althanstrasse

coincidence

spectrometry
of breccia matrix shows iridium content
as high as 0.21 ppb, suggesting
a meteoritic
component of approximately
0.04%.
Conclusion:
Owing to initial studies done over 25

D. T. and Neathery T. L. (1998) Amer. Assoc. Petrol.
Geol. Ann. Cony. Abst., 7, 358a-f. [3] Neathery T. L.
et al. (1976) Geol. Soc. Amer. Bull., 87, 567-573.
[4]
Wolf L. W. et al. (1997)
Alabama
Geol.
Soc.
Guidebk., 34c, 57-68. [5] Neathery T. L. et al. (1997)
Alabama Geol. Soc. Guidebk., 34c, 1-23. [6] King, Jr.
D. T. et aI. (1999) LPS XXX, 1634_
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Introduction:
In the Umbria-Marche
region of
central Italy, the deep basinal carbonate Scaglia Rossa
Formation
contains
an
important
sequence
of
Cretaceous-Tertiary
strata
including
a detailed
paleomagnetic
record [1] and the distal impactoclastic
Cretaceous-Tertiary
boundary
clay layer
[2].
In
addition
to this
significant
paleomagnetic
and
impactoclastic
record, the Scaglia Rossa also contains
potentially
important
stratigraphic
evidence
of
relatively
long-term
oceanic
and
atmospheric
consequences
of the
Cretaceous-Tertiary
bolide
catastrophe,
which we will describe for the first time
herein.
Stratigraphy:
The ScagIia
Rossa
Formation
of
central
Italy,
Turonian-Ypresian
[3], is a thinly
bedded, pelagic carbonate unit, measuring up to 350 m
thick, which
displays
many
sizeable
intervals
of
rhythmically
layered pelagic biomicritic
limestones.
Scaglia Rossa limestone
strata are separated
by thin
clay layers, which are mostly derived from beddingparallel pressure solution effects [4], and such effects
reflect subtle variations in biogenic carbonate versus
siliciclastic
(i.e., silt plus clay) composition.
Each
relatively thin clay and its overlying
limestone layer
form a distinctive
bedding
couplet
[4,5].
These
bedding couplets comprise the whole of such Scaglia
Rossa
pelagic
intervals
except
where
turbiditic
calcarentites
and calcirudites
locally punctuate
the
section [1,3].
In the region studied, the CretaceousTertiary boundary is found within such a thick interval
of rhythmic clay-limestone
bedding.
Field Methods:
For this study, we examined several
Scaglia Rossa sections,
including
two near Gubbio
(Gola di Bottaccione
and Contessa),
two near Furlo
(Pietralata and Bar Gostoli), and two at Monte Conero
near Ancona (Fonte d'Olio and Cava delle Fornaci).
Of these, the well-known
and well-exposed
sections
along the Contessa Highway [1,3] and at Pietralata [1]
(29 km north of Contessa) were selected for statistical

introduced from measuring
at discontinuous,
beddingparallel stylolites (i.e.,
stratigraphic
"weak surfaces"
[5]), which do not reflect original bedding
surfaces.
Data from all operators were averaged for each couplet
prior to commencing
our statistical analysis.
Statistical
analysis:
In our statistical
analysis,
continuous
wavelet
transforms
were
used
to
characterize
thicknesses
of bedding couplets (i.e., clay
plus overlying limestone)
as well as total thicknesses
for sections
Contessa
and Pietralata.
At Contessa,
bedding rhythms are grouped in bundles of 8 to I0, 25
to 30, and about 90 couplets, and thus cycles of 1.1 m,
2.3 m, and 4.1 m were detected.
Contessa's
dominant
cycle length reduces abruptly from 2.3 m to 1.1 m at
the Cretaceous-Tertiary
boundary.
Contessa's
cycles
are bundled in sets of 4 to 5 within Maastrichtian
and 9

I

w

Maastrichtian),
and about 4 m. Pietralata's
cycles are
bundled in groups of 4 to 5 within Maastrichtian,
and 7
within Danian.
Sedimentation

rate:

At Contessa,

the

m

llP

Cretaceous

portion of Chron 29R (spanning 350 ka) is 4.1 m thick
[6], giving an apparent
sedimentation
rate of 11.7
mm/ka. Tertiary portion of C29R (spanning 230 ka) is
0.7 m thick at Contessa
[6], thus giving an apparent
sedimentation
rate of 3,0 mm/ka.
At Pietralata,
the
Cretaceous
portion of C29R is 3.65 m thick [6], thus
giving an apparent sedimentation
rate of 10.4 mm/ka,
and the Tertiary portion of C29R is 0.35 m thick [6],
giving a rate of 1.5 mm/ka.
Lower sedimentation
rate
at Pietralata may account
as noted above.
Discussion:
Few studies

for evident

weaker

cyclicity

a_

m

have been able to establish

operators measured thickness
of bedding couplets (by
measuring
both clay and limestone
thickness in each
couplet) over a stratigraphic
interval of 8 to 9 m,
which encompassed
the Cretaceous-Tertiary
boundary.
Bedding couplets
were numbered
upon the outcrop
and thus consistently
in each
operator's
notes.
Separate measurements
upon every couplet were made
by each operator,
but the operators
conferred
on the
outcrop
so as to eliminate
errors
that might be

content within poorly bedded, hemipelagic
limestonemarl successions
that span the Cretaceous-Tertiary
boundary sites in Spain established
only that "orbital
forcing
was
operative"
during
late Maastrichtian
through early Paleocene
[9].
We agree that orbital forcing was operative during
deposition of Italian Cretaceous-Tertiary
strata that we

of
their
quality
and
longer
In the field, teams of two to four

N

within Danian.
At Pietralata,
cyclicity
is less well
developed
than at Contessa.
However,
a similar weak
cyclicity is present and ranges from 0.7 m to 1.3 m
(from Maastrichtian
to Danian),
2.3 m (within

good stratigraphic
evidence
for long-term
climatic
effects of the Cretaceous-Tertiary
bolide catastrophe
[7]. DSDP magnetic susceptibility
records from sites
in the South Atlantic seem to indicate an "oscillatory
marine
response"
to the impact
event,
including
"enhance sensitivity of the oceans to orbital forcing for
almost i m.y." [8]. Statistical
analysis
of carbonate

analysis
because
stratigraphic
span.
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studied,
transform

tm,d

,

_=__,
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-....

and

further

analysis

conclude
that

an

from
apparently

our

waveletsignificant

change
in bedding
pattern
(i.e., abrupt change
in
dominant cycle length) across the Cretaceous-Tertiary
boundary
constitutes
evidence
of a potentially
significant change in style of orbital forcing. Whereas
continued
study of this problem is indicated, we feel
that our results are consistent
with a probable sudden
shift from precession-eccentricity
dominated
cyclicity
to obliquity
dominated
cycles on the order of one
million years, which has been proposed previously for
the Cretaceous-Tertiary
boundary [10].
Referenees:
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Bull., 95, 324-336. [2]
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Introduction:
The KT boundary sequence has
been found with the Tsunami sequence and the fireball
layer around the Yucatan Peninsula
[1]. However,
because the Yucatan Peninsula is covered with thick Tertiary carbonate
pact related
like Belize.

sequence

proximal

evidence

I

W

exposed 15 km to the north of Soroa. Bedding dip
decreased upward from 80 °to 30 °the northwest.

i

of the im-

MI

sequence had been reported at a few places,
The western Cuba preserves a thick KT

boundary sequence comprising
Cretaceous to Paleogene
sedimentary
units [2][3][4].
These sequence was exposed as a result of arc-continent
collision
of Cretaceous Cuban arc and North America.
reconstruction,
western
Cuba was

I

Based on the plate
situated less than

w

400 km to the south east of the Chicxulub
impact crater of the Yucatan peninsula during the late Cretaceous
time [5][6]. Thus the KT boundary
of western Cuba
may preserve
related to the
KT boundary
deposit of the
which
world.
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proximal evidence of geological processes
impact. Here, we describe the evidence of
origin for a more than 500 m thick event
Cacarajicara
Formation
in western Cuba,

is the thickest

KT boundary

formation

in

the

Tectonic setting of the western Cuba: According
to a recent study, western Cuba is tectonically divided
into three belts; Los Organos, Rosario and La habana
(Bahia Honda to Matanzas) belts (Fig. 1) [4]. Each belt
is composed of continental shelf to oceanic slope and
deep-sea sediments sediments. Oceanic crustal material, such as pillow basalt and high grade metabasite,
also preserved in these belts which have been deformed
by Oligocene strike-slip deformations. All of these
sequences were l]'uncated by the left-lateral Pinaer Fault
[7] [8]. Based on the stratigraphic and fossil fauna relationships, Los Organos and Rosario belts had been
situated near the Yucatan block (North American Craton) during Jurassic time [7] [8].
The Cacarajicara Formation is situated within the
south subcomplex of the Rosario belt which represents
a more distal facies than that of the Los Organos belt
during upper Cretaceous time [8] [10] [11]. It unconformably overlies the upper Cretaceous deep marine
sandstone-mudstone
alternation. The CacaraJicara
Formation is distributed over an area more than one
hundred kirometer long and a few hundred meters
wide. It is situated at the top-to-the north northwest
fold-thrusted Rosario belt [8] [10] [11]. A continuous
section of at least 500 m thick sediments, that is situated in the southeast limb of synclinal syncline, is
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fig. I Simplified

geologic

map

Stratigraphy:
The Cacarajlcara
Formation is characterized by a upward-fining carbonate clastic sequence
which is subdivided into two members. The Lower
breccia member is approximately
150 m thick and is
represented by grain-supported boulder breccia. This
member disconformably
overlies the middle Cretaceous
Poriel Formation which is composed of carbonate-rich
sandstone-shale
alternations formed by a distal sequence of gravity flow. Rock components of the breccia
include micritic limestone, foraminiferal limestone,
rudist-bearing shallow water limestone, banded radioiarian chert and radiolarian-bearing
black chert. We
conducted identification, counting, and diameter measurement of the breccia. Based on diameter measurement, two modes of breccia size are identified which

li
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I

are grouped into two classes. The first group is pebble
size class which consists of breccia with less than 20
cm in diameter. The second group is cobble-boulder
size class which occasionally
contains 1-3 m oblateshape breccia. The pebble size class is composed of
more than 90% carbonate breccia and less than 10%
volcanics and metamorphic rock fragment. The cobbleboulder size class contains oblate-shape radiolarian
chert, black chert and chert-micritic limestone boulder
which is similar to those of the underlying Middle
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SEQUENCE:

Cretaceous sequence (Poriel Formation).
The orientation of imbricated oblate breccia suggests that the paleoflow direction of this member is from north to south,
if there was no rotation of the belt.
The breccia of this member has less than 1% of matrix that is dark brown in color. The dark brown matrix is composed mainly of siltstone that contains
small amount of foraminifers,
carbonate clast, volcaniclastics and spherule-like
grains. A few spherule grains
were extracted from the matrix using the hydrochloric
acid dissolution method (Fig. 2). The spherules are
gray color transluscent
and approximately
150_in diameter. Under the EDS electron microscope, they preserved smooth surface and very homogenous
in composition.
Outcrop scale and microscopic
scale matrix intrusions are preserved in this member. This evidence
suggests that the lower breccia member was formed
under a high pore-pressure
with high-energy condition
flow. Breccia size and composition
changes from the
Lower breccia to the Upper sandstone-slit
member.
The Upper sandstone-silt
member which is approximately
350 m thick composed mainly of a coarseto-fine massive carbonate sandstone which is composed
of mainly micritic limestone, foraminifera,
rudist fragments with minor amounts of quartz, serpentinite
and
volcanics grains. This member is homogenous
and
well sorted. A dewatering pipe or web structure is observed in the middle part of this member. Sedimentary
structures such as cross-bed, cross- to parallellaminations
and bioturbation
are not observed. The
lithology of this member is similar to that of the middle part of the Pefialver Formation
[9]. The shocked
quartz is also found in this member of this sequence.
The quartz contains the t_tnd _ planes characteristic of
the planer deformation features. According to microscopic observations,
grain boundaries are partly recrystalized and low-grade metamorphic
minerals were
formed. Most mafic mineral has changed to the chlorite. Thus the sequence was affected by low-grade
metamorphism
and original sedimentary
structures
may have been destroyed.
The upper most part of this member consists
mainly of calcareous silt and clay which contain finegrained carbonate, foraminifera
and quartz grains, it
contains uppermost Masstrichtian
nanofossils,
such as
Micula taurus, Mucula decussata, and does not yield
any Paleocene fossils. The Paleocene micritic limestone (Ancon Formations)
overlies this member. However, the boundary between them is not well exposed.
Discussion
and Summary:
Characteristics
of the
Cacarajicara Formation
are summarized as follows; 1)
more than 300 m thick upward-fining sequence, 2)
well-sorted
stratigraphic sequence, 3) very thick boulder zone and homogenized
upper zone, 4) high waterpressure and high energy conditions during the time of
deposition of the lower breccia member, 5) presence of
the shocked quartz in the upper member and spherule
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in the lower member (analyses of these grains are now
in progress). The high-energy
matrix condition for the
Lower breccia member may be formed by the dilatant
flow and the homogenized
Upper sandstone-silt
member is identified
as fall deposits.
These two different
flow pattern in a fining upward sequence
suggests that
the Cacarajicara
Formation is formed by a hyperconcentrated flow. The existence
of an extremely
thick sedimentary sequence with exotic blocks and impact related materials indicates that the Cacarajicara
Formation is probably an impact-related
mega flow sedimentary sequence deposited on the continental
slope of the
Yucatan platform.

fig.2 Spherule

in the Lower

conglomerate

unit
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Introduction.
The verification
of an extraterrestrial
component
in impact-derived
melt rocks or breccias can be of
diagnostic value to provide confirming evidence for an impact origin of a geological structure. Geochemical
methods are
used to determine
the presence of the traces of such a component.
In the absence of actual meteorite fragments,
it is
necessary to search for traces of meteoritic material that is mixed in with the target rocks in breccias and melt rocks.
Meteoritic components have been identified for just over 40 impact structures (out of more than 160 known on Earth; see [1]
for a listing), which reflects also the detail in which these structures were studied. The identification
of a meteoritic
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component can be achieved by determining the concentrations
and interelement ratios of siderophile elements, especially the
platinum group elements, which are several orders of magnitude more abundant in meteorites than in terrestrial upper crustal
rocks. The usage of platinum group element abundances and ratios avoids some of the ambiguities that may result if only
common siderophile elements (e.g., Cr, Co, Ni) are consider_
However, problems may arise if the target rocks have high
abundances of siderophile elements, or if the siderophiie element concentrations
in the impactites are very low. In such
cases, the Os and Cr isotopic systems have recently been used for establishing the presence of a meteoritic component
in a
number of impact melt rocks and breccias (e.g., [2,3]). In the past it was attempted to use PGE data to determine the type or
class 0i"meteorite for the impactor, but these attempts were not always successful.
It is difficult to decide between chondrite
types based-on PGE abundances,
which has led to conflicting identifications
for a number of impact structures (see [1] for
details). Clearly, the identification
of a meteoritic component
in impactites is not a trivial problem. In this study, we are
using a combination of trace element (PGE) analyses and the results from both, Os and Cr isotopic studies, to illustrate the
pros and cons of each method on two case studies, namely the Vr--_efort and Morokweng impact structures.
Vredefort Impact Structure:
Background.
The Vredefort structure in South Africa, centered about 120 km southwest of
Johannesburg,
currently has a diameter of about 100 km, which is believed to represent the central uplift of this impact
structure. The whole structure could initially have been as large as 300 km, comprising
the whole Witwatersrand
Basin.
The origin of the structure has been debated during most of this century, but recent data confirmed the existence of impactcharacteristic
shock metamorphic
effects in Vredefort rocks, e.g., basal Brazil twins in quartz and planar deformation
features (PDFs) in zircon, supporting an impact origin as opposed to an internal origin of the structure (see [4] for a
review). The Vredefort event is well dated at 2024 _ 5 Ma (cf. [4]). Dikes of granophyric
rock, the so-called Vredefort
Granophyre,
occur in the basement core of the structure and along the boundary between the core and the supracrustal
rocks of the collar. Previous studies indicated that the granophyre
could have formed by impact melting of granite, shale,
and quartzite. A major mafic contribution
is unlikely due to the scarcity of mafic clasts and because the granophyre
composition
can be perfectly modeled with felsic crustal and supracrustal rocks [4,5].
Morokweng
Impact Structure:
Background.
The Morokweng
impact structure is centered at 23032 ' E and 26°20 ' S,
close to the border with Botswana in the Northwest Province of South Africa. The structure was recognized from gravity
and magnetic anomalies,
which revealed the possible presence of a larger circular structure. The discovery of impact
characteristic
shock metamorphic
effects in rocks from the Morokweng area (e.g., [6]) confirmed the presence of a large
meteorite impact structure. The size of the Morokweng impact structure is still debated, but a diameter of about 80 km
seems most likely. Melt rock was found in three boreholes from the central part of the structure. The melt rock appears
fresh and homogeneous,
except for a large number of lithic clasts. The clast population is dominated by gabbro fragments,
but microscopic studies reveal that felsic, clearly granitoid-derived,
clasts are also abundant. The granites drilled below the
melt body in core MWF05 are locally brecciated and pervasively recrystallized.
SHRIMP ion probe dating of zircons from
the melt rock yielded an age of 146.2__.1.5 Ma, which is indistinguishable
from that of the Jurassic-Cretaceous
boundary
(e.g., [61).
Meteoritic
Component
at Vredefort.
A Re-Os isotopic stud), was undertaken by Koeberl et al. [5] in order to a) search
for a meteoritic component
in Vredefort Granophyre,
and b) to confu-m that the Granophyre
represents an impact melt
rock. The Os abundances in the Granophyre range from 0.11 to 1.11 ppb, which is significantly higher than the average of
the source rock values, indicating a distinct enrichment
of Os in most of the Granophyre samples compared to the country
rocks. In addition, the 187Os]I$gOs
ratios of the Granophyre samples are significantly
lower than those of the supracrustal
country rocks. A meteoritic component in the Vredefort Granophyre is the only explanation that is in agreement with these
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observations.
This conclusion is supported by some enrichments in Cr, Co, and Ni and Ir in the granophyre compared to
the country rocks, although these enrichments are not as unambiguous
as the Re-Os data. Assuming chondritic meteorite
Os abundances (about 500 ppb), [5] concluded that the Vredefort Granophyre
contains _<0.2 % of a chondritic component.
However, the meteoritic component is not homogeneously
distributed, probably due to a nugget effect, as is evident from a
spread in lg7Re/lggOs
ratios, in agreement with observations
from other impact melt rocks. Meteorites
contain about ten
times less Re than Os, indicating that the Re contribution
from the meteoritic
material to the Granophyre
was <30%,
subordinate
to the Os, which is almost exclusively of meteoritic origin. The almost constant Re abundances
found in the
Granophyre
samples indicate homogenization
during the impact. Thus, the Granophyre is a mixture of a large amount of
low-Os, high-Re material (crustal rocks) with a small contribution of high-Os, low-Re meteoritic material. The Os isotope
results showed that all analyzed Vredefort
Granophyre
samples contain some meteoritic
Os, confirming
that the
Granophyre is an impact melt rock. In contrast, the Cr isotopic study did not reveal the presence of extraterrestrial
Cr: two
Vredefort
Granophyre
samples
yielded 5SCr/52Cr ratios of -0.01_+0.06 e and +0.03_+0.03 e (2 ¢_),
which is
indistinguishable
from terrestrial normal (-=0 e). Based on the Cr data, the upper limit for a chondritic
component in these
samples is -1.5 %, which is consistent with the more strict limit provided by the Os isotopes. An abundance of terrestrial
Cr masks the cosmic Cr and, in this case, the sensitivity of the Cr isotopic method is not sufficient _to return a positive
answer.
Meteoritic
Component
at Morokweng.
PGE analyses (e.g. [6]) of Morokweng
impact melt rock clearly showed very
high values and flat chondrite-normalized
PGE patterns, indicating a significant chondritic
Contamination.
A value of
about 2 to 5% of a meteoritic
component
was estimated
[6]. To confirm the presence of this component,
Os and Cr
isotopic studies were done. The results of the Os isotope study [8] showed high Os contents of up to about 9 ppb in the
impact melt rock samples, with correspondingly
low, but remarkably uniform, isotopic ratios, with t87Os/188Os at 0.13i6 to
0.1341. The breccias show a much wider variation in both isotope ratio and Os abundance. In contrast, the mafic rock
samples from a close-by deep drill core, representing the mafic contribution
to the Morokweng
impact melt rocks, have
very low Os abundance s (9.8 to 42 ppt) and high isotope ratios (up to a 187Os]188Os
ratio of 12!). This result clearly
indicates that the mafic target rocks of the area did not contribute measurably
to the high siderophile
element abundances
observed in the melt rocks. Also, the Os isotope analyses confirm the presence of a meteoritic component
in these melt
rocks. A Cr isotopic study [7] showed that about half of the Cr in the melt rock is of extraterrestrial
origin. It was also
possible to show that only an ordinary chondritic source, rather than a carbonaceous
chondritic source, can explain the Cr
isotope data. Together
with trace element analyses, [7] concluded
that the Morokweng
bolide was most likely of Lchondritic composition.
Conclusions,
Clearly, there are advantages
and disadvantages
of both isotopic methods, and in comparison
to PGE
abundance and interelement
studies. PGE abundance studies may indicate the presence of an extraterrestrial
component,
and the normalized
patterns can give an indication
of the impactor type. However,
it is not possible to distinguish
between terrestrial and extraterrestrial
PGEs. This is, in principle, possible by both the Os and Cr isotopic methods. In
the case of the Os isotopes, it is necessary to distinguish between a possible mantle signal and an extraterr_trial
signal, as
the Os isotopic ratios for mantle and meteoritic material are very similar. There is a significant difference in the total
abundance of Os between mantle rocks (about 1 - 4 ppb Os) and meteorites (typical chondrites have about 400 - 800 ppb
Os). Thus, about 100 times more mantle than meteoritic material would need to be added to normal crustal rocks (e.g., in a
breccia) to result in the same Os isotopic ratio of the bulk rock. Detailed field investigations,
petrographic
studies, if
necessary combined with trace element and Rb-Sr and/or Sm-Nd isotopic analyses, will easily show if significant amounts
of ultramafic materials are present. On the other hand, the Cr isotopic composition allows the distinction
between terrestrial
and extraterrestrial
Cr, and there is a difference between some meteorite groups [3]. For example, ordinary chondrites (types
H and L) have isotopic characteristics
that are slightly different from those of enstatite chondrites
and are, even more
significantly, different from those of carbonaceous
chondrites. Thus, assuming that a certain (fairly significant) percentage of
the chromium in an impact melt of ejecta layer is of extraterrestrial
origin, it should be possible by measuring the Cr isotopic
composition to determine not only that an extraterrestrial
component is present, but also which meteorite type might have
been involved. However, the differences in isotopic composition
are very small, requiring extremely
precise and timeconsuming measurements,
which severely limits the number of samples that can be measured. Also, a substantial amount of
chromium has to be of extraterrestrial
origin to show an effect in the Cr isotopic composition that is larger than the precision
of the measurement.
Thus, while being more selective than the Os isotopic method, the Cr isotopic method is less sensitive.
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ABSTRACT
In the process

of mass extinction

by minor body impact on Earth

the surface

temperature

drop is most

important and fundamental factor. Here the analytical model for estimation of surface temperature drop
after blown up of multiple impacts dust to stratosphere
is established.
Propriety of the model is verified
by an estimation of surface temperature drop by Tambola volcano eruption and comparison of it with the
actual measurement of northern hemisphere temperature drop in that time.
For some assumed example of multiple impacts surface temperature
drops are estimated using the
established model. The example are impacts of two 0.5 km diameter asteroids, impacts of one 0.5 km

w

w

plus one 1 km diameters asteroids and so on. The
impacts are striking and the resulted optical depths
photosynthesis.
Then such a estimatldn of surface
multiple impacts - for example, Clear-water
Lake

i

estimated surface temperature drops of these multiple
of atmosphere
become very thick beyond a limit of
temperature
drops were carried out for some actual
Craters in Canada, Kara-Ustkara
Craters in Russia

and so on. The resulted temperature drops are terrible. The drop of surface temperature
some amount of mass extinction if there were creatures on Earth in that time.

would result

in

The impact of 10 km minor body in 65 My ago brought about the mass extinction in K-T boundary.
However, some multiple impacts might cause another mass extinctions
in the Earth history.
On the
Earth's surface only about 160 craters were found, and there might be many craters under the jungle

i

forests in Africa and Brazil and taiga in Siberia. Remote sensing technology is very helpful for detection
of such unknown craters.
From the view point of mass extinction by minor body impact, it is necessary
to search not only single craters but also multiple craters.
7

w
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Introduction;
It has become increasingly
clear that
impact cratering
processes
can affect the biologic evolution of the Earth.
The principal
example of this relationship
is the Chicxulub
impact
event and its likely
role in the mass extinction
that occurred at the Cretaceous-Tertiary
boundary
[e.g., 1-4].
However,
other
impact events, both known [e.g., 5,6] and hypothesized
[e.g., 7,8], have also been linked to a variety of local,
regional, and global environmental
consequences.
At the same time impact processes disrupt the habitats of some organisms,
they also offer opportunities
for
other organisms_
One Straightforward
way of doing this
is to remove
successful
organisms
from ecological
niches, giving other organisms
an opportunity
to exploit
them.
Another way i_s to creat e new environment s suitable for habitation.
Common
examples are impact crater lakes, both now (elg., Bosumtwi,
Clearwater
East
and West, Lonar, New Quebec) and in the past (e.g.,
Barringer,
Haughton, Ries, Steinheim,
Tswaing).
These
lakes can be long-lived
(thousands
to millions of years)
and fossil evidence clearly indicates they can be utilized
by a variety of flora and fauna [9-18].
Other environments that can be created by impact cratering events are
hydrothermal
systems.
Similar
systems generated
by
volcanic
processes
have been recognized
as critical
habitat for some of Earth's
most deeply branching
organisms
[e.g., 19,20] and may have been the type of
habitat first populated
by life on Earth [e.g., 21-23].
The purpose of this paper is to explore the extent of
impact-induced
hydr0then'nal
systems and theil: possible
role in the evolution of life.
Evidence of Hydrothermal
Systems:
Most studies
of impact processes have focused on the formation and
modification
of craters, not their subsequent evolution.
Consequently,
little is known about the post-impact hydrothermal processes that are produced and a complete
evaluation of a hydrothermal
system in a crater does not
yet exist. Thus, the nature of these systems needs to be
pieced together from evidence from several craters.
Chicxulub.
This is an ~ 170 km diameter crater produced 64.98 + 0.05 Ma [24].
Anhydrite and quartz
veins attributed to hydrothermal
processes were found
in the Yucatfin-6 borehole [25], -50 km from the center
of the crater, within the peak ring, and near the top of a
section of impact melt at least 380 m thick [26]. However, little else is known about this system because there
are so few samples from the buried structure.
It is
hoped that details will be forthcoming
when a core is
recovered by the Chicxulub Scientific Drilling Project in
2000.
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Manson.
This is a 35 km diameter
crater produced
_+0.3 Ma [24]. Evidence of hydrothermal
activity

is extensive.
It includes
quartz veins in impact melt
breccias
and fragmental
breccias,
altered granite,
and
altered granitic gneiss [27].
Fluid inclusions
in these
samples indicate the water was moderately
saline (0.2 to
12.2 wt% NaCl_q) and contained
very little CO 2 (<0.2
mole%).
Temperatures
in the system ranged from 90 to
250 °C [27]. The fluids altered primary mineral assemblages in the central
peak and in associated
impact
breccias,
producing
andradite
garnet,
ferroactinolite,
epidote,
prehnite,
woIIastonite,
quartz,
analcime,
calcite, adularia,
pyrite, molybdenite,
and clay minerals
[28].
Based on the paragenetic
sequence, temperatures
seem to have l_eaked be[ween 275 and 360 °C and then
cooled to ambient conditions
[28]. Alteration
occurs in
both the central peak and in breccias in the surrounding
annular trough.
Puchezh-Katunki.
This is a 80 km diameter
crater
produced
175 _+ 3 Ma [24]. The hydrothermal
system
extended
to a depth of at least 5 km (the bottom of the
Vorotilovskaya
borehole) in the uplifted peak and overlying breccias
in the center of the crater [29].
The
source of the water in the system appears to be a lake
that filled the annular trough [30]. Temperatures
in the
system were 100-200 °C in the suevites, allogenic breccia, and upper part of the authigenic
breccia down to a
depth of 2.5 km where zeolites, apophylite,
calcite, anhydrite, and pyrite were deposited in vug s and fractures,
veins of calcite-nontronite
were produced
locally, and
iron saponite
pervades
the basement
rocks [31,32].
Temperatures
in the fluid system were hotter at depths
between 2.5 and 4.2 km, reaching 200-300 °C. Chlorite
with pyrite is common while albite, epidote, and calcite
occur locally
in this region
[32].
Below 4.2 km,
prehnite,
anhydrite,
tentatively
inferred

calcite, and pyrite assemblages
are
to reflect temperatures
of 150-250

°C [32]. The extent of the hydrothermal
system is not
known,
but a proposed
model
[30] suggests
it was
largely confined to the central peak region, which is -12
km in diameter.
Saint

Martin.

This is an -40

km diameter

complex

crater that was produced -220 +_32 Ma [24]. The impact melt sheet is 208 fi thick in the LSM-1 borehole
- 11 km from the center of the crater [33]. The lower 30
ft of the melt sheet has a perturbed
chemical
composition which has been interpreted
to be the result of hydrothermal
circulation
along the base of the melt sheet
[33,341.
Siljan.
This is a 52 km diameter
crater produced
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368.0 _+1.1 Ma [24]. Hydrothermal
activity has affected
the target granite and left secondary
fluid inclusions
in
quartz [35].
The inclusions
contain water that is less
saline (0.2 wt% NaCl_q) than the fluids in the Manson
crater. Maximum
fluid temperatures
are 327-342 °C in
the central peak and minimum
fluid temperatures
are
135-225
°C near the surrounding
annular
trough.
Drilling and surface sampling
is extensive
enough to
indicate the impact-induced
hydrothermal
system affected the entire 52 km diameter
region down to a depth
of at least 1.2 km [35].
Sudbury.
This is an -250 km diameter crater produced 1850 :t: 3 Ma [24].
Hydrothermal
alteration of
the impact melt sheet converted
plagioclase
to sericite
and clinozoisite
and pyroxene
to uralite and chlorite
[36].
The hydrothermal
exhalative
mineralization

system is also the source of.
in sediments
that cover the

impact melt sheet and impact breccias [37].
In addition,
tentative
evidence
of impact-induced
hydrothermal
systems
has been reported
for Roter
Kamm [38] and Haughton [391.
_ ---

support

this assessment

been produced
ter lakes that
planet

on Mars, supplementing
the impact crahave already been hypothesized
on that

[46].
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The Influx of extraterrestrial

materials

to the Earth

is dominated by two size-fractions:
sub-mm interplanetary dust and impacting
asteroids and comets. This
influx can be detected in sedimentary
deposits as
physical debris (cosmic spherules, meteorites),
or as
chemical or isotopic signals. The study of this extraterrestrial component
in sediments
began with the discovery of cosmic spherules in the magnetic fraction of
deep-sea sediments collected during the expedition of
the HMS Challenger
(1873-1876).
These were correctly interpreted to be produced by ablation of meteoritic material during atmospheric
entry [1].
Over the next 100 years work on extraterrestrial
sediments was largely cosmic spherule studies. A notable exception was the first detection of a chemical
signal when Barker and Anders [2] found an inverse
relationship between Ir concentrations
(from meteoritic
dust) and the accumulation
rate of deep sea sediments.
The first attempt to use this relationship
to measure
the accumulation
rate of a sedimentary
unit was a complete failure. Alvarez et al [3] measured Ir in the Cretaceous/Tertiary
(KT) boundary from Gubbio and found
far too much Ir to be consistent with the Barker and
Anders results. When Alvarez et al. suggested that this
Ir anomaly was a signal of ejecta from an asteroid impact, rather than the slow accumulation
of interplanetary dust they set off scientific explosion and the second century of research into extraterrestrial
sediments
got off with a bang.
About a year after the initial Alvarez et al report,
the first Snowbird Conference was convened (Oct.
1981), and a lot of progress was already evident.
Anomalous
Ir and and other platinum group elements
(PGEs) been discovered at a number of new KT sites
[4-7]. The first ejecta from impact target rocks
(sanidine spherules) wasdescribed
[811 In Snowbird an
diverse group of researchers
ranging from paleontologists to impact modelers exchanged ideas on a new set
of problems they all shared. The major subject was the
question of whether planetary accretion played an Important role in Earth history, and whether it affected
biological evolution. While mass extinction
at the KT
boundary took center stage there was considerable
interest in other extinctions,
such as in the late Devonian
and the late Eocene. Within few years, impact at the
KT boundary was virtually confirmed with discovery
of shocked quartz [9]. An observation
that mass extinctions appeared to occur in periodic cycles [10] led to a
number of hypotheses for astronomical
mechanisms to
periodically
disturb the Oort Cloud of comets and fill
the inner solar system with storms of comets [11-13].
This hypothesis
suggested that perhaps impacts
caused all major extinctions in the Phanerozoic.

In the past two decades we have made enormous
strides in understanding
the Earth's accretion history,
but have had less success linking it to the history of
other extinctions.
The KT boundary is now almost
universally accepted as a major impact event coincident
with mass extinctions, although the causes of the extinctions remain a topic of discussion and debate. The
Chicxulub structure in the Yucatan Peninsula was
ground zero for the impact [14]. The sedimentology
and mineralogy
of proximal to distal impact deposits
are described around the planet [15]. No other extinction event has been so conclusively
linked to an impact event, but some tantalizing
data suggest possibilites, such as multiple reports of spherules in late Devonian deposits [e.g., 16] or possible evidence of
shocked quartz near the Permian Triassic boundary
[17]. But such data lack firm evidence in the form of a
strong cosmic signature, such as a significant
Ir anomaly.
The most widely used _acer of extraterrestrial
sediment has been Ir which is typically depleted in
sediments by a factor of -10,000 relative to cosmic
abundances.
But mineralogical
and isotopic evidence
have also played an important role. An important carrier of Ir (and other PGEs) in KT boundary sediments
is a type of spheroidal debris that contains a relict high
temperature phase - magnesioferrite
spinel - that formed
during the Impact event. [18]. Robin and coworkers
[e.g., 19] have shown that these spinels are similar to
those found in cosmic spherules and that at least some
of the KT spherules may be derived directly from meteoritic materials. They note that although Ir may
chemically diffuse through sediments and not accurately reflect the original distribution
of fallout, spine!s
are not mobile and can be used as a specific.marker
of
Impact horizonS_ in a recent study of a long deep-sea
core they have found at least four distinct spinel-rich
horizons younger than the KT boundary that may record impacts or other accretionary
events [20]. Spinelbearing spherules have been associated with Ir anomalies and likely impact deposits from the late Pliocene
[21], late Eocene [e.g., 22], and early Archean [23].
There are now two occurences of uranelted meteorites from deposits of large-body
impacts. Sub-mm to
cm sized fragments of basaltic breccias from a
mesosiderite
asteroid are abundant in deposits from the
impact of a km-sized asteroid into the Bellingshausen
Sea [24]. A heavily altered fragment of a 2.5 mm meteorite has also been recovered from KT boundary
sediments in the North Pacific [25]. Most of the original minerals from this specimen have been altered to
clays and iron-oxides,
but saponite (a Mg-smectite)
may be a relict phase. Relict texures show that this
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meteorite was likely composed of olivine and metal in
a fine-grained,
clay-rich matrix. These characteristics
are typical of some groups of carbonaceous
chondrites.
Recent 3-D simulations
of large impacts [26] have
shown that meteorite survival should be expected from
the relatively low-velocity
impacts of asteroidal objects, particularly
those with low impact angles. However, meteorite survival is unlikely for the significantly
higher impact veiocites of long-period
comets.
The use of isotopic systems to provide unequivocal evidence of a extraterrestrial
component has only
recently become possible. Early work with the Re-Os
system [27] successfully
showed that Os-isotopes
in
the KT bou.ndary were consistent with a meteoritic
source, but left open the possibility that Os (and other
PGEs) could be derived from mantle sources. This

=

=

lit

=

ambiguity has now been removed .b_ application Crisotopic systematics.
The ratios of Cr/2Cr and
5_Cr/52Cr vary between different planetary objects and
new high-precision
measurements
of these ratios provide indisputable
evidence that most of the Cr in KT
boundary sediments is from an extraterrestrial
source,
likely a carbonaceous
chondrite [28]. This method has
now been used to prove a extraterrestrial
component in
early Archean impact deposits [29] and has a great potential for identifying the projectile type in impact deposits and craters with a significant amount of extraterrestrial Cr. While Cr-isotopes
can resolve the extraterrestrial signature from the largest projectiles, traces of
SHe have been used to detect a signal from the interplanetary dust. Because of their high surface-to-mass
ratio, interplanetary
dust particles have extremely high
concentrations
of solar wind-implanted
SHe which surprisingly is retained in deep-sea sediments.
SHe fluxes
in sediments exhibit a significant peak for about 3 m.y.
during the late Eocene [30], a time coincident with at
least _t3yo!arge cratering events (Popigai and Chesepeake Bay) and multiple spherule deposits. Farley et
al [30] argue that the only possible source of this signal is the dust froma comet shower. Because of drag
from solar wind, interplanetary
dust has a dynamic
lifetime of only ~0.1 m.y. so only only a prolonged
shower of comets can sustain high concentrations
of
dust for such a long interval. Dynamic models of
showers produced by disturbance
of the Oort cloud
indicate that 3 m.y. is a reasonable
duration [31].
.. There are several conclusions we can draw from
the data collec_ted o.ver the last two decades. Primary
among these is that the KT boundary marks one of the
most significant
impact events in the Phanerozolc
and
this was probably largely responsible
for one of the
great mass extinctions
in Earth history. The KT projectile had isotopic and textural properties similar to
those of carbonaceous
chondrites. These results are
consistent with an asteroid source for the KT boundary. Since meteorites from comets might be expected
to porous, with mainly anhydrous phases [32] and
meteorite survival is unlikely from cometary impacts

[26], these results are inconsistent
with a cometary
projectile. When these data are coupled with the fact
that no evidence has been found of multiple impacts at
the KT boundary and sediments
at that time do not
have a significant 3He anomaly [33], it is highly unlikely that a comet shower was responsible
for this
mass extinction and hypotheses
of periodic comet
showers still lack any supporting
physical evidence.
However, the random comet shower is still alive and
well in the late Eocene where 3He anomahes,.
multiple
craters and Ir-poor ejecta deposits are all found over a
brief geologic interval. We now have the tools with It,
spherules, and meteoritic spinels to find new impact
deposits, isotopic sytematics
to prove their cosmic
nature, and even an isotopic tracer of the dust produced
by comet showers to develop a more complete picture
of the accretion history of the Earth for much of its history.
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suggests that few dinosaur species went extinct at the
Cretaceous
Tertiary Boundary
[1,2]. This is not consistent with a catastrophic
extinction.
However,
these
data are mostly based on apparent
Montana,
which is a little part of
America. At the end of the Cretaceous,

biodiversity
in
Western
North
Western North

America was a distinct paleobioprovince
of the Laurasiatic paleorealm.
Four realms and at least 10 provinces (fig. 1) existed in the Late Maastrichtian.
Their
area was comprised
between 0.3 and 28 million square
kilometers.
Late Maastrichtian
dinosaurs
have been
discovered in several of these areas, and it is clear that
different
logical

families
niches

or genera

occupied

on the different

the

same

eco-

landmasses.

We applied Russell's
equation
to two hypotheses
of
the real biodiversity
of "West Northern
Amer!ca, so far
the best known area for Late Maastrichtian
dinosaurs
(table 1). As proposed by Russell, we employed the
exponent (0.36) to calculate two intercepts postulated
to be representative
of Late Maastricbtian
dinosaur
assemblages.
H1. The apparent
biodiversity
of Western
North
America
(28 genera)
equals the real biodiversity,
which means that all dinosaurs
living in this area
during the Late Maastrichtian
have been discovered.
Intercept is thus calculated to be 0.0999.
Ge (generic
dinosaur
diversity)
= 0.0999(area
in
km2)

,m

m

m

I

I

I

II

0.36

This gives a global dinosaur diversity of 294 genera.
H2. The real biodiversity
of Western North America
equals that for the Campanian
(39 genera according to
Russell,
1995). The calculated
intercept
is nearly
identical to that for Late Pleistocene
mammals.
Ge = 0.1392(area
in kin2) °'36
_
This yields to a global
dinosaur

i

_j
diversity

of 416

genera
m

Fig 1 : Maastrichtian
paleogeography
(after Smith et
al. [3]
The fossil record is very different for these different
Late Maastrichtian
landmasses
: in some places,
a
very few or even no dinosaur
bone have been unearthed for different
reasons (lack of Late Maastrichtian continental
strata, unexplored
levels). Only five
provinces have yielded Late Maastrichtian
dinosaurs
in 2000, totalizing
65 species belonging
to 59 genera
and 17 families. This is the apparent global dinosaur
biodiversity

at the end of the Maastrichtian.

Apparent
biodiversity
and real biodiversity:
Signor and Lipps [4] have emphasized
the disparity
between real and apparent
biodiversity
in the fossil
record [5]. In the case of land vertebrates,
taphonomic
biases are so important
that most of the time the apparent biodiversity
will be much lower than the real
biodiversity.
Several methods have been used to estimate paleobiodiversity.
They are based on the relationship
between
the area of a land mass and the
number of medium to large animals species that live
upon it. Russell [6] obtained the following relationship
for Late Pleistocene
mammals
:
Generic

diversity

= 0.1386

(area km2) °36

Conclusions.
Real dinosaur
biodiversity
in the Late Maastrichtian
(ie in a time intervall between 69.5 and 65 ma) would
be situated between 294 and 416 genera. Future field
work should allow to refine this estimate. This does
not prove that all these genera went extinct at the KT
boundary, but sometime
in this time interval. However, all speculations
about dinosaur extinction should
be based on this estimated real biodiversity
and not on
the apparent biodiversity
of eastern Montana (21 genera).
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An impact of an asteroid with a size of 1 km or larger on earth
occurs within a average time intervall of 300.000 years [1]. As
the effects of an impact of this magnitude already might cause
global devasations and impacts of larger magnitude, as the KTimpact event 65 Mio years ago, are believed to be responsible
for some of the great mass extinctions in the history of earth
[2], theoretical investigations
of theseevents
are helpful to
understand geological and biological evolutionary
processes
on earth and to predict the consequences of such an event on
human civilisation.
The presented study intends to review
some of the most significant physical effects. The analytic and
numeric methods
high-performance
are:

used allow to perform the investigations on
personal computers•
These investigations

• The atmospheric entry, the trajectory during the entry,
the energy release into the atmosphere during the entry
and the flowfield of the atmospheric
speeding asteroid.
• The expansion

of the vapour-plume

in which the asteroid
the ground.

is converted

in the atmosphere,
after impacting

on
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of the plume is set equal to 50% of the impactors

energy.

The

planet's surface is assumed to be ideal reflecting. This assumptions lead to the initial flow quantities as energy-density
and
pressure of the flowfield in the atmosphere. The atmosphere is
taken as isothermal with an exponentially decay in density and
pressure. Similar assumptions for modelling this process are
made by Newman et. al. [4], where the atmospheric blow-off
of the KT-impact event is investigated.
As the released energy of an I km size asteroid impact event into the atmosphere
exeeds the treshold to balance with the ambient pressure, the
vapour-plume expands above the characteristic
scale height of
the atmosphere through the stratosphere into space• To simulate this process numerically which covers a large variation in
length- and time scales, the numerical scheme is equipped with
a grid-stretching
technique sensitive on arrival of the shock-wave at the upper outflow boundary.
Effects

on Global Soles:

Portions of the released

energy

of the impact propagate on global distances, significant are the
global earthquake,
impact-orean
and tsunamis if the impact
takes place on sea where the depth of the water is sufficient
large at the impact site• As numeric modelling of this global

the impact orcan

effects has to face difficulties due to huge variations in lengthand time scales, analytical estimations are used to predict the
amplitudes of these effects. Fundamental parameters in these

at the impact site and the creation

estimations are the energy-partitions
of these phenomenons,
which are only rhoughiy estimated at present and are subject
to further research.

• Global range effects as earthquake,
and tsunami-propagatiOn.
• Tsunami-generation
of the impact-crater.

gas affected by the

1 KM SIZE
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Tsunami-

Atmospheric
Entry: For a 45 degree entry of a stony asteroid with lkm diameter in an altitude of 100 km the equations
of motions for hypersonic velocities are solved to compute the
trajectory and the energy release into the atmosphere
the entry. The entry velocity is set to 15 km/s. During

during
the 9.3

seconds lasting entry only less than 1% of the impactors energy is released into the atmosphere, creating a bow-shock of
high energetic gas around the impac_or. The velocity components in horizontal and vertical direction are only affected by
some tens of meters per second. To compute the hypersonic
flowfield quantities around the impactor, a flowsolver based
on Mc. Cormac's technique [3] is applied on a structured grid
containing 3600 knots. In the frame of reference of the moving
impactor, which is assumed to retain it's size and shape during
the entry, the flow enters the computational domain with ambient conditions in pressure and density and velocity equal to the
speed of the impactor. As expected for hypersonic motions,
the atmospheric gas is heated and compressed in the shape of
a bow-shock around the impactor.
Expansion of the Vapour-Plume:
the surface of the planet, the impactor

After colliding with
is converted into high

compressed, high energetic vapour-plume
which expands into
the atmosphere.
To simplify the investigation of this process,
the initial vapour-plume
is hemispherically
with the radius
equal to the radius of the former impactor, while the energy

and Impact-Crater

Creation:

Specializing

the flowsolver described above on quasi incompressible
fluids,
the creation and propagation of tsunami-waves can be studied
at the impact site. For this purpose, in a quasi incompressible
fluid with a given depth a transient cavity is taken as initial
condition and the process of filling under the influence of
gravity is investigated with respect to time. The size of this
transient cavity is taken from Crawford [5]. It is visible, that
the fluid forms a huge fountain after filling the cavity, which
collapses and generates a series of tsunami-waves.
The two-dimensional, radial symmetric model is also equipped with a
profile of the ocean floor which rises to a shallow-water region
at the radial boundary of the domain. This allows to observe
the increase
region.

of the wave-heigth

as they reach the shallow-water

The interaction of the impactor with the planet's surface is
investigated using a two-fluid hydrodynamic
code. The upper
atmosphere and the impactor are described by species 1, the
material of the surfaces by species 2• For species 1 a ideal gas
•
.
.
•
.
.
equatlon including cold pressure effects (when the _mpactor is
compressed above it's normal density) is used, while for the
species 2 the tillotson equation of state is applied [6]. Also
in this case the grid-stretching
method is applied to cover the
wide range of length-scales from the initial size of the impactor
to the final size of the crater.
The shape of the impactor
and the surface

material

is marked

with tracer-particles

[7]
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which allow to observe the deformation
excavation flow created by the impact.
to compute more than 150 characteristic

S. Lenzner

of the impactor and the
The method is capable
times. As this method

also is based on the Mc. Cormac's technique where artifical
viscosity is needed in the presence of shocks, the interface
of impactor and planet's surface becomes smeared out in the

_oooo

density distribution during the computation.
Either an upwind
technique applied in the flowsoiver or a density reconstruction
based on volume cells defined by the tracer-particles
are planned to sustain a sharp interface.

positions
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Figure 3: position
Figure

1 illustrates

of the tracer-particles
the temperature

at t= ls

distribution

around

the moving impactor in the lower part of the atmosphere.
In
figure 2 the temperature distribution in the expanding vapotlrplume 9.22 sec after the begin of the expansion is shown. The
deformation
of the projectile as the created transient cavity
in the surface, consisting of water-ice, is illustrated in figure
2

4

r[km]

6

8

3. Aslo visible in figure 3 is the outgoing
atmosphere.

shock-wave

in the
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Introduction: Microtektites, formed by melt disruption and condensation of rock vapor in the expanding impact fireball can only be distributed
widely by events energetic
enough to punch
through the atmosphere and distribute ejecta on
ballistic trajectories. I compare the formation and
distribution environment for microtektites on Mars,
Venus and Titan with that of Earth. Typical impact
velocity, gravity and atmospheric parameters are
all controlling
factors. Mars' thin atmosphere
means that this process can occur for smaller, and
therefore more frequent, impact events [1].
Atmosphere-Piercing
Impacts: Part of the
energy of an impact event is deposited in a fireball
of gas, whose volume relates to the energy [2].
This fireball will expand, nominally to a size at
which its pressure will have fallen to the ambient
surface pressure of the planet and any material in it
('fallout') is deposited around, or in a streak downwind of, the source crater. However, if the fireball
is energetic enough that its diameter is comparable
to an atmospheric scale height, it keeps expanding
upwards, accelerating
entrained
material
into
space. This 'blowout' has been observed in a highaltitude nuclear test ('Teak', 3.8MT) as well as in
the SL-9 impact plumes on Jupiter. The phenomenon is also responsible for the distribution of of microtektites on Earth (which are dispersed far too
widely to have transported within the atmosphere)
and is also believed to lead to the formation Of the
parabolic features around impact craters on Venus
[3] - in these features the ejecta is disPersed with a
circular symmetry by ballistic transport above the
atmosphere, and then the material is winnowed by
East-West winds in Venus' thick atmosphere.
On Earth, an event needs to be energetic
enough to form a 10km crater to pierce the aimosphere (e.g. the Ivory Coast microtektite field is associated with the 12km Bosumtwi crater). In Mars'
thin atmosphere, the corresponding threshold size
is only about 2.5 km, thus atmosphere-piercing
events are relatively common on Mars, while less
so on Venus and Titan, with thicker atmospheres.
The volume of material available for tektites and
microtektites is limited by the melt and melt+vapor
fraction of material produced by the impact - this
depends somewhat on impact velocity as well as
the crater size [4] • the fine ejecta volume for ter-5
3 B4
restrial craters appears to be around 5x10 D_ • ,
where, where Dc is the crater diameter.

Global Ejecta Transport:
On Earth, a velocity
of around 10 km/s is needed to transport material
half-way around the planet. Mars is both smaller in
diameter, and has a lower gravity, so the corresponding speeds are lower. Trajectory simulations
(fig.l) show that particle trajectories are appreciably affected by planetary rotation, and only 4.5
km/s is needed to carry particles half-way around
the planet. On Earth, microtektites are distributed
with a surface number density (or equivalently, a
layer thickness t) that varies with crater radius R_
and distance d as t=kR:_(Rc/d)n, with x=0.74, n=3
and k=0.14 For Bosumtwi [5], there are around
100 particles (100_tm or larger) per square cm, at a
distance of about 2000km.
Since dispersal velocities are typically -1/2 of
the impact velocity, and the altitude at which atmospheric density becomes negligible (-10 _° kgm
3) is about the same for Venus as for Earth, the
dispersal kinematics are similar. For Mars, the impact velocities are about half of those typical for
Earth, commensurate with the global transport velocities above, so again (fortuitously) the same relations may hold.

fig. 1 Map of the Martian surface • diamond indicates example crater (Fesenkov, 86km dia - same
lat/Iong as Chicxulub on Earth) contours (launch
velocity km/s) show regions reached by particles
launched at 45 ° The poles are reached wffh about
3 km/s, and antipodes with 4.5 km/s. Note lateral
displacement of contours, an dstretched tadpole
shape of 4.5km/s contour, due to planetary rotation.
Spherules and Heating: Material melted in or
condensing from the vapor plume of an impact will
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tend to condense as small spheres whose size is
limited by surface tension's ability to overcome
aerodynamic stress [6] and the spherules can be
deposited as thick, uniform beds. More energetic
events (higher velocity impact) produce smaller
spheres • for Mars, with lower escape velocity and
further from the sun, such velocities are lower than
for Earth, and so spherules are larger. For the
2.5kin crater event discussed above, the corresponding particle diameter would be 300 _m [1].
These and smaller particles, having condensed
from melt or vapor, will have a molten texture.
Micrometeoroids, if large enough, can melt. But
while for the Earth the temperatures experienced
as a function of size and entry velocity [7] are such
that cosmic spherules (i.e. melted micrometeoroids) of the same size as microtektites
would appear melted, on Mars most meteoroids of that size
would not due to the lower entry v_elocity, so a
molten texture on a 300 micron (or smaller) particle on Mars discriminates against most micrometeorites and points to an impact crater origin [1].
Future Prospects for Space Missions:
Venusdistant plans only for balloon and/or
sample return missions.
Mars
the present 2001 Mars lander is
equipped (as was the ill-fated Mars Polar Lander)
with a sampling arm, and a robotic arm camera
with the ability to image the soil with -20 _tm pixels. With such a resolution, it should be possible to
recognize 300 #m diameter particles as spherical
and uniform, and with appropriate lighting a glassy
texture might be apparent - this instrument may
therefore be able to find preserved microtektite
deposits. Analysis of returned samples in the next
decade is likely to yield further insights.
Titan - RADAR imaging by Cassini in 20042008 may reveal ejecta deposits, and allow texture/thickness to be determined, as for Venus with
Magellan, but Cassini will also have near-IR imaging, perhaps allowing particle sizes to be constrained.
Summary: Comparisofls with Earth
Venus: high P, so only large impacts are atmosphere-piercing.
High T and Vimp give -2x
larger melt+vapo r fraction. Zonal winds cause
nea_'-field ejecta to be swept into parabolae.
Planetary radius, vertical extent of atmosphere and
gravity are same as earth, Vimp only modestly
larger, so t vs d relationships for Earth still hold.
Moon • very low P so melt/vapor droplets distributed ballistically on essentially all impacts. But
Vimp>>Vesc, so large f ract!on of ejecta escapes.
Ejecta that is retained itself impacts surface at high
speed.

Mars " low P, so even small impacts make microtektites. Vimp~ 50% of Earth, but gravity and
planetary radius are also lower by a similar factor,
so t vs d relationships for Earth probably still applicable.
Titan • moderate P. Similar atmospheric rotation
to Venus, but atmosphere Very vertically extended,
so parabolae impossible - only eejecta streaks. Icy
surface rather than rock, so melt production different • Vimp is poorly constrained, t vs d likely to be
different.
Areas for Future Work
This abstract has qualitatively
discussed the
planetary settings for microtektite dispersal. The
next step is a detailed, and probably numerical,
investigation of the interaction of the fireball, its
entrained
particles,
and
the
atmosphere.
Size/distance
relationships (which the terrestrial
community
could usefully document) may help
constrain these processes.
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The occurrence of high pressure polymorphism of silica, i.e. coesite and especially stishovite, is widely accepted as
a hard evidence that an impact of a cosmic body took place some time in the past. Evidence for such event in the
case of Chicxulub structure has been growing (1-3), but reports on the occurrence of coesite and/or stishovite
are
scarce (4,5). During the last decade the traditional
mineral phases have given way to the non-destructive
resonance and Raman spectroscopy.

L

L_

E_

material
methods

consuming
XRD identification
of high-pressure
such as magic angle solid state nuclear magnetic

Here we report the Raman spectroscopy
unambiguous evidence of coesite in suevite from Chicxulub. The study was
carried out on sample Y6N14 described elsewhere (1,6,7) as a polymict suevite breccia with up to 50 vol.% clasts
less than lcm in size embedded in a microcrystalline
matrix of complex mineralogy. Previously the half-polished
slab and then polished thin sections
were examined
under the Stereoscopic
and polarising
microscope
and
promising areas, such as fragments of crystalline basement
and quartz with shock metamorphic
features, were
selected for micro-Raman
spectroscopy
study. This was accomplished with a Jobin-Yvon T64000 (3,=514.5nm)
and
a Bruker instrument

(_,= 1064nm)

to obtain simple

and Fourier

transform

Raman spectra

respectively.

In both cases

w

a microscope giving 2 _tm spatial resolution was used, the beam diameter was about 10-20 ram and the beam power
was about 200-250 roW. The spectral slit width was 2.5 cm -_, the wave number accuracy was 1 cm a. The program
GRAMS
386c was used to present the results. Our results were checked with spectra obtained from synthetic
standard minerals as well as from the shock metamorphosed
sandstone from the Arizona impact crater where the
coesite presence were additionally confirmed by X-ray diffraction.
Despite the spectra of common alpha quartz in most of selected fragments,
272 cm -_ corresponding
to coesite were obtained from two aplitic-like clasts

the Raman bands about 119, 178 and
where quartz displays more than three

decorated PDF sets. This rock looks quite unlike the high-P metamorphic
rocks such as eclogites from regions
strong tectonic disturbance
or grospydites
fi'om kimber!ite pipes where coesite has occasionally
been found.
We believe that coesite in the Chicxulub rocks confirmed by Raman
to the impact origin of Chicxulub
are now poorly supported.

W

spectra

was shock-induced

with

and that objections
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Modeling Climatic

Effects of Impacts,

the oceans, because of their large heat capacity. Thus the first
component is a model of the thermohaline circulation in the
Pacific, Atlantic and Indian oceans, connected by the Southern
ocean. A simple thermodynamic
sea ice model is included.
Besides the driving solar energy the important quantities
are the temperature,
salinity and mass density fields in the
water. With present-day conditions this model shows deep
F_

Water formation in the Northern Atlantic and in the Southern
Oceans and up-welling in the Pacific and the Indian Oceans.
Observed temperature and salinity patterns just as meridional
flux.es of heat and freshwater are well reproduced.
Since each basin is zonally averaged, the model is two
dimensional.
This restriction allows us to run the code with

Vz_

much less computational
effort than a fully three dimensional
model of the glcbal oceans. Therefore, integrations of the order
of 10 4 years and extensive sensitivity studies are possible.
The other component handles the interplay of a dust layer
with the Sun as a black body on the one side and the ground
of the Earth as a grey body on the other side. The model
determines the radiative fluxes in the layer and at its boundaries
under the Cons_aint of being in a radiative equilibrium with
Sun and Earth.

a:::::::3

Input parameters

of the Simulation are the amount of dust,

its size distribution
at different altitudes above ground, the
position of the Sun with respect to the zenith, the solar spectra, the temperature
as well as albedo of the ground in the
visible and infrared wavelength range, the complex refraction
index of the dust materia ! as a function of wavelength, and the
discretization of wavelength.

F_

m

2 ........

F_

W

-:12

___i_
__
W

=

:

No. 1053

T. Luder et al.

Of prime importance

for the transfer

of radiation

are the

multiple scattering processes. A photon may be scattered many
times in a field of dust particles, because the absorption cross
sections are smaller than the scattering cross sections for a series of wavelengths. In this regard dust is similar to tiny water
droplets but very different from soot particles, where absorption dominates.
Therefore,
significant parts of solar energy
can penetrate a layer even if the sun is not visible anymore.
In order to consider such effects a technique called 'Doubling
and Adding'

is used.

It bases on the possibility

to calculate

the angular dependence of reflectance and transmission of radiation through a compound of two layers, if the transmission
and reflection properties of the single layers are known. Thus
starting with an infinitesimally thin layer and 'doubling' it several times, it is possible to compute the radiative properties of
a thick layer. The interaction of radiation with a thin layer can
be traced to the process of single scattering of plane waves at
one particle, which is described by Mie theory.
Figure 2 shows how downward energy fluxes are attenuated by the presence of different amounts of dust. In these setups
the temperature of the ground is not a fixed parameter but free
to evolve until the net energy flux at the ground vanishes.
Figure 3 shows the contribution to the spectra of the downward directed flux for a specified quantity of dust.
As long as there is dust present at the beginning of a
simulation both oceanic and dust components
are coupled.
The ocean model hands over current parameters of each of its
cells to the dust model, which hereupon gives the radiative
energy flow at the boundary.
The exchanged parameters are
current solar position, temperature and albedo.
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INTRODUCTION.
asteroids, which rotate

of Kharkiv

Besides
the
main-belt
around the Sun in stable orbits

located between the orbits of Mars and Jupiter, there is
a population of asteroids in unstable eccentric orbits
which can approach and cross the Earth's orbit. This
population
is called "near-Earth
asteroids" (NEAs).
More than 800 NEAs have been discovered to-date.
They are the objects of a special interest from the point
of view not only of fundamental science but of the
applied science as well (NEAs as the potential sources
of raw materials
in the nearest to the Earth space, the
problem of asteroid hazard, etc.). There is no doubt
that Earth-crossing
asteroids are the principal bodies
who strike our planet ocasionally
and therefore they
are a real threat to the Earth civilization.
TAXONOMY
AND
MINERALOGY.
Taxonomic classification
of the discovered near-Earth
asteroids
shows
that
among the classified
NEAs
practically all taxonomic
classes are represented
with
the exceptl0n of one or two iow-albedo classes which
are located in the outer part of the main belt. The main
question of the NEA taxonomy
is a relative abundance
of the two most numerous
C (carbon) and S (silicate)
classes.
About a half of the classified
near-Earth
objects belong to class S, and the observed number of
S-types exceeds the number of low-albedo
types (C
and others) as much as a factor of three. Using the
results of the selection
effects modelling
[1] it was
obtained [2] that the relative number of C and other
low-albedo
objects
among
NEA
population
is
approximately
2.5 times less than in the main asteroid
belt. This could be an important constraint for the
possible sources of NEA replenishment.
The simplest
explanation
could
be
that
NEAs
are
coming
preferentially
fi-om the inner regions of asteroid main
belt, where the relative
abundance of C and other
lowalbedo asteroids is much lower.
Most of the NEAs
for which mineralogical
information
exists,
represent
differentiated
assemblages.
Among
them there are objects
with
monomineral
silicate composition
and purely metalic
ones. For example, small asteroid 1915 Quetzalcoatle
appears to have little or no olivine, and diogenitic
meteorites (Mg-pyroxenes)
are the best analogs of it.
3199 Nefertity has the same content of pyroxene and
its composition
corresponds
to that of stony-iron
meteorites - pallasites. The object of A-class 1951 Lick
also appears to have a composition
indentical
to
olivine achondrites
or pallasites. There are two Mobjects, one of which, 6178 1986 DA, has radar albedo
clearly indicating the real metalic composition
of this
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asteroid.
3109 Eger with very high albedo (0.64)
corresponds
to assemblages
of iron-free
silicate
minerals, such as enstatite. Five NEAs classified as Vclass, have spectra indentical
to those of main-belt
asteroid
4 Vesta,
which
is known
to have
a
differentiated
structure.
The variety
of taxonomic
classes arnofig NEAs reflects
the diversity
of their
surface mineralogy
and an overall analogy with the
MBAs. Taking
into account
their small sizes, one
might infer that they are the products
of much larger
differentiated
bodies which were later injected into the
present orbits.
sIZES
AND SHAPES.
NEAs are much smaller in
sizes in comparison
with main-belt
asteroids (MBAs),
the largest of which is I Ceres (about 950 km in diameter).
Asteroid
1036 Ganymed
(D=38.5
km) remains to be the largest among NEAs, two other asteroids 433 Eros and 3552 Don Quixote are about 20 km
in diameter, all others are about or less than 10 km and
approximately
3/4 of them are less than 3 km. The
smallest known NEAs are about 6-9 m across. The
population
of NEAs can be approximated
by a power
law, which reflects a general exponential
increase of
the number of asteroids as we go to smaller sizes:
n =kD

n

m

I
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where: n is a number of asteroids larger than a given
diameter D, k is the constant
and b is the power law
exponent.
According to the availble estimates, Earth-crossing
population
contains about 2100 objects larger than 1
km in diameter and about 300000 objects larger than
100 m. Among ECAs 1866 Sisyphus
is the largest object with diameter
of about 8 km. The absence of
NEA-objects
larger than 40 km in diameter is usually
interpreted
as an indication
that near-Earth
asteroids
are not primordial
objects,
but they are collisionai
fragments of larger main-belt asteroids.
The data of ground-based
observations
and space
missions show that NEAs have irregular and elongated
shapes. The NEAs on the average are elongated to the
same extent as those of MBAs of corresponding
sizes.
But radar observations
showed a striking diversity of
NEAs shapes from nearly spherical
(1566 Icarus) to
very elongated (1620 Geographos,
1865 Cerberus) and
to bifurcated
and contact-binary
ones (4179 Toutatis
and 4769 Castalia).
The most elongated
asteroid
among observed NEAs is 1865 Cerberus (D=l.2 krn),
the axis ratio a:b of its figure is estimated to be equal
to 3.2. The opinion that NEAs have more exotic shapes
than MABs may belong only to the large MBAs, be-
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cause we know practically
nothing about the shapes of
kilometer-sized
main-belt objects.
AXIS
ROTATION.
The distributions
of the
rotation
rates
of Earth-approaching
asteroids
in
comparison
with that for MBAs of comparative
sizes
show that both asteroid
samples
have very similar
means equal to 4.85_+0.30 and 4.50_+0.24 rev/day,
respectively,
similar dispersions
and similar maxima of
their distributions.
At the same time the mean rotation
rate of the large MBAs is equal to 2.90_+0.12 rev/day.
Thus, one can conclude
that on the average
NEAs
rotate practically
in the same manner
as the small
MBAs and considerably
faster than large MBAs. The
fastest rotators among NEAs have the rotation periods
equal to 2-2.5 hrs, but the slowest one (3102 Krok)
rotates with the period equal to 147.8 hrs. The main
peculiarity
of NEA rotation
is that among
this
population
there are objects with very complex
and
non-principal
axis rotation
(so-called
"tumbling"
asteroids).
OPTICAL
PROPERTIES
AND
suRFAcE
STRUCTURE.
The analysis
of photometric,
polarimetric, radiometric
and other observing data clearly
demonstrates
that the surfaces of NEAs display the
same
most

optical properties
likely they have

as the surfaces of MBAs,
the same microstructure.

and
The

whole range of NEA albedos (0.04.'-0.60) is basically
the same as that of MBAs and it corresponds
to the
same distribution
of taxonomic classes and mineralogy
within these two populations.
But at the same albedo,
colors and similar surface composition,
the strict similarity of the other photometric
and polarimetrical
parameters gives evidence of the same surface textures at
submicron scale.
Most of NEAs are covered with regolith
of low
thermal inertia. But the conditions of formation,
accumulation and evolution of regolith on NEAs are different from those qn MBAs because of the much s.ma!!er
gravity of the former ones, the higher flux of impactors
in main belt than in the region of NEA orbits (1-3 orders of magnitude),
and the difference in intensity of
Solar wind. AS a result, the regolith of NEAs tends to
be more coarse-grained
than that of MBAs and still
more coarse-gained
than the lunar regolith. Asteroidal
regoliths should be less mature than the lunar ones due
to a more global distribution
of crater ejecta and a
lower magnitude of thermal effects to provide agglutinate formation.
Finally, radar data evidence that NEA surfaces are
rougher
than surfaces of large MBAs at the scale
length of decimeters
and meters and the porosity of
NEA surface matter corresponds
to porosity of the top
5 to 10 cm of lunar regolith (30-60%).
Besides
that
data of radiometric
measurements
evidence that about
30% of NEAs of 0.5-5 km in sizes satisfy a thermophysical
model of asteroid with high-thermal-inertia
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surface, such as bare rock without developed regolith.
The images of one of the largest NEA 433 Eros
obtained by the NEAR-spacecraft
in February
2000
showed a surface covered with large number of craters
of different
sizes. Ground-based
radar observations
also showed that even the relatively
small NEA 4179
Toutatis (1)=-3 km) is cratered at about the same extent
as MBAs 951 Gaspra and 243 Ida [3].
CONCLUSION.
The new results of NEA studies
allow us to better understand
their nature, origin and
relation to the comets and meteors. Indeed, small sizes
of NEAs,
almost
the same variety
of taxonomic
classes,
the same mineralogy
and predominance
of
differentiated
assemblages
among them, approximately
the same shapes and rotation,
optical properties
and
surface structure
as compared
to those of MBAs, all
these clearly indicate that the main asteroid belt is the
principal source of NEA origin. It means that most of
the NEAs are the fragments
of main-belt
asteroids
ejected
on their
current
orbits
by processes
of
collisions
and chaotic dynamics
[4]. This conclusion
does not contradict
the recent results
of dynamic
considerations,
according
to which the main asteroid
belt can supply a few hundred km-sized NEAs per 1
Myr,
well
enough
to sustain
the current
NEA
population [5]. On the other hand, the identification
of
a few asteroids
with extinct or dormant comets does
not exclude
the cometary
origin of some of them.
Hence, the main problem of NEAs' origin now is the
relative contributions
of both sources.
The discovery rate of NEAs increases greatly over
the last years and the organization
of new programs for
their discovery and investigation
in the USA, Europe,
Japan and Australia gives good reasons to hope that a
new era of NEA studies is coming and active groundbased and space-mission
(like Galileo and NEAR)
investigations
will give us all information
necessary
for the solution of fundamental
and applied problems
connected with NEAs.
[1] Luu J. and Jewitt D. (1989) Astron. J., 98,
1905-1911.
[2] Lupishko
D.F. and Di Martino
M.
(1998) Planet. Space Sci., 46, 47-74. [3] Ostro S.J. et
al. (1995) Science, 270, 80-83. [4] Farinella P. et all
(1993)
Icarus,
101,
174-187.
[5] Menichella
et
al. (1996)Earth,
Moon, and Planets, 72, 133-149.
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In the last decade the asteroid
ard have come to be "discovered"

or comet impact hazby the human soci-

ety in parallel with many other problems
that might
threaten the future of civilization.
The new data about
small bodies of the Solar system, discovery of more
and more of the geological
structures on the Earth associated with catastrophic
impacts of large asteroids,
Shoemaker-Levy
comet's crash into Jupiter
in July
1994, all these provide dramatic
evidence of the potential danger to humanity
if a large cosmic body
strikes the Earth. The problem
of asteroid hazard has
been transformed
from a theoretical
curiosity into very
distinct reality
and therefore
the awareness
of the
threat to civilization
from asteroid/comet
impacts has
increased.
It is becoming more clear that collisions
of
large asteroids or comets with the Earth played a very
important role in the evolution of life in the past, and
perhaps such impact events would become a turningpoint in the evolutional
history of the Earth's life in the
future. The major role in this process belongs
to the
population
of near-Earth
asteroids (NEAs) in unstable
orbits which can approach or cross the Earth's orbit.
More
than
800 Earth-approaching
and Earthcrossing asteroids (ECAs) have been discovered
so far.
Physical characteristics
of these objects are on the average identical to those of the main-belt
asteroids
of
comparable
sizes [1]. They have similar compositions,
the same optical properties,
similar shapes and the axis
rotation.
The principal
differences
of NEAs
from
main-belt
asteroids
are in their orbits and relatively
small sizes. The largest NEA 1036 Ganymed is about
38 km in diameter
though it belongs to the Amorgroup asteroids which only approach the Earth's orbit.
The largest among Earth-crossers
is 1866 Sisyphus
with diameter of 8 kin.
In the last years the NEAs are the subject of particular interest of scientists. From the point of view of
fundamental
science the problem of the NEAs origin,
the mechanisms
of transformation
of their orbits into
the Earth-appr0aching
ones,
their life-time,
relationships with other small bodies of the Solar system
(comets and meteors) etc., are very important
for the
solution of the basic problem
of the nearest space
studies, that is the origin and evolution of our planetary
system.
On the other hand, during the recent years the
studies of NEOs have also acquired important applied
significance.
These objects are believed to be the potential sources of metals and other raw materials in the
near-Earth
space. Finally, the problem of asteroid impact hazard arouses the increasing
interest in studies of

these objects nowadays.
This danger has existed over
all period of the Earth history, however the realizing of
it is coming only now.
According
to the available estimates
[2], there are
about 2,000 Earth-crossers
larger than 1 km in size,
and about 300,000 ones with diameter more than 100
m. The collision of each of these objects with the Earth
is a real hazard for humanity. However at present the
orbital characteristics
are known for only about 7% of

m
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W

Earth-approaching
asteroids
with diameter
D>I km,
and for only about
0.2%
Earth-approachers
with
D>100 m. The smallest of these objects could cause
the local or regional environmental
catastrophe,
while
the km-sized objects could cause a global one.
The probability
of collision of any of these numerous asteroids with the Earth is extremely
low but due

u

UIP

z

w

to a very large number of them the estimated collision
frequency
(a product
of probability
by the asteroid
numbers) is one chance per one million years for 1-2
km diameter
objects, and one chance per every 100
years for an asteroid of about 30 m in size. The frequency of the collisions
of the bodies like the Tunguska phenomenon
of 1908 (about 60 m in size) is
equal to one chance in every 300 years.
The calculations
and the results of nuclear weapon
testing have shown [3] that the minimum
mass of an
asteroid
which
can cause
the global
catastrophic
changes of climate, flora and fauna on the Earth is
equal to a few tens of billion tons. The threshold
size
of this body is estimated to be 1-2 km in diameter. If
the Earth met such a mass, the horrifying
explosion
equal to one million megaton
of TNT (50 million of
the Hiroshima-class
atomic bombs) would occur. The
amount of material ejected from a crater formed by this
explosion would be about 1,000 times that of the impacting asteroid volume,
as the result the so-called
"nuclear winter" over the entire planet could cause the
deaths of the considerable
part of the Earth's population.
The cosmic bodies of a few hundreds meters in size
(but not those of the comet nature) pass through the
terrestrial
atmosphere
without
significant
fragmentation. The greatest part of energy is released when the
impacting
body hits the solid surface or the ocean of
the Earth. The diameter
of the formed crater is 15-20
times larger than the size of the impacting
body, and
the area of the destruction
S (in hectares)
can be estimated asS = 10,000 • E 2/3,
where E is the kinetic energy in megatons.
For example, when

a 250-meter-sized

body

(E=I,000

Mt) falls
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onto the Earth (it happens
once per ten thousand
years), the area of the destruction
is equal to 106 hectares.
The
body less than 100 meters in size would be en-

number of impact craters on the Moon, Mercury, Mars
and its moons Phobos and Deimos and even on the
small asteroids - all of these is the direct evidence of

tirely fractured
in the atmosphere,
and tens of square
kilometers
of the surface would be covered by its
fragments.
The explosion of this impactor in the upper
atmosphere
would generate
the intense
shock wave
combined
with the light and heat energy release,
thereby more than half of the energy of the explosion
would be lost at heights of 5-t0 km. The size of the
area of the destruction
will depend on the original size
and velocity of the impactor.
For example, if the size
of a stony impacting
body is approximately
80 m in
diameter and its original relative velocity is 20 km/sec,
this impactor causes a havoc area of 25 km in radius.
American
scientists estimated the degree of risk to
be killed due to an asteroid impact event and other
causes for an average person during his life [4]. At first
sight, they obtained
the paradoxical
result: a plane
crash, a global cosrrtic catastrophe
and a flood give
approximately
the same degrees of the risk.. But it is
more or less true, since the degree of the risk is a product of the event probability by the number of victims,

unique event of July 1994 - Shoemaker-Levy
comet's
crash into Jupiter, a beautiful spectacle
of nature that
was successfully
predicted one year in advance by astronomers was like serious warning that such catastrophes are to-day's
reality. Nature attempted
to let us
understand the objective aspects of impact hazard.
The asteroid hazard problem was officially recognized in July 1981 when NASA held the first Workshop devoted to collisions
of asteroids with the Earth
and their physical
consequences
for humanity.
The
great interest in the impact threat has been expressed
by the scientists of many countries.
Since then about
20 international
meetings and workshops
on this problem have taken place in the USA, Italy, Russia. Telescopic
observational
programs
to survey
Earthapproaching
and Earth-crossing
objects
and their
catalogization
are primary problems
that are to be
solved. Therefore,
astronomers
in the USA, Europe,
Australia
and Japan undertake
maximum
efforts to
launch the NEO search programs.
The possibility
of
asteroid or comet collisions
with the Earth and probable consequences
of them are now being discussed at
the level of governments,
national
and international
institutions and agencies.
The problem of the potential cosmic hazard is international in its nature. The significant issue is that the
realization
of the potential danger that can be caused
by an asteroid hitting the Earth coincided with the time
when the level of science and technology
is already
high enough and human civilization
is capable to protect itself from the asteroid/comet
hazard.
In other

and the impact of a cosmic body could kill millions of
people.
The question arises: have there already been any
collisions of large cosmic bodies (asteroids or comets)
with the Earth? Yes, such events happened before and,
certainly, they will occur in the future. Many of circular geological
anomalies
on the Earth surface were
recognized
as meteor craters with the help of artificial
satellites
of the Earth.
Now on the surface of our
planet there exist more than 130 impact craters with
sizes up to 250 km in diameter. The crater's age ranges
from relatively young to very old (hundreds of millions
years).
In recent years there is a widespread
acceptance of
the hypothesis
that the collision
of a 5-10 kilometersized asteroid with the Earth about 65 million years
ago caused the sudden extinction
of the gigantic dinosaurs and some other pre-historic
animals and plant
species on the Earth. The fall of such a cosmic body
was to produce a 150-200 km wide Crater on the surface of our planet. It is worth noting that such crater of
180 km in diameter was found in the northern Yucatan
(Mexico). The name of this immense crater is Chicxulub and its age was estimated to be equal to 64.98+0.04
million years. It is believed that this asteroid impact
also led to the evolutional
burst of mammals and the
eventual
emergence
of homo sapiens.
The
global catastrophe
seemed
to have happened
10,000 years ago and as a result, the so-called
moth" fauna became extinct.
The famous
Tunguska

Meteor

Crater

in Arizona

event of 1908 in Siberia

(Russia),

second
about
"mam-

(USA),

the

the great

cosmic

catastrophes

words, there is hope
threat from cosmos,
tect ourselves
from
bodies. Whether
or

not

far

from

our

planet.

The

for our civilization
to survive the
that is, we have a chance to proa collision
with dangerous
space
not we will use this chance de-

pends not only on scientists

but also on politicians.

[1] Lupishko
D.F. and Di Martino
M. (1998)
Planet. Space Sci., 46, 47-74. [2] Morrison
D. (1992)
Report of the NASA Intern. NEO Detection
Workshop,
JPL, Pasadena,
66 p. [3] Toon O.B..et all (1994) In:
Hazard due to comets and asteroids,
Univ. Arizona
Press, Tucson, 791-826. [4] Chapman C.R. and Morrison D. (1994) Nature, 367, 33-40.
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Introduction:
tios of microfossils

Possible
across

changes in 87Sr:tSr
rathe Cretaceous/Tertiary

(K/T) boundary have been used to infer the nature of
the K/T event [e.g., 1, 2, 3]. 87Sr/86Sr analyses have
als0 been used to provide an independent test of reworking vs. survivorship
of Cretaceous
fossils occurring in
Tertiary strata [4]. However,
inferring the nature of
K/T perturbation(s)
based on 87Sr/86Sr values has been
hampered by inconsistent
results among different studies.
A recent study suggested
that purported steps or
spikes in STSr/gtSr values at the boundary are analytical
or diagenetic artifacts [5]. Tests of reworking
require
resolvable
differences in seawater
STSr/StSr ratios between the time a fossil lived and the time at which it is
finally buried; so far reworking
has been tested in this
manner at only a single locality [4, 6]. In short, despite potential
contributions
to K/T discussions,
87Sr/_tSr patterns across the K/T boundary are not well
established.

mottled

interval

were placed
acetic acid.

to test for reworking

in the lowest

University
of North Carolina,
Results:
Cretaceous

Tethyan
Danian

leodepths are estimated
Materials
and

....

Ter-
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m.
Cretaceous

fora-

minifera were isolated from 5 samples in the top 2.5 m
of the Maastrichtian
and from 9 samples in the bottom
90 cm of the Danian.
Danian foraminifei'a
were isolated from all but the lowest
separates
horizon.

Tertiary

sample

with two

collected
from independent
samples
at one
In addition, two bulk sediment samples from

the clay and one separate

of dolomite

rhombs

from the
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sites, whereas Danian samples
and Maastrichtian
taxa.
Paat 1000-2000
Methods:

samples

markably
consistent
values
(avg.
0.707856
+/0.000002,
1 a standard error) across the interval studied
(Figure 1). The five separates of Tertiary foraminifera

which the boundary is represented by 10 cm of green,
spherulitic
clay capped by a mm-scale limonitic
layer.
The Maastrichtian
and Danian sediments On either side

Maastrichtian
contain
both

Carbonate

tubes with 0.2 ml of - 1.7 M
tests dissolved in I-2 hours.

fraction.
All samples were dried and then redissolved
in
3 M HNO3.
Strontium
was separated using EiChrom
SrSpec resin. Samples were loaded on a Re filament in
4 p.1 of H3PO4 and TaCI5 and analyzed on the VG Sector 54 thermal
ionization
mass spectrometer
at the

tiary. ODP Site 1049 is located in the western Atlantic -500 km east of Florida.
The K/T boundary was
recovered in three holes.
We studied Hole 1049C in

of the boundary clay are generally
composed of homogeneous hemipelagic
nannofossil
oozes with common,
well preserved foraminifera.
The basal 7 cm of the
Danian ooze, though, contains distinct mottling.
Foraminifera below the boundary clay are typical of late

collected.

The samples were centrifuged and the supernatant
was
separated from undissolved
material.
Two splits of
each bulk sample were leached with -1.7 M acetic acid.
The leachate was collected and assumed to represent
bulk carbonate.
The remaining
sample was then dissolved in HF and was assumed to represent the silicate

Ocean Drilling Program (ODP) Site 1049 provides
excellent
samples to both examine
the evolution
of
seawater STSr/StSr across the K/T boundary and to use
_TSr/86Sr ratios

were

in centrifuge
Foraminiferal

=
L_
=

LU

n(.3
o

0
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Cretaceous

• Tertiary

o

A

bulk

carbonate

bulk

silicate

Figure 1- Strontium isotopic results of various components
from the K/T boundary interval in ODP Hole 1049C.

from above the mottled interval also exhibit
sistent values (avg. 0.707884,
+/- 0.000004

very con1 cr stan-

LPI
87Sr/86Sr

E--

across

the K/T:

dard error). The average of those values is -0.000030
higher than the average for Cretaceous foraminifera
and
the difference is highly significant
(p < 0.001, t-test).
Within the mottled interval, the separates of Tertiary foraminifera
exhibit
variable
87Sr/86Sr results.
SEM images of
rhombs (-1 lam)
minifera.
These
higher and lower
from the mottled
than the values in

broken
tests show small carbonate
on the inner walls of many foraovergrowths
are rare to absent both
in the section.
Dolomite
rhombs
interval yield a 87Sr/86Sr value lower
Cretaceous
foraminifera,
but similar

to the lowes t Tertiary
within the boundary

values.
Carbonate
clay are slightly

values fi'om .....
to markedly

higher than values in Cretaceous
foraminifera.
Two
silicate analyses failed, but the other two were both
-0.709,
much higher than other values seen in this
study.
Discussion:
Low Tertiary gTSr/86Sr
values in the

N,

mottled interval are attributed to diagenetic overprinting
likely hosted in the carbonate overgrowths
observed on
the inner wails of many foraminifera.
Both Tertiary
and Cretaceous
ary individuals

taxa show these overgrowths,
but Tertiin this interval are much smaller and _

thinner walled than co-occurring
Cretaceous
individuals. Thus, the thin veneer of secondary carbonate is
proportionally

more

important

in the Tertiary

taxa.

Mottlin.g suggests
bioturbation-induced
heterogeneity
at the scale of samples.
Mixing
of individuals
from
less and more altered levels could explain the variability in 87Sr/86Sr ratios observed
among Tertiary foraminifera in :this interval.
Regardless,
results for the
dolomite rhombs
confirm
the presence of diagenetic
carbonate with a relatively
low 87Sr/86Sr ratio (similar
to low values observed among Tertiary foraminifera).
Alteration of some component
of the spherulitic clay is
a logical source for diagenetic
strontium
with low
_TSr/gtSr ratios, but bulk analyses within that interval
suggest that this hypothetical
source material is not a
dominant phase in the boundary layer today.
Differences
between
Cretaceous
and Tertiary
taxa
from above the mottled layer, on the other hand, a_
attributed to a small step increase in seawater 87Sr/86Sr
across the boundary
viduals (with lower
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and reworking of Cretaceous
indiratios) into Tertiary strata.

87Sr/86Sr

Diagenesis
is not considered a likely explanation
for
difference in 87Sr/a6Sr ratios of Cretaceous and Tertiary
taxa above the mottled interval because 1) SEM images
show minor to absent overgrowths
in this interval, 2)
Tertiary and Cretaceous
taxa are of similar dimensions
but exhibit different values, and 3) diagenetic
fluids
appear to have had low 87Sr/86Sr ratios.
Constant values in Cretaceous taxa across the boundary are predicted
in a reworking scenario.
In the absence of significant
diagenetic
alteration,
results for Tertiary taxa suggest

that

earliest

Danian

seawater

had

87Sr/StSr ratios

-0.000030
higher than latest Maastrichtian
seawater.
Conclusions:
Parallel 87Sr/86Sr
analyses of Cretaceous
and Tertiary
foraminifera
from ODP Hole
I049C provide taphonomic
and diagenetic
control and
suggest there was a small, but resolvable,
increase in
seawater 87Sr/86Sr across the K/T boundary.
Occurrences of Cretaceous taxa in the boundary clay and in
the lower Danian are attributed to reworking.
Finally,
87Sr/86Sr ratios in both isolated diagenetic
rhombs and
small Tertiary foraminifera
from the basal 7 cm of the
Danian suggest diagenetic alteration
affects this interval; paleoenvironmental
interpretation
based on geochemical
analyses of samples
from the mottled zone
should only be made with caution.
References:
[I] Macdougail
L D. (1988) Science,
239, 485487. [2] Martin
E. E. and Macdougall
J. D. (1991)
Earth Planet. Sci. Lett., 104, 166-180.
[3] Vonhof H.
B. and Smit J. (1997) Geology,
25, 347-350. [4] MacLeod K. G. and Huber B. T. (1996) Geology, 24, 463466. [5] McArthur
J. M. et al. (1998) Earth Planet.
Sci. Lett., 160, 179-192. [6] Pardo A. (1999) Pa/aeogeogr. Palaeoclimatol.
PalaeoecoL,
154, 247-273.
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RAUP'S
DICTUM
AND THE ROLE OF PALEONTOLOGICAL
CONTROLS
ON PHANEROZOIC
BACKGROUND
AND "MASS"
Norman MacLeod, Department of Palaeontology,
SW7 5BD, UK. N.MacLeod@nhrrLac.uk

DATA IN IDENTIFYING
EXTINCTION
PATTERNS.

The Natural History Museum,

Cromwell

Road, London

Although the fossil record forms the primary object of extinction-based
studies, it is no longer the
case that investigations
addressed solely to that record can hope to test realistic cause-effect
hypotheses in
a convincing manner. Rather, patterns of taxic richness over defined time intervals must be compared to
the physical record of long-term
environmental
change in order establish the necessary
connection between physical causes and biotic effects. While this juxtaposition
between physical and biological investigations has been both stimulating and fruitful, it has also brought differences between the investigative
styles characteristic
of these two scientific fields into sharp relief; particularly
with reference to the concepts of logical reductionism,
time, and the problems of hypothesis-testing
with historical data.
As an antidote to the increasingly
tight focus with which many have come to view the phenomenon
of extinction in general and "mass extinction" in particular i would point to the following observation by
Dave Raup (1991, p. 151), "There is no way of assessing cause and effect [in extinction studies] except to
look for patterns of coincidence--and
this requires multiple examinations of each cause-and-effect
pair. If
all extinction events are different the dechipering
of any one of them will be next to impossible."
Thus,
any general model of stage-level extinctions in earth history must account for (1) the decline in Phanerozoic "background"
extinction-intensity
gradient and (2) the timing and magnitude of extinction-intensity
peaks, as well as being sensitive to the idea that biotic data themselves can be used to probe aspects of the
Earth's history of physical change; especially the timing of those changes. Moreover, in line with Raup's
dictum (above), an understanding
of the nature of controls on these patterns can only be gained by examining patterns of common and repeated associations
between particular physical and biotic variables over
the couse of long time intervals containing mutliple extinction events.
In this regard it is particularly
striking that a number of isotopic proxies for paleo-oceanographic
and
productivity
factors exhibit statistically significant,
first-order patterns of variation that strongly resemble
the overall extinction-intensity
gradient. These results suggest that secular changes in the continentderived nutrient flux to the oceans exerted a dominant
control on "background"
extinction
patterns
throughout the Phanerozoic.
Furthermore,
the pattern of second-order
deviations from this general trend
suggest that contingent evolutionary
developments
in phytop!ankton
and terrestrial plant clades represent
the proximate mechanism through which these abiotic changes are first expressed in the biOtic realm and
by which macro-evolutionary
changes in marine an terrestrial animal clades have been directed.
On the larger end of the extinction spectrum, new statistical results show that the Phanerozoic,
stagelevel, "mass" extinction record does not exhibit significant periodicity, but, does show significant correspondence to the record of flood-basalt
volcanism (Mesozoic and Cenozoic) and eustatic sea-level change
(Paleozoic). Over the last 250 m.y. differences in the relative magnitudes of stage-level "mass" extinction
events seem to be best explained by a multi-factor
model involving independent
inputs from tectonic
(eustatic sea level, hot-spot volcanism) and, in the case of the Late Maastrichtian
event, possibly by extraterrestrial (bolide impact) processes.
Reference:
Raup,

D. M., 1991, Extinction:

bad genes

or bad luck:

New York,

W. W. No_on

and Co., 210 p.
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GIANT BEDS - IMPACT
INDUCED
DEEP-MARINE
DEPOSITS.
T. Marjanac (Div. of Geology
Paleontology,
Faculty of Science, Univ. of Zagreb, 10000 Zagreb, Zvonimirova
8, Croatia, e-mail:
tmarjan @public.srce.hr)

Deep-sea is typically considered as low energy
environment,
where basinal sediments have very good
preservation
potential.
However,
we frequently
see
evidence
of very high-energy
events
in deep-sea
sequences,
in form of exceptionally
thick beds commonly referred to as megabeds
or megaturbidites.
These were obviously
induced by exceptional
causes,
because the rest of the sequence is composed of much
thiner beds. The number of such thick beds differs from
one basin to the other, as well as the criteria for their
definition;
some
authors
define
certain
minimal
thickness,
whereas some other define a set of several
criteria amongst which is thickness which should exceed
that of the thickest normal bed in succession studied [1].
In some basins megabeds (MB's) account for significant
part of the succession,
but sometimes there occur rare
beds which are exceptionally
thick, even by criteria of
megabeds,
and these will be referred to as ziant beds
(GB's).
The giant beds commonly
exceed 100 m in
thickness, have basin-wide extent and dry volume of 100
km 3, or more. Their internal composition
is typically
complex, with olistolite-bearing
debrite in the lower part,
and megaturbidite
in the upper. It is not uncommon
to
see textural evidence of flow reversals (reflections)
[2]
which document
large flow volume and momentum.
Initiation of MB's is commonly
attributed
to seismic
shocks
with M7 - M7.5 magnitude
[3], and their
recurrence
is estimated
in span of 5x10 s to lxl06 y.
However, GB's are even more infrequent, since during
the life-span of a basin there may have deposited just one
or two, making their initiation even more challenging
issue.
The "following key characteristics
of GB's
should be kept in mind: a) they are the thickest singleevent deposits in the basin-fill,
b) they comprise huge
extraclasts (olistolithes)(>200.000
m 3) which sometimes
show
evidence
of subaerial
weathering
such
as
karstification,
c) they also comprise large "intrabasinal"
rip-up clasts and very abundant skeletal debris, d) they
occur randomly
within the succession.
The initiation
process must have been strong enough to initiate not only
collapse of a shelf-margin,
but also large-scale collapse
of emergent
land (!), so the magnitude
of triggering
earthquake estimated for "ordinary" megabeds does not
seem sufficient.
-_ ............
Being exceptional
basinal events, the dating of
GB's is often very interesting,
although not easy for
several
reasons:
a) the abundance
of resedimented
skeletal debris may mislead researchers
for indigenous
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and

fauna, b) fine-grained
part of the bed which was
deposited from ponded suspension
is commonly fossilfree, d) biostratigraphic
data available refer to the whole
basin-fill, with no finer-scale control.
GB's, as defined herein, occur in various parts
of the world and in basinal successions
of various
stratigraphic
ages, but I will focus on the Eocene of
circum-Mediterranean
region; Hecho Group of South
Pyrenean Basin, Flysch of the Friuli Basin, and Flysch of
Eastern Adriatic basins, in particular (Fig 1). The GB's
in all of the above cases share common characteristics,
Continental

Fig 1. Paleogeographic map of Mediterranean in Rupelian.
after Dercourt 1993, very simplified, as proxy for Priabonian
paleogeography. Key: 1) South Pyrenean Basin, 2) Friuli Basin,
3) Northern Dalmatia Basin, 4) Central Dalmatia Basin, 5)
Macigno.
regardless
position.

of

their

different

ages

and

geotectonical

Fig. 2 shows that Ypresian
and BartonianPriabonian
were the times with relatively
frequent
impacts,
whereas
Lutetian
was a period apparently
without one. These periods are also characterized
by
deposition of clastics in circum-Mediterranean
basins.
Ypresian was the time when flysch with MB's and GB's
was deposited in northern Spain, northern Italy and south
Sloveni a, whereas B artonian and Pri aboni an of Dalmatia
are characterized
by successions
with thick MB's and
one kGB. So, it seems that MB's and GB's bearing
successions
correlate
well
with
known
impacts.
Priabonian
Chakespeake
Bay impact
structure
(of
P15/P16
age) (11 in Fig. 2) correlates
well with
occurrence of microtektites,
clynopyroxene
nodules, and
Ir-anomaly found in DSDP cores [4][5][6] and outcrops
in Northern Italy [7] (5 in Fig 2), and giant bed K-S of
Central Dalmatia (4 in Fig. 2).
The K-S bed [8] is 175 m thick, and comprises
karstified extraclasts with volume up to 500.000 m 3. The
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BEDS:

lower half of megaturbidite
part of the bed is composed
almost entirely of resedimented
nummulites,
but the
upper half is faunistically
sterile. Attempts
to find
indigenous
nannofossils
in the
upper
part
of
megaturbidite
(where
contemporaneous
pelagic forms
were expected)
usually failed. Only very scarce and
poorly preserved planktonic
forams were found in the
uppermost part of the bed, but nevertheless,
they allowed
attribution to P 15-16 planktonic zone. Abundant skeletal
debris below was preserved due to rapid burial, whereas
the lack of calcareous nannofossils
is most likely caused
by carbonate dissolution which is typical at depths below
CCD, but was also recognized
by Keller [5] in zones
enriched with microtektites,
which may also account for
scarcity
and
poor
preservation
of
planktonic
foraminifers.
Contemporaneous
correlative
MB's are
i

,<

T. Marjanac
somewhat thinner; SV megabed of Central Dalmatia (4
in Fig. 1), and DD-2 megabed
in Central Dalmatian
hinterland
reach
thickness
of 46 m and 65 m,
respectively
[9], whereas
Tintor-bed
in Northern
Dalmatia (3 in Fig. 1) attains thickness of about 30 m
[10]. I strongly believe all of these beds were initiated by
a common trigger, which must have been of very high
magnitude, since the area of their occurrence is presently
120 km long, and about 20-45 km wide. An impact
trigger is preferred
in this case because it can create
sufficient high-magnitude
and high-acceleration
tremor,
which
will affect
very wide
area. Despite
good
stratigraphic
correlation,
it is unlikely that trigger was
Chakespeake
Bay impact, due to its large distance from
Eastern Mediterranean
which was well protected from
possible megatsunamis
in Atlantic (Fig. 1) as indicated
by paleogeographic
maps [ 11 ]. Thus, it seems most likely
that the trigger was one, so far undiscovered
impact,
which may be located somewhere
close to Dalmatia.
References
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THE CRETACEOUS-TERTIARY
BOUNDARY
IMPACT EJECTA AT BLAKE NOSE (ODP LEG 171B) AS
RECORD
OF THE CHICXULUB
IMPACT.
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tInstituto Andaluz de Ciencias de la Tierra (CSIC-UGR).
Facuhad de Ciencias. Campus Fuentenueva.
18002 Granada,
Spain, e-mail:fmruiz@goliat.ugr.es;
2Departamento de Mineralogia
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tenueva. 18002 Granada,
Spain, e-mail: mortega@goliat.ugr.es;
2Department of Sedimentary Geology,
siteit, 1081HV Amsterdam, Netherlands, e-mail: smit@geo.vu.nl.
Introduction:

The ODP Leg 171B recovered

an ex-

cellent Cretaceous-Tertiary
(K/T) boundary
interval
in
ODP Site 1049. This site is located on the eastern margin
of Blake Nose (NW Atlantic) at a present depth of 2671 m
below sea level. The K/T boundary sediments
were recovered from three adjacent
holes: 1049A (30°08.5436'N,
76°06.7312'W),
1049B
(30°08.5423'N,
76°06.7264'W)
and 1049C (30°08.5370'N,
76°06.7271'W).
A single 17-,
7- and 9-cm thick bed of green spherules, capped by a red
layer, is respectively
marking
the K/T boundary
at the
three holes.
This bed occurs
at the biostratigraphic
boundary between
the Cretaceous
and the Paleocene.
It
sharply
overlies
slumped
uppermost-Cretaceous
foraminiferal-nannofossil
ooze and is overlain
by Tertiary
clay-rich ooze with planktonic
foraminiferal
assemblages
indicative
of Early Danian Foraminiferal
Zone P-alpha
[1]. The variable thickness of the spherule bed at the three
holes drilled
suggests reworking
of the ejecta
down slope. The green spherules are nonetheless
of the Chicxulub impact-generated
material.

material
a record

Samples and methods:
The spherule
bed and sediments above and below were taken in continuous
sampling every 2 cm. Spherules
were hand-picked
under a
stereomicroscope.
Bulk samples and representative
handpicked spherules
were subjected
to mineralogical
and
geochemical
analyses
using X-ray Diffraction
(XRD),
Scanning
Electron Microscopy
(SEM) and Transmission
Electron Microscopy
(TEM) for mineralogical
analyses.
Quantitative
microanalyses
of clay minerals
were obtained by transmission
electron microscopy
in scanning
TEM mode only from edge particles using a 70 A diameter beam and 200x1000
A scanning
area and a short
counting time to avoid alkali loss [2]. Atomic Absorption

campus FuenVrije Univer-

above and below is very sharp. The contact surface of the
Cretaceous
sediments
contains
some spherical
impressions that seem to be bubbles or deformations
by deposition of spherules in soft sediments.
Cretaceous
sediments
are slump-folded,
however, the overlying
stratigraphy
is
undisturbed.
Deformation
of Cretaceous
sediments
is a
general feature at proximal
ejecta sites. Deformation
and
large-scale
slope failures were related to the seismic energy input from Chicxulub
impact [3].
SEM observations
revealed that the morphologies
of
the Blake Nose spherules are tektite-like
and they mainly
correspond
to perfect spheres (Fig. 1) and lesser proportions of oval spherules.
Size usually ranges from 100 #m
to 1000 #m. Some hollow spherules
and spherical
voids
are filled with smaller spherules
that may represent
diagenetic
infills of original
bubbles.
The surface of the
spherules is nodular, smooth or rough and color is darkgreen pale-yellow
or light-green.
The XRD scans on oriented samples revealed
that spherules
are mainly composed of smectite, and TEM microanalyses
revealed that
the smectite corresponds
to a dioctahedral
type. Some
compositional
variations
were observed
between
dark
green spherules
and pale yellow spherules.
Dark green
spherules are richer in Fe and pale yellow ones are richer
in Ca. TEM microanalyses
on pale yellow spherules
also
revealed that they contain a very rich-Ca matrix altering
to smectite, and some calcite crystals are observed in this
matrix.

(AA) and Inductively
Coupled Plasma-Mass
Spectrometry
(ICP-MS) were used for geochemical
analyses.
Results:
The spherule bed at Blake Nose consists of a
coarse and poorly cemented unit. Mineralogical
analyses
reveal it is mostly composed of clays and minor Propor tions of carbonates,
mainly derived from the presence of
Cretaceous clasts within the spherule bed. Other minerals
also present in lower proportions
are quartz, zeolites and
minor amounts of rutile, biotite and some lithic fragments. Clays are mostly smectites since spherules are diagenetically
altered to smectite. Sediments
above and below the spherule bed are mostly composed of calcite, clays
and minor amounts of quartz. Clay mineral assemblages
in Cretaceous
and Tertiary
sediments
are mostly composed of smectite and lower proportions
of illite and kaolinite. The contact of the spherule bed with sediments

e 1. SEM photograph showing one example of smectite spherules from Blake Nose (ODP Leg 17IB). Scale bar = 200 p.m
This

suggests

that

Ca-rich

material

could

have

been
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the precursor.
Such observations
on dark-green
spherules
revealed instead very high silica areas that do not correspond to a real smectite composition,
suggesting
Si-rich
glass could have been the prec_sor
in this type of spherules and that smectite
cursor [4].

directly

replaced

the original

pre-

The data from chemical
analyses performed
on sampies from the K/T boundary
interval at Blake Nose revealed that the boundary bed is depleted in Ca, as can be
expected from the decrease in biogenic calcite. Fe and Mn
profiles from the K/T boundary
interval are mainly governed by diagenetic remobilization.
The top of the spherule bed (the red layer) is marked by a significant
Fe increase, and Mn also increase just above the red layer,
while lower Fe and Mn concentrations
are present within
the
spherule
bed,
these
peaks
indicate
diagenetic
remobilization
of both elements.
The Ir concentration
is
very low at Blake Nose [5] reaching
the highest concentration above the spherule bed. Regarding
other possible
extraterrestrial
elements,
Cr, Co and Ni also present low
concentrations
at Blake Nose [6]. Cr decreases considerably in the spherule bed, which points to the absence of a
significant
extraterrestrial
Cr contribution.
Although
Co
and Ni concentrations
are not as high as in distal sections,
both elements are enriched in the upper part of the spherule bed, suggesting
a possible extraterrestrial
contamination. Nevertheless,
no clear evidence
for significant
extraterrestrial
contribution
is observed at Blake Nose, suggesting that the spherule bed material mainly originated
from the alteration of target rock derived-material.
REE
Cl-normalized
patterns
also suggest
that spherule bed
material derive from upper crustal rocks.
Discussion
and conclusion:
The K/T material
from
Blake Nose derives from the fallout of the material

gener-

ated by the Chicxulub impact. The spherules from Blake
Nose are similar to spherules from different locations on
the North America Atlantic margin,
such as Bass River
[7] and DSDP 603B [8], and all of them represent the
same diageneticaily
altered impact ejecta. Spherules
from
the E1 Mimbral and La Lajilla Sections in Mexico are also
similar but often contain a preserved impact glass core [9,
10]. In Haiti, exposures
of the ejecta deposits also reveal
spherules are not completely altered, consisting of impact
glasses and glass spherules. Two types of glass have been
recognized
at Haitian sections: black andesitic glass and
honey color Cat-rich
glass [11, 12]. At Blake Nose, the
original material has been altered to smectite, however,
compositional
differences in the analyzed spherules suggest that they may derive from different precursor glass
types. Mineralogical
and g_hemical
evidence indicate
that the s!nectites derive from the alteration of Si-rich and
Ca-rich materials. In fact, the pr-ecursor of the Blal_e Nose:
spherules
could have been compositionally
similar
to
those impact glasses report_ed at Haitian
geochemical
composition
of the boundary
that the impact-generated
material
mainly

sections. The
bed support
derived from

melted

target

rocks.

generated
material
other extraterrestrial

et al..

As occurs

for tektites

or impact-

derived from the inner ejecta, Ir and
elements show lower concentrations

than at distal locations.
centrations
within the

Only Ni and Co have higher
upper part of the spherule

conbed,

however,
these concentrations
are not high enough to
support significant
extraterrestrial
contribution.
On the
other hand, original
concentrations
have been severely
modified after deposition.
Low Eh conditions
led to traceelement remobilization.
Fe and Mn mobilized,
diffusing
upward and precipitating
upon encountering
the oxygenated pore waters required
for their precipitation.
As different oxygen conditions
are required
for precipitation
of
these elements,
they became decoupled
showing peaks at
different
depths. Major chemical
changes
also accompanied the diagenetic
alteration
of glass to smectite. REE,
and possibly
other associated
elements,
where significantly depleted during this alteration.
Eh and alteration of
glass are therefore
the main factor controlling
the geochemical
profiles across the K/T boundary at Blake.
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Introduction:

MK7 6AA,

Most sulfides

U.K.

4U.S. Geological

present

in sediments

originate from H2S produced by sulfate-reducing
bacteria. This process is accompanied
by a fractionation
of the sulfur isotopes that results in the sulfide being
34S-depleted
with respect to the parent sulfate. The
degree of isotopic fractionation
between sulfate and
sulfide is dependent
on the kinetics of the reduction
reaction
[1] that, in turn, is affected by the environ-

y

ment of deposition.
Consequently,
the isotopic composition of sulfide can be used as a proxy for environmental conditions
such as the temperature
of water,
sulfate abundance,
abundance
and types of electron
source, etc. In this study, we have used C/S ratios as
well as 834S values to examine paleo-environmental
conditions
of terrestrial
successions
across the K-T
boundary
fi'om the Western
Interior of the United
States.
Previous
sulfur isotope studies have encompassed one terrestrial
[2] and two marine successions
I3, 41.
Samples:
Dogie Creek, Wyoming: A series of 17
samples from 26 cm below the boundary
to 28 cm
above were analyzed.
They include Upper Cretaceous
carbonaceous
shale, boundary claystone, fireball layer,
and Lower Tertiary clay-shale and lignite [5]. Brownie

_ .,,.,,,,,_

li1

m_

Butte, Montana: A series of 11 samples in 2 cm intervals from 9 cm below the boundary
to 12 cm above
were analyzed.
At the time of the terminal Cretaceous
event, this locality was part of a large area consisting
of floodplains
and backswamps,
allowing the deposition of sandstones
interlayered
with coal, mudstone,
carbonaceous
shale and siltstone [6]. Berwind Canyon,
Colorado:
A series of 7 samples
from fireball layer,
and coal layers above fireball layer were analyzed.
Experimental:
We measured
the concentrations
and isotopic compOsitions
of sulfur by using a continuous flow isotopic ratio mass spectrometer
(CF-IRMS) and the concentration
of carbon by using a thermal conductivity
detector (TCD) with a combustion
furnace,
followed by measurement
in a mass spectrometer (Micromass
Optima).
With our system it is
possible to simultaneously
obtain both the 8S4S value
and the C/S ratio for a single sample.
Results and Discussion:
Concentrations
of carbon
and sulfur

together

K-T

BOUNDARY

Koeberl 1, Jason Newton 1'2, Iain Gilmour 3, and Bruce

with isotopic

compositions

of sul-

fur for Dogie Creek sediments
are given in Table 1
and are plotted in Figure 1. At the boundary (fireball

Survey,

Denver,

layer and
markedly.

Austria
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F. Bohor 4, 1Institute

of Geo-

(christian.koeberl@univie.ac.at);
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melt ejecta layer),
_34S
This negative (i.e., more

values decrease
34S-depleted)
ex-

cursion at the boundary was also observed in samples
from Brownie Butte, Montana
(this study).
In contrast, a positive (i.e., more a4S-enriched)
excursion has
previously
been reported at the Sugarite K-T site [2].
This suggests that the boundary 834S excursion may be
influenced
primarily
by localized
depositional
conditions.
The data reveal some interesting
differences in
the C and S record across the boundary. In the uppermost Cretaceous,
834S values display a negative correlation
with C/S ratio
(solid arrows
in Fig. 1),
whereas, in the lowermost
Tertiary a positive correlation is apparent (dotted arrows in Fig. 1). One explanation for these trends is that they reflect changes in
the relative abundance
of nutrient
sources and sulfate
concentrations
across
the boundary.
Under normal
conditions
in which the system contains
sufficient
sulfate and an electron source, the production
rates of
sulfide are independent
of the abundance
of sulfate
and_an electron source.
In this situation, an increase
in the production
rate of sulfide results in a decrease
in the C/S ratio and the isotopic fractionation
associated with bacterial
sulfate reduction
is decreased.
This would

result

in 8S4S values

becoming

more posi-

tive with a decreasing C/S ratio, as is observed in the
sediments just below the boundary.
As the temperature of system will also affect the production
rate, the
8S4S and C/S ratios may also be a proxy for temperature.
centrations

However, under conditions
in which the conof nutrients
and/or sulfate are limited be-

cause of the existence
of a higher number of sulfatereducing bacteria, the production
rate of sulfide may
be affected
by the concentrations
of organics
(and
sulfate).
Such a situation
may arise if the environment of deposition were to become more anoxic with a
concomitant
increase in deposition
of organic carbon.
Such conditions
may also result in an increase in the
production
rate of sulfide with increasing
834S values.
This process could also cause an increase in the C/S
ratio with an increase of the 834S values, although the
balance between the organic input and sulfide production would determine
the C/S ratios. This may explain
the fluctuations
of the C/S ratios and the 834S values
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immediately
above the K/T boundary.
Biomarker
analysis of samples from Brownie Butte and Berwind
Canyon
reveal the presence
of _ac-depleted
hopanes,
further evidence for the onset of anoxic conditions
[7].
The 534S values above the boundary therefore
appear to have been controlled
primarily
by an increase in organic input reflecting
a marked change in
environmental
conditions
immediately
after
the
Chicxulub
impact.
Apparently,
the onset of anoxic
conditions in freshwater ecosystems
may have resulted
in a sudden increase in sulfate-reducing
bacteria.
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Fig. 1. 5_S values and C/S ratios of Dogie Creek samples.
Depths of each sample are represent by the center of sampling depth.
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0
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0
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6
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Introduction:
The last inventory
of African
impact craters, by Koeberl
(1994) [1], showed 15
proven impact structures
on the continent.
Since
then, a number of new proven and probable impact
structures
have been discovered
in Africa. Several
new possible
impact
structures,
which
are still
awaiting
investigation,
have
been found
using
remote sensing techniques
(Landsat
imagery, aerial
photography,
airborne
and
satellite
radar,
and
airborne geophysics).
Some of the new discoveries
include
large impact structures
that may have a
bearing on the terrestrial
record of mass extinctions.
New studies
have shown
that some
structures,
previously
suggested to be of impact origin, must
now be discounted
as impact
structures.
We have
compiled an updated inventory
(to the year 2000) of
confirmed,
probable, possible and discredited impact
structures in Africa (Table 1).
Confirmed
Impact Structures:
In addition to
the 15 impact structures known in 1995 [1], three
new structures (Gweni-Fada
[2], Morokweng
[5] and
Kgagodi [4]) have been proven on the basis of the
occurrence
of shock metamorphic
effects diagnostic
of impact
processes:
The
70-80
km-diameter
Morokweng
structure [5] is dated at 145 Ma, which
coincides with the terminal Jurassic mass extinction
and the Jurassic-Cretaceous
boundary.
Probable
Impact
Structures:
In
the well-known
750 m Temimichat

addition to
Ghallaman

crater
in Mauritania
[1], two newly
discovered
structures, Sinamwenda
[6-8] and Velingara [9], are
strong
contenders
as probable
impact
structures
(which have many attributes of impact structures, but
in which diagnostic shock features have not yet been
recognised).
Sinamwenda,
in Zimbabwe, is only 220
m in diameter
[7], and although
the overturned
crater rim shows multiply-striated
joint surfaces and
microbrecciation,
TEM
examination
of the few
examples
of possible planar
deformation
features
(PDF's) reported [7] show that they are deformation
bands
[25].
A possible
iron
meteorite
with
Widmanst_itten
lamellae was reported from near the
crater [8], but this has not yet been confirmed.
The
48 km-diameter
multiring
Velingara
structure
in
Senegal
and Gambia
[9] is probably
a buried
complex
impact structure,
formed on Mid-Eocene
carbonate rocks, and buried by Neogene continental

sediments,
in which a central uplift of metamorphic
Neoproterozoic/Paleozoic
basement schists has been
delineated
by drilling and geophysical
studies. This
structure may be related to other Late Eocene
structures
(Chesapeake
Bay, Popigai),
or
terminal Eocene mass extinction
[9].

impact
to the

Possible
Impact
Structures:
Numerous
possible impact structures found with remote sensing
techniques
have not yet been investigated
on the
ground. The main reasons
for this are remoteness
and inaccessibility
in deserts (E1-Baz [12], Ntwetwe
[18], Aorounga
2,3,4
[10]) or in dense tropical
jungles (Kogo [13], Minkebe, Mekambo
[17]). Some
structures,
though
less remote,
are inaccessible
because of ongoing
wars (Luizi [15]), or lack of
infrastructure
such as roads. Lack of funding
is
probably the main constraint
in the investigation
of
possible
impact structures
in Africa. Other factors
include restrictive
policies imposed by governments
and by private mining companies,
and the legacies
from past conflicts, such as minefields.
Discredited
Structures:
Several
circular
structures
in the Sahara
(Richat,
Semisiyat,
E1
Mouilah,
Aflou, Foum Teguentour,
Mazoula)
have
been discounted as impact structures [1]. The Bangui
anomaly of the Central African Republic [19] is part
of a continental-scale
magnetic anomaly,
and is not
of impact origin [14,20]. No macroscopic
or microscopic evidence
of shock metamorphism
has been
found in the Bushveld Complex of South Africa [21].
The "Nyika Plateau structure" [22] was rediscovered,
and shown to have formed by a mudslide,
not a
meteorite
impact
[23]. The "Meteor
Strike"
of
Maputaland,
South Africa, has also been discredited
[24].
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Table

1: List of confirmed,

Name

Country

probable
Latitude

and possible

impact

Longitude

craters

I

TID

II

in Africa.

Ref.

Diameter

I

(kin)
Confirmed lmpact Structures
Amguid
Algeria
26°05'N
Aorounga
Chad
19°06'N
Aouelioul
Mauritania
20 °15'N
B.P. Structure
Libya
25°19'N
Bosumtwi
Ghana
06°32'N
Gweni-Fada
Chad
17°25'N

04°23'E
19 °15'E
12°41 'W
24°20'E
01 °25'W
21°45'E

0.45
12.6
0.36
2.8
10.5
14

Highbury
Kalkkop
Kgagodi
Morokweng
Oasis
Ouarkziz
Roter Kamm
Talemzane
Tenoumer

Zimbabwe
South Africa
Botswana
South Africa
Libya
Algeria
Namibia
Algeria
Mauritania

30°07'E
24°26'E
27°35'E
23°32'E
24°24'E
07°33'W
16°18'E
04°02'E
10°24'W

20
0.64
3.5
70-80
11.5
3.5
2.5
1.75
119

Tin Bider
Tswaing**
Vredefort
Probable
Sinamwenda
Temimichat ....
Ghallaman
Velingara
Possible
Aorounga2,3,4
Bangweulu
E1-Baz
Kogo
Luizi
Lukanga Swamp
Mekambo
Minkebe
Ntwetwe
* to be confirmed

Algeria
27°36'N
05°07'E
South Africa
25°24'S
28°05'E
South Africa
27°00'S
27°30'E
Impact Structures
Zimbabwe
17°11.7'S
27°47.5'E
=
Mauritania
24 °15'N
09°39'W
Senegal/Gambia
13°0.2.2'N
14°07.7'W
Structures,_not yet fully investigated
Chad
19°15'-19°30'N
19°15'-19°30'E
Zambia
11°32.3'S
30°08.3'E
Egypt
24 ° 12'N
26°24'E
Equat. Guinea
01 °ll'N
10°01'E
D.R Congo
10°10'S
27°55'E
Zambia
14°24'S
27°45'E
Gabon/Congo
00°55.7'N
13°40.4'E
Gabon
01 °21.2'N
12°24.5 'E
Botswana
20°55'S
24°50'E
**formerly known as Pretoria Saltpan

17°04'S
32°43'S
22°29'S
26°28'S
24°35'N
29°00'N
27°46'S
33°19'N
22°55'N

6
1.13
250->300

<0.1
0.01
3.1_+0.3
<120
1.1+0.2
<345
1034+13*
<1.8
<2000
145+0.8
<120
<70
3.7+0.3
<3
2.5_+0.5
<70
0.2
2023+4

[1]
[1]
[1]
[1]
[1]
[2]
[3]
[1]
[4]
[51
[11
[1]
[1]
[11
[11
[11
[1]
[5]

0.22

<220

[6-8]

>24, <42

[11
[91

0.75
48

m

k

IR

z

U

m

11.6,12,11.7
150
4
4.67
12.6
52
5O
90
7

<620
>145
<620
<450
>2100, <2800
>2100, <2800
<200

[lO]
[11]
[12]
[13,141
[151
[16]
[171
[171
[18]

w

g

ii

kd
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Introduction:
A drastic change of fossil species
occurred between the uppermost Frasnian zone and the
lowermost Fammenian
zone, which form the Late Devonian limestone layers near Coumiac in the Montagne
Noire area of southern
France [1], [2]. GrandjeanLecuyer et al. [3] determined
REE in old biogenic
apatites (conodonts)
Separated
from these conodontrich limestones,
with SIMS ion probe. They reported
that any particular REE anomaly was not detected in
connection
with the Frasnian-Fammenian
mass extinction. Accor di0g to our mathematical
analysis of their
data, however', we can recognize an obvious and peculiar discontinuity
of REE tetrad effect at the mass extinction in questio n .
REE Tetrad
Phenomenon:
Masuda and ikeuchi
[4] found out the lanthanide
tetrad phenomenon
in the
chondrite-normalized
lanthanide
patterns for samples
from the marine environments.
Further, it was found
[5] that there are two types of lanthanide
tetrad effect,
W and M types, which are conjugate to each other, i.e.,
downward
concave and upward convex. Usually,
the
seawaters
[4], [5] exhibit W-type tetrad effect, while
the hydroxide precipitates
[6] and residues
from the
hydrous reaction show the M-type tetrad effect. (As a
result of tetrad effect, lanthanides
are divided to four
subgroups,
La-Nd, Pm-Gd, Gd-Ho and Er-Lu, which
correspond
to four smooth
curves
for stable lanthanides with discontinuities
between Nd and Pm, at
Gd and between Ho and Er.)
Quantification
of Lanthanidc
Tetrad
Effect:
Masuda et al. [7-9] developed
a mathematical
method
to quantify the lanthanide
tetrad effect. If the "necessary" data are available, one can obtain four nemerical
values corresponding
to four subgroups.
Note that the
W-type tetrad effect is given by negative values, while
the M-type effect is given by the positive ones. For
conodonts
from Coumiac,
the abundances
for La, Ce,
Nd, Sm, Eu, Gd, Dy, Er and Yb are determined,
but the
abundance
for Lu is lacking. As a result, we Cannot
evaluate [7] degrees (AE3 and AE4) of tetrad effect for
the third and fourth subgroups,
but the degree(s)
for
light lanthanides
(AELL) can be estimated
(see Appendix). However,
provided that there are abundance
data for "stable" light lanthanides,
La, Nd, Sm and Gd,
we have to assume [7] that the quantified values for 1st
and 2nd subgroups
are identical to each other, which
are designated
as AELL. From the mathematically
defined
parabola,
the "theoretically"
normal
abundances (see Appendix)
for potentially
irregular light

lanthanides,
Ce and Eu, can be evaluated
independently of observed abundances.
Light Lanthanide
Tetrad Effects for Conodonts
from Coumiac Limestones
and their Characteristics:

The results._e.show
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Uncertainties
due to experimental
errors. The averaged uncertainties
of AELL for determination
with
individual
experimental
errors of 7% is _+0.05 [10].
(The experimental
errors are not given in the original
paper.) Thus the range indicated by a bar might be
substantially
represented
by a very small circle if the
determination
was very precise.
Unusual event. The average AELL value for zone
23-24A
is -0.130, AELL for Western
North Pacific
[12] ranges from -0.18 to -0.13. That for Gulf of Oman
[12] ranges from -0.17 to -0.11. Lanthanides
(Ln)
contained
in connodonts
of 23-24A are judged to reflect the oceanic or marine Ln. Contrastingly,
A.ELL
for conodonts
of zone 31G averages
+0.074, with 0.021 for intermediate
zone 24B. The change from 0.130 (negative)
to +0.074 (positive)
reveals a dramatic reversal of hydrological
environments.
Subsequent to formation
of 31G, zone 32A-B reaches an
abnormal AELL maximum of +0.149. Prior to 32A-B,
a mass extinction occurred. Positive AELL value im-
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plies that Ln for this zone were derived by desoprtion
from fresh-water
and/or estuarine sediments [6, 13].
Change
of Ce (obs,)/Ce
(cal.):
Here, obs. and
cal. indicate observed
and calculated,
respectively.
Calculation
was made based on our assumption
of
parabolic
curve related with the tetrad phenomenon.
The features in Fig. 2 can be interpreted in terms of
preferential
adsorption
of Ce on calcium phosphate
from

. . seawater
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and sinking of sea bottom, and/or change of freshet
activity would have had something
to do with this unusual event. It is likely that the chemical
and salinity
change from oceanic to nearly fresh water must be
accompanied
by lowering of pH of water and variation
of oxidation potential,
which also must have prompted
the chemical reactions
and the mass extinction.
Temperature may have changed then.
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Appendix:
Example of calculation
of AELL, defined as length of two-headed
bold arrow, for W-type
tetrad effect [14]
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sorption of normal Ln from fresh-water
or estuarine
sediments,
with insolubility
of CeO2 into the aqueous
phase. It merits attention that 23-24A shows relatively
narrow variation range, while 24B a wider variation. It
may suggest a chemical (especially,
valency) unstability of Ce
for
"intermediate"
zone
24B.
The
Ce(obs.)/Ce(cal.)
is much less sensitive to the experimental errors than AELL.
Mass Extinction
and Geological
Processes:
In
view of Figs. 1 and 2 (especially
Fig. 1), the following
scenario is conceivable:
(l) Presence of shallow marginal sea or shallow big bay wholly or partially
surrounded by a chain of islets; (2) Isolation of marine
water area from ocean, by formation of bank, due to
connection
of islets; (3) Formation
of separate lakes
and ponds; (4) Replacement
of seawater
by nearly
fresh water by activity of freshet; (5) Break of dam and
re-inflow of the seawater.
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"Rapid" freshening
process
in almost closed area
caused the mass extinction
at the period of its high
activity. Lowering
and rise of sea level, the elevation
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We previously crushed the philippinite
with
an unusually large bubble, and found that the concentrations of He and Ne were more enriched than those

z_

the sample

before

the measurement

In this study, we again had a chance to obtain
a moldavite which has comparatively
large bubble and
could compare the noble gas feature in it with the data

The moldavite
sample was crushed with a
violent sound in the crushing device.
Our results of
noble gas analyses are listed in Table 1.
As the isotopic ratios of all noble gases are atmospheric,
we do
not list them for Ar, Kr and Xe. The elemental abundances are enriched in He and Ne compared to those in
the terrestrial atmosphere,
which is compatible with
the previous works for tektites [1, 3-5] and for impact
glasses [2].
The He/Ar and Ne/Ar ratios are higher
than those in air by three orders of magnitude
although
Kr/Ar and Xe/Ar ratios are almost identical to the air

in the philippinite
in our previous study.
The moldavite is a typical tear-drop fluidal shape of 50x22mm
and weighing 22.70g.
The existence of a large internal bubble could be seen from the outside with the

values (Fig. 1). The iso_)pic ratio of He is identical
to the air value, which is identical to our previous work
for a large bubble in philippinite
[1].
The isotopic
ratio of Ne is also identical to the air value, which is

transparent
thin color of its portion and was confirmed
by an X-ray CT scanner equipped at the Geological
Survey of Japan.
The three-dimensional
structure
was reconstructed
from successive
imaging by the X-

compatible with the data of previous observations
for
many tektites [3-5], but is different from that for a
large bubble in the philippinite
[1].
The Ne isotopic
ratios in philippinite
were fractionated from the air
value and were higher than the latter values.

of heavy noble gases of Ar, Kr and Xe in the bubble, in
comparison
with the terreslrial atmosphere
[1].
The
2°Ne/2ZNe and 2_NefENe ratios were higher than the
values expected from steady state process, and were
interpreted
to reflect very fast nonsteady state diffusion
in the early stages of tektite formation.

m

crushing

ray CT scanner, and the volume of the large bubble
was estimated to be 0.16cm 3. There were several
small bubbles of which volumeare
less than 0.002cm 3.
The total volume of the moldavite itself including
bubbles was 9.6cm 3. If bubble was formed due to the
gas expansion inside the glass, the bubble should
spherical shaped.
However, the largest bubble
moldavite is not spherical and is rather prolonged
shaped to the long axis of the tektite, suggesting
the deformation
of tektite to the tear-drop shape
after the bubble formation.

be
in the
that
was
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The elemental abundances
and isotopic compositions
of noble gases have been measured by
crushing the moidavite sample in the crushing device
in OsakaUniversity.
The large crushing device is
the same one as that we used for the crushing experiment of the philippinite
[1].
The sample chamber of
the device is cylindrical,
with a diameter of 10cm and a
height of 10cm, which was connected to a purification
line and a VG 5400 noble gas mass spectrometer.
A
piston goes slowly down to crush the sample by turning a handle.
The experimental
procedures of measuring noble gases are given in our previous works [1,
2].
The procedural blanks of noble gases were measured using the same experimental
setup without

I0_

I00

IO"

1fie

Ne

Ar

Kr

Xe

Fig. 1. The elemental abundance patterns of noble
gases in the moldavite and the philippinite
[ 1] displayed by the fraclionalion
factor F(m).
F(m) = (mx/36Ar)_mp_/(mx/36Ar)_r
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Table t. Noble gas contents
(in cm3STP)
and their
isotopic ratios of the bubble gases in the moldavite
in
this study and the philippinite
[1].
moldavite

philippinite

5-Ie

8.3x l0 -7

3.0x 10 -_

rl-le/*He

1.33(12) xl0 _

1.30(17) x10 -6

22Ne

2.2x I0 -7

2.4x 10 -_

2°Ne_2Ne

9.89(12)

10.52(52)

9.80

Z'Nef2Ne

0.0290(3)

0.0299(3)

0.0290

_Ar

8.7xI 0.10

5.0x 10-11

S4Kr

1.8x10 -i,

4.0xl0_T_

13°Xe

813x10 -i4 ......

113xl0:is

air

1.40 x 10 _

Numbers in parentheses are uncertainties (1 s.ct)in
ratios and corresponding tothe last digits.
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[2] Matsuda J., Matsubara
K., Yajima H., and Yanmmoto K. (1989) Geochim. Cosmochim.
Acta 53, 30253033.
[3] HenneckeE.W.,
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We looked

for the cause

of the difference

of Ne

isotopic ratios between
the phiiippinite
and the moldavite.
We calculated the 22Ne partial volume ratio in
the bubble of the moldavite by assuming that the whole
amount of 22Ne was derived from the large bubble.
The calculated ratio is 1.4x10 6 which is almost identi-

m

II

cal to the value (l.6x10 -6) in the terrestrial atmosphere.
Thus, the Ne partial pressure in the bubble in the moldavite was almost re-aclied to the air value.
This is
not the case for the big bubble in the philippinite
where
the partial volumeratio
was 4.5x10 -9, much lower than
the atmospheric
value and that in the moldavite.
This
is probably
due to the difference
of the ages for the
philippinite
and the moidavite.
The age of philippinite is estimated to be 0.7my, but that of moldavite is
15my and much older.
As the moldavite
has been
exposed to the atmosphere
for a longer time, Ne could
be fully diffused into the tektite and reached
to the
partial pressure
in the bubble as same as that in the
terrestrial atmosphere.
Thus, it is compatible
with the
model that a very high 2°NJ2Ne ratio was obtained in
a very short time by nonsteady
state diffusion
during
melting stage of the _tektite formation
and was lowered
later by slow diffusion
from the atmosphere
[1].
On
the contrary, the partial pressures
in heavy noble gases
in the bubble of the moidavite still show the values at
the formation.
They are much lower than the atmospheric values under one atmospheric
pressure,
suggesting that the tektite was formed at high altitude of
the atmosphere
as indicated
by our previous
works

[1,5].

=

Im

"

%,d

LPI Contribution

CATASTROPHIC

w

F_

7

:

GLOBAL

TSUNAMI

INDUCED

BY K/T IMPACT.

No. 1053

137

T. Matsui 1, F. Imamura 2, E. Tajika 3, Y.

Nakano 3 and Y. Fujisawa 4, tDept, of Complexity
Science and Engineering,
Graduate School of Frontier Science,
Univ. of Tokyo (7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0031, Japan, matsui@geoph.s.u-tokyo.ac.jp),
2Disaster Control
Research
Institute,
School
of
Engineering,
Tohoku
Univ.
(Aoba
06,
Sendai
980-8579,
Japan,
imamura@tsunami2.civil.tohoku.ac.jp),
3Department
of Earth and Planetary Science, Graduate School of Science, Univ. of
Tokyo (7-3-1 Hongo,
Bunkyo-ku,
Tokyo 113-0031,
Japan, tajika@geol.s.u-tokyo.ac.jp,
nakano@geoph.s.u-tokyo.ac.jp),
4Technical
Research
Institute,
Obayashi Corporation
(Shimo-kiyose
4-640, Kiyose 204-0011,
Tokyo, Japan. Fujisawa @ tri.obayashi.co.jp)

L

Introduction:
There occurred a gigantic meteorite
impact in Yukatan peninsula
at 65 Ma, which resulted
in the formation
of Chicxulub
crater [1]. Hereafter
we
call this impact as the K/T impact. Since Yucatan peninsula was covered with shallow water at that time [2], a
L
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gigantic tsunami may have been generated
in association with this impact. Many geologic features supporting this view have been found so far at the KIT boundaries in and around the gulf of Mexico [3]. Recently Takayama
et al. [4] found the homogenite
in the K/T
boundary
in Cuba, which gives more clear geological
evidence supporting
tsunami generation
by the K/I" impact. It is therefore
very important
to study whether or
not the K/T impact could generate tsunami. In this paper we report the results of numerical
simulation
on
generation
and propagation
of tsunami due to the K/T
impact.
Background:
Since the discovery of Chicxulub
crater in Yucatan peninsula
[1 ] focus of studies on K/T
impact phenomena
seems to shift toward more environmental
consequences
due to this gigantic meteorite
impact.
One of examples of such studies is concerning
the K/T boundary tsunami deposits found in and aroud
the Gulf of Mexico [3] although their origin is still controversial.
Recently Japan-Cuban
joint research
group
reported the discovery of thick deposit layer (thickness
is about 180m) consisted
of the lower grain flow unit
overlain
by the upper homogenite
unit whose age is
tightly constrained
at the K/T boundary [4]. The homogenite is a thick, normal graded, structureless
deposit
formed by tsunami in deep sea environment
[5]. This
discovery
may give a first strong evidence supporting
for K/T impact tsunami generation.
It is, however, uncertain how a gigantic tsunami is generated by the K/T
impact.
Tsunami
generation:
The 10 kin-sized
meteorite
impact
on the earth at 65 Ma with the impact velocity
of several tens krn/s (the K/T impact case) released the
impcat energy corresponding
to the TNT explosion energy
of 1 to 10 Mt and resulted in the formation of
Chicxulub crater. The diameter and depth of the crater
are about 180 krn and several km, respectively
[6]. In
association with this impact the seawater and sea floor
would have vaporized
instantaneously
and the shock
waves generated by the impact would have propagated

in the atmosphere.
Shock waves caused by the entry of
the meteorite
into the atmoshere
could have induced
tsunamis.
As a more gradual
process,
the surrounding
seawater
may have flowed into the crater, and as the
crater overfilled
with water, elevated
tsunamis
could
eventually have propagated outward flora the crater site.
We can consider
three stages of tsunami
generations
caused by the impact of meteorite on the earth: (1) the
wave coupled with high air pressure and wind generated
by the entry of the meteorite into the atmosphere,
(2) the
"rim wave" formed at the front of the ejecta curtain and
(3) the wave caused by movement
of water to fill and
flow out of the crater cavity after the crater formation
(hereafter
called "receding"
and "rushing"
waves, respectively).
The wave generation
at the first stage is
considered
to be negligible because the waves generated
by strong
winds are dispersive
and rapidly damped
during propagation
over a long distance.
The waves
generated by the second stage was modelled
as the initial condition of the "rim wave" with wave height and
length estimated
by the hydraulic
experimental
results
of Gault and Sonett [7]. The wave generated by the third
stage might have been the most devastating,
and is
simulated based on the nonlinear long wave theory.
Paleobathymetry:
In order to simulate the tsunami
generation
and propagation
due to the K/T impact, we
need to assume the probable conditions
of the earth at
the time of the K/T impact. As will be shown later, the
shape of crater
does not affect the generation
and
propagation
of tsunami significantly.
Hence we simply
assume the crater shape just after the impact as the present shape of the Chicxulub crater [6]. We also assume
the Yucatan
peninsula
was covered with shallw water
(less than 200m deep) at the time of the K/T impact [2].
For the reconstruction
of paleobathymetry
of the Gulf of
Mexico and Caribbean
region, we adopted the tectonic
reconstruction
model proposed by Ross and Scotesse [8],
modified slightly based on the fieldwork
in cuba by Takayama et al. [4]. We also reconstructed
the continental
distribution,
paleobathymetry
and sea level of 65 Ma,
using the plate motion and cooling models of the plate.
For this purpose
we used the ETOPO-5
as the topographic data of the present earth and a digital age map
of the ocean floor.
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We summarize

at first,

and secondary

of the-ri-m-wave:

K/T IMPACT TSUNAMI:

the results on (1)
on (2) tsunami

According

to break-

ing wave criteria in the field of coastal engineering
[9],
the amplitude
of rim wave is estimated
to be on the
same order as the mean depth. In the near field for a
centered wave system, the higher frequency components
will be dispersed backwards
and due to turbulence
and
bottom friction the wave amplitude
will damp
dance with traveling distance.
In addition
to
wave aplitude would also decrease as a function
is the radius from the center of the crater). We

in accorthat the
of l/r (r
can esti-

mate the effect of non-linearity
by using the Ursell parameter
which represents
the relative
importance
of
non-tinearity
to dispersion
effects. This estimation
implies that the effect of non-linearity
is dominant on the
platform whereas the dispersion
effect becomes significant in the deep water after passing the shallow region.
The Ursell parameters
are O(10) at the edge of the
platform and O(1/10) in the deep water. The amplitude
of the rim wave would be of the order of 10m at the
edge of platform and several meters in the deep water at
a distance of 500 km from the center.
(lb) The receding and rushing waves: We used the
non-linear
shallow water theory with dispersion
effect to
simulate the movement
of water on the Yucatan platform. Since the water depth of the Yucatan
platform
around the crater is much shallower
(less than 200 m)
than the crater depth (approximately
3 kin), a detailed
crater shape is not important to tsunami generation,
that
is, the flow rate into crater cavity is independent
of the
depth of the crater. The numerical
simulation
demonstrates the water movement
that generates
the receding
and rushing Waves_The_water t_at flowed into the crater
cavity accumulates
and the crater cavity overfilled, thus,
generating
the rushing wave outward. We found that the
wave going out of the crater is controlled by the depth of
the shallow water region surrounding
the crater. It is
shown that the smaller the flow velocity in the shallow
water region, the smaller
is the wave height of the
rushing wave with the longer oscillation
period. When
the water depth of the Yucatan
platform is 200 m at the
end of the Maastrichtian,
the wave height and period at
the rim of the crater are estimated
to be about 50 m and
10 hours,

respectively.

(2) Tsunami propagation:
We can obtain the wave
amplitude and period of receding
and rushing waves as
a function of the crater size and the water depth around
the crater from the above numerical
simulation.
Using
these results as the initial conditions
we can simulate
oceanic propagation
of tsunami
based on the linearized
long-wave theory in the spherical
coordinates;
one is for
tsunami propagation
tailed coastal run-up

in the Gulf of Mexico
condition.
The second

with a deis for oce-

T. Matsui et al.

anic propagation
over the entire globe. For the spherical
coordinate
system, the 20 min. spatial grid size was
used together with the time interval adjusted to satisfy
the CFL condition
at all times. Details
of the model

m

such as numerical
scheme and stability condition
are
referred to the work by Imamura
and Shuto [10]. There
are two types of tsunamis
that attacked the coast near
the impact crater; one is the receding
wave and the
other is the rushing
wave. No measurable
wave was
found ahead of the receding wave. This means that the
rim wave
propagation
entire
wave

must
have quickly
dispersed
during
to the shore. The receding wave covers

the
the

Gulf over 10 hours after the imact. The positive
flows with a height
of more than 200 meter,

reaching
the coastal area of North America.
It runs up
over the lands and passes the Mississippi
embayment,
a
distance of over 300 km. The maximum
run-up height
of 300 m is found near the Rio Grande embayment
with
an average value of more than 150 m. The numerical
results of oceanic
propagation
show that some of the
wave energy (with the wave periods of 1 to 2 hours) is
trapped
in the Gulf of Mexico
and then propagated
mostly towards Europe and North Africa, but less to the
Pacific
North
caused

ocean. The simulation
suggests that, besides the
American
coasts, the impact
must have also
significant
tsunami runup in South America:
for

example, approximately
200-250
is now Venezuela.
Furthermore,

m high runup
the simulation
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il

in what
shows

the runup
height
of approximately
100-150
m in
Northwest
African coasts and 100 m along Northern
Europe
coasts. Two separate
waves, one propagated
across the Atlantic
ocean and the other across the Pacific ocean, met at the eastern part of the Indian ocean
at about 28 hours after the impact. The wave height in
the Indian ocean was found to be approximately
10 m
with the wave period of 10 hours.
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Introduction: The discovery that the giant (>170km)
diameter Chixculub
impact structure formed 65 million
years ago (Ma), coincident
with the Cretaceous-Tertiary
(K/T) boundary
[1], provided
clear evidence
for an
overlap in time between
a giant impact crater and a
major geological
boundary.
Recent discoveries
have
shown that the Jurassic-Cretaceous
(J/K) boundary may
also overlap with a large impact event. The melt sheet
of the >90km diameter Morokweng
impact structure in
southern Africa gives precise U-Pb ages of 145 +_ 1 Ma within error of the currently
estimated J/K boundary age
[2-4]. While the age overlap between large craters and
some boundaries
i_ now clear, the types of objects involved in giant impacts and the frequency
they strike Earth is much less so. This kind
tion is cen_al to understanding
the sources
projectiles
and how collisions
between
the
different large-scale
objects have influenced
history.

with which
of informaof different
Earth and
geological

The signature of an impactor is imparted
via the fraction of the projectile retained in the crater into the final
melt sheet and the platinum-group
elements (PGE) have
been used as tracers for meteoritic components
at many
impact craters [5-7]. However, while it is often possible
to distinguish
silicate and iron meteorites,
fingerprinting different chondrites
in impact rocks has been less
successful. Cr isotope analyses and PGE data from K/T
boundary sites suggest that the K/T impactor was a carbonaceous chondrite [5,8]. Such a reliable classification
has not yet been made at Morokweng.
Existing
data
[3,9] indicate broadly "chondritic"
relative concentrations of PGE but insufficient
data to perform meaningful statistical
analysis
against
known
meteorite
PGE
compositions
has prevented more detailed identification.
The aim of this workhas
been to test whether a more
precise classification
can be made.
This will be compared with an independent
study [10] which, on the
basis of Cr isotope and lx data, proposed that impact of
an ordinary chondrite
(most probably an L-chondrite)
formed the Morokweng
structure.

for PGE analysis.
14 of these samples were sulphidefree quartz norite, two were sulphide-bearing
norite and
one was a sample of granite.
PGE data were obtained
using NiS fire assay followed by ICP-MS [11]. Impactor
PGE ratios and estimates
of the target rock input were
determined
together
using analysis
of regressions
between Ir and the other PGE [5,6].

32

24
Ck
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Methods:
Samples were recovered
f_om a series of
diamond drill boreholes sunk into the structure.
Some
of this core has been described
previously
[2,3].
17
samples
(0.35 to 1.5 meters in length) of continuous
core through the Morokweng
melt sheet were selected

1

I

10

15

20

Ir (ppb)

Figure 1: Regression
between Ru and Ir for sulphidepoor Morokweng
melt samples.
Error bars show one
standard deviation of the mean concentration
[11].
Results: All of the melt rocks produce
tions which are at least 25 times those

Ir concentrafound in the

granite
and the Archean
metasediments
and Karoo
strata which comprise
the bulk of the target rock suite
[11,12].
Ir concentrations
in the melt rocks are also at
least 2-6 times those found in greenstones
(komatiites)
which comprise a poorly know n proportion
of the target
rocks.
When the melt sheet data are normalised
to IX
and CI chondrite
([X/IX]s) the ratios are only slightly
fractionated
from unity and fall in narrow populations
with_low standard deviationsl
[Pt/IX]N and [Pd/Ir]N, are
consistently
less than 2.00 - beneath the lower limit for
most mafic terrestrial
melts but within the range shown
by meteorites.
The only terrestrial
melt rocks with
si_i_
phides

PGE characteristics
from the Strathcona

Sudbury.[13].

m

i

5

_e Fe-rich massive
suland Falconbridge
mines at

These giant ore bodies formed during the
fractional crystallisation
of Pt and Pd-poor Fe sulphide
and Cu, Pt and Pd-rich sulphide meltl As a result, bimodal distributions
of sulphide types and PGE ratios are
evident at Sudbury [13]. Sulphides
are scattered minor
constituents
at Morokweng
and our bulk analyses of
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(eXcluding

late-stage

Ni-S-

oxide segregations)
indicate
that they show the same
PGE signatures
as the barren quartz norites.
There is
no bimodal distribution
in the bulk rock PGE ratios to
support a sulphide fractionation
mechanism
for generating the low [Pt/Ir]r_ and [Pd/k]N ratios and we feel that
they most probably
ture.

reflect

a primary

(meteoritic)

signa-

Regression
analysis reveals that correlation
between
Ir
and the other PGE is very strong for all samples (see
Figure
1) and is consistent
with metal fractionation
controlled
by varying
absolute amounts
of a homogenous PGE-rich
component
such as a meteorite.
In regression
analysis,
the slope of the line represents
the
PGE/Ir ratio of the impactor and by extrapolation
to low
concentrations,
the target PGE concentration
can also
be estimated
if the target lr concentration
is known or
assumed.
The advantage
of this method for determining
the PGE signature
is that it is based on the impact melt
alone.
There is no reliance on successful
modelling
of
the exact mix of target lithologies
in order to estimate a
correction for target PGE input.

1,3
llMorokweng

12

_

<_ C

IOH

OL

JOLL

&EH

LAEL

1.1

1+
O.9
0.8

12

1.6

[Pd/Ir]N
Figure
various

2: Ru and Pd data from Morokweng
and
chondrites
normalised
to Ir and C1 chon-

drite. Data sources:
carbonaceous
chondrites
[16],
ordinary chondrites
[17], enstatite chondrites
[16].
When the PGE/Ir ratios obtained by regression
are normalised and compared with various types of chondrite,
a
striking pattern emerges (see Figure 2). The signatures
of C, H, LL, EL and EH chondrites
consistently
fall at
least two standard errors of the mean from Morokweng,
suggesting that they are unlikely PGE candidates.
However, Morokweng
falls consistently
within one standard
error of the PGE signature
of ordinary (L) chondrites.
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clusion,
ratio.
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using

53Cr/52Cr

isotope

analyses

and the Cr/Ir

Implications:
These results provide clear evidence
that Chixculub
and Morokweng,
the two largest known
craters at K/T and J/K times, were formed by the impact
of different objects - a carbonaceous
and an ordinary
chondrite respectively.
Reflectance
spectra indicate that
subtype S(IV) asteroids
are likely candidates
for ordinary chondrite
parent bodies whereas class C asteroids
are probable parents bodies for carbonaceous
chondrites
[14].
Class C asteroids
are >40 times more abundant
than S(IV) asteroids so carbonaceous
chondrites
should
strongly dominate
over ordinary chondrites
in the terrestrial cratering
record if selection processes are random. However, S0V) asteroids are concentrated
adjacent to the Jovian 3:1 orbital resonance
- a highly favourable
position
from _which to perturb
objects into
Earth-crossing
orbits [14,15].
This position was probably just as favourable in the late Jurassic and it is possible that the Morokweng
impactor originated
from here.
Current knowledge
of impactor types at different craters
is very limited (-6 are known with any real certainty)
and clearly
many
more impactor
classifications
are
needed.
Ultimately,
these will help reveal how frequently different types of objects have struck Earth over
geological time and how closely this pattern compares
with asteroid populations
or not.
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This
strongly
suggests
that
the irnpactor
was Lchondrite and offers independent
support for the conclusions of an earlier study [7] that reached a similar conw
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Introduction:
A theme that runs through
hundreds of papers on meteorite
impacts is the idea that
large impacts can induce volcanic eruptions [one of the
first was l]. This idea probably
Apollo days when early observers

W

a

B
D

.2_

got its start in preof the moon noted

the common
occurrence
of dark material--usually
supposed to be lava--filling
the nearside
impact basins. A logical inference is that this is a genetic association: The impacts caused lava to upwell in the biggest craters after they had formed, eventually
filling
them. This vi_ew should have collapsed in 1965, when
the Russian probe Zond 3 made good photos of the
lunar farside that showed that the farside basins are
not filled with basalt. Moreover,
the samples returned
from the moon by the Apollo missions showed that the
mare basalts are considerably
younger (up to about
1Gyr) than the basins in which they lie [2]. Any presumption of a genetic association
of impacts and volcanism on the moon must thus be deemed questionable. It seems more likely that the large nearside basins were merely the lowest spots on the moon's surface at the time that the lunar interior warmed to the
point where basaltic partial melts formed in its mantle,
and that the rising lava simply flowed to the lowest
points. At most, this rising lava might have flowed up
impact-induced
fractures in the lunar crust.

m

Sources
of Magma:
To examine
this problem
further, consider
the sources of melt on the Earth.

IEzz:1

Terrestrial
magmas originate
in one of two settings:
Arc magmas are produced
by volatile (mainly water)
fluxing
of the mantle
overlying
subducting
slabs.
Pressure-relief
melting induced by mantle convection
produces the most voluminous
lavas on Earth.
The
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first setting has little relevance
for meteorite impacts:
Impacts do not inject material
deep into the target.
During an impact the projectile material forms a liner
to the growing crater cavity.
Even as the crater collapses, these materials
are always near the surface and
do not get injected deep into the underlying
rocks. At
large craters
such as Sudbury,
Manicouagan
and
Chicxulub the melt sheet lies on top of the brecciated
unmelted target rocks. Even a slow impact of a large
comet would thus not introduce substantial
quantities
of water into the crust deep beneath the impact site.
Pressure reliefmelting
by impacts is a more plausible alternative.
Terrestrial
mid-ocean
ridge basalts
originate over upwellings
where the peridotitic
mantle
has risen nearly 1000 km from mid- or even lowermantle sources.
Similarly,
mantle plumes represent
places where especially
hot mantle material rises large
distances (perhaps even from the core-mantle
boundary). Since the slope of the peridotite melting curve is
15-17 K/kbar near the surface, it is clear that uplifts of
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hundreds of km can easily
basaltic melt.
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Uplift in Craters:
The crucial question
is, how
much uplift do impacts induce in the target rocks beneath them?
A number of investigators
[e.g. 3] have
noted that depth of the transient crater formed by an
impact is 1/3 to 1/4 its diameter.
Assuming that material is uplifted by a distance equal to the depth of the
crater (25 to 30 km for a 100 km diameter crater), it is
possible that the ca. 8 kbar pressure
change
could
bring mantle material
previously
below the solidus
more than 100 K closer to melting.
Whether
melting
occurs or not depends on the local geotherm, but if the
impacted region is already hot it is possible that melting might occur. However, this scenario overestimates
the actual uplift by a factor of 3 or more.
Detailed
studies of impact craters show that during the impact
event material
is first pushed downward
as the transient cavity opens, then rebounds
upward.
For most
target material
this excursion
is adiabatic,
so the
amount of uplift effective for pressure melting is only
that remaining
after the collapse of the transient crater. Numerous
field and numerical
studies of crater
collapse show that the maximum
uplift is only about
1/10 of the transient crater diameter
[4]. Furthermore,
this maximum
uplift occurs only beneath the center of
the crater and it dies out rapidly beneath the crater.
Even in the 100-km
(transient)
diameter
Chicxulub
crater the Moho beneath
it is barely disturbed,
with
less than a few km uplift beneath the center [5]. Under
these circumstances
pressure relief melting seems very
unlikely, even in the largest known terrestrial craters.
Impact
Melt:
Melt is, of course, very common
near large impact craters.
This melt is created by the
strong shock waves that emanate from the site of the
impact.
These shocks first compress the underlying
target rock, doing irreversible
work on this material,
then release it adiabatically
to low pressure.
If the
shock is strong enough (typically 50 GPa or more) the
released material
may be in a molten, or even vapor
state. However, since the shock waves are strong only
very close to the impact site, the melt remains on the
floor of the crater as it opens and later collapses.
Shock heating
dies off very quickly with increasing
distance away from the impact site [6]. The melt thus
forms a near-surface
sheet throughout
the crater formation process.
In large craters this melt volume may
be considerable.
The differential
scaling of melt volume (proportional
mainly to the projectile volume) and
crater volume shows that as crater size increases
the
ratio of melt volume
to crater volume increases
[7]
until a point is reached when the melt volume equals
the crater volume.
This probably does not happen for
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IMPACTS AND VOLCANISM:

terrestrial
craters until the transient
crater diameter
exceeds about 1000 km. Even for the ca. 200 km diameter Sudbury impact crater, where the entire Sudbury Igneous Complex is now interpreted
as a differentiated impact melt sheet [8], the melt layer is only a
few km thick although
more than 100 km wide.
Shortly after the Su_bury impact there may have been
many igneous
phenomena
associated
with the melt
sheet, but nothing like the extended period of magma
extrusion
that is characteristic
of normal
terrestrial
volcanism.
Cleopatra:
ism associated

The best possible example of volcanwith an impact is the crater Cleopatra

on the regional slope of Maxwell Montes, Venus.
This
enigmatic
crater [9] is clearly of impact origin at Magellan resolution.
However,
it is deeper than most
Venusian Craters and possesses a channel leading from
the crater center to lower-lying
plains, where it is associated with a large lava flow. Although an attempt
was made to explain its form as impact-induced
volcanism
(B. Ivanov, unpublished
1992 lecture notes),
these models required such high thermal gradients (up
to 50 K/km) in the pre-impact
surface that it seems
more likely that the melt near Cleopatra is similar to
the observed
outflow
sheets
[10], modified
by the
strong regional slope (B. Ivanov, 2000 personal communication).
Volcanic
Triggering
at a Distance:
Although
there is no evidence that impacts can induce volcanism
near the site of the impact (I know of no single example of such an association
on any body in the solar
system),
some authors have 0pted for the idea that
impacts can induce voicanism
at very distant locations.
The most widely discussed association
is that between
the K/T impact and the Deccan
Traps in India 13],
which are nearly antipodal
to the impact site.
Although the K/T impact does nearly coincide with the
beginning
of the Deccan volcanic episode, recent evidence suggests that the volcanism
actually pre-dated
the impact by a few million years Ill].
Another problem with such an association
is the sheer amount of
energy involved.
The volume of the Deccan traps is at
least 500,000 km 3 (which does not take into account
material now eroded). Using a latent heat of fusion of
330 kJ/kg [12], production
of this volume of basalt
from a source assumed to be at its melting point would
require
an energy of 5 x 1023 J. This is about two
times larger than the entire kinetic energy of the K/T
impactor
(assumed
to be a 10 km diameter
asteroid
striking at 20 km/sec)!
Clearly, the impact cannot be
the direct cause of the basalt but must act as a "trigger" of some kind. What kind of trigger this could be
has never been explained satisfactorily.
However, one
might suppose that a short pulse of intense heat at the
antipode
might be sufficient
to start an eruptive episode of some material nearly ready to erupt anyway.

w
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Boslough
et al. [13] have suggested
that antipodal
focusing of seismic waves from the impact might cause
large material motions and heat dissipation
sufficient
to begin an eruption.
However,
studies of impacts
using the Apollo Lunar Seismic Network
indicate that
the total amount of energy radiated from an impact in
the form of seismic waves is only about 10 .4 of the
total impact
the seismic

energy
energy

i

[7]. The simulations
of [13] show
is concentrated
in the astheno-

sphere at the antipode in a volume several hundred km
deep and at least this much in radius.
Thus, presuming that the entire seismic energy of 3 x 1019 J is concentrated in this volume, the energy deposited
comes
out to be about 2500 J/m 3, or about 1 J/kg of the mantle. Using a typical heat capacity of 1 kJ/kg, we get a
thermal "pulse" from this mechanism
of about 1 milliKelvin!
Even using a much higher seismic efficiency
of 5% derived from Russian explosion tests (B. Ivanov,
2000 personal communication),
the temperature
rise is
only 0.5 K. This seems utterly inadequate
to trigger
anything.
Conclusions:
The bottom line of this discussion
is that there is not a single clear instance of volcanism
induced by impacts,
either in the near vicinity of an
impact or at the antipodes of the planet.
This accords
well with theoretical
expectation
from our current
understanding
of the impact cratering
process.
The
possibility
of impact-induced
volcanism
must thus be
regarded with extreme skepticism.
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The
Cenomanlan/Turonian
(C/T)
boundary
(93±1
Myr) was marked by stepwlse extinctions
In an interval of major oceanic perturbations
[1]. Two closelyspaced iridium peaks with values up to 560 ppt, coinctding with extinction
steps, were reported
in North
and South America, and western Europe [2], and a C/T
comet impact shower has been suggested
[3]. Thus
far, however, shocked quartz has not been found at the
Cfr boundary, suggesting that if impacts occurred they
may have been in the oceans.
We present
evidence,
including
brecciated
limestone with evidence of shock metamorphism
and
possible tsunamites from near Nazar_ (Portugal) [4,5],
and unconformities,
disturbances,
and unusual deposits
at the boundary
In Europe
and the Central Atlantic
Ocean [6] that may be related to an impact in the eastern Atlantic,
possibly Involved
in forming
the Tore
"Seamount"
[7,8].
The upper Cen0manlan
brecclated
limestone
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contains ejecta clasts of various lithologies.
The ejecta
is a polymictic
breccia
that includes
suevite-type
clasts, microscopic
spherules
(some with shapes typical of microtektites),
and irregular shard-like structures.
Quartz grains with one or two PDF directions occur in
the matrix of the polymlctic
breccia.
composed largely of pyrite, hematite,
quartz, and calcite; solid hydrocarbons
accumulations
and
Impregnations.
anomalies were detected in the ejecta
ing green mudstone
layer (up to 50
anomalous
elemental
concentrations

The breccia Is
devitrified glass,
occur as surface
Geochemical
and in an overlycm thick), with
about
5 to 10

times average continental crustal abundances,
Including
-200 ppt iridium and other PGEs. The ejecta occurs
along a corridor aligned NS0°E, in line with the Tore
Seamount .
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At Nazar6, a sharp stratigraphic
discontinuity
exists between the brecciated
Cenomanian
limestone
and
superposed
Turontan
siliciclastic
sandstones.
These sandy deposits are interpreted
here as the product of a series of events resulting from tsunami related
to the impact event [8]. The sandstones display several
characteristics
typical of tempestites
(lamination,
cross
bedding,
layers with
fossil
debris,
and sedimentloading and collapse structures).
In the Eastern Atlantic
region, a number of
unusual
deposits,
indicating
disturbances
and highenergy flows, are found in the uppermost Cenomanian.
For example:
South Pyrenees
(Spain)-the
Santa Fe
Breccia (boulders up to 12 m across), with blocks of
cemented platform
sediments
mixed with slope and
basin facies, possibly related to margin slumping
and

z, A. Ribelro 1, and
Edificio C-2, Campo
Program,
New York

collapse [9]; SE France-major
slumping
[10]; Northern
Europe-erosion,
chalk conglomerates
[11]. In the Central Atlantic Ocea n , the boundary is commonly
marked
b3_ an unconformity,
poor fossil preservation,
and significant sediment disturbances
[6].
A genetic link between the Tore "Seamount"
and an oceanic
impact
event
near
the Cenomanian/ruronian
boundary
responsible
for the Nazar_
ejecta layer and tsunami deposits remains to be tested
by direct evidence for an impact at the seamount. However, the existing
chronological
constraints
are not
incompatible
with this link; the Tore
"Seamount"
must be younger than anomaly Mo (118 My) and older
than 80 My
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Introduction:

The Chicxulub

structure

in Mexico

is now widely accepted as the site of a K-T meteorite
impact that was, at least in part, responsible
for mass
extinctions
65 million years ago. The crater is buried
several hundred meters beneath surface, with the Yucatan
center

coastline
passing
approximately
of the crater.
The crater floor

1). Magnetic,
gravity and magnetotelluric
data have
also been collected across the crater.
These datasets
enable us to estimate the size of the crater, determine
the morphology
of the impact basin, the nature of the
peak ring and central uplift, and the thickness
and
extent of the impact melt sheet.
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synclinal structures
in the land topography
(5), rings
in the gravity data (6), and, in the seismic reflection
data we observe offsets in the target stratigraphy
(7).
The offshore
seismic data and onshore topographic
data both show topographic
highs at distances
of
around 75, 95 and 120 km from the crater centre; the
two inner rings (the crater rim and outer ring in figures 2 and 4) are inward-facing
asymmetric
scarps,
the outermost
(the exterior
ring) is outward
facing.
The ring at 75km
radius is labelled as a crater rim
because it corresponds
to the head scarp of a terrace

the outer ring
(190-195
km).
Although these structural rings do appear to be analogous
to those observed on other planetary
bodies, it remains
to be
shown definitively
(8), and Hildebrand
et al. (9) prefer
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Size and morphology:
Early estimates
of the
crater diameter varied by a factor of two, and of impact energy by an order of magnitude,
but recent estimates are much closer.
The most important
parameter, in terms of quantifying
impact size and energy, is
the diameter
of the excavation
and transient cavities.
Estimates
for this parameter,
based on the magnetic
gravity
and seismic
reflection
data, lie within the
range of 80-110 km (1-4).
A more precise figure for
the size of the transient cavity may be obtained when
we have a better understanding
of the dynamics
of
crater
dear.

collapse.
The size of the final crater is less
We observe multiple concentric
anticlinal
and

W

""

•-7:"

zone (TZ in figure 2) and is directly analogous
to the
crater rim of a peak ring crater. If Chicxulub
were on
another planet and these three rings were expressed
at
surface, then Chicxulub
would be a multi-ring
basin
with a final crater size equivalent
to the diameter
of

22
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through
the
and impact-

generated
deposits have been penetrated
with several
deep and shallow boreholes.
In September
1996, 650
km of BIRPS deep seismic reflection profile (Chicx-A,
A1, B and C) were acquired across the offshore portion of the crater; the 13,000 airgun shots that generated the reflection
data were recorded
at wide-angle
on 35 ocean-bottom
and 90 land seismometers
(figure

91 W

•_
F_._riorring
Oulerring
_terrl_

the interpretation
that Chicxulub
is a peak-ring crater.
Peak ring:
Pilkington
et al. (10) suggested
that
the peak ring at Chicxulub
lay directly on the melt
sheet, and consisted
of breccia material that had been
sloughed
off a rebounding
central uplift.
Observations of rings of uplifted basement
rocks at the Ries
and Popigai craters, led Sharpton et al. (6) to propose
that the peak ring was produced
by sub-vertically
uplifted basement
rocks.
In the reflection
data we observe

a -145

km post-impact

basin

(shaded

grey in

figure 2), and within the basin we observe an -80-km
diameter topographic
ring that appears directly analogous to peak rings observed on other planetary
bodies.
The seismic data also reveal that, on some profiles, the
peak ring lies directly above the slumped blocks, as
illustrated
in figure 4. Bright inward dipping reflectors run from the outer edge of the peak ring to the
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inner edge of the slumped blocks.
Brittan et al. (11)
proposed that the peak ring was formed by the inter-

nary results from velocity
melt sheet has a diameter

action between the outwardly collapsing
central uplift
and'tlae inwardly Collapsing uplifted rim, and that the

identification
correct, then

dipping reflectors
represented
the boundary between
the two collapse regimes (dashed
line in figure 4).
Numerical
modelling
of the collapse of the transient
cavity has been reasonably
successful
in producing
final craters with the expected
topographic
features
(12-14), by allowing the target rocks to be temporarily
weakened
by the impact process.
There is an ODP
proposal to drill the peak ring at Chicxulub,
one objective is to verify the nature of the peak ring.

about 3.5 km, and is more likely < 3 km
central part of the crater (see figure 4).
that shear-wave
velocity measurements
constrain
the melt sheet thickness
more
sults from inversion
of the magnetic data

modeling
suggest that the
of 65 km or less. If our

of the central uplift (using velocities) is
the melt sheet cannot be thicker than

F_ur_ _1 t3er_llgl_

thick in the
We expect
will help to
tightly. Resuggest that

_tr_-ut_[e _I Eh_Julub

Central
uplift:
The wide-angle
data reveal a
central velocity high about 40 km wide, offset to the

the thick

melt

sheet

has a diameter

of about

45 km

(15).
Base

of the

Crust:

At Chicxulub,

the outer

and

exterior
topographic
rings
seen outside
the postimpact basin are associated
with deeper crustal reflectors. The crustal reflectors have a predominant
dip
of 30 - 40 degrees toward the centre of the crater; the
outer ring penetrates
the whole crust and offsets the
Moho at a radial distance of 35 - 55 km (see figures 2
and 4). The observed offsets in the target stratigraphy
and Moho suggest that these reflectors represent large
displacement
faults, potentially
analagous
to rings of
pseudotachylyte
observed
at Sudbury crater [2]. The
crust thickens
from west to east, from about 33 to 36
southwest,
and imaged by a strong p-wave velocity
contrast of 7.015 kms _ (see figure 3). Its location coincides in position with the gravity high previously interpreted as repr_esenting th e ce_ntral uplift by Pilkington et +al. (10). Interestingly,
the central uplift has a
concave upward top (illustrated
in figure 4); this appears to be a genuine feature and is not an artifact
generated by poor data coverage or parameterization.
The models also indicate that the central uplift is widest at its top, and narrows with depth.
This geometry
is consistent with a model for uplift that involves both
vertical and ouiward flow in the central region during
crate/Collapse.
.......
In a recent 3 D inversion of magnetic data (15) the
central uplift was determined
to be 40 krn in diameter,
in agreementwith
flae velocity data.
Melt sheet: We do not appear to be able to clearly
image the melt sheet using p-wave seismic velocity
data, although further work may yet do so. Prelimi-

km, and the Moho does not appear
the center of the crater.

to be uplifted

in

References:
[1] Kring, D.A. (1995) JGR, 100,
16979-16986.
[2] Morgan et al., (1997) Nature, 390,
472-476. [3] Hildebrand
et al., (1998) Geol. Soc. London, 140, 177-193.
[4] Marin et al., (1999) CSDP
proposal.
[5] Pope et al., (1996)
Geology, 24, 527530. [6] Sharpton,
et al., (1996) Geol. Soc. Am. 307,
55-74.
[7] Morgan
& Warner,
(1999), Geology, 27,
407-410.
[8] Grieve
& Therrialt,
2000, Ann. Rev.
Earth Planet.
(1998), LPSC

Sci., in press. [9] Hildebrand
et al.
XXIX, 1821-1822.
[10] Pilkington
et

al., [1994] JGR, 99, 13147-13162.
[11] Brittan et al.,
(1999) Geol. Soc. Am., 339, 269-279. [12] Melosh &
Ivanov, (1999) Ann. Rev. Earth Planet. Sci., 27, 385415.
[13] O'Keefe
& Ahrens,
(1999) JGR, 104,
27091-27104.
[14] Collins et al., (2000) LPSC XXX1,
CD. [15] Pilkington
& Hildebrand,
(2000) LPSC
XXX1, CD.

145

146

Catast/ophic

E e

• Confe

A 3,5 BILLION YEAR RECORD OF SOLAR SYSTEM IMPACTS, AND THE RECENT
(0.4 GYR)
INCREASE.
Richard A. Muller, Dept. of Physics and Lawrence Berkeley Laboratory, 50-5032 LBL, University
of California, Berkeley California 94720 USA. email: muller@physics.berkeley.edu
web: http://muller.lbl.gov

Introduction:
When an extraterrestrial impact
takes place on the Moon, some of the target rock vaporizes and recondenses into small droplets of glass
called spherules. These land from a few meters to
thousands of kilometers from the impact site.
As a
consequence, every gram of lunar soil contains spherules from a hundred or more impacts. These spherules
are only 150 to 250 pm in diameter, but modern
methods of 4°Ar/39Ar dating c_anbe used to determine
their ages. In 1993 we speculated that most of these
spherules would come from different craters [1], a result that was later confirmed. Thus, even though we
don't know which crater was the source of each spherule, the distribution of the ages of the spherules from a
single lunar site reflects the age distribution of craters
on the Moon.
We have measured the ages of 155 spherules from
the Apollo-14 site [2], and from these determined the
time variation of cratering on the Moon - and presumably also on the Earth. The results show a gradual
decrease in the cratering rate from 3 Gyr until about
0.4 Gyr, when the rate increased by a factor of 3.7 ±
1.2, back to the level that it had been 3 billion years
earlier.
Statistical analysis indicates that approximately 94% of the spherules come from different craters [3], a result that is confirmed by chemical analysis
[4]. Potential biases from lunar gardening and nearby
craters have been analyzed, and appear to be negligible.
We will discuss the results, the possible biases and
systematic errors, and potential implications for our
understanding of the solar system and for the evolution
of life.
Experimental
method:
Approximately 1 gram
samples of lunar soil were obtained from NASA, from
each of three lunar sites: Apol]o-11, 12, and 14. The
spherule ages were measured at the Berkeley Geochronology Center using the 4°Ar/39Ar isochron technique.
Measurements of the spherule ages from Apollo-11 and
12 yielded inaccurate dates, due to low potassium content. Based on a chemical analysis of these spherules,
we concluded that most of the spherules came from
local impacts [4]. To improve the accuracy, we obtained lunar soil samples from the Apollo-14 site
which was known to have high potassium content.
This was indeed reflected in the spherutes chemical
composition, and led to improved age accuracy. The
median age uncertainty for our 155 spherules had a one
standard-deviation error of 0.15 Gyr.
Age distribution:
The distribution of ages for
these spherules is shown in the figure. The histogram
shows the number of spherules with ages in each 0.4
Gyr bin. The number of spherules in each bin is
printed above the histogram. At the bottom of the plot

we have drawn 155 Gaussian curves, one for each
spherule. Each Gaussian has unit area, but the width
(RMS deviation) for each is set to the I standard deviation error in the age uncertainty for that spherule. The
sum of the individual Gaussians is shown as the
smooth Carve. This curve represents the best estimate
that we have, in a statistical sense, for the cratering
rate. Note, however, that the sharp peaks are artifacts
of several highly-accurate ages.
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The gradual increase in impacts from 4.5 Gyr to 3
Gyr does not imply an increasing impact rate, but is
instead a result of the age of the Apollo-14 site, estimated at 3.85 Gyr. The spherules older than this were
probably first deposited at distant sites and then transported to the Apollo-14 site by subsequent impacts.
The decrease from 3 Gyr to 0.4 Gyr probably reflects a decrease in the density of potentia/ impactors
(comets and asteroids) in the solar system. The observed decrease is consistent with previously reported
estimates. [5]
The most surprising result is the increase seen in
the most recent bin, representing the last 0.4 Gyr. We
estimate that the rate increased (compared to the previous 1 Gyr) by a factor of 3.7 ± 1.2, to a level comparable to the highest it had reached in the previous 3
Gyr. A similar increase of a factor of two had previously been suggested based on measurements on the
Earth and crater counting on the moon. [6-9]
Systematics and biases: To test if the recent increase is due to an experimental bias, we analyzed several possible systematic errors.
The increase can not
be accounted for as an excess due to the nearby Cone
crater, both because of the diversity of chemical corn-
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position, and the incompatibility of ages.[2] Of the 11
spherules compatible with the Cone crater age (25
Myr), 3 are black, 3 are yellow, 3 are orange, 1 is
green; and i is white.
A statistical analysis of the
spherule ages [3] shows that we expect 94% of the
spherules to be from different craters, i.e. a total of 9
spherules in the entire distribution come from the same
craters as others. It is even less likely that all nine
would be in the same bin.
Lunar gardening could, in principle, distort the distribution. However the sample was collected from the
ejecta blanket of Cone crater, and represents a wellmixed sample of lunar soil. Removal of all 11 recent
spherules (0-25 Myr) would completely eliminate this
s3_stematic effect, if it were there. That is probably an
overcompensation for the bias, and it leaves 15 spherules in the bin, still a significant increase.
Implications for evolution: The increase in cratering was roughly coincident with the Cambrian explosion of complex life on Earth. As Darwin originally
conceived evolution, survival of the fittest meant superiority in conflict with other species. But an increased
crater rate also increases the stress on species to be able
to survive catastrophe. It is conceivable that this incr_sed stress helped drive evolution towards species
with greater adaptability and flexibility, away from
instinct and towards greater intelligence.
Implications
for the Solar System: The lunar
spherule project was originally conceived [1] as a
method to search for periodicities in comet showers, a
prediction of the Nemesis theory [10]. This theory
postulates that there is a companion star to the Sun,
orbiting at a distance of about 3 light years, with a
period of 26 million years. There has been a great deal
of speculation that the orbit is insufficiently stable for
the theory, but a detailed analysis by Hut has shown
that the stability is adequate [11]. The strongest argument against the Nemesis idea is the fact that it predicts that mostof the mass extinctions of Raup and
Sepkoski [12,13] should have been caused by impacts,
and little evidence has been adduced since 1984 in
favor of this conclusion. Unfortunately, the age accuracy achieved thus far in the lunar sphemle project is
insufficient to see a 26 Myr cycle.
'Nevertheless, the Nemesis hypothesis provides a
ready explanation for the 0.4 Gyr increase in cratering
rate. If the orbit of Nemesis were nearly circular prior
to this time (eccentricity < 0.5), then its orbit would
not bring it sufficiently close to the inner Oort comet
cloud to trigger periodic comet showers. But in its
large orbit, perturbations from passing stars are frequent. We speculate that Nemesis was perturbed into a
more eccentric orbit (eccentricity > 0.7) at 0.4 Gyr.
This would be adequate to cause it to trigger comet
showers at every subsequent perihelion, and that could
account for the recent increase in impact rate. Ultimately, of course, the existence of Nemesis must be
confirmed by its direct observation.
In the original
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theory, we assumed that Nemesis is a red dwarf star,
and should be readily visible from the Earth.
The
Hipparcos satellite, unfortunately, surveyed only about
1/4 of the known candidates.
Future parallax surveys,
if they reach stars as dim as 10 th magnitude, should
find the star if it is there, or prove (by lack of discovery) that it is not there.
Implications
for future
measurements:
The
spherule method has proven extremely successful. The
increase in the last 0.4 Gyr has important implications,
so it is important that it be confirmed at a different
lunar site. This requires either another high-potassium
site, or the use of larger spherules. Use of such spherules may also allow the detection of comet showers
and a search for periodicity in impacts. Measurements
in the lunar highlands could potentially determine
older cratering rates, and answer lingering questions
about the existence and intensity of the late heavy
bombardment.
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Abstract:

In contrast

with a thin boundary

clay

(KTB) inEurope
[1], KTB in the Gulf of Mexico
and Caribbean
regions are characterized
by a .thick
sandstone
with abundant
impact derived materials
[2][3]. However,
total amount
and distribution
of
ejecta from Chicxulub
crater is not well understood.
Ejecta blanket of crater is observable
on Moon and
Mars, but hardly on Earth because of rarity of large
crater and erosion after formation
on Earth. Therefore, it is important
to investigate
distribution
of
ejecta from Chicxulub
crater for understanding
the
mechanism of terrestrial impact.
We found a 2m thick KTB layer in Moncada,
western Cuba. The locality belongs to Guaniguanico
Terrain, that is considered
to have been located on
the slope along the southeastern
margin of Yucatan
Peninsula during the latest Cretaceous[4],
and later
scraped off from the margin and accreted to the Cuban Island in association
with northeastward
migration of the Caribbean
arc in Paleogene
time [5].
Thus, the locality is the one of the closest sites from
the Chicxulub
crater at the time of the impact. In
addition, KTB from the southeast
side of Yucatan
Peninsula has not been reported. Therefore,
KTB in
Moncada offers good opportunity
for understanding
the distribution
of ejecta from Chicxulub crater.
The KTB layer in Moncada
overlies dark gray
bedded limestone
of Maastrichtian
Ports Formation,
and consists of a 185 cm thick sandstone unit that is
overlain by a 4 cm thick siltstone to claystone unit.
The sandstone unit is normal graded as a whole, and
consists of alternations
of coarse to medium grained,
thicker (22 to 76cm),
olive gray sandstone
layers
and medium to fine grained, thinner (9 to 17 cm)
light to dark gray, calcareous
sandstone
layers. The
olive gray sandstone layers are either massive or parallel laminated,
whereas dark and light gray calcareous sandstone
layers are generally
cross laminated.
Rip-up clasts of cherts and limestones
are occasionally found near the base of a 76 cm thick olive gray
layer, which develops at the base of the unit. The 4
cm thick siltstone to claystone unit consists of a 2 cm
thick purplish brown claystone
with thin fine sandstone ienzes, a 1 cm thick light brownish claystone
layer,

a 1 cm thick

olive

gray fine sandstone

layer,

and a 1 cm thick yellowish brown clay layer in ascending order. The upper siltstone to claystone unit
grades upward
into gray fissile limestone
(marly
limestone), which is 35 cm thick, and then to dark
gray bedded limestone of Paleocene
Ancon Formation. (Figure 1)
Ir and Ni anomaly was found in the clay layers of
the upper unit. Peak concentration
of Ir is 0.89 [ppb]
(Figure 1), approximately
equal to the value at Mimbral, Mexico (0.92 [ppb]) [6] and 10 times higher
than average concentration
in crust [7]. Maximum Ni
anomaly was estimated
as approximately
30 [ppm].
Quartz grains with planar deformation feature (PDF)
were found throughout the formation
(figure 2). We
measured the angle between the c-axis and the pole
to PDFs using universal
stage. Figure 3 show that
these features correspond
to the crystallographic
orientations characteristic
of shock produced lamellae.
The to, _ and _ crystallographic
orientation of these
feature were prominent.
This indicates our quartz
grains were derived from several pressure zones. The
strata of Guaniguanico
Terrain
are moderately
deformed
and weakly
metamorphosed.
Moderately
sheared spherule-like
grains are found at 30 to 70 cm
level from the bottom. We measured chemical composition
of the spherule-like
grains, but different
from the spherules of Beloc and Mimbral. Especially
Si concentration
of our sample is much lower. We
consider
it to be because of diagenetic alteration.
These evidences,
such as Ir and Ni anomaly, quartz
with PDF, and spherule-like
grains, support the relation with the K/T impact.
We analyzed major element
composition
of the
bulk samples and conducted
Q-mode factor analysis
using it to identify possible source materials.
Three
factors can explain 97.9% of the variance. Factor 1 is
characterized
with higher AI, Fe, Si, Ti, K and Mg,
Factor 2 with higher Ca, P and Mn, and Factor 3 with
higher Na, respectively.
Bulk mineral composition
is
also analyzed to characterize
the factors. Factor I has
strong positive correlation
with smectite and illite,
Factor 2 has positive
correlation
with calcite, and
Factor 3 has positive
correlation
with plagioclase,
respectively.
Since loading of Factor 1 are higher in
olive gray sandstone
layers that are characterized
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Introduction:
Palynological
studies of effects of
the terminal
Cretaceous
impact
event on terrestrial
vegetation
in the Raton basin of southern
Colorado
and northern New Mexico began about 20 years ago
with the work of the late R. H. Tschudy of the U. S.
Geological Survey and the late C. J. Orth of Los Alamos National Laboratory
and their collaborators
[1].
The earliest work was directed
at precisely
locating
the K-T boundary
in nonmarine
rocks, immediately
following the introduction
of the Alvarez impact theory [2]. Tschudy
did the palynological
analyses in
conjunction
with Orth, who did neutron-activation
analyses. In subsequent
years, research by the present
authors and collaborators
continued
intermittently
in
this area, and 15 localities
documented
with both
palynological
and iridium anomalies
are now known.
More recent emphasis
has been on detailing the plant
microfossil record of major ecosystem changes associated with the extraterrestrial
impact. The most recent
research has led to new interpretations
based on previously unpublished
data. Some of these interpretations put into perspective
recently published
reinterpretations of the origin of the K-T boundary layer and

the boundary bed. Nearly monospecific
assemblages
of
fern spores have a relative abundance
to 75 percent in
the lower part of the coal and 82 percent near the top.
The numerically
dominant fern spore in the lower of
these
two
samples
is a species
of the
genus
Cyathidites,
but the dominant
species in the upper
sample is of the genus Laevigatosporites.
This pattern
could be regarded as the "classic" fern-spore
spike for
the Raton basin becauseit
closely resembles
that reported previously
[6, 7] if all fern spores are considered, but it is even more similar to that recently reported from certain localities
in southern
Saskatchewan [3] in the presence
of a two-phase
fern-spore
spike that consists
of assemblages
in stratigraphic
succession
that are numerically
dominated
by two
different species of fern spores.
In contrast, at Dawson North, a new locality in a
similar
sedimentologic
setting
about 60 km to the
south in the New Mexico part of the basin, millimeterscale sampling reveals a different pattern. Here the KT boundary claystone layer was stratigraphically
subdivided and analyzed
in four parts, including
three
sub-units within the kaolinite-rich
ejecta layer and one

of vegetational
changes from latest Cretaceous
to earliest Tertiary time [3, 4].
New Data: At Long Canyon,
a new locality
in
southern Colorado,
the rocks are typical of the mudstone, siltstone, and thin coal beds of the lower part of
the Raton Formation.
Beneath a sandstone
ledge near
the top of the section, the K-T boundary claystone bed
is underlain
by 17-20 cm of carbonaceous
shale and
shaly coal and overlain by a coal bed 2.5-5 cm thick.
In accordance
with the latest interpretations
of the
origin of the boundary
layer [5], this sequence
sug-

distinguished
as a shaly fireball layer (terminology
from [8]). A peak Ir anomaly of 9.0 ppb was measured
in a 1-cm-thick
carbonaceous
shale that overlies the

gests that the ejecta cloud from the impact deposited a
thin layer of glassy debris in large coal-forming
mires
across western North America where it was preserved
and eventually
altered to kaolinitic clay. A peak iridium anomaly of 8.2 parts per billion (ppb) is present
in a 2-rnm-thick
layer of flaky shale at the top of the
1- to 2-cm-thick
boundary
bed (new Ir analyses provided by F. Asaro, Lawrence
Berkeley
Laboratory).

shale, and shaly coal above it. The palynologic
assemblage from a shaly coal 6-12 mm below the boundary
layer contains only 11 percent fern spores, but in the
lowermost
subunit of the ejecta layer, the relative
abundance abruptly rises to 96 percent. Abundance
of

Palynologic
analysis of
boundary by extinction
reveals the presence of
aly (fern-spore "spike")

this sequence defines the K-T
of key palynomorph
taxa and
a fern-spore
abundance
anomin the thin coal bed just above

boundary claystone;
this anomaly results from migration of Ir up from the underlying
2- to 3-ram-thick
fireball layer, which contains
6.2 ppb Ir (previously
unpublished
data of Orth). The palynologic
extinction
level is placed between the ejecta layer and the fireball
layer. Microstratigraphic
palynologic
analysis
of this
succession shows that the fern-spore
spike originates
within the ejecta layer and persists into overlying coal,

fern spores is 99 percent in the middle subunit of the
ejecta layer, 96 percent
in the upper subunit of the
ejecta layer, and 100 percent in the fireball layer. In
shaly coal 4-5 cm above the boundary layer the abundance of fern
The dominant

spores remains as high as 93 percent.
fern spore in all these samples
is the

i
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Same

species

of Cyathidites

as at the Long

Canyon

locality. Spores of Laevigatospori'tes
are absent.
At the third new locality, the Crow Creek Canyon
site in New Mexico, similar microstratigraphic
sampling and analyses
were conducted
on 18 samples
from an interval
consisting
of carbonaceous
sha!e,
siitst6n-e,_andsandstone.
This boundary interval lacks
coal beds; thus, the paleoenvironmental
setting of this
locality differed from the others in the absence of mire
deposits.
The palynologic
extinction
horizon
is between the ejecta and fireball layers, as at Dawson

m

r_

m
P

m

North. Th e expected anomalous
concentrations
of Ir
are 'present
(pr_i.ousi.y. unpublish_
data of Orih);
however, here a 2-m-thick sandstone bed rests directly
on the boundary
layer and no fern-spore
abundance
anomaly was observed. Spores of both Cyathidites
and
Laevigatosporites
are present in this section, but only
in low percentage
abundance
in all samples
where
they occur. No fern-spore
spike is present in the
boundary layer in this section, which is only 1.5 km
from the DawsonNorth
locality.
We also reviewed unpublished
palynologic
analy-

and Laevigatosporites
ferns became prominent
later.
Data from the Raton basin reaffirm the view [8] that
the K-T boundary
claystone is composed
of two distinct units--the
kaolinitic
ejecta layer and the shaly
fireball layer; they do not support the interpretation
[3,
4] of it being composed of three units. That interpretation may be valid for Canadian
localities, but it cannot be considered
a general model for all nonmarine
K-T boundary settings in North America.
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B. F. (1993)

ses by Tschudy ffornthe
Clear Creek South !_a!ity in
the Colorado part of the basin. What we now interpret
to be the fireball layer at this locality yielded an Ir
anomaly of 27 ppb [6]. At this locality Tschudy recorded thai tlae K-T claystone (ejecta) layer contains
45 percent fern spores in the lower part and 86 percent
in the upper part. A 2-cm-thick coal bed just above the
boundary
layer contains
91 percent fern spore s , and
the peak fern-spore_spike
is 100 percent in carbona-

m

H

ceous shale 10 cm above the boundary layer. Tschudy
did not record which species are present except to note
that the peak fern-spore
abundance
anomaly consists
predominantly
of a single species.
boundary interval in a coal-bearing

Cyathidites

fern spore

Thus, here also the
section shows that

the fern-spore
spike originates in the ejecta layer..
.....
New Interpretations:
These new data lead to in-

i
I

m
E

m
I

terpretations
that contrast
somewhat
with those recently publ)shed [3, 4],_which propose a complex microstratigraphy
of the K-T boundary layer at Canadian
localities and redefine it elsewhere in North America,
including the Raton basin. The authors referenced g!_sg. ....
reinterpreted
the implications
of the fern-spore
or its
equivalent
(which may include angiosperm
pollen in
Canada)
with regard to timing of deposition
of subunits of the boundary layer. Our new data verify some
of their interpretations
but show that others are effects
of local paleoenvironment
and sedime_ntology, specifically the presence
or absence of coal-forming
mire s. _.
The palynological
evidence suggests that Cyathidites
ferns were present in local mires at the time of impact
but were rare or absent in other paleoenvironments,

i

Laevigatosporites

fern spore
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million

years ago is known to have triggered
large submarine
slope failures near the Crater in the Gulf of Mexico
and Caribbean.
Here we show that the impact also
precipitated
massive submarine
failure of the continental margin
around the North Atlantic.
We have
identified
a mass
flow deposit
containing
impact
ejecta of Cretaceous/Paleogene
(K/P) boundary age in
two deep sea cores over 700 km from the continental
margin
and a third deep sea site off Portugal.
The
mass flow in the western North Atlantic
must have
originated
from the continental
margin since it contains microfossils
typical of shallow water environments and sedimentary
features indicative
of deposition by gravity currents. We can trace part of the deposit in geophysical
data over the entire western North
Atlantic from Puerto Rico to the Grand Banks of Canada and demonstrate
that it represents
one of the largest mass wasting deposits on Earth. Mass failure of
the eastern margin of North America may account for
elevated
extinction
rates Of North American
invertebrates compared
to other places.
The biotic recovery
from the extinction
may have been further
complicated by climatic
changes
produced
the massive release of methane
from sedimentary
reservoirs
disturbed by slope failure.
Western
Atlantic
Slope

Failure:

The K/P bound-

ary is preserved
at Deep Sea Drilling Project (DSDP)
sites 387 and 386 on the Bermuda Rise (Fig. 1) which
are 700 and 1200 km offshore
of the continental
escarpment,
and 2560 and 2830 _
from the Chicxulub
Crater,
respectively.
Both sites contain a chalk bed
sandwiched
between red and brown pelagic clay; the
chalk has been previously interpreted
as a normal pelagic deposit laid down during a brief drop in the calcium carbonate
compensation
depth.
However,
the
chalk at both sites contains impact ejecta, sedimentary
structures
indicative
of turbidity
current
deposition,
and an uppermost
Maastrichtian
In addition,
the chalk a_t DSDP
flagellate assemblage
sity, and abundance
American
continental

microflora and fauna.
387 contains a dino-

similar in species content, diverto those found in eastern North
shelf environments.
The sedi-

mentary
structures,
fossil content
and geochemistry
show that the chalk represents
a mass wasting deposit
derived from the North American
margin.
The K/P chalk beds on the Bermuda
Rise have
been previously

correlated

with a distinctive

acoustic

reflector,

Horizon

A* (Fig

1). Horizon

A* is found

throughout
the western North Atlantic
and is particularly prominent
south and west of Bermuda.
Horizon
A* is also present in the subsurface
of the New England Seamount
chain and in the Sohlm Abyssal Plain
south of the Grand Banks. The reflector is recognizable as far east as 1300 km from the continental
slope
of eastern North America and 1400-1500 km from the
present shoreline.
The distribution
of Horizon
A*
suggests the K/P boundary turbidites
cover an area of
-3.9 million km 2, rendering
these mass wasting deposits by far the most widespread
on the Earth.
Eastern
Atlantic
Slope
Failure:
DSDP Hole
398D has a well preserved
K/P boundary
sequence
from the Iberian Abyssal Plain about 80 km from the
continental
rise off Portugal.
A Imm thick layer of
green spherules is associated
with the biostratigraphic
K/P Boundary.
An interval 70 cm thick below the
boundary is slumped into a series of recumbent
folds
that pass upward
into -10 cm of structureless
chalk
penetrated by occasional burrows filled with Paleocene
sediment.
This is the only slump deposit witfiin the
upper Maastrichtian
at this site.
We interpretthe
record at DSDP 398D to reflect a
single mass failure event immediately
predating
the
arrival of impact ejecta on the seafloor. Our data suggest that the impact
caused slope failures
along the
Portuguese
coast whether
by the direct effects of
ground motion or the secondary
effects of tsunamies
crossing the Atlantic.
The slump preserved below the
K/P boundary
at DSDP Hole 398D must have been
locally
derived
since it contains
microfossils
and
sediment
typical of that preserved
below the slump
and does not have uniquely
shallow
water species.
The folded sediment did not travel long distances unlike the deposits at DSDP 386 and 387 since it did not
become size-graded
or develop sedimentary
structures
indicative of a fluidized gravity flow.
The structureless white chalk overlying
the slump probably represents material that was suspended during slope failure
and settled out before arrival of impact ejecta on the
sea floor.
Sediment failure must have stopped within
a day

or two

after

the impact

because

the
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spherule

layer, interpreted
as impact ejecta, rests undeformed
on top of the slump deposit.
Biotic effects of Slope Failure: Slope failures associated
with the impact may have had substantial
effects on the marine biota.
Devastation
wrought by

m
m

-
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L

ATLANTIC MASS WASTING:

L

slope

E

failure

may account

North American
faunas elsewhere

recovery

of

molluscan
assemblages
compared
in the world. The combination

to
of

slumping
on the slope
with extensive
erosion

for the delayed

and continental
of the shelf

rise coupled
by tsunamies

should have been particularly
severe around the North
American
margin. Indeed, endemic North American
species and those without pelagic larvae suffered particularly high extinction
rates compared
to plankton
feeding =_species during
the end-Cretaceous
mass extinction.
Biotic recovery may have been further complicated by climatic
changes
produced
the hypothesized m_assive release of methane
from sedimentary
reservoirs disturbed by slope failure.
Our results show that large impact events such as
the Chicxulub
impact leave a distinctive
sedimentary
record in the deep sea that includes the widespread,
massive
deposition
of shallow
marine,
calcareous
sediments below the CCD, geochemical
signatures
of
the irnpactidg_boIide,
and climate changes produced
by the impact events. In the North Atlantic, large impacts in the Chesapeake
Bay at -35 Ma, and on the
m

m

cariadi_n _ginat49 Ma are likely to have precipitated large scale slope collapse. Unfortunately
present
drill holes from the deep western North Atlantic contain large gaps in core recovery from these time periods that prevent a definitive
test of this idea.
Still,
the deep sea record may have been sculpted
events more than is generally appreciated.
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The acceptance
of the Alvarez hypothesis
[1] that
impact is a source of biologic extinction
has grown
since the discovery of the Chicxulub
crater [2]. Here
we will review the mechanics
of large scale impacts
(diameter
> 10 km) and the associated
extinction
processes.
Large scale impactors punch a hole in the Earth's
atmosphere
which does not close until the impactor
reaches the surface of the Earth and starts to penetrate
it [3]. The passage through the atmosphere
produces a
wake along side and behind the impactor which moves
downward
at a velocity of - 5km/s.As
the impactor
penetrates the Earth, the wake stagnates on the surface
produces
a high temperature
region that propagates
around the impactor and evolves into a hemi-spherical
shock that propagates
radially outward from the impact
site (the associated
flash
has been observed
in
laboratory
experiments
[4]). This initial flow field
occurs prior to the initiation
of the ejecta curtain and
vapor expansion
and thus would not entrain material
but would
significantly
reduce
the density
of the
atmosphere
above the impact site. The strong shock
heating of the atmosphere
would be a source of NOx
(Table 1).
The impactor
would propagate
through
the
atmosphere
unimpeded
and
strike
the
Earth
at
velocities ranging from 20 to 60 km/s, and produce a
shock wave sufficient
to melt and vaporize
large
masses of material [ 5 ]. The shock wave would decay
to an elastic
wave with an equivalent
energy
to
magnitude
14 earthquake
[5]. The shock wave profile
is approximately
hemispherical
[6], however
the
profile of the vaporized/devolatilized
(V/DV) material
is driven by the stratigraphy
because the materials are
sensitive to the thermodynamics,
porosity and degree
of water saturation of a given layer. As an example the
Chicxulub
stratigraphy
has been modeled as water (
100m),
porous
water
saturated
carbonates
and
anhydrites
(2.9 km), and granite base ( 30 km), and a
dunite mantle [6]. The V/DV material expands outward
from the impact site (hot fireball in Fig. 1). The central
area of the ViDV region expands upward for global
distribution
[7]. The upward
near normal sequence
consists of highly shocked atmosphere,
V/DV impactor
and Earth material (Fig.I). This shock wave regime is
the primary source of greenhouse
gasses (I-I20, CO2)
and acid precursors and ozone depletors ( SO:, NOx) [
8,9,10] (Table
1).
The ejected
material
state and associated
phenomena
change
with the angle away from the
normal to the impact site, because of the decay of the
shock wave. The V/DV material decreases
and dust
ejection
fireball

begins. This former region called the warm
[7] is the source of carbonate
and anhydrite

EXTINCTION;
John D. O'Keefe
James R. Lyons and
Geophysics,
Seismological
Laboratory 252-21, California

precipitates
and is near the interface
of the region
V/DV and the atmosphere (Fig. 1). The distribution
of
the warm fireball V/DV material is less than global.
The velocity of solid ejecta decreases
radially away
from the impact sites and is dependant
upon porosity,
water saturation,
damage
and bulking. The angle of
ejection
varies
because
of
material
damage
(weakening)
[11] and ranges
from 0 deg from the
normal close to the impact site to -45 deg. further out.
This ejecta angle variation supports the Alvarez et al
explanation
of the ejecta sequence reversal [12]. Fine
dust is produced
near the impact site, however
the
efficiency
of the process for particles sizes < 20 _n is
poor [13].
Large
impactors
drive the material
along
the
centerline
of impact down to depths of 45 km and
excavate material to depths of -5 kin. The collapse of
the transient cavity (diameter
- 80 km) is driven by
gravity
and produces
the observed
surface
ring
structure and stratatigraphy.
A model of the Chicxulub
crater inferred from field data [14] and a comparison
with an impact simulation
is given in Fig. 2 [15]. This
simulation
forms
the basis
for estimates
of the
diameters of asteroid and comet impactors.
A large impact event produces
many effects that
greatly stress the environment.
Table 1 gives a brief
synopsis
of the various
impact
processes,
resulting
physical effects, and which portions of the food chain
were most vulnerable.
Given the extensive and diverse
degree of extinction
apparently
produced
by the K/T
impact, it is sensible to assume that life was severely
stressed at or close to the base of the food chain both in
terrestrial and surficial marine environments.
Although
all the effects listed in Table 1, and undoubtedly
many
others,
contributed
to global
extinctions,
the most
obvious candidate
to greatly perturb the base of the
food chain
is the cessation
of photosynthesis,
as
orignally suggested
by Alvarez et al [1]. However, the
original mechanism
of dust shielding
probably would
not interupt
photosynthesis
for greater
than - one
month. Instead,
a stratospheric
sulfuric
acid aerosol
haze contaminated
by silicate
or pyrolized
organic
material [7] could easily provide sufficient opacity to
turn off photosynthesis
for perhaps
as much
as 6
months. Whether
an interuption
of photosynthesis
for
this period of time would cause the observed
global
extinctions is unknown, but there is little doubt that life
on Earth, almost exclusively
driven by the energy of the
sun, would have been greatly affected. Moreover,
there
is a possibility
that either the atmosphere
and/or ocean
circulations
could have been altered and the changes
persisted for time scales greater than a decade.
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1. Crater

profile and atmospheric

Table

1 Summary

Impact

Process

Ejecta
[161

reentry

Dust loading

[I]

SOl
devolatilized
from target
anhydrite [ 10];
stratospheric
aerosol layer [7]

of extinction

interaction

[3].

Timescale

~ 10 x solar
insolation

- 20 minutes;
global fires days

of

photosynthesis
•Cooling
• Cessation of
photosynthesis;
•Cooling
• Surface water
acidification

2. Chicxulub
[15]

crater profile

- 1 month

• 1 - 6 months
• years
• days

Geographic
scale
Global

Geological
evidence
Global soot layer
at KTB [ 17]

Global

Fine ejecta
at KTB

layer

Acid leaching in
North America

• Global

[18]

• Global
• Regional

Tsunamis,
earthquakes,
shock waves

Drowning,
shaking, high
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THE SOLAR SYSTEM LINKED TO A GIGANTIC INTERSTELLAR
CLOUD, DURING 500 MYR: IMPLICATIONS FOR A GALACTIC THEORY OF TERRESTRIAL
CATASTROPHISM.
C.A. Olano, Instituto Argentino de Radioastronom/a, C.C. N°5, 1894 Villa Elisa, Argentina.
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The local galactic environment
within 1 Kpc of the
Sun comprises a massive, expanding
ring of interstellar matter [1] associated
with star-forming
molecular
clouds
and a group of relatively
young OB stars
known as Gould's Belt. This structure is likely the resuit of the disintegration
of a formerly
bound supercloud.
Gould's
belt is a discrete
system that forms
part of the so-called Orion or local arm, which is
thought to be a material interarm branch or spur. Another characteristic
of the solar neighborhood
is the
existence of at least three superclusters
near the Sun :
Sirius, Pleiades and Hyades [2].
The central thesis of this paper is that Gould's
Belt, the local arm and the superclusters
were formed
in different epochs within a supercloud
of =2×10 7 somasses and =500 pc of radius that has been being
decelerated
for a long period of time. The stars of the
older generations,
i.e. the Sirius supercluster
whose
age is around 500 Myr, tend to conserve the kinematics of the pre-braking phase of the superctoud,
while
the gas and early stars complexes
reflect the recent
kinematics,
resulting from the braking process. We
calculated back in time the epicyclic
galactic orbits of
the Sirius supercluster
and the supercloud,
starting
from their current state as initial conditions and having
into account the action of a friction force on the gas.
From the condition that the Sirius supercluster
and the
supercloud shared the same orbits before the separation of gas and stars due to the braking of the gas, we
determined
the model's free parameters.
The main evidence supporting
our hypothesis
is that
the supercloud's track derived from the model coincides with a
lar

large "tunnel"
in the distribution
of local interstellar
matter, toward the galactic longitude of = 240°[3].
An interesting prediction of the model is that the
Sun has been gravitationally bound to the supercloud, rotating in sense contrary to the supercloud's rotation. With
the values obtained for the model's parameters, we calculated the Sun's orbit with respect to the supercloud's gravitational center, for the last 100 Myr; time in which the
braking force acted on the supercloud. A plausible explanation for the capture of the Sun by the supercloud is that
while the Sun was passing through an extended concentration of gas, around 500 Myr ago, this gas was suddenly accelerated and organized into a supercloud, making the difference between the supercloud's barycentre velocity and the
Sun velocity relative to Regional Standard of Rest lower
than the escape velocity. This explains why the Sun current
velocity of about 11 km/s with respect to LSR is signifi-

cantly lower than the average of 60 krn/s typical for similar
G-type stars in the Galaxy [4], [5].
The fact that the Sun was linked strongly for a
long time to a gigantic
interstellar
cloud fortifies the
idea that the Sun's galactic history is relevant
to the
geological
and biological
history [6],[7], [8]. The
Oort cloud was the bridge between the solar system
and the supercloud
and was surely disturbed
repeatedly during
500 Myr by the Sun's encounters
with
substructures
of the supercloud
and the tidal forces
caused by the supercloud
disk, incrementing
the flux
of comets at the Earth [9]. The collision of Comet
Shoemaker-Levy
9 on Jupiter has shown vividly the
phenomenon
of cometary impacts (e.g. [10]). The periodical passages
of the Sun through the midplane
of
the supercloud,
where the probability
of an encounter
with a dense substructure
is higher, could explain the
26 Myr periodicity
found in the cratering and palaeontological
records
[11], [12]. This is the mechanism
proposed by Rampino and Stothers [13], except the
galactic plane is here replaced by the supercloud's
plane. However,
the amplitude of the Sun's oscillation
in Z, direction perpendicular
to galactic plane,
is not
enough large compared
with the probable thickness of
the supercloud's
disk, to modulate the comet flux. On
the other hand, according
to our model, the times in
which the Sun crossed
the supercloud's
midplane do
not coincide
with the dates of the main mass extinction episodes.
Though
the period of these crossing
times is similar to that of the extinctions (P= 26 Myr),
there is a phase difference
of ½P. The great episodes
of extinction
during the last I00 Myr have occurred
in
Middle Miocene
(11 Myr), late Eocene (36 Myr),
Maestrichtian(65Myr)
and Cenomanian(91
Myr) ( [ 12]
and references
therein). But our model shows that the
dates of these extinctions
are in approximate
correspondence
with the times corresponding
to the Z extremes of the Sun's
vertical oscillation,
where the
tidal forces due to the supercloud
disk are maximal.
This could indicate that the tidal forces have played a
dominant role in governing the comet flux at the Earth.
The effects of the tidal forces on the Oort cloud have
been discussed

in detail
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Introduction:
The Triassic-Jurassic
(Tr-J) boundary marks one of the "big five" mass extinctions
in the
last half billion years. In many of the exposed rift basins of the Atlantic passive margin of eastern North
America and Morocco the boundary is identified as an
interval of stratigraphically
abrupt
floral and faunal
change within
cyclical
lacustrine
sequences
[1]. A
comparatively
thin interval of Jurassic age strata separate the boundary
from extensive
overlying
basalt
flows, the "best" dates of which (201 Ma) are practically indistinguishable
from recent dates on tufts from
marine boundary
sequences
[2, 3]. Milanlkovitch
cyclostratigraphy
of these boundary sections suggests that
the oldest basalts in these rifts postdate the TriassicJurassic boundary by about 40 Ky [4].
The biological pattern and magnitude
the Triassic
boundary
is remarkably
similar
to that at the K-T
boundary, which has sparked much debate on the cause
of the Tr-J extinctions.
As with the K-T debate, hypotheses have largely focused on bollide impacts [5, 6]
and greenhouse
warming from a COs increase driven by
massive flood basalt volcanism
[6, 7]. There have been
four prior unsuccessful
attempts at find evidence of impacts at the Tr-J boundary in these rifts, in the Newark
[6, 8] and Fundy basins [5, 8].
Here we present the results of a much more detailed
geochemical
and mineralogical
sampling
at four sections that cross the Tr-J boundary
in the Newark rift
basin (NY, NJ, PA: USA), where is has been most
tightly constrained
(Fig. 1). The strategy has been to
focus first on constraining
the interval of faunal and
floral change [1] and only then focusing in on associated geochemical
and geophysical properties.
The overall microstratigraphy
of the sampled
sequences is remarkably
like that of the K-T boundary in
the Raton basin of Colorado
and New Mexico,
although most of the surrounding
sequence is dominated
by red clastic rocks as is typical for the Newark basin.
In this part of the Newark basin, the boundary section
consists of several meters of gray claystone,
siltstone,
sandstone,
and minor limestone and coal that are part
of the generally cyclical lacustrine
sequence. At most
locations, the basal gray beds consist of gray siltstone
and fine sandstone
with coalified roots and thin gray
limestone lenses, with a Triassic-type
palynoflora
[1],
overlain by several
to tens of centimeters
of whiteweathering
smectitic
[6] claystone
with abundant
coalified roots. This is generally overlain by a few centimeters of coal or carbonaceous
shale containingvirtually only spores [1]. The shale is overlain by a blue to

buff or brownish
sandstone and siltstone contain plant
debris including abundant charcoal.
Above and below this gray sequence are mostly red
shaly mudstones
and subordinate gray mudstones
and
sandstones.
Thin gray beds in the overlying
sequence,
below the basalt,
produce
a typical Jurassic-type
palynoflora, dominated
by Corollina and lacking all Triassic forms [1], while gray beds in the underlying
sequence produce typical Late Triassic-type
palynofloras
with abundant Patinasporites
[ 1]. This part of the basin is unusual in that reptile footprints and bones occur
in many beds through the sequence allowing unusually
tight constraints
on the pace of faunal change. Perhaps
not surprisingly
Triassic-type
faunal remains
are restricted to below the spore -dominated zone.
The samples
discussed
here were collected
continuously
in 3 to 12 cm intervals across the boundary
as defined palynologically
by the spore-rich bed [l, 6].
Major and trace elements have been assayed by XRF,
and Ir was measured
by gamma-gamma
coincidence
spectrometry
alter neutron activation.
The latter has a
detection
limit of about 0.02 ppb Ir. A search for
shocked quartz after dissolution of the non-silicate
portions of the samples is now underway.
Results:
The results obtained
thus far (Fig. 2),
show at least a small Ir anomaly [1] at the boundary at
the three sections analyzed at this writing (maximum
of 285 ppt). The elevated
levels of Ir are mostly associated with higher levels of A1 in a white smectitic
claystone, directly adjacent to the thin coaly layer. It is
especially suggestive
that the anomaly is directly associated with the previously
identified spore spike [l] in
these sections (Fig. 2), recalling the similar pattern at
the K-T boundary in the western US [9]. It is possible
the relatively weak Ir anomaly seen thus far is a consequence of dilution
by the rather coarse sampling
level
(ca. 3 cm ! per sample) required by the very high accumulation
rates (ca. 1 m / 2000 yr) in the sampled
part of the Newark basin.
implications:
While
tantalizing,
the observed
anomaly
requires much additional
geochemical
and
mineralogical
analysis for its significance to be understood for testing hypotheses
of the origin of the Tr-J
boundary.
Although
the microstratigraphy
is very
similar to continental
K-T boundary
sections, and this
lithological
similarity
is matched by a similar biotic
pattern, we cannot rule out volcanic or even a diagenetic hypotheses
for that data we have thus far.
References:
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Figure 2. Below. Data for AI203 and Ir from three
sections in the Newark basin. Sectionll 1 is about 15
m east of Section I, and Section III is located about
330 m east of Section II. Abbreviations are: ssp,
"spore spike" described by [1]; cly, claystone, md,
mudstone; sit, siltstone; fss, fine sandstone; mss,
medium sandstone.
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Figure 1. Above. Triassic-Jurassic rift basins of the
Newark Supergroup (black) and related subsurface
basins, showing the Newark (1) and Fundy (2)
basins. Modified from [36].
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Boreholes drilled by the New Jersey Coastal Plain Drilling Project (ODP Leg 150AX and ODP Leg 174AX) recovered 11
m thick sections of Danian and Maastrichtian
strata. A 6-cm-thick
spherule layer abruptly separates latest Maastrichtian
(calcareous
nannofossil
Micula prinsii Zone) from earliest Danian (Guembelitria
cretacea, Zone P0) strata in the Bass
River Borehole.
Impressions
of tectites in glauconitic clays at the top of the Maastrichtian
indicate an abrupt interruption
of
sedimentation
by a rain of tectites that were condensed from a vapor-ejecta
cloud formed by the asteroid impact at Chicxulub, Yucat_.
A well-defined
iridium anomaly, shocked quartz, and shocked K feldspar are associated
with the spherule
layer. Internal globular shapes of gas bubbles characterize
the Bass River spherules as they do in the spherules
the K/T boundary sections in the Gulf of Mexico. At Bass River, except for Hedbergella
and Guembelitria
Cretaceous planktonic
foraminiferal
species appear to have their last occurrences
below the spherute layer.

that occur in
cretacea, all

Above-tfiespherule
layer small clay clasts, containing-calcite-replaced
tectites and Cretaceous
foraminifera
and dinoflageilates, occur in the lower 10 cm of the Danian. Cretaceous
planktonic
foraminifera
are absent above the interval containing
clay clasts. The clasts are surrounded
by Danian sediments which contain typical early Danian planktonic
species (ie. Parvularugoglobigerina
eugubina, Eoglobigerina
eobulloides,
Woodringina
claytonensis,
and others). The clay clast interval is
a marker for the K/T boundary in other New Jersey Coastal Plain boreholes and in outcrops where a spherule layer is absent. The clasts are interpreted
as ripups that were transported shoreward from a deeper part of the Maastrichtian
sea floor.
The most likely mechanism
for the transport and deposition of the clasts is by tsunami activity.
Although a tsunami generated by the asteroid impact in the Gulf of Mexico may have traveled into the Atlantic Ocean and affected the New Jersey
margin, tsunamis may have also been triggered by earthquake
induced slumping
along Atlantic continental
slopes as has
been recently suggested by Norris and Firth (1999) at ODP Site 1049 off eastern Florida.
Olsson and Wise (1987) showed
that a huge hiatus with missing Maastrichtian
and upper Campanian
strata was encountered
in exploration
and stratigraphic
test wells in the Baltimore Canyon Trough beneath the New Jersey continental
margin.
DSDP Site 605 located east of the
Baltimore Canyon Trough at the foot of the New Jersey continental
slope terminated in the upper Maastrichtian
(Abathomphalus mayaroensis
Zone) indicating
that the hiatus is confined to the shelf margin.
The area of the hiatus encompasses
at
least 30,000 km2 of the Maastrichtian
outer continental
shelf and upper slope and may represent a giant slump scar. A tsunami generated at this _wouid
have reached theNew Jersey COastal Plain in probably less than _ hour. Surface seismic
waves generated from the impact at Chicxulub, Yucatan would have arrived in a little less than 10 minutes, about the time
of the arrival of the ejecta-vapor
cloud. The fact that the Bass River clay clasts contain replaced tectites indicates that the
tsunami took place after deposition
of the tectites and that the two events closely followed one another.
An decrease of up to 1 per mil in oxygen 18 values on shells of the Cretaceous
planktonic
foraminifer
Rugoglobigerina
from Bass River and Ancora Boreholes
indicates a significant
warming trend in near sea surface temperatures
that lasted
about 425,000 years and ended ca 22,000 years before the K/T. This warming trend is coincident with a 16-18 degree latitude poleward shift in the North and South Atlantic Oceans of the Maastrichtian
subtropical planktonic
species Pseudotex-
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tularia elegans.
The warming trend which starts near the lower boundary of Chron C29R is believed related to the main
outpouring
of the Deccan Traps in India. Carbon ]3 values of benthic and planktonic
foraminifera
also show the wellknown carbon isotopic shift across the K/T that indicates
a substantial
reduction
in oceanic primary productivity,
the
"Strangelove"
ocean. Carbon 13 values of Danian benthic and planktonic
foraminifera
in the New Jersey boreholes corroborates the data of D'H0-ndt et al. (1998) at DSDP Sites 528 and 577 that indicates the structure of the open-ocean
productivity

did not fully recover

U

for over 3 million years after the K/T.

Analysis of water depth variations
using foraminifera
indicates that the K/T lies within a cycle of sea level change
gan ca 4 million years before the K/T and ended ca 2 million years after the K/T.
From an initial rise of ~200 m,
had fallen slowly over ca 4 million years with a sharper lowering of sea level to -75 m just below the boundary (ca
before K/T boundary time). This lowering of sea level is associated
with the appearance
of typical Danian benthic
e.g. Alabamina midwayensis,
Anomalinoides
acuta. Sea level remained low after the K/T before the next cycle of
rise began ca 2 million years after the K/T.

that besea level
22K/yrs
species,
sea level
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The end-Triassic
marks one of the five biggest
mass extinctions,
which was followed by a minor ex-
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tinction event in the Early Jurassic. We obtained highprecision
U-Pb ages integrated
with biostratigraphy
from volcanosedimentary
sequences
in western North
America
[1]. Together
with other recent U-Pb and
4°Ar-39Ar
ages, these dates help provide a temporal
framework
for the extinctions
and place constraints
on
their possible causes.
A tuff layer in marine sedimentary
rocks encompassing the Triassic-Jurassic
transition yielded a U-Pb
age of 199.6 __.0.3 Ma [2]. The dated level lies immediately below a prominent
change in radiolarian faunas
and the last occurrence
of conodonts.
Additional
recently obtained U-Pb ages integrated
with ammonoid
biochronology
confirm that the Triassic Period ended
ca. 200 Ma, several million years later than suggested
by previous time scales. Published dating of continental sections suggests that the extinction peak of terrestrial plants and vertebrates
occurred before 200.6 Ma
[3, 4]. The end-Triassic
biotic crisis on land therefore
appears to have preceded
that in the sea by at least
several hundred thousand years. Such temporal pattern
is not compatible
with causation
by bolide impact.
Recently published
4°mr-39Al- dating suggests that activity of the short-lived
Central
Atlantic Magmatic
Province
peaked around
199___2.4 Ma [5]. Therefore
environmental
change triggered
by voluminous
volcanism may have played a key role in the end-Triassic
extinction.

U
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A well-known

mass

extinction

was

first recognized
as a minor Pliensbachian
peak in the
global extinction
rate, but it has alternatively
been
interpreted as a regional response to the Early Toarcian
oceanic anoxic event. Detailed studies established
it as
a global long-term
event spanning
five successive
ammonoid zones [6]. Our revised time scale, based on
high-precision
U-Pb ages resolved to the zone level,
suggests that elevated extinction
rates were sustained
for about 4 million years and peak extinction occurred
at 183 Ma. Recently published isotopic dating of flood
basalts from the southern Gondwanan
Karoo and Ferrar provinces
documents
a culmination
in volcanic
activity also around 183 Ma [7, 8] The onset of volcanism is recorded
as an iflection and start of a rapid
rise of the seawater
g7Sr/grSr curve. Again, the synchrony of voluminous
flood basalt eruptions
and the
biotic crisis permits their causal relationship,
which in
this case may be mediated
by widespread
oceanic
anoxia.
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We report here the presence
of fullerenes
in
the
iridium-rich
Cretaceous-Tertiary
boundary
(KTB) layer in the intertrappean
beds of Anjar
within the Deccan Volcanic
Province.
Fullerenes
(C60) have been identified in or near the two iridium
rich horizons
from this section by high-resolution
electron-impact
ionization
mass spectrometry
and
13C-NMR studies.
Fullerenes
are absent in four
other iridium-poor
Introduction:

horizons of the same section.
Fullerenes
have
been

synthesized
in the
laboratory
by
gas-phase
chemistry
at high-temperatures
over
1300°K.
However,
Buseck et al [ 1] reported the occurrence
of natural fullerenes
in ~ 2 Ga old Precambrian
carbon-rich
rocks
of
Shunga
(Russia)
called
shungite. Subsequently
other workers found them in
rocks
which
had witnessed
singular
geological
events like lightning
strikes [2], wild fires at the
Cretaceous-Tertiary
boundary
[3,4] and
shockproduced
impact generated
breccias from Sudbury
Meteorite
crater
[5]. Fullerenes
from
Karelia
(Russia)
from a low pressure
metamorphic
terrain
[6] and
from
the samples
of Permo-Triassic
boundary
sections [7] have been reported recently.
We have studied the properties
of the carbonaceous
matter in a sediment
bed
from Anjar, which is
believed to be a continental
K/T boundary
within
the Deccan [8] and find that fullerenes are present at
two horizons in this section.
Geological
Setting:
The
Anjar
volcanosedimentary
sequence
is located
in the western
periphery
of Deccan
flood basalt
province
and
consists
of nine lava flows
and at least four
intertrappean
beds [9,10]. The third intertrappean
bed is well developed (about 6 m thick) and consists
of cherty limestone, shale and mudstone. Three thin
limonitic
layers are present in the lower 1.5 meters
of the intertrappean
which was exposed in pit BG-1
[8]. The Iimonitic layers have high concentration
of
iridium (650 to1333 pg/g) and osmium(650
to 2230
pg/g), compared
to less thanl00
pg/g measured
in
other
horizons
of this
pit.
Based
on
the
geochronological,
geochemical,
pateomagnetic
and
paleontological
data [11,12], it is believed that the
limonitic
layers were deposited
during
the K/T
boundary event.
Experimental
methods
and Results:
Six
samples
from the 3 rd intertrappean
bed, collected
from pit BG1 during i994 were analyzed in this
study. Their stratigraphic
location
with respect to
the three iridium-rich
layers (Brl,2,3)
are shown in

Fig.1 [8]. The carbonaceous
matter was extracted
from the powdered
samples
by using a standard
acid-digestion
method
[13]. The resulting
residue
was analyzed by mass spectroscopic,
powder X-ray
diffraction,
and 13C-NMR spectroscopic
methods.
Only two samples L (Ir layer,Br-2)
and 964 (just
below
Ir layer
Br-l)
yielded
some extractable
fullerenes.
The content of the carbonaceous
matter
extracted
from these two rock samples
are about
1.5-1.9 %. The other samples yielded only neo
formed fluoride residues
as fluorite
crystals
and
sample 965 showed noticeable amount of pyrite.
_e=electron
impact ionization
mass spectra
were run on a VG autospec-mass
spectrometer
with
Opus.V3.IX
conditions:

data
system
under
the
Source
temperature:250°Ci

following
_-electro-n

energy: 70 eV; trap current:
200 tzA; resolution:
1000; mass range scanned:
300-900
amu ; scan
speed: 5 s/decade;
Interscan delay: 0.5 s. Samples
were loaded in a quartz cup, introduced
through
direct inlet probe and instantly heated to 250°C .
The mass spectrometer
was calibrated
up to 900
amu
with
a reference
sample
of high-purity
perfluorokerosene.
The
samples
were
scanned
between 300 and 900 amu to improve the sensitivity
of detection
of C6o and C70. However,
no ions
corresponding
to C70 + could be detected.
Although a
single scan gave enough signal to identify C6o, the
average of 20 scans was used for analysis. The mass
spectrum
of the carbonaceous
matter from Anjar
samples
shows peaks corresponding
to C6o_' and
C6o+ at 360 and 720 ainu, respectively
. C60 was
resolved into four peaks at 720, 721,722
and 723
amu , corresponding
respectively,
to 12C6o+, 12C59
13C+. ' 12C 5813 C 2+., and 12C5713C3+."
It is interesting
to
note that peaks corresponding
to the addition of up
to three oxygen atoms (m/z 736,752 and 768) are
observed in both the samples. Their origin is being
investigated.
The highest concentration
of fullerenes
was found in sample L having the highest average
concentration
of iridium (1287 pg/g).
We also carried out _3C NMR spectroscopic
studies on the powdered
carbonaceous
material
to
confirm
the presence
of fullerenes.
_3C NMR
spectrum was recorded
in benzene-d6
at 125 MHz
on a Varian Inova 500 NMR spectrometer.
3200
free induction decays were collected using 30 o pulse
width and 15 s relaxation
delay. _3C- NMR spectrum
(with an acceptable
signal-to-noise
ratio), exhibits
clearly the presence of a single NMR line at 143.28
ppm for sample L and 143.24 ppm for sample 964
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corresponding
to the sp2 carbons of the fullerene
C60. The other peaks expected
for C70 at 130.9,
145.4 , 147.4, 148.1 and 150.7 ppm [14] are not
observed in any of the samples,
corroborating
the
results obtained by mass spectroscopic
studies. The
concentration
of fullerene
C60 given in Fig.1 is
approximate
but appears to be comparable
to the
values found in woodside
creek and flaxbourne

75

River sections
[3,4]. The absence of C70 is also
noticed in _
boundary clay from some sections,
e.g. at Wood side Creek [4], Shungites
of Karelia
[6] and in P/T boundary [7]. The absence of C70 is
attributed to weathering and differential
oxidation as
suggested
by the results of Chibante
et al [15].
Becker et al [5] have suggested
that the survival of
Fullerenes
in the Sudbury
crater
is due to the
presence
of diagenetic
sulfides,
as the fullerenes
degrade quickly at fairly low temperatures.
The
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that the environment

under which the impact breccias at Sudbury
were
deposited
had low
oxygen
and
high
sulfur
concentrations.
They
also
suggested
that
the
fullerenes
were protected
from oxidation
by the
surrounding
sulfide-silicate
matrix in
which they
are contained.
However
in the Anjar
samples,
despite
the noticeable
su]fur content,
in samples
965, just above L (Fig. 1) C70 is not present. Hence
we believe that absence of C70 in Anjar is not due to
its oxidation.
In view of the association
of fullerenes
with
iridium and their absence in other horizons
which
definitely have volcanic components,
it appears that
the origin of fullerenes
is related to impact rather
than volcanism.
This is consistent with the recent
finding of high 3He/4He in fullerenes
in other KTB
layers [16].
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Introduction:
The occurrence
of a large impact
on the Yucat_in Peninsula,
Mexico, apparently
coinciding with the Cretaceous/Tertiary
(K/T) boundary
extinction,
65 Myr ago, has led speculations
that the
extinction may have been caused by an impact-related
climate shift, in addition to short-term
effects directly
associated with the impact (e.g., see [1]). In particular,
important
climate
changes
have been attributed
to
CO2, water vapor, and S-bearing
gases released from
the sedimentary
layer at the impact location. However,
modeling
studies [2] seem to indicate that the CO2
released in the impact
is not enough to produce
a
strong effect on the climate.
On the other hand, the
release of large amounts of S-bearing gases is responsible for a large climate forcing, as suggested by [3].
This work assesses the climate forcing caused by the
stratospheric
production
of sulfate aerosols (injection
of small dust particles is not included here) from the
reaction of impact-produced
S-bearing gases and water vapor.
The Chicxulub
impact:
The Chicxulub
impact
event occurred
on a partially
submerged
carbonate/evaporite
platform
[4]. Several
oil exploration
wells drilled in the region indicate that a thick sequence (-3 km) of carbonates
and evaporites underlies
the top of the Cretaceous. A climatically conservative
estimate of 30% evaporites and 70% carbonates [5]
was chosen for this study,
although
up to 50%
evaporites have been inferred for the region [6]. A
shallow sea (few tens of meters) was probably covering the region 65 Myr ago. The impactor could have
been a comet or an asteroid; currently, the asteroidtheory seems to be favored [7]. The impact produced a
multiring
structure,
whose transient cavity diameter is
estimated to be around 1t30 km [8]. Hydrocode simulations [3,9] indicate that the amount of S injected into
the stratosphere ranged between about 75 and 160 Gt,
depending
on projectile type and impact speed (the
effect of the angle of impact, investigated in [10], suggests an uncertainty of about a factor of two for the
estimates).
For this work I conservatively
chose a
loading of 80 Gt of sulfur and 650 Gt of H20 (i.e.,
similar to the case of an asteroid 15 km in diameter
impacting at 20 km/s in [3]).
Model:
The model
Couples a Sulfate
Aerosol
Model to the Column Radiation Model (CRM) developed at the Nat. Center for Atmosph. Res. (Boulder,
CO). Given the initial loading of impact-produced
gases and aerosols,
the model calculates the mean
aerosol size, concentration
and optical properties
over
time, as well as the short- and long-wave
radiation
balance, and the heating rates at various atmospheric
levels. These values can then be compared to those for
the unperturbed atmosphere,
to determine the Climate
forcing due to the stratospheric aerosols.

Column Radiation
Model. The CRM is a standalone version of the radiation
model used in the latest
version
of the NCAR
Community
Climate
Model
CCM3 [11]. It can be used to study the Earth's energy
budget and the radiative
forcing of greenhouse
gases
and aerosols. Climate forcing is defined as the change
in the Earth's
radiative
balance and is measured
in
units of heat flux (W m 2) [12]. Unfortunately,
the
responses
of the climate to the forcing, like surface
temperature,
is not a simple function
of the forcing,
and can only be modeled by a 3D General Circulation
Model.
The atmosphere
is modeled
by 18 levels,
ranging
from the surface to -48 km (the radiation
balance is determined
at each atmospheric
level). The
top 7 levels represent
the stratosphere.
The radiation
balance is obtained by treating
separately
the incoming Short-Wave
(solar) and outgoing Long Wave (terrestrial) radiation.
The SW radiation is resolved by 19
spectral bands covering
the range 0.2-5IX, while the
LW radiation
is resolved by 8 bands in the 6.5-20p.
region.
Aerosol Model. The one-dimensional
rnicrophysical model
for the formation
and evolution
of the
stratospheric
aerosols follows that described in [13].
The aerosols are continuously
formed by the reaction
of SO2 with H20, and their evolution is described by
processes like coagulation
and growth, gravitational
settling and diffusion, for various particle sizes. The
model starts from the impact-produced
gases, namely
SO2, SO3, and H20, injected in the stratosphere
by the
impact event. The SO3 is assumed to immediately react with water vapor to form sulfate aerosols (to account for an initial aerosol formation in the expansion
plume, as suggested
in [8]). As H20 and SO2 react,
small sulfate
aerosol
(H2SO4×2H20)
particles
are
formed, which then grow in size by coagulation with
other particles of the same size, while settling through
the stratosphere. The smallest particle radius modeled
is 0.315 Ix, and the aerosol growth is followed up to 4
Ix radius. As the aerosol particles leave the lowermost
stratospheric layer and enter the troposphere, they are
removed from the model (they are probably rained out
from the troposphere
in a matter of days).
To a first approximation
it is assumed that the
sulfate aerosols
and the gases are distributed uniformly over the globe. This assumption is justified by
the fast expansion
(well beyond the stratosphere)
of
the impact plume,
that carries within
the forming
sulfate aerosols. Models of the ballistic distribution of
impact ejecta [14] suggest that impact-produced
material would be distributed all over the globe in a matter
of few hours.
Since impact products
re-enter
the
stratosphere from above, the gases and sulfate aerosols
are initially distributed
in the uppermost
3 stratospheric layers.

II

II

I

II

IW

i

I

m

W

I

II

m

/

J

m

II

m

Ill

CHICXULUB

Model

=

lil

tm_

ii
b.

m
m

[]

=

Validation.

The model

was tested

AND CLIMATE:

for his-

torically recorded volcanic eruptions. In particular
the
well-recorded
and studied Pinatubo eruption, in 1991,
is an important benchmark
for testing the model. The
climate forcing associated
with the Pinatubo eruption
is shown in Figure
I, together
with the forcing inferred from observations
[15], and proves the good
agreement of the model with the observations.
Figure
1 also shows the forcing associated
with the Toba
eruption (for a 1 Gt loading
of SO2). Measurements
from Greenland_ ice cores [16] indicate a significant
deposition of Toba sulfate aerosols for about 6 to 7.5
years. The model suggests a significant
deposition for
only about 3 years. However, this discrepancy
is only
apparent.
Indeed [16] suggests that the longevity of
the Toba sulfate loading
is probably the result of a
series of explosive eruptions
that lasted several years
(for a total SO2 loading larger than the modeled 1 Gt),
while the model only deals with one episode.
Climate
Forcing: The aerosol's
absorptivity,
emissivity, and transmissivity
depend on the product of
the absorption
coefficient
with the aerosol concentration. Different concentrations
are associated with different aerosol sizes, while the aerosol's type affects the
absorption coefficient.
Aerosol's
Optical Properties.
Figure 2 shows how
the introduction
of small amounts of impurities
can
affect the absorption
coefficient
for pure sulfate aerosols. In particular,
even a tiny amount of soot in the
expansion plume, would dramatically
change the optical properties of the aerosol layer. The effect is strongest in the visible part of the spectrum, therefore
affecting the SW component
of the radiation
balance,
and is negligible
in the LW. The net result is a sensible increase in the aerosol's
climate forcing. This is
particularly
important
for impact-generated
aerosols,
where large amounts of mineral particles are entrained
in the expansion plume.
Initial Aerosol's
Concentration.
The amount
of
aerosols initially injected into the stratosphere
depends
on the amount of SO3 present in the expansion plume.
Experimental
studies [8,16] suggest that about 20% of
the sulfur is released as SO3, and quickly reacts with
water vapor in the expansion
plume to form H2SO4.
Therefore,
the model input consists of 128 Gt of SO2
(80x(Mso2/Ms)x0.8)
and 40 Gt of SO3. The initial
aerosol concentration
strongly
affects the magnitude
and duration of the climate forcing.
Aerosol's
sizes. According
to [17] the size of the
forcing depends on the area-weighted
radius, Ra, of
the aerosols. For Ra<2tx the net effect at the Earth's
surface is negative and cooling occurs. For R_>21a the
net effect is positive, suggesting
warming. Significant
concentrations
of the larger sizes, however, are rarely
achieved for sulfate aerosols evolving from an initial
cloud of water vapor and S-bearing gases. The aerosol
model follows the aerosol's
growth to a size of about
4IX, but concentrations
of aerosols larger than 21x in
radius are negligible even for Chicxulub-type
loading,
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Conclusions:
Figure
1 shows the climate forcing
(AF>0 implies cooling)
of the modeled
stratospheric
loading for a Chicxulub-type
impact event. A forcing
of about 220 W m "2, about one order of magnitude
stronger
than the Toba volcanic
eruption,
persists
globally for about two years after the impact• For
comparison,
the climate forcing associated
with the
largest CO2 injection
(for a 100 km transient
crater)
modeled by [3] is only around -2 W m "2 (i.e., warming
with the adopted convention).
Significant
aerosol formation, and therefore
deposition,
occurs for about 5
years.
This time interval is shorter by about a factor
of two than the estimates
of [4]. When compared
to
the timescale for cooling of the ocean mixed layer, this
difference can be important.
The results of [4] suggest
a major cooling of the mixed ocean layer following the
impact, and a long lasting climate change. This study,
however, suggests that the climate change associated
with the impact was of short duration,
followed by a
complete recovery of the climate to pre-impact
conditions•
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Cretaceous-Tertiary
(K/T) boundary
sites in the
Raton basin, Colorado
and New Mexico,
present a
considerable
variation in physical appearance,
chemistry, and palynology,
but they also demonstrate
an
amazing consistency
in that they all contain basic evidence of the terminal
Cretaceous
asteroid
impact:
anomalously
high concentrations
of Ir and the presence
of shocked quartz at the palynologically-defined
K/T
boundary [1, 2].
Much has been written
on the age of the K/T
boundary asteroid impact at Chicxulub on the northern
tip of the Yucatan Peninsula, Mexico [e.g., 3, 4, 5]. An
age of 64.6 + 0.1 Ma (using a standard age for Fish
Canyon
Tuff sanidine of 27.55+0.12
Ma) for tektite
glass resulting from the event has been reported [5], in
essence concurring
with an earlier age determination
[3]. Most recently, this age has been revised to 65.5 +
0.1 Ma, based on the monitor ages of the Taylor Creek
Rhyolite
at 28.32 Ma and the Fish Canyon Tuff at
28.02 Ma [6].
We have calculated a new minimum age for the K/T
boundary
event on the basis of a high-purity
sanidine
separate obtained from a kaolinitic tonstein parting that
lies in a coal bed beneath the K/T boundary.
This tonstein was collected at a site in the Canadian River valley west of Raton, New Mexico.
The K/T boundary
interval is beneath a l-m-thick
sandstone bed that lies
on a thin bed of flaky carbonaceous
shale, 0.5 cm
thick. This bed constitutes
the fireball layer and contains the peak Ir anomaly of 13.7 ppb (previously
unpublished
neutron activation
analyses by the late Carl
Orth).
Beneath the fireball layer is the 2-cm-thick
kaolinitic claystone of the ejecta layer, which contains
only 0.3 ppb Ir. It is in direct contact with an underlying carbonaceous
shale bed 10 cm thick that contains
0.45 ppb Ir at the top, receding to values of 0.080 ppb
Ir or less in the lower part. Below the shale is a 26-cmthick bed of coal that contains a 1.5-cm-thick
bed of
tonstein 15 cm below the top. Tonsteins are considered to result from the alteration of volcanic ash layers
in coal swamps.
It is from this tonstein bed that we
extracted the sanidine separate considered to be of high
purity for age determination.
The 40Ar/39Ar
age determination
made on sanidine
from this tonstein is
65.45 + 0.11, using
Tuff sanidine of 27.84
The tonstein also
where it is contained

a standard age for Fish Canyon
Ma.
occurs 0.5 km to the southwest
in the same coal bed, but at this

locality the interval between the tonstein and the K/T
boundary bed has thickened
to one meter.
We intend
to redate sanidine from the tonstein beds at both sites
along with tektite glass from Haiti and Mimbral, Mexico using the Fish Canyon tuff monitor.
The resulting
age determinations
should contribute
to the ongoing
study of the age of the K/T event and contribute
to
knowledge
on the rate of accumulation
of coal and
rates of deposition
of carbonaceous
shale and mudstone in the K/T boundary sequences in the Raton basin.
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ical behaviour of 102 known SOHO comets, assuming their
orbits to be near-parabolic. Their parabolicorbitsderived from
the coronographs data covering short near perihelionpart of the
orbits
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_The long term numerical integrations of the SOHO comets
with the near parabolic eccentricities show periodical changes
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CRETACEOUS/TERTIARY
POLARITY
REVERSALS

(K/T)
PROFILE,
RHYTHMIC
OF MARINE
SEDIMENTS
NEAR

DEPOSITION
AND
BJALA,
BULGARIA.
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In 1991 the K/T boundary
was discovered
in
Bulgaria
in marine sediments
on the
coast of the
Black Sea near the city of Bjala, 35 km south of Varna
[1],
This
K/T
boundary
section
(42°52"40"N,
27°53"58"'E)
is located
in the Luda
Kamchiya
tectonic unit, lying between the Balkan chain in the
south and the Moesian platform in the north within a
distance of about 10000 km from the impact crater at
Chicxulub,
Mexico.
Rhythmic
sedimentation
over a
vertical range of 100 m resulted in the deposition
of
limestone
with intercalated
marl under hemipelagic
conditions
from the Late Cretaceous
(C-30 m) to the
Early Paleogene
(T+70 m). Two hundred
limestone
beds correspond
to precessional
Milankovitch
cycles
of an average duration of 22.5 kyr [2]_ An absolute
geological
time-scale
over five million
years
is
obtained from the combination
of the numbers of beds
with the measured
magnetic polarity
29R to Chron
26R). The reference
corresponds
to the level of the
content in the K/T profile (T=0)

changes (Chron
age (65.0 Myr)

maximum

The K/T profile reflects 3 different events:
1. "Fallout"
is a direct
consequence
of

iridium

the

K/T

impact.
The
"fallout"
is characterized
by a
maximum
amount of extraterrestrial
iridium
and
chromium
as well as other siderophile
elements,
K/T spinels
(nickel rich magnesioferrites
with
variable
chromium
contents
and
iridium
inclusions)
with etched
pits
on spinel
faces
resulting from reaction with sulfuric acid aerosols;
small amount of shocked quartzes and feldspars of
unmolten
material
derived
from
the original
2.

impact site.
"Boundary
clay" is a consequence
of the megatsunami. The about 3 cm thick "boundary clay" is

The process of a geomagnetic
polarity reversal is
relatively
short
(5-10
kyrs)
compared
with
the
constant polarity intervals between the reversals
(2001200 kyrs).
The polarity
reversals
show
CaCO3
minima
of the limestone
beds
and
maxima
of
magnetic
susceptibility
[3]. In addition
to magnetic
minerals
ferrimagnetic
spinels composed
of Ni-rich
magnesioferrites
with high Cr-contents
were found at
the polarity reversals These spinels are similar in their
composition
to the cosmic
K/T
spinels
of the
Cretaceous/Tertiary
impact at Chicxulub
but without
etch pits on the octahedral
faces of the crystals.
It is known
that the intensity
of the Earth's
magnetic
reversals
radiation

field decreases
significantly
during polarity
[4]. Therefore,
the screening
against cosmic
and
particles
is
reduced.
The

magnesioferrites
of the polarity reversal
a correlation
between the weak Earth's

K/T boundary of Bjala only 6 nannoplankton
genera
and 3 out of 15 genera of planktonic
foraminifera
survived.

[1]

Preisinger,

I

I

I

il

zones indicate
magnetic
field

and a high influx of cosmic
particles
during
the
polarity
reversals.
The
higher
influx
of cosmic
particles could have caused a higher mutation
rate of
organisms.
Therefore,
the polarity
reversals
could
have enhanced
the evolution
of new species. At the

References:
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Palaeoecol.,
229. [2]Preisinger,
A.& Aslanian,
S.
XXX,
1660. [3] Preisinger,
A. et al.
XXXI.
[4] Glatzmaier,
G.A.&
Roberts,
Nature, 377, 203-209.
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composed
of sheet silicates,
quartz and feldspar
transported
mainly from the flooded coastal area,
small amounts of Mg-calcite
crystals, framboidal
iron sulfides,
as well as surviving nannoplankton
3.

like Thoracosphera
operculata.
"Reworked sediments" are a consequence

of the sea

level changes. They consist of transported
marine
sediments,
including
"fallout"
(It and Cr) and
reworked Cretaceous
fossils.
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Impacts

of large

bolides

on Earth

over geologic time were one of a number of episodic
regionalto global-scale
traumas experienced
by the
Earth's
evolving biosphere.
Depending
on the oxidation state (e.g. C/O ratio) of the atmosphere,
shockheating
of air during
a collision
produces
copious
amounts
of chemically
and biologically
important
: trace gases (e.g. HCN when C/O > 1; NO (then NO2
and HNO3) when C/O < 1). This input can be augmented by gases evading from the shocked target rock
(e.g. SOx from CaSO4);
and from shock-initiated
wildfires
and hydrate
CI-I4 releases.
The resultant
combination
of acid rain, soot, ash, and the ejecta dust
cloud would have had a major impact on the biosphere
in an oxygen-rich
atmosphere.
The potential
biospheric traumas include inhibition
of photosynthesis,
foliage damage, respiratory
damage, toxicosis by trace
metals, acidification
of the oceanic mixed layer, CO2
exhalation,
and annihilation
of carbonate-shelled
organisms.
Possible
relics in the sedimentary
record
include selective extinctions
in the mixed layer, terrestrial biosphere, and neritic zone, nitrate and sulfate
anomalies,
dissolution
of normally
insoluble metals,
and disruption
of the global carbon cycle. In contrast
HCN production
by collisions
in an earlier reducing
atmosphere may have enabled complex organic syntheses to occur.
References:
[1] Prinn, R. and B. Fegley,
(1987) Bolide impacts, acid rain, and biospheric
traumas at the Cretaceous-Tertiary
boundary, Earth Planet. Sci. Lett., 83,
1-15.
{2} Fegley,

(2000)
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KNOWN
AND UNKNOWN
METEORITE
IMPACT
EVENTS,
AS RECORDED
IN THE EPICONTINENTAL
LOWER
PALAEOZOIC
SEDIMENTARY
SEQUENCE
OF THE BALTIC
REGION.
V. Puura 1, L. Ainsaar I, M.
Eriksson 2, T. Flod_n 2, K. Kirsim_ie 1, A. Kleesment 3, M. Konsa 3 & K. Suuroja 4, l Institute of Geology, University of Tartu,
Vanemuise
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In ancient sedimentary
related cosmic material

deposits, the survival of impactwith different
characteristic
sig-

natures depends on the rate of diagenetic
and metamorphic changes. In the Baltic Palaeozoic
sedimentary
basin,
and especially in its northern part, the deposits have never
been loaded under a cover more than 1 km thick. The
groundwaters
that have percolated
the sedimentary
sequence have been of considerably
unaggressive
nature.
Thus, the mineralogical
and geochemical
evidences
of
past impacts,
namely their signatures
in the sediments,
have survived remarkably
well. However, the Palaeozoic
sedimentary
sequence of the Baiticregion
is dissected by
a number of sedimentary
breaks and erosional unconformities.
corded

Impacts
during
those intermedia
might by reby some secondary signatures only.
The variety of signatures
caused by impacts
of
nebular bodies into the regional environment
of the Baltic Early Palaeozoic
sedimentary
basin is considerably
large (Fig. 1).
Cosmic

material

has been found

in the form

of

small meteorites, small particles
and spherules, and as an
admixture of indicative Platina-Group-Elements
(PGE) in
cosmic material and impacted target rocks (Fig 1, column
I).
Structural

forms

in layered

by, or related to, impacts are craters
ing and distant impact deformations
The deformations
consist of faults,

formations

caused

but also surround(Fig. 1, column IT).
folds, fractures,
and

mainly clastic sedimentary
and injection
dikes. Specific
sharp asperities
in the seafloor depositional
environment, namely anticlines, synclines,
flexures, homoclines
etc., may also be attributed to impact events.
Due to impact-related
modifications
of the depositional environment,
specific facies zonations, which
resulted in local sedimentary breaks and the erosion of
pre-existing
layers, occurred around the crater sites (Fig.
1, column HI).
Post-impact
compaction
of the secular crater
sediments caused synclinal
downwarping
of the respective layers (Fig. 1, column IV). Compaction
of the impact-deformed,
and impact-rarefactured,
formations
surrounding the crater caused fracturing
and uneven layering
of the subsequent
post-impact
sediments.
Influx of impact ejecta, as well as crater- and
ejecta-provenanced
material,
forms distinctive elasticenriched layers in the sediments
surrounding the craters
(Fig. 1, column V). Primary impact ejecta is typical for

the surroundings

of the crater

rim. In the distant

erosion, may occur in deposits that formed during tens
of million years
after the impact.
Even in the distant
areas well sorted sands may form interlayers
at different
post-impact
levels_ Findings
of impact metamorphic
signatures in mineralsof
ejected and redeposited
material
may be highly indicative.
Erosional re-exposition
of crater structures after
thin burial under sediments may form sources of craterderived clastic sediments (Fig. 1, column VI). Many previously buried craters are re-exposed
under the recent
sediments at the present earth surface.
Craters, as well as surrounding
primary impactinduced, and secondary
crater-derived,
elements
in the
sedimentary
sequences
can be identified
or at least indicated using geophysical
techniques.
Marine seismic profiling, gravity- and magnetic
surveys, among other methods, are most informative.
Structures
and lithologies
out of the ordinary which
are found in the sedimentary
sequence of a region, as well
as other findings which point directly towards suspected
impact structures,
may be either of primary or of secondary origin. Thus, the dating and nature of these layers
would be of a special value for identification
of possible
events. Research
of different
impact- and crater-related
signatures in a geological
sequence mutually enriches the
perspectives
in finding new craters as well as for the interpretation
of the complex environmental
consequences
of the meteorite
explosions
and the craters formed by
them. At present,
the multiple
reflection
of the Kardla
and Neugrund
impacts,
and their respective structures in
the geological record, is rather well distinguished.
On the
other side, findings of cosmic material in the Upper Vendian of north-eastern
Estonia (the Viru-Roela
borehole),
in the Lower Cambrian
of Ruhnu Island in south-western
(the Ruhnu

borehole

at 500 m depth),

i

W

area,

redeposited
material
derived from the ejecta, and from
uplifted
crater
elements,
occurs.
Clastic
admixtures,
mainly sand and gravel, derived from the erosion of crater
rims that were subjected
to post-impact
synsedimentary

Estonia

M

in the Up-

I

lli

m
m

W
m

U

i

I

I

U

lid

m

I

U

l

per Silurian,
Pridolian,
in the Baltic Sea southeast
of
Gotland Island, and other places, may predict the discovm

ery of new impact structures
in the region. Recording
of
specific geophysical
signatures
may furthermore
lead to
new discoveries,
or deeper structural
studies of known
impact structures as e.g. the Tv_en,
Hummeln,
Neugrund
and Ivar craters.
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KNOWN AND UNKNOWN METEORITE

Fig. 1. Stratigraphy
of lower and middle Palaeozoic
Baltoscandia
with extraterrestial
flux and influence
it on the sedimentary
sequence.
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ALTERATION
OF CRATER
SILICATE
KARDLA AND MANSON
STRUCTURES.

ROCKS: EXAMPLES
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Impact-induced
hydrothermal
systems are supposed to
cause extensive secondary changes
of rocks involved
into impact-related
evolution.
The impact breccias of
the carefully
studied Manson
crater, Iowa, USA (1)
offer a good
example
of a sequence
in which
hydrothermal
minerals
gradually
fill fractures,
vugs
and pores along conduits of fluids (2, and others). The
Kardla
structure
yields an example
of environment
where extensive metasomatic
enrichment
of potassium

and

e-mails:
Anne.Kleesment
Ave 80/82, 12618 Tallinn,

kleesmen@gi.ee,
Estonia,
e-mail:

g

m

m

in the country rock took place but almost without any
mineral growth in fractures
and pores (3). So far, this
process
is poorly
understood.
A mineralogicalchemical
comparison
of Kfirdla and Manson
rocks
(Table 1) gives a possibility
to make some constraints
in the mineral formation processes.
In both structures,
the characteristic
impact-induced
alterations
occurred
in rocks
derived
from
the
subcrater basement, built up of Precambrian
felsic and
mafic rocks. During the impact, the basement at both
places was covered with vineers of black shale and
limestones-sandstones
dominated
sedimentary
deposits under the shallow water
The mineralogical
alterations
in
as a result
of post-impact
induced by heat stored in the
crater during
the impact.
In
evidences
of
mineralisation

environment.
Manson is interpreted
hydrothermal
system
central uplift of the
K_dla,
there
is no
(excepted
calcite)'

precipitated
from solutions
into pores and fissures in
breccias
and
subcrater
rocks.
Contrary,
the
macropores
in rocks as well as _cr0pores
in mineral
grains show up dissolution
features.
Samples of the basement-derived
crystalline clasts and
fine-clastic
breccia matrix
from both allochthonous

autochthonous

position

of the K_dla

structure

were subjected
to deatailed
investigation.
Optical
microscopy
in thin
and
polished
sections
and
immersion,
XRD, SEM+EDS,
FESEM
and EPMA
studies were used.
In K_rdla, maximum
in Na and Ca and

chemical
enrichment

alteration
- depletion
with K, occurs
in

granitic
and amphibolitic
clasts from allochthonous
tuffitic
and
parautochthonous
shock-metamorphic
breccias. Depletion
of rocks in Ca and Na is in good
correlation
with the decomposition
of plagioclase
and
hornblende.
Also, enrichment
in K associates with the
replacement
enrichment
hornblende

of
plagioclase
by
orthoclase
and
in Mg with the chlorite replacement
of
and biotite. For these rocks 1-3 sets of

PDF-s in quartz,
1-3 sets PDF-s in K-feldspar
and
kink-banding
of biotite are inherent. The same kind of
chemical-mineralogical

alterations

occur

also

I

W

Z

IW

in the

subcrater
autochthonous
breccias and basement rocks,
which are void of shock metamorphic
features.
Our preliminary
conclusion
is, that the major mineral alteration process in Kardla structure was induced
by chemical
interactions
between
impact fluids and
hard rocks within the impact cloud (breccia clasts and
matrix) as well as in the subcrater basement where the
impact fluids were injected to (3). Formation
of orthoClaSe-type K-Fsp characterizes
the pneumat01ytic
stage
and formation
clay minerals

m

I

R

m

of chlorite,
calcite and smectite-type
the hydrothermal
stage of the process.
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ALTERATION

Table

1. Alteration

of silicate

OF CRATER SILICATE ROCKS:

rock fragments

in impact

Klirdla
crater, 4 km-wide
Hiiumaa island, Estonia
Puura

breccias

et al, 2000; new unpublished

data

Koeberl
& Gold
Shock metamorphic

Tuffltic
breccia.
Quartz
(Qz): PDF-s
(up
systems), mosaicism;
Microcline
(Mi): PDF-s;
(Bi): kinkbanded
U

Parautochthonous
breeeias.
Bi: kinkbanded
Brecciated
subcrater
basement:
No PDF-s
features

Features

U

Mainly metasomatic
PI --->orthoclase (Or)

mineral

Mi -->Or, rarely, in breccia
Hornblende
Bi --->Chl

from Kiirdla

Manson impact
Iowa, USA

to 3-4
Biotite

nor other

of secondary

replacement

LPI Contribution

V. Puura et al.

and Manson

structure,

No.

1053

structures

38 km-wlde

et al. 1996, McCarville
1996

&Crossey

1996, Short

features

Suevites.
Feldspar

Qz: diaplectic,
3 and more PDF-s
(Fsp): PDF-s; Lithic and mineral melts

sets;

Central
Peak
Breccias.
Qz:
"toasting",
polygonalization,
2-6
PDF-s
sets
(commonly
decorated);
Mi: PDF-s;
Plagioclase
(P1): separate
PDF-s in twinning
pairs, isotropization,
melting,
recrystallization;
Micas: kink-banding,
Bi degradation
into formless
mass; Amphibole:
shock fracturing,
degradation
mineralization

(alteration)

Autigenic
minerals in vugs, pores and veins, minor
metasomatic
replacement
Garnet, ferroactinolite,
prehnite, epidote, wollastonite,

matrix

(Hbl) --->chlorite (Chl)

quartz, laumontite,
pyrite,
goethite, Ksp (adularia),
a.o.

calcite,

clay

minerals,

In pores of breccia matrix very rare submicroscopic
Or and smectite-type clay minerals.
Fractures, vugs and pores are almost void of macroand microscopic
authigenic
minerals,
cavity walls
with traces of dissolution.
Calcite cement and veins
only in upper part of the tuffitic breccia
Geochemical
Enrichment

b.-._

body.

changes

with K and Mg, depletion

of rocks bulk composition

of Na and Ca

No essential

as a result
changes

reported

References:
(1)Koeberl C. & Anderson R.R. 1996. : GSA Spec. Paper 302, 1-468. (2) McCarville
P. & Crossey L.
1996. In: GSA Spec. Paper 302, 347-376. (3) Puura V.; K_ki A., Kirs J., Kirsim_te K., Kleesment
A., Konsa M.,
Niin M., Plado J., Suuroja K. & Suuroja S. 2000 (in press). In:. Impacts
pp. (4) Short N.M. & Gold D.P. 1996. : GSA Spec. Paper 302, 245-264.
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GEOCHEMICAL
ASPECTS
OF THE FRASNIAN-FAMENNIAN
MASS EXTINCTION:
THE POLISH
EXAMPLE.
Maria Racka and Grzegorz Racki, Department
of Earth Sciences,
Silesian University,
41-200
Sosnowiec,

Bedzinska

Sir. 60, Poland
I

The prime causation of the mid-late Devonian mass extinction
near the Frasnian-Famennian
(F-F) boundary
remains uncertain (McGhee,
1996). The goal of this study was a detailed analysis of geochemical
signatures (mostly
trace element contents,
including
REE) across the F-F boundary
interval, and their interpretation
in terms of
environmental
processes
responsible
for the turnover in Late Devonian
marine ecosystems.
The high-resolution
analysis based on three continuous carbonate sequences (Kowala, Plucki, Debnik) in the Holy Cross Mts and Cracow
region, belonging
to the South Polish-Moravian
part of the Laurussian
shelf (Racki,
1998). The inorganic
geochemical
data supplement
previous studies of isotopic signatures
(Halas et al., 1992; Joachimski et al., in press)
Firm evidence of an extraterrestrial
impact has not been found. Among terrestrial factors, the main role in
the South Polish shelf habitats
is ascribed to fluctuating
anoxia and/or productivity,
best recorded
in a radiolariansponge acme (Racki, 1999a).
of near-bottom
waters
and
(Schindler,

1990;

Bratton

However,
increased

et al.,

1999).

the key F-F boundary
biological
production,
Geochemical

interval was marked by improving oxygen conditions
as indicated
earlier for other Laurussian
shelves

and mineralogical

evidences

for episodic

volcanic

m

III

l

M

and/or

hydrothermal
influences
have been provided. Therefore,
catastrophic
eutrophication,
probably stimulated
by various
hydrothermal
and volcanic
phenomena
(see Bai et al., 1994; Racki,
1998), should be seen as one of the major
biogeochemical
processes during the Late Devonian biotic crisis.
In general terms,
sedimentological
(mega-tsunami),
physical
(craters, microtektites),
and geochemicalmineralogical
records remain either elusive in many aspects, or incompatible
with the predicted F-F impact crisis
pattern. The available evidence is still in contrast to the well-documented
early Frasnian Alamo extraterrestrial
event
(see discussion
in Racki, 1999b). Thus, the underestimated
role of early Variscan tectonism
[?related to episodic
(super)plume
activity],
as possible prime controls of many F-F aspects, is suggested (e.g., Wilson & Lyashkevich,
1996; Racki, 1998). Tectonically
triggered changes climaxed
in thermal and nutrification
pulses, and induced the
stepdown destabilization
of the ocean-atmosphere
system observed in the F-F bio-crisis. In particular, the worldwide
biosiliceous
signal is mostly explained by a large-scale
increase in volcano-hydrothermal
activity during major plateboundary re-arrangements;
siliceous communities,
adapted to more eutrophic conditions,
have thrived in the stressed
niches (Racki, 1999a). Minor cometary strike(s) might have eventually
participated
in this prolonged
multicausal
environmental
stress, mainly due to additional thermal shocks, but perhaps effective on a regional scale only.
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PERIODIC
COMET
SHOWERS,
MASS
EXTINCTIONS,
AND THE GALAXY.
M.R. Rampino 1'2
and R.B. Stothers 2, IEarth & Environmental
Science Program, New York University,
100 Washington Square East,
New York, NY, 10003 USA (mrrl@nyu.edu).
2NASA, Goddard Institute for Space Studies, 2880 Broadway, New
York, NY, 10025 USA
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Geologic data on mass extinctions
of life and evidence
of large impacts on the Earth are thus far consistent
with a quasi-periodic
modulation
of the flux of Oort
cloud comets. Impacts of large comets and asteroids are

-180 m.y. The solar system also undergoes
a revolution cycle with a period of -170_+ 10 m.y., from perigalactic to apogalactic
position, and this cycle might also
modulate the flux of Oort cloud comets.

capable of causing mass extinction
of species, and the
records of large impact craters and mass extinctions
show a correlation.
Impacts
and extinctions
display
periods in the range of -31_+5 m.y., depending
on dat-

Thus, major evolutionary
changes in the history of
life on the Earth may be related to simple galactic dynamics; the name Shiva Hypothesis
has been applied
to the galactic comet shower hypothesis
in reference to
the Hindu deity of cyclical destruction
and renewal (4).
Discovery
and accurate age-dating
of large impact craters, and better determination
of the dark-matter
com-

ing methods, published
time scales, length of record,
and number of events analyzed. Statistical studies show
that observed differences
in the formal
periodicity
of
extinctions
and craters are to be expected,
taking into
consideration
problems in dating and the likelihood that
both records
events.

would be mixtures

of periodic

and random

These results could be explained by quasi-periodic
showers
of Oort Cloud comets with a similar cycle.
The best candidate for a pacemaker
for comet showers
is the Sun's vertical oscillation
through
the plane of
the Galaxy (Fig. 2), with a 1/2-period over the last 250
million years in the same range. We originally
suggested that the probability
of encounters
with molecular clouds that could perturb the Oort comet cloud and
cause comet showers is modulated
by the Sun's vertical
motion through the galactic disk (1). Tidal forces produced by the overall gravitational
field of the Galaxy
can also cause perturbations
of cometary orbits. Since
these forces vary with the changing
position
of the
solar system in the Galaxy, they provide a mechanism
for the periodic variation
in the flux of Oort cloud
comets into the inner solar system (2). The cycle time
and degree of modulation depend critically on the mass
distribution
in the galactic disk.
The time between plane crossings (the half-period
of vertical oscillations)
is given by:
1/2
P 1/2

=

Where 9 is the mean volume

(rt/4Gp)
density

of matter near the

galact_'_ plane. Stothers (3) estimated a total of-0.15
Mopc
; since the density of the _l_own visible matter
in the plane is only -0.10 Mopc- , the result implies
-30% dark matter (probably cold interstellar
clouds).
This gives a half-period
of 34_+3 m.y.; more extreme
estimates of dark matter lead to half-periods
as short as
27 to 28 m.y. [3]. The three most severe mass extinctions (Late Ordovician,
~435 Myr; Late Permian, ~250
Myr;

and Late Cretaceous,

65 Myr) are separated

by

ponent of galactic disk mass should help to clarify and
ref_!ae both the expected astronomical
cycle times and
the periodicities
detectable
in the geologic record. The
results could be a new synthesis of astrophysics
and the
earth sciences.
References:
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J.J.
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(1995) [carus, I16, 255-268.
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Monthly Not. Royal Astron. Soc, 300, 1098-1104.
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M.R. and Haggerty,
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(1996) Earth,
Moon & Planets,
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PERMIAN/TRIASSIC
CYCLOSTRATIGRAPHY.

BOUNDARY:
TEMPO
OF EVENTS
M.R. Rampino I, A. Prokoph 2 and A.C.

Adler 3, ZEarth & Environmental
Science Program, New York University,
New York, NY 10003 USA, and NASA,
Goddard Institute for Space Studies, New York, NY 10025 USA, (mrrl @is3.nyu.edu),
2Dept. of Earth Sciences,
University
of Ottawa, 365 Nicholas St., Ottawa, Ontario, KIN 6N5, Canada, 3Dept. of Physics, New York University, New York, NY 10003 USA

The Permian/Triassic
(P/Tr) boundary
is marked by the most severe mass
geologic record [1]. Recently,
precise
has bracketed the marine extinctions

(251.4_+0.3 Myr)
extinction
in the
absolute dating
and associated

carbon-isotope
anomaly within <1 Myr [2]. We improve this resolution
through high-resolution
stratigraphy across the P/Tr boundary
in the 331-m Gartnerkofel-i core and nearby Reppwand
outcrop section (Carnic Aips, Austria)
utilizing
FFT and wavelet timeseries analyses of cyclic components
in down-hole core
logs of density and naturaI gamma-ray
intensity,
and
carbon-isotopic
ratios of bulk samples.
The wavelet analysis indicates continuity of deposition across the P/Tr boundary
interval,
and the timeseries analyses show evidence for persistent
cycles in
the ratio of -40: 10: 4.7:2.3
meters, correlated
with
Milankovitch:band
orb!tal c_cles of -412: 100: 40:20
kyr (eccentricity
1 and 2, obliquity,
and precesfi0n),
and giving a consistent average sedimentati0n-rate
of
-10 crrdl,O00 yr.
Milankovitch
periods in 813C and density in these
shallow-water
carbonates were most likely the result of
climatically
induced oscillations
of sea level and climate, coupled with changes in ocean
circulation and
productivity,
that affected sedimentation.
Fluctuations
in gamma radiation reflect varying input of clay minerals and the presence of shaly interbeds. Throughout the
P/Tr boundary interval in the core, the 100,000-year
eccentricity cycle seems to be dominant. Weaker obliquity and precession cycles are in line with the location
of the Austrian section in the]_atest Permian,
close to
the Equator in the western bight of the Tethys, where
obliquity and precessional
effects on seasonal contrast
might be subdued.
Using the improved
resolution
provided by cycle
analysis
in the GK-1 core, we find that the dramatic
change in the faunal record that marks the P/Tr boundary takes place over < 6m, or less than 60,000 years.
In the nearby Reppwand outcrop section, the same faunal changes
occurs over only 0.8 m or about
8,000
years, close to the limit of time-resolution
induced by
bioturbation
and reworking
in these sediments.
The
sharp negative global carbon-isotope
shift took place
within _<40,000
yr, and the isotope excursions
persisted for -480,000
yr into the Early Triassic.

The results

indicate

that the severe

marine

faunal

event that marks the P/Tr boundary
was very sudden,
perhaps less than the resolution
window in the GK-I
core, and suggest a catastrophic
cause [3]. The wavelet-analysis
approach to high-resolution
cyclostratigraphy can be applied to other P/Tr boundary sections, and
when combined with precise absolute dating and magnetostratigraphic
methods
promises
a significant
increase in resolution
in determining
the correlation
and
tempo of the end-Permian
extinctions and related events
worldwide.
References:
[ 1 ] Erwin D.A. (1993) The Great Paleozoic Crisis (Columbia
Univ. Press, New York). [2]
Bowring
S.A. et al. (1998) Science, 280, 1039-i045.
[3] Rampino
M.R. and Adler, A.C. (1998) Geology,
26, 415-418.
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Introduction:
A scientific drilling program was carried
out by the National
Autonomous
University
of Mexico
(UNAM)
at the Chicxulub
impact crater, during
1994
and 1995. Eight boreholes, ranging in depth from 60 m
to 702 m, with a total of 2.62 km of continuos
core,
were recovered.
The high recovery rate, the average
recovery rate is 87%, permits to investigate
on the stratigraphy of the impact lithologies
and Tertiary carbonate sequence.
Three
of the boreholes
(UNAM-5,
UNAM-6
and UNAM-7)
sampled
the impact breccias
that were classified
in two units, the upper breccia sequence rich in basement
clasts, impact glass and fragments of melt (suevite-like
breccia) and the lower breccia sequence
rich in carbonate
and evaporite
clasts
(bunte-like
breccia).
The rest of the boreholes
only
sampled
part of the Tertiary
lithologies,
composed,
mainly of carbonate,
dolomitized
carbonates
and calcarenite, with some fossiliferous
horizons,

!
Figure 2.- Susceptibility
Data taken every 10 crct

record of UNAM-5,
UNAM-7
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units are l0 6 SI.
Power
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Figure 3.- Power spectrum
showed for slope comparison.
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lines

Geochemistry.
The petrologic
and tectonic nature of the
basement
of the Yucatan
Block [10], can be inferred
from major and trace element chemistry of granitic (14)
and extrusive (4) samples
which come from the Maya
Mountains
[4, 7, 17], and ten samples from the UNAM
Figure

1,- Lithologic

UNAM-6.

Main

correlation

correlating

of borehoies

UNAM-5,

units are the impacts

UNAM-7

and

breccias.

Investigations
on the behavior of the magnetic susceptibility within the impact breccias sampled by UNAM's
borehoies, UNAM-5,
UNAM-6 and UNAM-7 (fig.- 2),
revealed that the spatial arrange of the magnetic minerals within the upper breccia unit (suevite-like)
in the
Chicxulub
crater, are sorted, susceptibility
values increase towards the base.
The investigations
also revealed the absence of the upper breccia unit within
borehole UNAM-6.
The fractal behavior of the magnetic susceptibility,
show scale invariant or self-similar
properties,
with a power spectrum proportional
to the 1.6 power, for UNAM-5,
and-1.1
power, for UNAM-7,
of the spatial frequency (fig.-3).

7 well [20]. Five of the samples correspond
to granites
and five correspond
to extrusive
samples.
They come
from a depth of 226.99 - 341.83 m in the suevitic-like
portion of the impact breccia. The ages from the Yucatan samples are 545 + 5 and 418 + 6 U - Pb date from
zircons of the suevitic portion of the impact breccia [8],
we considered
this zircons
to be magmatic
by their
characteristics,
according
to lithologic
nature
of the
basement of Yucatan,
in general we can classified this
as granitic - metamorphic
[3, 9, 16, 21]; and this is also
the source of the zircons [8]. So, the youngest age might
be associated
with the intrusion
event at the Maya
Mountains
and the oldest age with the hosted rock..
This last age coincides with the Osceola Granite and St.
Lucie metamorphic
Complex,
both form the Suwannee
Terrane
Basement
at the Florida Peninsula,
the paleogeographic
models
at this time show Yucatan
and
Florida peninsulas
joined.
We considered
only the
granitic rocks, in agreement
with the petrographic
and
normative
results, we found that the rocks of Yucatan

LPI Contribution

Physical characteristic

of impact breccias and basement affinities, Rebolledo-Vieyra,

are granodiorite,
quartzmonzonite
and granite.
The
SiOz ranges are 48.5-67.4,
63.3-73.92
and 74.13-75.8
ppm for Yucatan, LGmMPR and LGbMI'R respectively,
in agreement
[6] this ranges
suggest
a sub alkaline
composition
from intermediate
to acidic with K20 >
Na20 (Calco - alkaline),
agree with the petrographic
determinations.
With the help of Harker diagrams,
we
noticed linear trends with smooth and negative slope
for: A1203, Fe203, TiO2 and MgO; trends not very clear
but Vlslble for MnO, P205 and CaO; but not for K20 and
Na20. We used the same procedure
for the trace elements, plotting those vs. SiO2. The Th, Y, Hf, Nb and
Zr, graphics
show a clear separation
into two groups
.
One group is the LGbMPR
[7] with almost constant
SiO2 content, but high variation in trace elements than
the second group (Yucatan
and LGmMPR),
this last
group has a lager _SiO2 range (48.48 - 73.92) because it
has three types_ of-r_cks (granodiorite,
quartzdiorite
and
granite),
other factor is that the Yucatan samples
are
altered,
the intensity
and kind of alteration
produced
lost of SIO2. Other plot that support this separation
is
bulk alkali vs. Y+Th+Nb,
the importance
in this case
are the trace elements because the differences were produced by peti'ogenetiC:process
and not by post plutonic
emplacement
history_ The Yucatan
samples,
show a
minor rare earth elements (REE) total contents (16.96116.26)
those_ sarr!ples
come
from Belize
(73.11144.09). The (La/Lu)* ratio is coincident just for three
of the four samples of Yucatan
(1.06- 5.22) with the
Belize samples
(5.23-17:9),
those differences
of slope
are attributable
to post impact alterations
for Yucatan
samples,
that produced lost of general REE, as well as
SiO2 mobilization.
Clorifization,
seritization
and fenitization_ are the types of alterations
5], this type agree with the post
alterations
[2, 11, 12, 15, 16]. The
parameter
mod]-fied by-alteration

in those samples
[1,
impact hydrothermal
Eu anomaly is other
process, in Yucatan

samples
those
anomaly
is negative
hut too small
(Eu/Eu* = 0.67 - 0.98) [18]. The tectonic emplacement
environment
of the plutonic bodies that conform part of
basement,
might be inferred from [13], [14], [19]. Diagrams of those authors pointed to syn collisional
granites and post collisional.
The whole :samples (Yucatan
and IJG_Rj
aflow us to establish a clear sequence of
emplacements
related to a collision event 418 m. y. ago
(Late Silurian),
period between Taconian
and Acadian
orogenies.
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THE ANCIENT
LUNAR
IMPACT
RECORD,
THE ANCIENT
TERRESTRIAL
IMPACT
RECORD,
POSSIBLE
ENVIRONMENTS
FOR THE ORIGIN OF LIFE.
G. Ryder, Lunar and Planetary Institute,
for Advanced Space Studies, 3600 Bay Area Boulevard, HOUSTON, TX 7705g-1113.
[zryder@lpi.usra.edu]
Introduction:
Modern concepts for the origin of life
most commonly
accept continual
ocean-evaporating,
Earth-sterilizing
impact events [1]. This is true even of
the latest discussions,
e.g., [2]. These sterilizations
have
a negative effect, while the cargos of impacting
of water, carbon compounds,
and other chemicals
required
for life have a positive effect.
Sterilizing
impacts required large impactors,
hundreds
of kilometers
[3]. In
contrast, the valuable cargos were potentially present on
any size of impactor.
The large, sterilizing
impacts are assumed to have
occurred
continually
from the completion
of Earth's
essential
accretion
-4.5 Ga until -3.8 Ga. This latter
age is based
formation
as
address
the
before about

on the end of the period of impact basin
preserved on the Moon. In the following, I
nature of the lunar impact record at and
3.8 Ga, and briefly that of the Earth. More

w

detailed discussions of these records are in [4, 5]. I suggest that the basin-forming
period was short ("the lunar
w
B

m
=

m

!

=

and Nectaris,

in-

cluding Serenitatis
(920 km) and Crisium
(740 km).
Thus about 1/3 of the recognized
basin forming events
occurred after Nectaris;
their sizes are as large or larger
on average than those older. The stratigraphic
age of
Serenitatis
is least well-defined
because
it has been
badly degraded by being adjacent to Imbrium; it is permissively rather older stratigraphically
than most other
Nectarian
basins,
although
it is unlikely
to be
stratigraphically
older than Nectaris itself.
The oldest and largest of the pre-Nectarian
basins is
the far-side South Pole-Aitken
basin (2600 km).
It is
very degraded, but clearly mappable
as a depression -9
km deep. The oldest of these basins, and the interbasin/crater plains, have crater counts on the order of 3 or
4 x those on Nectaris.
No other older basin is as large
as the "young"
Nectaris,
Serenitatis,
Imbrium, or Orientale basins.
The absolute

age of basins.

The Imbrium

basin

has

Apollo 14 landing site. Crater counts suggest a similar
age for Orientale and Schr6dinger,
and this is consistent
with the oldest mare basalts (-3.80 Ga) and the cratercount difference
between
these basins and the mare

tive, according
to sample data, and cryptomare
- blanketed by ejecta - have been inferred).
The ejecta of the
Orientale
basin has crater densities
about 3 or 4 x
than
basin

those of the oldest mare plains.
The Im(1160 km) has crater counts on its ejecta

similar to that of Orientale,
and the Schr_inger
basin
(320 km) event took place in between the formation
of
the Imbrium and Orientale basins.
The stratigraphically
older Nectaris basin (860 km)
ejecta has crater counts
about 4 x higher than Imbrium/Orientale
ejecta. A dozen basin-forming
events

INN

of Imbrium

The lunar record at ~ 3.85 Ga: Photogeological
mapping shows the presence of numerous (>40) impact
basins on the Moon that precede the age of mare basalt
floods (many of which were into those basins) [6,7].
The stratigraphic
basin record. The relative stratigraphy and relationships of at least the later of the basins
are reasonably understood. Their relationships
are established by superposition
and by the counting of craters
(with careful evaluation of which might be secondaries
rather than primaries)
on their own basin debris and

higher
brium

m

those

been bracketed in age using Apollo 15 samples:
perposed Apennine
Bench Formation
(KREEP

parison for other basins.
No extant mare plains predate
the Orientale
basin (although
mare volcanism
was ac-

=

between

cataclysm")
such that older continual sterilizing
impacts
did not occur or were rare. The basin-forming
period
quite possibly had a positive, not negative, effect, on the
origin of life. While this is speculative,
it is no more so
than that of scenarios that include continual sterilization
events for which there is no record.

ejecta blankets.
The Orientale
basin (930 km diameter;
for definition
of diameters,
see [6]), the youngest,
is
well preserved
and its features are the model for com-

B

took place

AND
Center

the suvolcan-

ics) and the impact melt fragments
on the Apennine
Front.
These latter fragments
must mainly pre-date or
be contemporaneous
with Imbrium.
This gives an age of
3.85 +/ 0.01 Ga [8,9]. consistent
with data from the

plains. Alternatively,
between the Imbrium

there was virtually NO impacting
(3.85 Ga) and an Orientale
event

at 3.80 Ga that was immediately
impacting
and then a precipitous
mare plains were formed. This
reasonable alternative.
The Nectaris

event

is more

followed by a massive
drop before the oldest
does not seem to be a
difficult

to date abso-

lutely. The Apollo 16 mission
collected relevant
samples, but none absolutely certain to be actual melt from
that basin. Geological
considerations
combined
with
sample data however suggest
for feldspathic
melt material
the age of Nectaris
[6,7,I1].
well-defined
tarian basin

of 3.893
Serenitatis

that the 3.89-3.91 Ga ages
at the site correlate
with
This is consistent with a

+/- 0.009 Ga age for the Nec[12] and a tenuous -3.9 Ga for

Crisium [13]. Absolute
ages for any specific older basins cannot as yet be obtained because of a lack of relevant samples.
The lunar record prior to -3.9 Ga : Impacts are
heating events which reset radiogenic clocks mainly in
the impact melt, not in the dominant masses of cooler
ejecta.

The lunar

highland

sample

collections

contain
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samples of impact melt that have diverse compositions
but cannot be ascribed to any particular
event. However,
if the Moon had been subjected to a continuous
declining bombardment,
impact melts would have been produced. They would only have been removed,
or their
ages reset, if they were subsequently
reconverted
to a
younger impact melt_Thus,
unless most of the Moon's
upper crust has been converted
to impact melt, most of
the highland melt samples should be old, of the order of
4.2 Ga or older.
The lunar crust and the Samples collected
are dominantly NOT impact melt, and those collected
are NOT
old. At present we have no evidence for impact melt
samples older than 4.2 Ga, and even this old is rare.
Virtually
all samples of impact melt are less than 3.95
Ga. These are not from a single event, such as Imbrium,
but from a large variety of events.
of specific basins and the general

Thus both the dating
population
of impact

melts is strongly consistent
with the concept that
of the highlands
cratering
of the Moon took place
3.95 Ga, and this might well included even the
oldest visible basin.
This conclusion
is also most

most
after
very
con-

sistent with the evident preservation
of general crustal
stratigraphy
and the low abundance
of siderophile
elements in the crust prior to the -3.9 Ga additions.
The ancient lunar craterlng
record: It is evident
that the Moon was severely battered during the period
from 3.95 Ga to about 3.85 Ga. However, the evidence
suggests

that very little

was bombarding

the Moon

in

the period for several hundred million years before that.
How intense was this bombardment?
From the point of
view concerned here, the decline is most important,
and
the evidence suggests that between 3.90 and 3.85 Ga the
flux was a factor of about a ii_
higher than the average since 3.80 Ga. The flux might have dropped precipitously at 3.85 to be almost negligible
at 3.83 Ga; the
Apennine
Bench formation
is well preserved,
though
certainly not as well as many mare plains.
The terrestrial
record at -3.85 Ga: Searches of the
Earth's oldest sedimentary
rocks for signatures
of impact has so far turned up negative, e.g. [5]. These possible signatures
would include
meteoritic
siderophiles,
sedimentary
breccia deposits, and Shock features. The
rocks in question include the Isua belt as well as the
even older Akilia enclaves in Greenland.
Some of these
have been inferred fxom cross-cutting
relationships
of
igneous rocks and geochronology
of their zircons to
have formed before or equal to 3.85 Ga. The lack of
impact features possibly results from a lack of preservation or from a high rate of deposition (these ancient
sediments
are dominated
by banded iron formations).
They equally might result from a lack of impacts. If so,
they suggest that the rocks are actually about 3.85 Ga
(which is quite likely) and that the rate of impacting
declined extremely
rapidly from the high lunar Nec-

Ryder G.

tarian rate to a rate within a few factors of the presentday rate. This is probably the best way to reconcile the
lunar and terrestrial records.
Impacts and the origin of life on Earth: The inferred rapid decline of the impacting
record of the Earth
and Moon from 3.95 to 3.85 Ga is not compatible
with a
continuous
intense impacting
of the Moon prior to 3.95
Ga. An extrapolation
back in time of such increasingly
high rates is not consistent with either the siderophiles
in the crust or the size of the Moon.
Thus the conclusion to be made

is that

the Earth

was

NOT subject

to

continual sterilizing
events from 4.5 Ga to 3.8 Ga. The
record of around 3.85 - 3.90 Ga is compatible
with a
few such events at around that time. However,
it is
equally possible that the impacting
of the Earth-Moon
system during this time period was benign, and even the
cause of the origin of life on Earth. The Earth's surface
may have been too cold prior to that time because of a
lack of insolation,
and the intense peaked impacting
could have been responsible
either for a general warming. Alternatively,
cific environments,

impacting
could have
such as near-surface

provided spehydrothermal

systems, in craters or even just one specific large basin,
conducive
to the origin of life. Earth's
own internallydriven systems, such as volcanic hydrothermal
systems,
might have been unsuitable
or by themselves
inadequate. Such a concept is speculative,
but so are those
invoking the continual sterilization
for which there is no
record.
References:
139-142.
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Introduction:
The Am6nau Breccia, containing large
blocks derived from Devonian reefs mixed with basalt

w

m
m

clasts and glass shards and cropping out in two
quarries in the village
of Am6nau,
near Wetter,
Germany, was originally interpreted to have resulted
from "erosional
destruction of a reef during a period
of volcanic activity" [1]. We restudied this breccia to
determine if it had been instantaneously
emplaced by
a single volcanic explosion, and if so, was the timing
of this event the same as that of the Alamo impact
breccia, which was emplaced
in southern Nevada
within the middle part of the punctata Zone [2, 3] i
Am6nau
Breccia:
Re-collection
of conodonts
from
the Am6nau Breccia and adjacent strata confirms its
emplacement as an instantaneous
event. However, we
found that this Am6nau
Event occurred well before
the Alamo Event and within the early Frasnian,
late
part of the Early falsiovalis
Zone, at or close to the
first occurrence
of Ancyrodella
rotundiloba.
This
timing coincides with a eustatic rise marking the start
of the Late Devonian.
Related German
localities:
At Donsbach,
38 km
WSW of Am6nau,
a limestone
bed below a similar
tuff breccia containing
atryptd brachiopods
was dated
by conodonts
as Lower
asymmetricus
Zone
(=
transitans Zone of current usage) [4]. Our re-study of
the original collection
shows that this bed and hence
the overlying
tuff breccia were misdated
and are
actually slightly older and thus the same age as the
Am6nau Breccia.
At Blauer Bruch, on the outskirts
of Bad

!

!

__J

w

Wildungen
and 40 km ENE of Am6nau,
the only
bentonite within a thinly interbedded slope sequence
of shales and limestone
turbidites
has precisely
the
same conodont dating as the volcantclastic
breccias at
Am6nau and Donsbach
[5]. Thus, the Am6nau Event
coincides with the onset of volcanism
along an ENE5
trending transect,
78 km long, of the Rheinlsches
Schiefergebirge
in central Germany.
Further
evidence
of
the
widespread
instantaneous
onset of volcanism
Is provided by the
classic
stratotype
section
at
Martenberg,
near
Diemelsee and 40 km NW of Blauer Bruch. There, in
a sequence of hematitic
mlcrites
deposited
during
nearby
submarine
exhalations,
the time
of the
Am6nau Event is represented
by a 95-cm-thick bed of
sedimentary
hematite,
the only thick hematite interbed in the sequence [5].
Conclusions:
The AmOnau Event is documented
not
only by volcanic explosions
at two localities,
38 km
apart, but also by the simultaneous
start of volcanism

across
a
wide
expanse
of
the
Rheinisches
Schiefergebirge.
This coincidence was not recognized
previously
because of the lack of information
due to
the scarcity of exposures,
except in a few quarries and
stream cuts, in this region of predominantly
highly
weathered slate hills. We are now re-investigating.
other localities
in the region to determine
if the
Am6nau
Event was strictly
a volcanic
event or
whether the widespread
volcanism
might have been
triggered
by an early Frasnian
subcritical,
oceanic
impact coincident with a eustatic rise.
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Introduction:
The Late Devonian Epoch, one of the
most intensively
studied of all the Paleozoic Epochs,
was a time of major sea-level changes,
catastrophic
events, some of which were impact related, and two
mass extinctions,
one of which was impact related.
These many events are plotted
herein against
the
generally
accepted
sea-level curve [1, 2]. Detailed
knowledge
and dating
of Late Devonian
events
resulted from a high-resolution
biochronology,
based
primarily
on conodont
zonations,
but supported
in
part by ammonoid,
ostracod,
and spore zonations.
This detailed
knowledge
was gained by intensive
biostratigraphic
studies during the past two decades,
inspired by the IUGS Subcommission
of Devonian
Stratigraphy
and by IGCP Projects
on Bio-Event s
and Mass Extinctions.
Many Late Devonian events
produced
changes
in the environmentally
sensitive
mudmound
levels in Belgium [3].
The
initial
Late
Devonian
Stage,
the
Frasnian,
was a time of general transgression
during
the Taghanic
onlap that began in the late Middle
Devonian.
The final Famennian
Stage was a time of
general
regression,
probably
due
to
Southern
Hemisphere
glaciation,
interrupted
by four major
transgressions,
probably
related
to
interglacial
episode s. Both the late Frasnian and late Famennian
mass extinctions
occurred during, not at the start of,
rapid
regressions
that
closely
followed
rapid
transgressions.
The stepwise
late Frasnian
mass
extinction, one of the five greatest in Earth's history
[4], is believed
to have occurred
as a result
of
environmental
stresses that were related to not just
one but to a series of multiple,
non-critical
impacts.
The late Famennian
mass extinction,
on the other
hand, is believed to have occurred at the culmination
of stresses
produced
by
alternating
glacial
and
interglacial
episodes.
Frasnian:
Some Frasnian events are closely related
to
or
even
may
have
produced
significant
transgressions.
The enigmatic
Amrnau Event, which
locally produced a megabreccia,
can now be tied to
the onset of volcanism across a 75-kin transect of the
Rheinisches
Schiefergebirge
in Germany
and to a
eustatic rise in sea level. It is dated as occurring
within the Early falsiovalis
conodont
Zone at the
first occurrence
of Ancyrodella
rotundiloba,
the
conodont used to define the start of the Frasnian. We
are now trying to determine
whether this volcanism
resulted from an oceanic impact. The oceanic, subcritical
Alamo
Impact
in southern
Nevada
is at
present the best evidenced
Late Devonian
impact,
even though its crater is now buried or obliterated.
Evidence
of its -1.5-km-deep
crater derives from
Middle
Ordovician
to possibly
Late
Cambrian

conodonts
that were blasted from the crater depths
and redeposited
in the resulting
chaotic megabreccia
and tsunami-related
turbidites
[5], along
with
carbonate impact
spherules,
shocked-quartz
grains,
and a locally high iridium concentration
[6, 7]. This
impact occurred in the middle of the punctata
Zone
and coincides
with a major transgression
and the
demise of the first mudmound
level in Belgium.
Because of the current controversy
in methodology
for radiometric
dating, we are now uncertain whether
the Siljan Impact in southern Sweden coincides with
the Alamo
impact,
with the late Frasnian
mass
extinction,
or was part of an intervening
comet
shower.
The
late
Frasnian
mass
extinction,
as ....
the Keliwasser Event, occurred
commonly known
.'ii_
not at the highstand
of transgression
[8] but within
the regressive part of a thin transgressive-regressive
black shale bed. Where well developed,
this shale
contains
a detailed
record
of several
stepped
extinctions
and introductions
of shallow-water
biota,
culminating
in an abiotic layer at its top. Researchers
are still trying to locate an impact exactly coincident
with this position.
Possibly
the Siljan Impact was
the source
of
microtektites
found
within
the
extinction shale in Belgium. However, it seems more
likely that the extinction
occurred as a result of a
series of sub-critical
impacts or comet showers during
the Frasnian.
This scenario
is supported
by the
stepwise extinction
of several animal groups [9] and
by the decreasing size and biotic diversity of the first
three Belgian mudmound
levels.
Famennian:
To date, no direct evidence of any
impacts has been found in Euramerica
during the less
turbulent Famennian
Stage. A possible, closely postextinction time of impact, however, is within the late
part of the earliest
Famennian
Early triangularis
Zone, when normal
sedimentation
was interrupted
globally
by deposition
of coarse
tsunami-related
breccias. This event has been attributed,
alternatively,
to collapse of platform
margins
during continuing
regression [2]. Only one local Famennian
mudmound
level, the Baelen [10] is known in Belgium,
and this
lacks the stromatoporoids
and corals
that
were
important tO Frasnian
mudmound
construction.
The
Baelen mudmound
was constructed
dUring the later
part of the second
major
Famennian
interglacial?
transgression.
The late Famennian
mass extinction,
commonly known as the Hangenberg Event, occurred
during a severe sea-level
drop within
the Middle
praesulcata
Zone, near the end of the Devonian.
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LATE CRETACEOUS
THEROPOD
DINOSAUR
DIVERSITY:
LATITUDINAL
DIFFERENCES
IN NORTH
AMERICA
AND IMPLICATIONS
FOR THE K/T EXTINCTIONS.
J.T. Sankey, Museum of Geology, South Dakota
School of Mines and Technology,
501 E. Saint Joseph Ave., Rapid City, SD, 57701, U.S.A. Julia.Sankey@sdsmt.edu

Although
the evidence for an impact at the end of the
Cretaceous
no longer makes this event controversial,
the
link between an impact and the terrestrial vertebrate
extinctions
is still controversial
among some
paleontologists.
The proposed ecosystem collapse as a
result of impact does not fit with the selective nature for
these extinctions.
This paper reports on the differences
in theropod dinosaur diversity between southern and
northern North America during the last 10 million years
of the Cretaceous,
and suggests that climatic and
environmental
changes were important factors in the
dinosaur extinctions.
Temperature
and rainfall differences along a northsouth latitudinal gradient in the Western Interior of North
America resulted in distinct terrestrial faunal and floral
provinces during the late Campanian.
The
"Cor_hosaurus"
dinosaur fauna was from Wyoming to
the north and the "Kritosaurus"
fauna occurred to the
south. These faunas correspond
approximately
to the
Aquillapollenites
and Normapolles
palynofloral
provinces.
More temperate and humid climates, with
more closed-canopy
forests occurred to the north and
warm, dry, and non-seasonal
climates, with more opencanopy woodlands
occurred to the south [1].
Late Cretaceous southern theropods are not as well
known, especially from west Texas (Aguja and Javelina
Formations,
Big Bend National Park), where deposits
have received less attention, have less outcrop area, and
are generally less fossil-rich.
Northern Late Cretaceous
theropods are better known, especially from Alberta
(Judith River and Edmonton Groups), due to more
intense collection, more outcrop area, and richer
deposits.
Fossils studied are teeth collected by various workers
by screening microvertebrate
sites and by surface

collecting.
Fossils from Alberta are in the Royal Tyrrell
Museum of Paleontology
(Drumheller,
Alberta) and
those from Big Bend, at Louisiana State University
(Baton Rouge) and University
of Texas at Austin. There

u

roll

are only five theropods from Big Bend:
Saurornitholestes,
Richardoestesia
cf. R. _orei,
Richardoestesia
sp. nov., Paron'cchodon
lacustri_._.._s,
and
tyrannosaurid
[2, 3, 4]. However, there are at more taxa
from Albertan deposits, including Troodon,
Dromaeosaurus,
"Saurornithoides",
and several
tyrannosaurids
[5, 6, 7].
Paleoecologically,
the Aguja
and Javelina
(late
Campanian
to']aiesi
Maastrichtian)
of Big Bend may
have been more similar to the lower Scollard Formation
(latest Maastrichtian)
of Alberta:
both had warm, dry,
open envh-onments
producing
lower theropod
diversity
and abundance.
This connection
between
climate,
environment,
and theropod diversity suggests
factors were important in their extinctions.
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Introduction:
The
that Neoproterozoic

University,

EARTH,

Cambridge,

Snowball
Earth
glacial deposits

MA

D.P.

hypothesis
proposes
and associated
"cap"

for carbon dioxide, released
by magmatic
outgassing,
to
build up in the ocean/atmosphere
system,
providing
adequate radiative
forcing to overcome
the high planetary
albedo.
Meltback
would be extremely
rapid (i.e., hundreds of years), transforming
the earth from frozen to ultra-greenhouse
conditions.

B
m

,

The hypothesis
predicts that the cap carbonates
were
rapidly deposited,
with alkalinity
supplied
by intense
carbonate
and silicate weathering.
Banded
iron formations, associated
with the glacial deposits,
represent
chemical
precipitates
that formed as the ocean, anoxic
from millions
of years of ice cover, mixed with the atmos-

w

phere as the ice melted away.
An important
question is
whether
carbonate
dissolution
during the glaciation
was
sufficient
to maintain
carbonate
saturation.
If the ocean
were

undersaturated

tion of shelf carbonate,
continental
ice, would

i
w

at the termination,

intense

dissolu-

exposed by low sea level from
quickly bring the surface ocean

calcite
(and dolomite)
saturation,
tion of very pure carbonate.
The

to

causing rapid deposicarbon isotopic compo-

sitions
of tl3e cap carbonates
are consistent
with this hypothesis.
Values
immediately
on top of the glacial deposit are approximately
-2 per mil, consistent
with dissolved
inorganic
carbon in isotopic
equilibrium
with a
CO2-rich
atmosphere.
This value implies approximately
equal partitioning
of carbon between
the atmosphere
and
the ocean. With this constraint,
assuming
a range of alkalinities,
the pCO2 can then be calculated
for the glacial
termination.
Values within the cap carbonate
rapidly
decrease
to -5 per mit, consistent
with Rayleigh
distillation of the atmosphere
as carbonate
is deposited,
and
mass balance
considerations.
The basal unit of the cap
exhibits
a "tube" texture, with evidence
for shallow water
deposition,
followed
by a transgressive
sequence
of carbonate all within the cap sequence.
This suggests that the
basal unit of the cap precipitated
over a very short time
interval
before continental
glaciers
had melted causing
the eustatic
sea level rise. The basal unit, predominantly
dolomite,
may represent
the unusual
conditions
in the
aftermath
of the snowball
earth, with dolomite
saturation

B

V

enhanced
by addition of fresh
from melting
of sea ice.

water

to the surface

ocean

the basal

carbonate

w

Elevated
m
I

W

z

unit
with

values

above

are biased
by in-situ Rb decay.
They are consistent
very intense weathering
of silicate rock flour after an

initial sequence
of carbonate
deposition
due to degassing
of seawater
during
ocean warming
and/or intense
carbonate weathering
prior to eustatic sea-level rise from melting
continental

W

g7Sr/86Sr

glaciers.

Schrag

02 i 38, USA,

carbonates
represent a series of global glaciations
followed by extreme greenhouse
conditions
(Hoffman
et al.,
1998).
In the context of the hypothesis,
a runaway
icealbedo feedback
causes a global glaciation,
with nearcomplete
sea-ice cover, and a greatly reduced hydrologic
cycle _lominated
by sublimation.
Escape from this frozen
state requires several to several 10's of millions of years
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The reasons
why the Earth was susceptible
to such
glaciations
in the Neoproterozoic
remain a mystery.
The
convergence
of continents
at low-latitudes
may have been
a contributing
factor.
When all the continents
move to
tropical latitudes,
there are at least two interesting
perturbations
of the carbon
cycle that result. First, most of the
ocean area would exist in the polar regions,
with no land
mass available
to supply
dust (the
cient at transporting
dust from the
tudes).
This condition
would
make

atmosphere
is ineffitropics
to higher latibiological
productiv-

ity in the high
latitude
oceans
extremely
focusing
most
of the productivity
into
ocean basins which would
be smaller
and

iron-limited,
low latitudes
more removed

from global circulation.
In essence,
this would
yield a
world with multiple
basins like the Black Sea, more prone
to suboxic or anoxic conditions.
In these oceans, organic
matter burial
would
dramatically
increase
due to more
efficient
recycling
of phosphate.
This can explain
the
high carbon isotope
values
observed
in the millions
of
years of sediment
preceding
each of the snowball
glaciations.
In addition,
the low latitude
continents
would allow for lower carbon dioxide
levels
by removing
the glacial barrier to chemical
weathering.
In the current
continental configuration,
as carbon
dioxide
emissions
from
volcanic
sources
decrease,
ice caps on high latitude
continents
would
decrease
the rate of chemical
weathering,
stabilizing
the amount
of carbon
dioxide
in the atmosphere. If all the continents
were at low latitudes,
no such
"safety
switch"
would
exist, and carbon
dioxide
could
reach lower levels for the same rate of volcanic
emissions.
This may explain
why the snowball
glaciations
occurred
at this time, and not in the Phanerozoic,
and not in the 1.5
billion
years preceding.
The possibility
that an early
Proterozoic
snowball
occurred
is an interesting
new hypothesis
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BIOSTRATIGRAPHIC
AND GEOCHEMICAL
ANALYSES
ACROSS THE K/T BOUNDARY
IN THE
SINAI, EGYPT: RELATION
TO A BOLIDE?
l]knur Korhan SengUler 1, Ahmed Dakrory 1'2, Christian Koeberl 3
and Muharrem Satir 4, _institut und Museum Rtr Geologie und Pal_iontologie der Universit_it TUbingen, Sigwartstr. 10,
D-72076 Ttibingen, Germany (ilknur@uni-tuebingen.de)
2 Department of Geology, Faculty of Science, EI-Minia
University, EI-Minia, Egypt, 3Institut _r Geochemie der Universit_t Wien, Ahhanstra.14, A-1090 Wien, Austria
(christian.koeberl@univie.ac.at),
4 Institut fttr Mineralogie, Petrologie und Geochemie der Universit_t Ttibingen.,
Wilhelmstr.56,
D-72074 Ttibingen, Germany (Satir @uni-tuebingen.de)

The numerous
papers dealing
with the K/T boundary
in Egypt concentrated
lithostratigraphic
and biostratigraphic
aspects, whereas detailed geochemical
investigations
six sections (4 m below to 2 m above the K/T boundary,with
in general 0,5-0,3 m sample
western part of the Cen_al Sinai, the distribution
of the benthic and planktic foraminifera,
samples, but also in a few selected plankic and benthic species as well as the oxides
elements and the platinum-group
elements have been analysed.
The following planktonic
and benthic foraminiferal
zones have been recognized:
_ankti¢ foraminifera
Parasubbotina
pseudobullo[des
Parvularugozlobieerina
eugubina
abathornphaius-n(ay-aroens[s
.....
Globotruncana
gansseri

benthic foraminifera
GavelineIIa danica

Bolivinoides

draco draco

until now mainly on
are still lacking. In the
spacing) studied in the
stable isotopes in bulk
of main-elements,
trace

Paleocene

Maaslrichtian

Some species of planktic foraminifera
survived the mass extinction
at the K/T boundary,
which affected
mainly the globotrtmcanids,
the biserial pseudotextulariids
and pseudoguembelinids,
and became gradually extinct
in the basal Paleocene.
15% of the benthic foraminiferal
species disappear
at the K/T boundary.
The P0 Zone
(Guembelitria
cretacea Zone) could not be recognized
all the studied sections. The assemblage
of the Pla Zone
(Parvularugoglobigerina
eugubina Zone) is composed by Cretaceous survivors (mainly dwarfed forms) and the fu:st
appearance of new Paleogene
species. Most of surviving
Cretaceous
species disappear
progresively
through
Parvularugoglobigerina
eugubina biozone.
An upper Maastfichtian
positive 813C excursion
is followed by a negative 513C anomaly (-0.5 to -1.0 %_) at or
near the K/T boundary.
These changes are observed
in the bulk samples as well as in the selected planktic and
benthic
foraminiferal
species.
This negative
excursion
could be caused
by a lower sea level or other
paleoceanographic
changes, but also by an impact event of extraterrestrial
origin.
In all studied sections, the K/T boundary interval is marked by an enrichment
in Co, Ni and Cr. Preliminary
neutron activation data also indicate an Ir anomaly. Measurements
and data reduction are ctu-rently in progress.
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University

of

[2-11].

By the mid-1990s,

eVidence was accepted
widely, albeit
ie.g., 12].
Consequently,
exploration

this

not universally
goals shifted

toward refining our understanding
of the feature, the
nature of such large impact events, and, in particular,
how this one could have initiated
a global environmental cr!sis that resulted in such a dramatic turnover
in Earth's
biosphere.
In 1994, under the direction of Dr. Luis E. Marfn,
Universidad
Nacional
Aut6noma
de MExico (UNAM)
began a privately
sponsored
campaign
of shallow
drill-coring
along the southern flank of the Chicxulub
basin (Table 1). The four primary sites are shown in
Figure 1. Of particular
significance
was the discovery
of thick sequences
of ejected melt rocks overlying
suevitic breccias at U5, suevite over a weakly shocked,
carbonate-evaporite-rich
breccia at U7 and U6, and
the existence of anhydrite megablocks
in the 137 cores.
Notably,
this effort
represents
the only scientific
drilling accomplished
to date in or around the Chicxulub impact basin.
Why Continue
to Study Chiexulub?
The Chicxulub impact basin is at least 200 km in diameter.

22*-

21 °

Geophysical

at the KT boundary
"

circa 1948 [1], prompting
an exploratory
drilling progf_by_sMexicanos
(Pemex) consisting
of 8
intermittently
cored wells penetrating
through
the
Mesozo!c
platformo.seq.quence.
While the amount
of .........
coring was small (only -2% of intervals
were cored)
these samples provided the evidence required to demonstrate that the Chicxulub
structure is a large meteorite im )act crater and to link it with mass extinctions

; ....

Sharpton,

--SCIENTIFIC

AK 9_977_5;buck.sharpton@gi.alaska.edu

northernmost
Yucatan (Figure 1) was first recognized
as a zone of concentric
anomalies
in gravity surveys

'_..

THR'OUG-H

4

To

There are only two other terrestrial
impact craters that
approach
this size: the Sudbury structure
in Ontario
[e.g., 13] and the Vredefort structure
in South Africa

T1

[e.g., 14]. Both are Proterozoic
and both are heavily
eroded; Sudbury,
in addition, has suffered considerable
deformation
associated
with
the
Penokean
orogeny.
of these

1g'3_!
I

90"30'

go °

I

89 °

88 °

Figure 1: Surface geology, ring locations from gravity
data, and wells in the vicinity of the Chicxulub multiring impact basin. The three wells that penetrated impact melt rocks and breccias beneath the carbonate cover
rocks are C1 (Chicxulub 1), Sl (Sacapuc 1), and Y6
(Yucatan 6). Other Pemex well sites shown are Yucatan 1 (Y1), Yucatan 2 (Y2), Yucatan 5A (Y5A), and
Ticul l (TI). The Yucatan 4 (Y4) well site is located
off the map, ~65 km east of Y5A. Important sites of
shallow drill-coring, led by UNAM scientists, are denoted by U2 through U7. Carbonate units at the surface
are Q (Quaternary; <1.6 Ma), Tu (Upper Tertiary; -1.6
to 38 Ma), To (Oligocene; -24 to ~38 Ma),Te (Eocene;
-38 to -55 Ma), and Tpal (Paleocene; -55 to ~66.0
Ma). Hatchured lines represent the Ticul fault system.
Dashed lines indicate trends of ringlike zones of cenotes
or sinkholes.
Existing (Pemex) and (BIRPS) offshore
seismic lines are shown by broken line patterns.

Consequently,
the upper several kilometers
structures
have been severely modified
and

their original morphology
and near-surface
geology is,
therefore, a mystery.
Due to its young age and the shallow marine setting prior to impact,
Chicxulub
is remarkably
well
preserved.
The crater, extending
several hundred
meters below KT sea level, was shielded from the effects of erosion
throughout
the Tertiary.
Only the
high-standing
rim and ejecta blanket would have been
subjected to extensive
impact-generated
wave action
and long-term
exposure to reworking.
Furthermore,
the target assemblage
is composed
of three primary
components:
silicates,
sulfates,
and carbonates,
that
(roughly)
correlate
Major oxides and

with stratigraphic
volatiles, therefore,

depth and age.
can be used to

(roughly)
track the original
stratigraphic
position of
various lithological
components
even when they are
finely disseminated
in ejected materials.
Thus it may
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BASIN:

V. L Sharpton

m
Table 1: Results of UNAM Shallow DriUin_.' Campa
Well Site
UNAM 1; southeast of center on innermost
prominent gravity ring [7]; -50 km from basin
UNAM 2.; -85 km southeast of center on 'ring
of cenotes' [3]. Corresponds to proposed rim

_n t 1994-1995
Objectives; Comments
Drilling terminated when loss of circulation and
continued cavin_could not be remedied
Assess origin of ring of cenotes and link with
crater. T.D. did not reach crater at this site.

Depth 1Surface Geology
155 m T.D. Eocene-Oligocene
carbonates; -85% core recovery.
559 m T.D. Eocene carbonates; -85%
cole

in [2]
UNAM 3; southeast of center just inside grav-

recovery.

138 m T.D. Eocene carbonates;

it 7 ring 4 ~ 150 km from center
UNAM 4; -10 km south of U3.

COre

-65%

Lost circulation, caving; terminated coring.

-70%

Lost circulation,

"w

recover_.

63 m T.D. Eocene carbonates.

core recover),
503 m T.D. 91% recover)'. Impact melt
encountered at 330 m; suevitic crystalline rock clast breccia at -360 m to T.D.

LrNAM 5; ~110 km south of center on ring 3 at
Santa Elena.

m

caving; terminated

coring.

Evaluate depth to, thickness of, and lithological
characteristics of ejecta at this distance.

UNAM 6; -150 km SSE of center on ring 4
near Peto.

-702 m T.D.; carbonate-anhydrite-rich
breccia 257-520 m; disturbed evaporitic
rock to T.D.

Evaluate depth to, thickness of, and lithological
characteristics of ejecta at this distance.

UNA_I 7; -125 km south of center between
rings 3 and 4 near Tekax.

-700 m T.D. Suevite breccia (211 345m); underlying carbonate-anhydriterich impact breccia to T.D.

Evaluate depth to, thickness of, and lithological
characteristics of ejecta at this distance.
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Introduction
: The Permian-Triassic mass
extinction event has been attributed wholly or
partly to climatic _ Stress due to Siberian
volcanism [1,2], regression of sea [3], oceanic
anoxia [4,5], overturning of deep anoxic oceans
[6] and impact [7,8] or combination of all these
factors [9]. Their relative roles in causing mass
extinction, however, have not been evaluated.
The impact hypotheses
has received some
su-l_poft_om the work of Retallack [10] who
reported occurrence of planer defects in quartz in
the Permian-Triassic
sections
from some
localities of Antarctica and Australia. India was a
parr _0f_the
01d Gondwanaland
in which
Antarctica, Australia, Africa etc. were located
close together during Permian-Triassic time. If
impact really took place at Falkland, as proposed
by Rampino [8], then Indian sections, because of
their proximity, are in a better position to record
these events
compared
to the Northern
Hemispheric
sections e.g. Carnic Alps and
China.
It has been observed that a thin (~2cm)
limonitiC band separates
the Permian and
Triassic succession in the Spiti valley and should
represent the Permian-Triassic
Boundary. The
ah§ence of high iridium and presence of a large
positive Eu-anomaly in Guling and Lalung P-Tr
sections of Spiti valley of Himalayas would
indicate a eucritic or anorthositic bolide in an
impact scenario [7].
Limonitie
Layer : To understand the
extent of the limonitic layer, its mineralogical
and che_cal":characteristics
and geological
context, we have carried out study of several
sites in Lahaul
and Spiti valley. Field
observations
indicate that the limonitic band
separating the Permian grey-black shale and
Triassic limestone is present throughout the Spiti
valley and also in Lahaul valley. From the
macroscopic and physical examination and X-ray
diffraction studies of this limonitic material
which is well developed near Attargoo village in
Spiti valley, we find that it consists of goethite,
quartz, gypsum and feldspar. Maganese in form
of oxide with minor iron has also been observed
by SEM studies, indicating a marine component
in this clay whereas presence of gypsum shows
components of sub-aerial origin. A large drop in
the sea level and aerial exposure of sediments
can probably result in the mixed mineral

assemblages seen here but it can not easily
explain the high europium anomaly observed in
dark nodules found at the base of the limonitic
layer. The presence of multiple components of
diverse origin in the Iimonitic layer could also be
ascribed to an impact ejecta [7].

100
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0
-50
-lO3 -i
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Petrrian_
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10 15 23 25 30

Fig. 1. Profile of U, Th and Th/U ratios in the
Attargoo section.
Trace
element
composition:
To
characterize the samples in detail we have
carried out geochemical studies of samples of PTr sections in Spiti valley as well as from
Kashmir
(Guryul) using neutron activation
analyses. U, Th and K measurements were made
using gamma-ray spectrometry.
Some major
elements have also been measured using ICPAES and AAS techniques.
Th, U and Th/U ratios show a drastic
variation in the section as shown in Fig.1.
Generally Th/U is considered as an indicator of
redox conditions prevailing at the time of
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reflects

deposition,
since
under
anoxic
U is tetravalent
and forms insoluble

compounds
which remain
in the sediments
while
in oxic
environment,
U changes
to
hexavalent
state
and forms the soluble uranyl
carbonate.
In the Attargoo section, we find that
Th/U ratio starts decreasing
from 5 cm (7.27)
below the limonitic layer and attains a minimum
value in the limonitic layer (1.72). Thereafter
it
increases
during Triassic (to 3.0). This variation
suggests that much before the deposition
of the
layer the oxygen
in the sea started depleting,
although
the concomitant
variation in Th

in the

A.D.

colour

Shukla et al.

of shales

which

change

from grey to black [ 11 ]. The duration
and extent
of anoxia seems to vary from place to place as
can be inferred by comparing Th/U and [Ce/La]N
in Attargoo
section with austrian
and chinese
(Meishan and Shangsi) sections [12].
The boundary samples from four localities
(Lalung,
Guiing,
Attargoo and Ganmachidam)
show parallel trends in REE.The REE content is
high in the limonitic
layer
compared
to the
adjacent samples above and below it. La/Th and
Th/Yb
also show similar depth profiles in these
sections.
The Permian
shales have low La/Th
and high Th/Yb, similar to granites whereas the
Triassic limestone have high La/Th (4.9 to 11.6)
and low Th/Y (1.2-2.5) respectively,
similar to
basalts. This could possibly be due to Panjal and
Phe volcanism
which occupied large areas in the
adjoining
Kashmir
and Zanskar
basins in the
Tethyan realm of north-western
Himalayas.
We thank Harald Strauss for conducting
a

100

very useful field trip in the Spiti Valley under
IGCP 386, which allowed
us to collect samples
used in this study.
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elemental

ratios

in

concentration
suggests
simuitaneous
claan_s
due to
lithological
variations.
The anoxic
condition
at the time of deposition
of the
limonitic
layer can also be inferred from the high
(Ce/La)N, which is similar to those occurring
in
Austrian
sections
[11]. Thus the anoxia starts
building
up before
the deposition
of this
limonitic
layer. This decrease
in oxygen
also
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The recent studies of the 53Mn-53Cr isotope
systematic in various solar system objects [1] has provided a method for unequivocally
demonstrating
the
existence
of an extraterrestrial
component
(ETC) in
impact ejecta with high concentrations
of meteoritic
Cr. The method is based on the study of the relative
abundances
of 53Cr, daughter
product of the extinct
radionuclide
53Mn (TI/E=3.7 Ma). The isotopic variations are measured
as the deviations
of the 53cr/52cr
ratios

from

the

standard

terrestrial

S3Cr/S2Cr

isotopic composition.
The Cretaceotts/Tertiary
(K/T) boundary.
The K/T boundary
sediments
from Stevns Klint,
Denmark, and Caravaca, Spain, were found to have a
Cr isotopic signature which is very similar to that of
the carbonaceous
chondrites: from -0.33 to -0.40 e,

precision
mass spectrometric
analysis of the Cr isotopic composition
in rocks and minerals, which allows
measurement
of S3Cr/SZCr variations
of less than 1 e
with an uncertainty
of 0.05 to 0.10 E-units [1].
Because Earth homogenized
long after 53Mn
had fully decayed, no variation
of 53Cr/52Cr ratios is
expected
for any terrestrial
samples.
Indeed, all examined terrestrial
samples exhibit the same 53Cr/52Cr

while the background
clays were found to have a normal Cr isotopic composition
(Fig. 1) [2]. The "raw"

ratio .4-0
e) (Fig: 1). In contrast,
most meteorite_
classes studied so far, including ordinary and enstatite

53Cr/S2Cr and S4Cr/52Cr ratios
of the carbonaceous
chondrites
and the K/T sediments
were also found to
be similar. These results indicate that more than 80%

chondrites,
primitive
achondrites, and various differentiated
meteorites
are characterized
by a variable
excess of S3Cr relative to terrestrial
samples
(Fig. I),
reflecting
a heterogeneous
distribution
of S3Mn in the
early solar system [1]. The 53Cr/52Cr variations
in the

K

m

W

order fractionation
correction
[I] and, for this purpose, is assumed to be normal, the elevated 54Cr/52Cr
ratio translates
into apparent
deficit of S3Cr. The
measured
"raw" 53Cr/52Cr and 54Cr/52Cr ratios of the
bulk CV meteorite Allende (that is, without application of the second order fractionation
correction)
are
+0.1+0.1 e and +0.9+0.2 e. Preliminary
data for bulk
Orgueil show that the actual 53Cr/S2Cr ratio is comparable with that for the other undifferentiated
asteroid
belt meteorites
(i.e., an excess
of 53Cr) and the

L_

54Cr/S2Cr ratio is elevated
up to _ +1.5 e. Thus, an
apparent deficit of 53Cr in the carbonaceous
chondrites
(when the "normalized"
53Cr/52Cr ratios are used) is
actually due to an excess of 54Cr. Nevertheless,
be-

izeea

ratio would dras-

between Earth and meteorites
represents
a direct experimental
fact that does not involve
any models or
assumptions.
This allows us to unequivocally
demonstrate an extraterrestrial
component
in geological
samples on Earth that contain a significant
proportion
of meteoritic
Cr, based on measurements
of the Cr

which are usually expressed in e-units (1 e is 1 part in
104, or 0.01%). We developed
a technique
for high

B
l

53Cr/52Cr

1

tically decrease the precision,
and thus the resolution
of our measurements,
we prefer to apply the second
order fractionation
correction,
even for the samples
with an elevated 54Cr/S2Cr ratio.
The observed
difference
in S3Cr/52Cr ratios

ratio,

bulk samples
of differentiated
meteorites
are due to
processes of an early Mn/Cr ffactionation
within their
parent bodies. The carbonaceous
chondrites
show an
apparent deficit of 53Cr of --0.40 e [2]. However, _due_
to the presence of a pre-solar component the bulk carbonaceous
chondrites
have an excess of 54Cr. Since in
our method the 54Cr/52Cr ratio is used for a second

the use of the "raw"

Shukolyukov

La Jolla CA 92093-

:

of Cr in the K/T sediments originated
from a carbonaceous chondrite
type impactor.
This is the first isotopic evidence for the cosmic origin of the K/T layer
and the type of the impactor.
Archean
impact
deposits
in Barberton,
=
South Africa.
Criteria that distinguish
these beds
from typical volcanic and clastic sediments
include
wide geographic
distribution
in a variety of depositional environments,
relict quench textures, absence of
]uveniie-volcaniclasitc
debris, and extreme enrichment
of Ir and other platinum group elements [3]. However,
some workers
argued for terrestrial
origin, possibly
related to volcanism
or gold mineralization
[4]. This
controversy
has been solved based on the recent stud::ies of:he
Cr isotopes [5]. The Cr isotopic compositions of samples
from spherule bed $4 are unquestionably non-terrestrial
(Fig. 1). Samples D-4 and C
were found to have a clearly anomalous
"normalized"
53Cr/S2Cr ratios of-0.32_+0.06
e and
-0.26_+0.11 E,
respectively.
The less precise "raw" data for the 54Cr
abundances
in bed $4 indicate only a small enrichment in this isotope, a result most consistent
with a
CV-type chondrite
source. The background
sediments
yield normal
terrestrial
S3Cr/S2Cr ratios. The "norrealized"
53Cr/Sacr ratios in samples
10B and 10G (-
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0.37_+0.07 E and -0.41+0.08
e, respectively)
from another Archean bed from the Sheba Mine (probably bed
$3, northern location)
also clearly indicate the presence of abundant ETC from a carbonaceous
chondrite
type source (Fig. 1). The background
below the bed) yie!ds 0orma!.terrestria!

Lappajarvi
projectiles
were found to be a H-chondrite
type objects. In the Rochechouart
melts the interelement ratios among the siderophile
elements are heavily disturbed
[7]. This makes the assignment
to a specific class difficult.
However, based on the measured

sample (3 m
53Cr/52Cr ratio

53Cr/S_2Cr_)'atio the enstatite
and carbonaceous
chondrites can be excluded
and, thus, the most likely candidate for the projectile is an ordinary chondrite.
Acknowledgement.
We thank Ch. Maclsaac
for his
help in the lab.
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possibly

considerably
larger.
ETC in impactites.
We have studied impact
melt samples from the Morokweng,
Clearwater
East,
Lappajarvi,
and
Rochechouart
impact
structures.
Based on the chemical analysis [6-8] the projectiles of
all these craters are of chondritic
origin. The 53Cr excesses (from
Rochechouart

~+0.2 e for Lappajarvi
) indicate the presence

and G. W. Lugmair

Fig. 1. Chromium
isotope systematics
in terrestrial
samples, various
meteorites,
K/T boundary
samples,
Archean impact deposits, and impactites.

up to -+0.3 for
of an ETC. Us-

ing the Cr isotope data and the correlations
in the siderophile
element
concentrations,
the type of the
Morokweng
projectile
was recently
determined
to be
an L-chondrite

[9]. Similarly,

the Clearwater

East and
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Introduction:
The impacts of large cosmic bodies
(with
the
size
exceeding
some
100m)
could
substantially
influence
the evolution
of planetary
atmospheres
[I-4]. The growth
of the atmospheric
mass was defined by a release of volatiles in the impact
process.
At the same time some portion
of the
atmospheric gas could accelerate and escape from the
Earth. The main results concerning
impact induced
atmospheric erosion were obtained with the use of a
simplified sector model [2]. However, this model does
not take into account an influence of the atmospheric
perturbations
created during impactor
flight through
the atmosphere
and the influence
of the cratering
process on the air ejection. The significance
of these
factors was justified in [5-6]. The purpose of this paper
is to study the impact induced atmospheric erosion with
the use of detailed numerical
simulations.
One more

i

m

l
t
w

objective is to calculate the impact generated radiation
impulse, which is considered
as a possible reason for
mass extinction.
l

Numerical
simulations
are performed for a range of
impact
velocity
V=20-50 km/s and impactor
sizes
D=1-30 kin, both for comets and asteroids. ANEOS for
granite
[7] is used to describe
thermodynamics
of
asteroid substance
and soil, Tillotson
EOS for water
[8] is applied for the comet material, and tab!e equation
of state [9] is used to determine
the air pressure. The

m

nonuniform
detailed
grid 300x1000
with 20 cells
across impactor radius is exploited
to model a flight
through the atmosphere
from the altitude Of 400 km,
crater growth and plume evolution with the use of the
SOVA multi-material
hydrocode [10].
Results
of simulations.
In the
case
under
consideration
the total mass ejected from the crater is
much greater than the mass of air within the Cone of
ejection.
Therefore,
the main part of ejecta is not
exposed to atmospheric
drag. However, a leading (very
hot, rarefied
and fast) portion of vapor experiences
considerable
drag and expands within the rarefied wake
preferably.
In some sense the wake looks like an empty
tube through Which the hot rarefied vapor moves to
high altitudes. In case of impacts of 3-10 km projectiles

!

m

.m

w

<

the main part of the fast ejecta moves through
the
rarefied wake and can accelerate
only a small mass of
the air filling the wake. This leads to the decrease of
the
atmospheric
erosion.
As the impact
energy
increases
the mass of hot and fast part of the plume
also increases and atmospheric
drag becomes too small
to influence
the plume
evolution.
In this case
atmospheric
erosion does not depend on the presence
of the wake. In the case of smaller impactors (about
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1 km) the atmospheric erosion is possible only due to
the wake, otherwise, the hot vapor cloud would simply
decelerate to the velocity below the escape one.
Some
results
of
numerical
simulation
are
summarized in the table:
impactor
_

asteroid
asteroid
asteroid
asteroid
asteroid *
asteroid **
asteroid
asteroid
asteroid *
asteroid
asteroid
comet
comet
comet
comet
comet
comet
comet
comet

diameter,
km
30
10
10
10
10
10
3
3
3
1
1
30
10
10
10
3
3
1
I

velocity,
krn/s
20
20
30
5O
20
20
20
5O
5O
20
5O
5O
20
3O
5O
20
5O
20
5O

rnesc/mim

p

4.7x I 05
1.6xl0 "4
2.5x10 -4
8.8x10 "4
2.5x10 "4
1.8x10 -4
7.1x10 -4
1.7x10 J
1.2×10 "2
1.3x10 "3
4.5x10 "3
6.5x10 -3
1.3xi0 -3
9.7x10 -3
2.6x10 "2
1.9x10 -3
7.0x10 "3
4.0×10 -3
1.0×10 -2

Hear rr_
is the air mass reaching
the velocity
exceeding
11 km/s in 20 s after the impact, m,mp is the
impactor mass, * marks the runs without the wake. In
the run marked by ** the asteroid hits against an ocean
4 km deep. Several runs were continued to the time of
60 s. This did not lead to increase of the escaping mass.
As expected,
the atmospheric
erosion
increases
with the increase of impact velocity,
and the comet
impacts are more effective than the asteroid ones. The
influence of the target (water or rocks) is found to be
small. The presence of the wake leads to a decrease of
the value of mcsc for the 3 and l0 km impactors
and
increase -- for the kilometer
sized bodies with small
velocity.
Apart from the total escaping mass it is interesting
to know how much air is removed from each altitude.
It is important from the viewpoint
of possible changes
in the chemical
composition
of the atmosphere,
because
the relative
concentrations
of different
components
change with the altitude.
15,000 tracer
particles were initially
distributed
below
100 km to
follow the motion of different atmospheric
layers and
to deter mine the initial distribution
of the escaping air.
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Several typical distributions
are shown in Fig.l.
At
very high impact energies D=10-30km,
V=50km/s
the atmospheric
escape region really looks like a cone.
However,
the air from the bottom part of this cone
(which has the highest density and contains the most
part of cone air mass) does not escape from the Earth.
Just before meteoroid strikes the ground surface this air
mass
is contained
in the shock
compressed
layer
surrounding
the projectile.
Some portion of this gas is
forced into the target, mixes with melt and is further
ejected with rather small velocity (less than the escape
one). The other part of the air surrounding
the impactor
spreads along the ground surface. The dense curtain of
ejecta separates
this air from the wake and upward
expanding
plume.
These peculiarities
of the flow
(typical
for all the impacts
under
consideration)
considerably
decrease the atmospheric
erosion.

comet
D=30
V=50

Fig.l .Volumes occupied by escaping air before the impact.
In the case of smaller impactor and lower velocity
the region of escaping air does not look like a cone, but
resembles
a cylinder which radius is approximately
equals the impactor radius. The bottom boundary of the
cylinder is located at the altitude of several impactor
sizes. In the run without wake the air is thrown out
from the volume
which
looks like a cone with
gradually increasing angle.
A rough estimate of atmospheric
erosion induced
by an oblique
impacts
can be derived
from the
modeling of the vertical impacts without the wake. It
was shown in [11] that the oblique
impact at large
distances (about several atmospheric
scales) from the
impact site looks like a vertical
impact without the
wake. 3D simulations
are used to justify this estimate.
Conclusions.
First of all we can conclude that the
impacts

apparently

could

not decrease

the mass of the

Earth's atmosphere.
The ratio of escaping air mass to
the impactor mass does not exceed the value of 2-3%,
which is considerably
less than the mass of volatiles
released during the impact.
Most likely the atmospheric
erosion could not result
in the deficit
of xenon [12], because
the relative
escaping mass increases with the altitude.
A rough estimate of the erosion of the hypothetical
primitive 1-bar Martian atmosphere
[5] can be obtained
by replacing the Earth's escape velocity 11 krn/s by the
Martian
one, which
equals
5 krn/s.
The ratio of
rncs¢/m,_ v increases
The conclusion

by 3-10 times.
can be derived

from the numerical

simulations
that
direct
radiation
induced
by the
Chicxulub-like
impact
could be responsible
for fire
origin at an area of about 5-10 % of the total Earth's
surface.
Numerical
simulations
show that the value of highvelocity
ejecta
mass given
in [13] is strongly
overestimated
and, hence, the process of ejecta reentry
apparently
could not be responsible
for the global
wildfires, or at least this problem needs more detailed
investigation.
Another scenario seems to be more probable.
The
impact itself and local wildfires
could result in the
(dmpact winter>>. This in turn could lead to a global
mortality of forests and other plants. The dead forests
are known tO be much more subjected to ignition than
the living forests are. Moreover
a fraction of totally
burned mass of wood considerably
(several
times)
increases in the dry mortal forests, which leads to the
increase of the total mass of soot. The ignition of dead
forests could result
from the natural
thunderstorm
activity enhanced l_y strong atmospheric
perturbations
induced due to the impact. There is no evidence of
instant

fires and extinction

--

a period

(or periods)

of

global wildfire s Cou!d continue for several tens years
(or even much longer).
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Introduction:
Common rock-forming
rhombohedral
carbonates
- calcite and dolomite - constitute a consid-

CaO and MgO
21].

erable

Shock Recovery
Experiments:
mm diameter
and 0.6 mm thickness

fraction

of

terrestrial

sediments

that

may

be

shocked during hypervelocity
impacts, such as during the
KT event or at the Haughton
structure.
The relatively
modest temperatures
needed to decompose
carbonates
and to release their CO2 are easily attained during such
impacts.
However,
detailed
and quantitative
understanding of the CO2 release of carbonates as a function of
shock stress is still the subject of controversy,
as are a
number of other reactions and phase transitions that were
suggested for carbonates.
The first devolatilization

studies

of carbonates

in the

early 80ties suggested that incipient
devolatilization
of
calcite and/or dolomite commences
at modest pressures,
in the range <10 to 18 GPa (amounting
to 0.03-0.3
%
CO2 loss), with massive decarbonation
(30-40 % CO2
loss) occurring
at shock pressure of 20 GPa and above
[e.g. 1-3].
However,
most later studies revealed that
both calcite and dolomite are unexpectedly
stable under
shock conditions and no significant outgassing has been
observed
at pressures as high as 40 GPa for calcite and
60 GPa
tainties,

for dolomite [e.g. 4-_l°]-.._De_spi_te these uncerthe calculations
of O'Keefe
and Ahrens [11]

(and others) serve to illustrate that the K/T bolide liberated sufficient CO2 that a substantial
temperature
increase of the global atmosphere
is possible due to CO2triggered
greenhouse
effects.
The quantitative
understanding of the devolatilization
of carbonates as a function of shock stress is obviously
critical to refine such
calculations.
Additional
proposals
of shock effects in carbonates
relate to the possibility
of complex oxidation-reduction
reactions
involving formation
of elemental carbon from
shocked
carbonates
as detailed
by [12-14].
Also,
Martinez
et al. [15] observed during static compression
experiments
the following reaction:
CaMg(CO3) 2 -+ CaCO3 + MgCO3
dolomite
aragonite magnesite
and they postulated
that such mineral
assemblages
should also be found in shocked carbonates from terrestrial impact structures.
The mineral portlandite
- Ca(OH)2 - was reported
from shocked carbonates of the Haughton
impact structure, presumably
a weathering
product of devolatilized
carbonates
[16]. However,
this observation
has never
been confirmed by later studies [ 17]. Other observations
indicate the reaction of carbonates
with silicates, associated with highly shocked, vesicular, carbonate rich materials at Haughton,
or the incorporation
and solution of

into silicate-based

impact

melts

[e.g. 18-

Sample disks of 8
were manufactured

from a non-porous,
massive,
polycrystailine
dolomiterock and shock-loaded
following
the methods of [22].
The peak shock pressures were (in GPa): 4.6, 8.2, 16.9,
17.0, 17.6, 19.2, 20.0, 24.1, 26.0, 29.8, 41.0, 55.2, 65.2,
and 68.0. Pressures above 70 GPa led
ble, catastrophic
disintegration
of the
that accommodate
the target disks.
remain intact when silicates are being

to the reproducimetal containers
These containers
shocked at other-

wise identical conditions,
suggesting
that the containers
fail due to ekces_{ve vapor production
Of the carbonate
targets.
Electron
Probe
Analyses:
Microprobe
investigations confirmed
that the starting material consists of Carich dolomite (with the Ca/Mg ratio ranging from 1.02 to
1.17) and subordinate
K-feldspar,
quartz and pyrite. No
other, much less new, minerals were indicated by microprobe investigations
0f both unshocked
and shocked
materials, excepting
rare droplets of tungsten from the
tungsten-alloy
("Fansteel
77") sample container for samples shocked above 40 GPa.
BSE images reveal increasing
degrees
of fracturing
with increasing
shock
pressure.
X-ray
diffraction:
XRD reveals the presence
of
dolomite, quartz, and K-feldspar
in agreement
with the
microprobe
observations.
Diffraction
peaks of quartz
and feldspar broaden gradually
at modest pressures and
disappear completely
at about 30 GPa [23]. Specimens
shocked
above 40 GPa contain
variable,
yet small
amounts of tungsten, tungsten carbide, and sheelite representing artifacts due to shock-induced
melting of the

W

!
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sample containers.
In dolomites
shocked above 60 GPa,
periclase and pure calcite have been detected as well.
Raman
Spectroscopy:
None of the micro-Raman
spectra displayed
spectral
bands other than those of
dolomite.
For each sample, three individual spectra have
been collected over a spectral region from about 20 to 30

W

pan. On this scale, all samples except those with the lowest degree of shock exhibit considerable
data scatter.
Most spectra display two shock induced effects: 1) systematic peak broadening
with increasing
peak pressure
and 2) systematic
decrease in absolute amplitude
of the
spectral bands [24].
Interpretations:
The gradual
decrease
in ampli-

'll

m

tude/intensity
of the XRD reflections and Raman spectral
bands indicates a progressive
decrease of the absolute
fraction of crystalline
dolomite that remains in the samples. This suggests that progressively
larger fractions are

m

m
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_2
rendered amorphous
CO2. The intensity

E_

z---

or have decomposed,
i.e. lost their
loss in the XRD data of the 104 re-

flection suggests only 50 % of the sample remains crystalline at the highest experimental
shock pressures.
The
amplitude decrease is not linear with pressure, however.
A polynomial
dependence
best fits the observations
with
a relatively steep portion between about 15 and 40 GPa
accounting
for some 15 to 35 % absolute intensity lost.
Neither
XRD data nor Raman spectra confirmed
the
presence
of magnesite
+ calcite due to the breakdown
reaction proposed by [ 15].
Calcite and periclase were found, however, in samples shocked above 60 GPa.
They most likely are the
result of thermally induced breakdown
of dolomite according to the following chemical reaction.
CaMg(CO3)2 --) CaCO3 + MgO + COa$
dolomite
calcite
periclase gaseous CO2
Obviously,
shock induced temperatures
increase with
increasing
pressure and will enable this reaction above
some threshold pressure, which we found to be 60 GPa.
The amount of periclase is estimated
from measured intensities of XRD reflections using RIR to reach about 3.5
% at 68 GPa and about 2.5 % at 65.2 GPa. The percentage of calcite can not be calculated
directly because of
very poor resolution of the calcite 104 reflections;
it is
expected to be complementary
to that of periclase, however.
The

scatter

in Raman

peak

among individual measurements
veals that the shock deformation

widths

and

on a single
of dolomite

amplitudes
sample rewas rather

heterogeneous
on scales of tens of microns.
This probably applies to outgassing processes as well, yet the gen-

m

eral trend in amplitudes
indicates
that outgassing
increases
systematically
and maximum
outgassing
was
indeed achieved at highest experimental
pressures.
Discussion:
Results achieved with various techniques
indicate variable amounts of carbon dioxide being released during shock loading and associated
post-shock
heating.
Our observations
indicate that dolomite outgasses massively during laboratory
impacts at peak pressures of about 70 GPa. Destruction
of the sample containers at these pressures
prevented
the recovery
and
characterization
of the solid residues, however.
Nevertheless, it is reasonable to expect that these materials are
similar to those found at lower pressures, i.e. mixture of
calcite and periclase, the dominant decomposition
products of dolomite.
We cannot positively
exclude, however, that the aragonite
+ magnesite
assemblage
postulated by [15} initially forms during dynamic compression
and that - subsequently
- the aragonite undergoes a temperature-induced
phase transition
to calcite,
and the
magnesite decomposes to periclase and COz.
Conclusions:
The results on experimentally
shocked
dolomite
show that the amount of C02 released during
hypervelocity
impact into a carbonate-rich
target was

probably over_est!mated
in the past.
Shock effects are
distributed
very heterogeneously
in the polycrystalline
dolomite on the scale of tens of microns and associated
outgassing could be substantially
localized.
This is consistent with the concept of thermally induced shear bands
as the dominant deformation
mechanism
of shocked carbonates

[e.g. 3, 25, 26]. The search

for solid products

of

this outgassing
process in natural impact structures may
be largely obscured by post-impact
geological
processes,
as there is no evidence in naturally shocked samples for
the phase
assemblage
found
in the experimentally
shocked samples. Most probably the major products like
MgO and CaO easily dissolved
in silicate melts or in
watery solutions
at elevated
temperatures,
the latter
forming secondary
minerals,
including
carbonates,
that
contain no clues for any shock-produced
prescursors.
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appearance of the last surviving representative,
is still
a matter of debate. Which lineage
(or more) that
crossed the K/T boundary and becomes the founder of
modern planktic faunas is also still unclear. The extinction process can be monitored in three periods 1-3,
tied to the global chronostratigraphic
marker, the KT
boundary ejecta layer of the Chicxulub impact (fig. 1):
1) The period preceding the Chicxulub impact ejecta
emplacement,
2) The boundary
clay (BCL. P0 zone)
(Strangelove
ocean) marked by a strongly
negative
• 13C isotope anomaly, and 3) The period following
the boundary clay deposition, marked by a rapid diversification (P_-eugubina
zone)
Period 1: Planktic foraminifers are sensitive indiof paleoceanographic

3

2

Danian

Boundary
BCL

changes.

Temperature,

Fig 1
Three perio
distinguishec
in thqolankti
foraminifera
overturn
at
clayK/T.

/Ejecta
layer

1

A
the

•

Introduction:
Planktic
foraminifers
appear to
suffer an almost complete annihilation directly at the
KT boundary
or, in particular
at higher latitudes, a
few thousand
years later. Their extinction
i.e. the dis-

cators

THE KT BOUNDARY
(OR NOT):
de Boelelaan 1085, 1081HV Amsterdam,

Maastrichtian

salinity, watermass,
thermocline
changes are reflected
in relative abundance
changes of the planktic population. Planktic
foraminifera]
populations
do change
very little in the Late Maastrichtian,
whereas the diversity remains very high. The traditional
Late Maastrichtian
biozone,
the Abathomphalus
mayaroensis
Zone, has duration
of 2.6Ma, during which period
almost no species appear or disappear.
Recently,
the
top part of the A. mayaroensis
zone has been subdivided into three subzones,
as consequence
of the disappearance
of the marker species G. gansseri, and the

FAD of P. hariaensis
and P. hantkeninoides
leading to a further diversity increase towards

(fig 2),
the KT

boundary.
It is still a debate whether
the uppermost
part of the Maastrichtian
shows a significant
increase
in extinction
rate, as suggested by [1, 2] or a normal
background
variation
in species composition
and diversity. A blind test effort to settle this debate has led
to further confusion
rather than a solution
[3, 4]. A
detailed
quantitative
analysis
of samples
spaced
at
10cm intervals of the top 3.3 meters of the Kef section
shows typicalbackground
variations
on a 1.5m cycle,
consistent with orbital precession
cycles. The analysis
also demonstrates
(%fi'agments)
the increased
influence of dissolution
approaching
the KT boundary, that
may have eliminated
rare species from statistical
counting,
suggesting a decrease in diversity [1 ].
Period
2: Specimen
abundance
drops by more
than an order of magnitude,
exactly at the ejecta layer.
It is not clear what sedimentation
rates prevailed
in
the BCL, but most sedimentological
evidence suggests
a decrease in sedimentation
rate, bringing
down the
specimen flux another factor 2 to 3. Whatever
the final extinction
mechanism,
this indicates a truly catastrophic reduction event, reducing
the planktic population to a global minimum.
This is supported by the
2.5 permil
• 13C decrease
measured
in surface
dwelling nannofossils,
that strongly suggests a reduction of primary production
during deposition
of the
BCL. Originally
[5], the P0 zone was thought to contain only relicts of the Maastrichtian
mayaroensis
fauna. However,
recently
[6], some rare lowermost
Paleocene specimens of P. eugubina were encountered
in the P0 zone. It is not clear whether these specimens
:==:=

are contaminants
from burrows, or truly indigenous.
Period 3: Fairly rapid, over a few cm in the most
expanded
sections, the new Paleocene
fauna radiates
and the number of specimens
increases to Maastrichtian levels. The lowermost
fauna already contains of a
number of species; thus the initial radiation must have ....
taken place somewhere
in P0 Zone. Characteristic
for
this period is the development
of unstable
associations. Successively
different
species dominate
at different
levels, at different
environments.
The first
'bloom'
usually is of G. cretacea,
in particular
at
near-shore
environments,
followed by P. eugubina
in
both deep and shallow-water
seas.
Ancestor-descendant.
The question
of ancestordescendant
is not resolved. [6] Smit speculates that the
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clear survivor species G. cretacea is the only ancestral
species of modern planktic faunas, Liu and Olsson [7]
indicate three species, G. cretacea, H. monmouthensis
and H. holmdelensis
as ancestral
to the early Paleocene stock, that soon diversifies
to cancellate-spinose
and non-spinose
premuricate
lineage's.
However, wail
structures between these species and earliest Paleocene
cancellate
species
differ significantly,
and require
some morphological
jumps not observed yet among
KT planktic faunas.
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1. Introduction:

The discovery

of a large iridium

anomaly at the K/T boundary

in marine

shales

at Gubbio

(It-

aly), Stevens Klint (Denmark),
and Woodside
Creek (New Zealand) lead Alvarez et al. [1] to propose that an asteriod struck the earth 65 mi!lion years ago, raising an earth-girdling
dust cloud and causing major extinctions of the
plant and animal life at the end of the Cretaceous period.
The mineralogy has played an important role in testing the hypothsis of Alvarez et al. The discovery of magnesioferrite
[2], spinel [3], shocked quartz grains [4], platinum grains, Fe-Cr-Ni-rich
particles and Ni-rich minerals
(NiO) [5] in the Ir-rich layer provides evidence that an asteriod or a comet impact was the main cause of the extincion at the end of the Cretaceous
time.
2. Site location

and sampling:

Gabal Qreiya (Abu Had) crops out 50 km NE Qena town in Wadi Qena region

long. 32 ° 57' and lat. 26 ° 31' ). Within the framework of a mineralogical
and geochemical
section, continuous
sampling was conducted
at the surface outcrop of the transitional

11

lira

(

studies, in a vertical cross
sediments
across the K/T

boundary zone at Gabal Qreiya (Nile Valley/Egypt).
3. Stratigraphy
and sea level change: Lithologically,
the K/T boundary in Gabal Qreiya section can be traced
on the surface which Separates the lower (1) shaley marl from the upper (2) marly shale. Paleontologically,
it is
found to be above the shaley marl with about 7 cm. No K/T clay layer was found in Gabal Qreiya. The sequence of
the K/T boundary at Gabal Abu Had consists the following zones of planktonic
foraminifera
arranged from base to
top: Abathomphalus
mayaroensis
zone, Pseudoguembelitria
deformis zone (103 cm thick), PO zone (10 cm thick)
and Globigrina
triloculinoides
zone. The section of Qreiya is still more on innershelf position as El Kef within a very
large area of Southern Tethys Shelf. This area showed specially shallowing
events of regional environments
with
hypersaline
and O2 declining positions
(Herm pers. com.). Based on its microfossils
analyses, a regression can be
traced from 1.2 Ma. before the K/T to 850,000 years above the K/TB.The
paleoecological
conditions
are changing a
little, perhaps very regionally,
in temperature
as a result of water movement.
Depths could be analyzed from 150 m
(1.2 Ma. before the K/T) to 20-60 m round about K/T boundary. Later (1 Ma. above The K/T), deeper water conditions (100 m) could be reached (Herm, pers. com.) The INAA indicated that during the deeper marine deposition
(depth = 100-150 m), the CI/Br ratio was very high (1856). During the deposition
of the K/T boundary,
at shallower depth (20--60 m), the C1/Br ratio drooped to 162 indicating high salinity and very probably high temperature.
When transgression
occurred, the depth increased to 100 m, and the C1/Br ratio raised to 264.
4. Elemental
patterns: About 15 samples represent the K]T boundary zone in Gabal Qreiya were analysed by
INAA for iridium and more than 25 elements. The Ir abundance is found to be below the detection limit in all samples (< 1.2 to < 4.5 ppb).
Although, the K/T clay layer and frequently Ir anomaly are missing at this sequence, the distribution
patterns of
the trace elements, Co, Ni, Cr, Sc, Re, Zn, Sb, and Se are very similar of those of Stevns Klint, Caravaca and Flaxbourne River (New Zealand) where these elements are well correlated with one another. The correlation
among these
elements at Gabal Qreiya was found only within 22 crn bracketing the boundary in the middle.
5. Mineralogy:
The mineralogical
characteristics
of the Cretaceous/Tertiary
boundary
layers are compared
with the lithologies at Woodside Creek and Stevns Klint. The sediments of the K/T boundary zone at Gabal Qreiya
section contain different concentrations
of pyrite, sphalerite, marcasite and detrital grains of ilmenite, magnetite, pyroxenes and feldspars. The abundance
of pyrite and sphalerite increases gradually upward from the upper 10 cm of
the upper Cretaceous
shaley marl. The abundance of detrital minerals culminates 7 cm below the lithological
boundary. The pyroxenes compositions
from the K/T boundary samples of Gabal Qreiya and Woodside
Creek are plotted
in the pyroxene quadrilateral.
It is evident that both pyroxenes have similar composition.
The data points of both
localities lie in the fields of augite, ferroaugite and rarely salite.
5.1. Possible Meteoritic Particles:
One of the most remarkable
findings at Qreiya 7 cm below the lithological
K/T boundary is the discovery of micron-sized
Fe-Cr-Nioxide particles impergnated
in potassium
feldspar grains.
The particles are aligned as microveins
up to 100 #m in length and 5 gm in width. The particles were found in
chemically and mineralogically
untreated grains (unpolished
grains) of feldspars. EDX energy dispersive analysis of
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these particles at the SEM shows they consist of an oxidized alloy consisting
on the average 66 wt.% FeO, 20.78
wt.% Cr203 and 11.48 wt.% NiO.
Metalic particles with a typical composition
like these particles were found injected into fractured rocks at the
floor of the Ries crater in Germany
[6], Rochechouart
in France [7], Terny in Russia [8], and in the basal K/T
boundary layer at Zumaya-Spain
enclosed within a feldspathic
spherules [5]. The similarity on chemical composition, mode of occurrence, and sizes with metallic alloy particles injected into rocks beneath two known impact crater_ ied us to suggest that, these Fe-Cr-Ni particles probably represent metal condensates
from the vapour cloud at
the K/T event(s)

during a meteorite

impact.

We suggest that the impacting

body was a stony meteorite.

The enrichment
of biogenic sulphides around the K/T boundary started immediately
above the particles-bearing
sample with a large anomaly exactly at the K/T boundary. Thus Strongly indicates that reducing conditions directly
followed the impact and was associated with the extinction
of the Cretaceous
phytoplankton
and perhaps resulted
globally from the excess of sudden death of organisms.
This reducing event occurred globally, as evidenced
from
observations
([9-13]) in Stevns Klint KfI' boundary; [14] in Woodside Creek K/T boundary clay;[15] in El Kef K/T
boundary;
and [16] in Agost, Spain K/T boundary. This work extends their presence to four different Egyptian K/T
sites [17].
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The Theory of Breakage:
The last decade has seen
an increasing
interest by both scientists and the public
in hazards associated
with asteroid/c0metary
impacts.
The degree
of hazard
depends
not only on the
frequency
of impacts, but also on the size distribution
of the impactors. Because of sampling difficulties caused by the relative shortness
of sampling
time and the
vastness of space, it is necessary
to make assumptions
about the general size relationship
among asteroids.
This paper presents an argument for a modification
in
the present operating assumption
of a power law for
such size distributions.
The size distribution of asteroids
-- both Main Belt
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and Near Earth (NEAs) -- can be described as the result
of a cascade produced
by successive
impacts and fragmentations. The results extend over 12 orders of magnitude -- from over 1000 km in diameter to micrometer
dust. With even partial conservation
of mass from generation to generation
of fragments,
the overall effect of
the cascade is that of a power law with a steadily increasing
number of smaller and smaller particles. A
parallel
exists in Jonathan
Swift's verse: a flea hath
smaller fleas that on him prey; and these have smaller
yet to bite 'era, and so on ad infinitum.
The products of a single fragmentation
event by the
single nature of the event can not be a power law; there
has to be maximum and minimum cut-offs in the size of
the products. A.N. Kolmorgorov
[1] took time off from
his work on probability theory and the analysis of turbulence to explain the occurrence of two-parameter
log
normal distribution
in ores crushed by natural or artificial processes.
Aitchison and Brown [2] point out that
this distribution
pattern is essentially
a restatement
of
the theory of proportional
effect in terms of distribution
function and apply the term a theory of breakage, crediting Kolmorogov.
Such log normal fragment size patterns
have
been
known
for
a long
time
in
sedimentological
analyses from the work of Krumbein
and Pettijohn [eg., 3].
Observations
about asteroid
size frequency
and
related
experiments:
It is believed that NEAs come
from a fragmentation
process in the Main Belt asteroids
with subsequent
injection into Earth orbit [eg, 4]. Careful work by Binzel [5] discovered
small Main Belt asteroids whose size is consistent with NEAs. Rabinowitz
et al. [6] reported a second NEA population,
one that
was several orders of magnitude smaller that the NEAs
previously
observed. Thus, one might be looking at asteroid populations
that represent
three levels of the
fragmentation
cascade:
large and small in the Main
Belt; small and smaller as NEAs. The problem is defining those populations.
The analysis of finite mixture distributions
depends
initially
on being able to approximately
define how
many and what characteristics
(mean, standard deviation, % of total) each population
has [7]. One such

graphical
way of indicating
the presence,
proportion,
and two-value
characterizations
of individual
populations present in a mixture is that of probability graphs, a
technique used widely in exploration
geochemistry
[8].
Speidel has used this to cluster first 153 NEAs [9], and
subsequently,
over 600 NEAs [10] into two NEA populations with respective means of H = 17.8 and H = 25.5,
roughly corresponding
in size to 1.0 and 0.03 km in
diameter.
The relative proportions
of the two populations is clearly a function of measurement
sensitivity.
However, the two populations
have significant
enough
difference
in visual magnitude
within the sensitivity
range to allow discrimination
and separation
into multiple log normal populations.
Because of the shape of the
curves, size frequency
distribution
of normally distributed samples above the mean of d > 1 km would not
significantly
differ from a power law model. Significant
variation would occur between the two models for the
estimated number of asteroids < 1 km with the log normal model having much lower numbers.
This would
also lower the natural hazard for Earth from asteroids <
1 km diameter
distribution.

from

that presumed

from

a power

law

In addition to the H = 17.8 population
represented
by the small asteroid population recognized
in the Main
Belt, more than 80% of the Main Belt size distribution
can be described
as a single population
with a mean
visual magnitude
of H = 11.2 (a logarithmic
mean diameter of about 40 km). Eros and Ganymed,
the largest
of the "NEAs, may be representatives
of this larger Main
Belt population.
Laboratory
experiments
on ballistic impacts designed
to retain and analyze fragment size frequency
lend support to the log normal pattern [11] with in some cases,
two log normal populations
able to be discriminated
[12, 13]. The general description
(and a replot of their
data) for fragments
as core, fine fragments,
and fragments other than core fits a log normal population and
does not force the use of multiple power law populations -- a logical contradiction
in the applicability
of
power
laws
presently
favored
[14]
to describe
experimental
results.
Associated
crater size frequencies:
Craters should
also follow a log normal size distribution
based on the
assumed cause-effect
relationship
with asteroids.
The
microsized
particles appear to be log normal based on
measurement
of microcraters
on the Long Duration Exposure Facility [15]. These results showed a log normal
distribution
with a peak near 220 micrometers.
Speidel [10] has shown that terrestrial craters younger
than 1000 My and older than 1 My fit a log normal
population
with a 10 km mean diameter.
Craters younger than 1 My appear to be a mixture of the 10 km population and a smaller crater diameter population
with a
log normal mean diameter of 0.12 kin.
Summaries
of lunar crater frequencies
show increases
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in frequency of over 30 orders of magnitude
in going
from 1000 km-sized craters to submicrometer
ones [16,
17, 18]. The undulating
pattern
in lunar relative
frequency
plots can be a natural outgrowth of the overlap of individual log normal populations
from the various steps in the size cascade.
In spite of complications

OF ASTEROIDS

Asteroids
Gehrels
T. (Ed), U. Arizona
Press. [18]
Heiken G. H. et al. (eds) (1990) Lunar Sourcebook,

m

Cambridge.
[19] Speidel D. H. (1991) Geol Soc Am
Abst 23, A474-A475.
[20] Dohnanyi
J. S. (1969) J.
Geophys.
Res., 74, 2531-2554.
al. (2000) Nature 403, 165-166.

[21] Rabinowitz

m

D. et

from secondary craters, uneven distributions,
and other
sampling problems,
analysis of lunar compilations
supplemented by the author [ 19] can define at least two of
the crater populations
(mean diameters of 18 km and
1.2 km) and two other unconstrained
populations
on
either side (mean diameter < 0.1 km ? and > 300 km ?).
Crater patterns support the c_o_n_cepto( individual
asteroid populations
with diameters
with log normal distributions even though the overall effect of size distribution approximates
a power law [20]
The size frequency
distributions
of both asteroids
and associated
craters can be interpreted
as a set of
individual log normal populations
that together form a
cascade that appears as a power law. This is consistent
with Kolomogorov's
theory of breakage.
The apparent
slope of the power law and/or changes in the slope of
the curve would be a direct effect of the relative proportions of each population
making up the sample of
interest ......
Finally, the recent reduced estimate for the number
of kilometer-sized
near-Earth
asteroids [21] based on
45detections
by the Near Earth Asteroid Tracking program is totally consistent
with the two log normal NEA
poPUlations discussed herein and previously [10]
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PALEOENVIRONMENTS
OF THE LATE CRETACEOUS
- EARLY PALEOGENE
TETHYS;
BUILDING
A
BASELINE
FOR ASSESSING
PAST GLOBAL
CHANGE.
R. P. Speijer, Department of Geosciences,
Bremen
University, P.O. Box 330440, 28334 Bremen, Germany (speijer@uni-bremen.de).

Introduction:
m
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Research

on major biotic

events

and

global change in earth history has grown explosively
during the last two decades. In their initial stages of
development,
hypotheses
forwarded
to explain
these
phenomena
are commonly based on a limited number of
widelysepardted
sections.
Through
hypothesis
testing
the global pattern of an event gradually emerges. However,_ follo_wing this procedure
regional
context
and
background
conditions
and variability
during relative
stasis prior to a big event tend to be neglected.
Background
conditions
and anomalies:
in order to
appreciate
the systematics
and significance
of apparent
anomalies
ob_:_d
in !i_d[vldual sections_ th_r_- is a
need for better knowledge of background
conditions and

E

variability.
Not only the "best" sections spanning
a certain event demand
intensive
investigations;
numerous
sections - also those which are not as complete or well

m

exposed - covering
a whole range of paleoenvironments
basin-wid%require
detailed _ research.
This approach
could lead to a baseline Of background
conditions,
dis'

m

tributions
of taxa or sedimentary
facies, etc.,
which any bibtic, geochemical
or sedimentary
should be eva-luatedpri0r
to and independent
comparison
with the "global" record.
anomalies _with. unique
characteristics
guished from more ordinary
lateral

E
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m
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against
change
of any

In this way, true
can be distinshifts of bio- or

sed_r_q_)Jes;
climate belts, etc.
Global events - expression
in the Tethys:
The
Maastrichtian
to early Eocene spans an interval comprising _a_t]east three major events of global significan_ei_Mid-Maastrichtian
deep ocean circulation
reversals, thUK/T
boundary
mass-extinction
and the late
Pale__ gne thermal maximum
(LPTM). In this time interval, the Tethys was anarrowing
ocean within the
subtropical
belt between
Eurasia-and
Afric_ndia_
Remnants
of extensive
epicontinental
seas on the passive_'southern
"l_ethyan margin
(north Africa, Middle
East) provide
environments

excellent
opportunities
to study the paleoon a basin-wide
scale. Since also some of

the world's "best" sections
spanning
the KIT boundary
and the LPTM are found in this region (particularly
in
Egypt, Italy, Spain, and Tunisia),
it is of timely importance
to provide
an integrated
paleoenvironmental
baseline for this time interval and region. Furthermore
this baseline could provide critical tests of climatic and
oceanographic
modeling
results. This presentation
will
delineate
the present
status and current activities
towards achieving
this goal and an evaluation
of future
research
needed. Focus will be on a quantification
and
statistic evaluation
of microbiotic
data (e.g. foraminif-

era, dinoflagellates,
ostracoda)
and integration
with
geochemical
data (e.g. stable isotopes,
clay minerals,
TOC) and sedimentary
facies. This will be exemplified
by results from epicontinental
basins in the Middle East.
Example
of need for a baseline: A good example of
the practice described
in the introduction
provides the
case of the K/T-boundary.
Soon after the proposition of
an asteroid impact and its possible relationship
to the
extinctions
from planktic
microbiota
to dinosaurs
at
K/T-boundary
time [I], numerous
detailed studies were
presented either against or in favor of the impact or the
impact-extinction
coupling
hypothesis.
Only rarely, the
observed phenomena
of individual
sections were evaluated intensively
in a local to regional context prior to
confirming
or refuting any of these hypotheses.
For my
own field, for instance, it has been suggested
that benthic foraminifera
assemblages
from Tethyan
margins
indicate large sea-level fluctuations
at or prior to the
KIT boundary [2, 3]. Sea-level may well have fluctuated
considerably
during the K/T- boundary transition. However, to date there is no sound paleobathymetric
distribution model
of taxa for the Maastrichtian
Tethys,
based on a quantified
record across
the Tethyan paleoslope,
against
which
any benthic
foraminiferal
changes can be properly evaluated.
There are such models for the Paieocene
Tethys [4, 5] and for the lower
Maastrichtian
east coast of the US [6]. However, because of endemism,
extinctions
and evolutionary
turnover, community
restructuring,
and different oceanographic
conditions,
application
of these models, assuming fixed depth limits for certain
taxa is unwarranted.
Without
a benthic
foraminiferal
paleoslope
model for the Tethys, it is not possible to solve the
question to what extent - if any - sea-level change contributed to the turnover observed in Tethyan successions
in this microbiotic
group - and others - across the K/T
boundary.
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introduction:

The late Paleocene

thermal

maximum

(LPTM; [1]) involved the most severe perturbation of the
global carbon cycle during the Cenozoic and coincides
with major evolutionary
turnovers
in various biotic
groups,
such
as the mammals,
foraminifera,
and
calcareous nannofossils [2]. A -20 kyr period comprising
possibly three discrete methane hydrate melting events
from deep-sea sediments
is thought to have caused the
3%_ negative 513C excursion recorded
in marine and
terrestrial carbonates worldwide [3, 4]. Methane hydrates
are stable within sediments under high pressure and low
temperatures.
In the late Paleocene ocean, the stability
zone would have been below -1000 m depth. Warming of
intermediate
and deep waters during the LPTM may have
disrupted the methane-hydrate
stability zone, thus leading
to injection of methane into the ocean and atmosphere
[5]. A direct consequence
of methane release into the
water
column,
would
be an increase
in oxygen
consumption
where the methane is injected. During the
I./rl'M, this would have been most notable at intermediate

interrupts

the

monotonous

latitude setting. The successions
generally
consist of
monotonous
gray to brown marls and shales with low
(0.5%)
TOC
values.
Their
planktic
foraminifera
assemblages are rich and diverse, indicating fully marine
conditions and good connections
with the open ocean.
Diverse
benthic
assemblages
display
a
distinct
paleobathymetric
arrangement
(-100-500
m paleodepth)
and indicate well to moderately
oxygenated
bottom
conditions.
An
inconspicuous
lithologic
couplet,
consisting of a dark brown laminated marl bed of-50 cm
thickness, mostly overlain by a paler calcarenitic
bed,

Bremen University,

successions.

I

INVOLVING
P.O. Box

The

dark

bed

this bed reach up to 2.7%, whereas benthic foraminifera
are exceptionally
rare, being represented
by a few
opportunistic species only. These characteristics
resemble
those of many Cenozoic sapropelic and Mesozoic black
shale beds and point to anomalous envi-
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and biotic
this depth
one of the
(40%) of
early late

Oxygen
deficiency
on Tethyan
margins:
The
development of a sea-floor oxygen minimum at the onset
of the LPTM is also a prominent feature of extensive
epicontinental
basins bordering both sides of the Tethys.
We studied sedimentology,
microbiota, and organic
petrography and geochemistry of a number of sections in
Egypt (Fig. 1), which are considered
to represent a
relatively complete coverage of the sequence of events
(see [7], this abstract volume) across the LFI'M in a low

EPICONTI-

shows a very fine wavy-laminated
texture containing
abundant fish remains, phosphatic
peloids, amorphous
organic matter, planktic foraminifera
(mostly Acarinina
spp.) and calcareous nannofossiis. Toc concentrations
in

depths (middle to lower bathyal) where methane-hydrate
melting is thought to have occurred. Reduced oxygen
concentrations
on the sea-floor and within the water
column are indeed indicated by sedimentologic
data from a number of cores and localities from
range. Oxygen deficiency is also regarded as
main players causing the largest extinction
deep-sea
benthic
foraminifera
since the
Cretaceous [6].

INTO

Desert

Iw-

l

Lu xo r

w estern

Desert

Ill
Duwi

G ebe
Aw eiaa

J

J

I
l

m

0
I

I

200 km
I

I

30 °

I

•

35 °

I

Fig. 1. Studied profiles on paleoslope transect. Nukhl,
Qreiya and Nezzi yield the dark and laminated TOC-rich
bed indicative of oxygen deficiency at the onset of the
I.PTM. Arr6ws-repl:esent general direction of fold axes (a
region of submarine and perhaps emerged swells) of the
Sinai-Negev fold belt (modified from [11]).
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at the sea-floor

ANOXIA DURING THE LPTM: R. P. Speijer and T. Wagner

and in the water

Detailed chemo- and biostratigraphic
studies
that this interval correlates with the onset and

part

of the

8_3C excursion

and

the

LUrM

as

observed
in the finest ODP sequences (see [7], this
abstract volume). The overlying calcarenitic bed (-50 cm)
represents
the interval with the return to stable _5_3C
values. The bed is well bioturbated,
its TOC levels are
low and
it contains
extremely
abundant
planktic
foraminifera.
Benthic
foraminifera
assemblages
are
relatively rich and diverse. This bed signals a return to
normal
or more stable conditions
with respect
to
oxygenation,
and community
structure of both planktic
and benthic foraminifera. The lith01ogical couplet withi!s
peculiar features is unique in Paleogene successions of the

E

region.
On the Opposite side of the Tethys over a vast area
between
the Crimea
and
Uzbekistan,
a similarly
developed
i i

"sapropelite

unit" has been recorded. There,

an

up to 1-m-thick TOC-rich bed in the same svatigraphic
position as in Egypt contains pliosphatic concentrations
and enrichments
of a suite of elements
typical for
deposition
under suboxic
to anoxic conditions
[8].
Apparentiy,'flae
onset of suboxic tO anoxic conditions in
epictntinentaibasins
bordering the TethyS at the onsei_of
the I_UFM was widespread.
deficiency correlates accurately

The spread of oxygen
with the initiation of the

_513Cexcursion and thus with the hypothesized methane
injection into the ocean. Both in Egypt on the southern
! IB

-" _a,

v

•

Tethyan margin and on the northern Tethy_m_gi'n,
_is occurred basin-wide, involving even middle neritic
parts of the basins.
What caused this sudden oxygen deficiency remains
unclear. It was suggested earlier that productivity in these
basins
may have increased
considerably
leading
to
increased
oxygen consumption
from organic
carbon
raining down on the seabed and thus forming a redox
front at or just above the sediment-water
interface [8, 9].
However, typical indicators of enhanced productivity like
diatoms and radiolarians are generally absent in this bed,
which potentially weakens the case for this scenario.
Sea-level
change:
Sedimentologic
observations and
new benthic
foraminiferal
data from Egypt indicate
fluctuations
in relative sea level in association with the

Z

E_

LPTM.

Benthic

foraminiferal

data from neritic

sections

indicate shallowing through the upper Paleocene up to the
level of the onset of the LPTM. The top of the pre-LPTM
succession in some cases is eroded and also the early part
of the LPTM (represented by the dark laminated bed) is
lost in a hiatus as indicated by an omission surface (e.g.
Aweina and Ben Gurion). In Nezzi, this bed appears as
an incised channel fill. Thus, the discontinuity
may be
considered as a sequence boundary. In the more complete
sections, the lithological couplet with abundant peloids
and countless
planktic
foraminiferathe latter

particularly
in the
calcarenitic
bed
has
the
characteristics
of a condensed
sequence.
Condensed
sequences typically represent transgressive
times and/or
maximum flooding surfaces. The laminated bed may thus
reflect the transgressive phase and the Calcarenitic bed the
maximum flooding surface of a short-term relative sealevel cycle. Benthic foraminiferal
data support largest
paleodepths
within
the calcarenitic
bed. In short,
sedimentologic
and biotic data strongly suggest a falling
relative sea-level up to the onset of the LPTM followed by
rapid rise, reaching
highstand
before 8_3C values
stabilized (i.e. within 120 kyr [3]).
Also in the northern Tethys the "sapropelite
unit"
appears to coincide with a major transgression
[8],
suggesting that the sea-level rise may be of eustatic
origin. If correct, it seems plausible
that this rise is
causally related to the onset of the LPTM.
ttylx_esis:
We hypothesize that an extensive oxygen
minimum zone at intermediate
depths encroached upon
the epicontinental basin floors during rapid sea-level rise
of perhaps some 10s of meters. This rise could have
resulted from thermal expansion of oceanic water masses
and through the reduction of high altitude ice, particularly
at high latitudes during the I_P'IM. Possibly, elevated
primary production on the Shelves, resulting
from the
redistribution
of nutrients and climatic change further
intensified oxygen consumption
at the seafloor. Many
aspects remain yet uncertain for this critical period in
Cenozoic earth history. Questions to be solved for this
scenario include: How much and how fast did sea level
rise? Was sea-level rise instrumental
anyway in raising
the OMZ into epicontinental
basins or was it merely a
side effect of global warming?
This aspect needs to be
investigated in the light of other main extinction
events
that signify a systematic coupling between sea-level rise
and spread of anoxia into epicontinental basins [10].
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Introduction:
Lower Paleogene
marine
deposits
cover extensive areas of Egypt and Israel, usually in a
sub-horizontal
or Slightly tilted posifi0n_ In combination
with a near absence of vegetation,
this setting provides
unique opportunities
to study events associated
with the
late Paleocene
thermal maximum
(LPTM; [1]) basinwide and in full detail. This paper details a compilation
of the stratigraphy
of six upper Paleocene
successions,
wherein we focus on lithology,
planktic and benthic foraminifera, calcareous
nannofossiiS,ostracoda
and stable
isotopes.
The sections
are arranged
on a generally
northwest dipping paleoslope
of an epicontinental
basin,
which in its n0rthern part was inte-rru_ed
by --predominantly submarine
- highs and lows of the Syrian Arc.
Benthic foraminifera
assemblages
indicate overall deposition at -500 m at Ben Gurion and Wadi Nukhi, -200 m
at Gebel Aweina, Gebel Nezzi and Gebel Qreiya, and
-75 m at Gebel Duwi (see [2], this abstract volume, for
paleobathymetric
map).
Lithology:
Monotonous
gray to brown marls prevail
within the studied interval (Biozones P4-P6a). The short
stratigraphic
interval of global biotic and environmental
change, however, is marked by a foraminifera-rich
calcarenitic bed, overlying - in the more complete sections a 20-50-cm-thick
fissile (Duwi)
or TOC-rich
(1-3%)
laminated (Nukhl, Nezzi, Qreiya) marl bed. The Aweina
and Ben Gurion sections do not show the latter bed, but
instead a discontinuity
(omission
surface) at the base of
the calcarenitic
bed.
813C isotopes:
The global negative carbon-isotope
trend and the superimposed
negative 613C excursion
(CIE; [3]) have been recorded
in whole-rock
samples
from all sections within Zone P5. The CIE coincides
with the anomalous
beds and terminates
above the calcarenitic

bed. In Aweina

and Ben Gurion,

the base of the

CIE coincides
with the discontinuity,
indicating
that in
these sections at least the lower part of the excursion is
truncated.
Whereas
whole-rock
isotopic records
from
this region are suitable for stratigraphic
purposes, specimen-based
paieoenvir0nmental
studies are generally not
reliable.
Thin-shelled
foraminifera
(e.g., planktic
or
benthic like Nunallides
truempyi)
from this region and
time interval are morphologically
well preserved,
but
mostly recrystallized
and infilled with calcite, making
them unsuitable for isotopic analysis. Reliable results can
only be obtained from well-preserved,
thick-shelled
genera like Frondicularia
and Lenticulina,
from which the
infillings can be removed [4].

Calcareous
nannofossils:
of three sections containing

Calcareous
the TOC-rich

qll

nannofossils
bed (Nukhl,

Nezzi, Qreiya) were analyzed, leading to the recognition
of many well known nannofossiI events. The Nukhl section represents
the most detailed and best preserved nannofloral succession.
A turnover in calcareous
nannofossils has been recognized
around the CIE and BEE and it
is characterized
by a succession of bio-events.
The lowest occurrence
of Rhomboaster
coincides with the TOCrich bed and other markers, but the genus is generally
rare and not well preserved.
Gebel Qreiya and Gebel
Nezzi show similar successions
of events as Nukht, even
if few discrepancies
exist, which are most likely resulting
from the low sample resolution
and the poorer preservation of the nannofossil
assemblages.
The range of Tribrachiatus digitalis, the zonal marker of Subzone NPl0b
[5] is pOOrly Constrained due to preservationaI
and taxonomic problems.
Planktic
foraminifera:
In all sections,
the lowest
common
occurrence
of Globanomaiina
iuxorensis
is
found just

above

the base of the CIE.

In addition,

the

fissile or laminated
marl beds in the Nukhl, QreiYa,
Nezzi and Duwi sections contain a unique pianktic assemblage (P/B ratios up to 99.9%), largely consisting of
Acarinina
(e.g.A.
sibaiyaensis)
and with a minor but
distinct component
of Morozovella
allisonensis.
To date,
the latter Species has 0nly been recorded
within lower
part of the CIE interval in ODP holes from the equatorial
Pacific [6] and western Atlantic [7, 8], and thus has a
very short stratigraphic
range. These biostratigraphic
data enable a threefold
subdivision
of Zone P5 (MorozoveIla veIascoensis
Zone), with Subzone P5b being the
total range zone of M. allisonensis.
In Middle-East
profiles where this subzone is missing (e.g. Aweina and Ben
Gurion),
Subzone
P5a
can be distinguished
from
Subzone P5c by the common presence of G. luxorensis
in the latter. We consider this subzonation
applicable
in
open marine low-to-middle
latitude regions [9].
Benthic
foraminifera:
The benthic extinction
event
(BEE) marks the most important global turnover in deepsea benthic foraminifera
during the last 90 m.y. About
30-50% of all species became extinct within a few kyr
[3]. Along the entire paleoslope transect,
the equivalent
to the deep-sea extinction
is evident (Fig. I). The largest
turnover (40% extinction
of GaveIinella
beccariiformis
c.s.) occurred
at bathyal
depths,
decreasing
towards
neritic depths. In the localities at -200 m depth the extinction
of AngulogaveIinella
avnimelechi
and some
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HIGH RESOLUTION
CARBON
AND OXYGEN
ISOTOPE
PROFILES
OF FORAMINIFERA
AND THE
CA-NORMALIZED
SR CURVE
FROM
LATE
MAASTRICHTIAN
ACROSS
THE KTB AT ELLES,
TUNISIA,
D.Sttiben 1, U.Kramar
_, Z. Berner 1, M. Leosson _ ,G. Keller 2, W. Stinnesbeck 3 and Th. Adatte 4, _Institut
f'tir Petrographie
und
Geochemie,
Universit_it
Karlsruhe,
Kaiserstr.
12, 76128
Karlsruhe,
Germany
(Doris.Stueben@bio-geo.uni-karlsruhe.de),
EDepartment
of Geosciences,
Princeton
University,
NJ 08544, USA,
3Geologisches
Institut, Universitat
Karisruhe, Postfach 6980, D-76128 Karlsruhe, Germany, 4 Institute de Grologie,
11 Rue Emile Argand, 200"7 Neuch_(ei,-Switzer[and.

Introduction:
Due to the discussion of global catastrophic events at the Cretaceous-Tertiary
(KT) boundary based on various reason e.g. [i],[9_], [3], [4] and to
controversial
discussion on the faunal extinction
based
on high-resolution
biostratigraphic
investigations
e.g.
[5], [6] studies to investigate
the climate record of the
last million years of the Maastrichtian
became important.
Stable isotope studies of deep sea sites in the Pacific and South Atlantic reveal a terminal Cretaceous
warm event as a distinct 2-3°C warming of intermediate
waters across latitudes and a 2-3°C warming in surface
waters in middle and high southern latitudes [7]. The
well documented
long-term cooling trend that characterizes the late Cretaceous
was terminated by a shortterm warming followed by a rapid cooling near the end
of the Maastrichtian
100-200
kyr before
the KT
boundary [8], [9].
However, different sample resolution, condensed
or
erosional sedimentation,
short-term
hiatuses, bioturbation, diagenetic
alteration etc. makes a high-resolution
chemostratigraphy
necessary to determine the nature of
this terminal Cretaceous
warm event and the cooling
shortly below the KT boundary.
Climate and depositional
variations during the last
570 000 years of Late Maastrichtian
are presented for a
26 m long ELLES section
on the base of a highresolution chemostratigraphy
(813C, _5180 isotopes and
Ca-normalized
Sr gradients)..
Material

and

Methods:

High

resolution

chemis-

tratigraphy
was undertaken
for a Late Maastrichtian
section, at Elles, Tunisia. The section comprises a 26 m
long sedimentation
record of almost 600 Kyrs. The
sedimentation
is dominated
by dark grey sandy to silty
marl. Biostratigraphic
zonation is based on the zonal
scheme by [7] with zones CF1, 2 and CF4 marking the
upper part of the Abathomphalus
mayaroensis
zone.
The sample interval of this study is every 20 cm.
From each subsample
benthic (Anomalinoides
acuta)
and planktic formaminifera
(Rugoglobigerina
rugosa)
were hand-picked
under microscope
in Princeton
for
further detailed geochemical
studies. Samples revealed
well preseved foraminiferal
tests with little evidence of
alteration.
Stable

carbon

and oxygen

isotope

data

for fora-

minifera were obtained from several species usings a
fu-]iy automated
preparation
system (MultiCarb)
connected 0n:iine to an Optima Isotope Ratio Mass Spectrometer (Micromass
Limited UK).
Strontium, Ca concentrations
in foraminiferes
were
determined
by using total reflection X-ray fluorescence
(TXRF, Atomika EXTRA II ).
Time
series:
To determine
periodicities
in the
sediment column time series analysis was performed
for the sediment profile from 1.2 m to 18 m below KT.
A hiatus of several hundred
kyr at 18 m below KT
(Keller et al. in prep.) hinders the applicabitity
of time
series techniques
to the complete
profile. Time series
analysis was applied
to the Sr/Ca ratio data and to
_5180- values of both benthics

(Cibicides)

m

J

m

m
D

J

m
D

I

and planktics

(Rugo Rugosa).
Results

and

interpretation:

Due

to 8180

excur-

sions three cooling periods at around 22m, 10m and 2
m and two warm periods at around 15 m and 6 m can
be distinguished.
The cool periods are characterized
by
a small surface-to-deep
T gradient reflecting
intense
mixing of the water column. The surface-to-deep
Sr/Ca
gradient correlates
to the oszillating
AT trend but is
more pronounced
reflecting
corresponding
dissolution
rates of Sr from carbonate
shells during
sealevel
changes. Carbon-isotope
composition
of foraminifers
show upsection
a general trend towards a progressive
decrease in values of planktic foraminifers
accompanied by a corresponding
increase of _5 _3C of benthic
foraminifers
which suggests a continuous
decrease in
surface bioproductivity
over late Maastrichtian
period
(Fig. 1).
At the onset of warming at 65.5 Myrs the decrase in
A °C and the decrease in surface _513C reflects a reduction in surface productivity
as a result of decreasing
upwelling
that accompanied
global warming
and increased CO2 possible related to Deccan Trap volcanic
degassing.
The isotope and Sr/Ca records of planctic and benthic foraminifera
suggests
that Maastrichtian
oceanclimate evolution
was tectonically
driven and caused
changes in seawater masses.
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THE EARLY ORDOVICIAN
CATASTROPHIC
EVENT ON OSMUSSAAR
ISLAND(ESTONIA)
- RESULT
OF AN IMPACT OR EARTHQUAKE?
Kalle Suuroja and Sten Suuroja, Geological Survey of Estonia, Kadaka tee
80/82, 12618 Tallinn, Estonia, e-mail: k.suuroja@egk.ee
......

l

The Osmussaar (Odensholm in Swedish) Island (Estonia) is situated in the southern part of the entrance to the Gulf
of Finland (59°18" N; 230 28" E ). It is a relict island of the ca 1200 km long Baltic Klint, extending from the Oland Island

g

(Sweden) to Lake Ladoga (Russia). The up to 8 m high island emerged from the Baltic Sea ca 3000 years ago. In the
coastal cliff of the island Ordovician limestones crop out within ca 5 km. The most intriguing part of the Osmussaar
bedrock section is related to the 1.0-1.5 m thick layer of rocks of the Billigen, Volkhov and Kunda stages at the foot of the
coastal escarpment, where the limestones are split into blocks and penetrated by veins and bodies Of strongly cemented
breccia-like limy sandstones. The rocks above (limestones of the Lasnarn_gi Stage) and below this level (glauconitic
sandstones of the Hunneberg Stage) are undistur!x_d_.,
Since the middle of the 19th century,

several hypotheses

concerning

the origin of the described

disturbed

level have

been proposed. Several terms have been used in geological literature to designate this formation: earthquake cracks (Opik
1927), sedimetary veins (Orviku 1960), clastic dykes (Puura and Tuuling 1988) and sediment-intrusions
(Suuroja et al
1999). By opinion of the majority of authors the catastrophic
earthquake is proposed to be the main cause of this
phenomenon.
In connection with discovering of the submarine Neugrund impact structure a short way off (some miles to northeast) from the island in lq)96, -the authors (Suuroja et al i996) pro_ihat-the
traces of destruction
_ed
on
Osmussaar Island and to a lesser degree on Pakri isalands are connected With the Neugrund
impact. However, later
investigations
(1997-1999)
showed that these two appearances have not nothing in common. The study of the crater
filling rocks in the Neugrund impact structure and target rocks in the surrounding
area has shown that the Neugrund
impact took place in the Early Cambrian time (ca 535 Ma ago), wh_e the Osmussaar event (splitting sea floor and
penetrating sediment-intrusions)
happened considerably later (ca 475 Ma ago). Likewise it was proved that distribution of
the split sea floor is not restricted only to coastal outcrops of Osmussaar Island but can be followed in Northwestern
Estofiia on several thousands square kilometers. Inside the Neugrund impact crater the complex of rocks with sedimentintrusions (limestones of the Pakri and Toila Formations) is undisturbed and forms an unusually thick layer (ca 8 m in
contrast to ca 1-2 m in the surrounding
area). The differences in lithological
composition
are also noticeable. The
chemical, lithological and mineralogical
composition of the breccia-like sediment intrusions has been studied as well. In
this strongly cemented rock two types of limy sandstone (light and cl_kff_la
bearing evident signs of mudflow can be
distinguished,.
Alongside with these traces, angular pieces of one rock type (usually dark) occur in the other (light) one.
The sharp-edged pieces and blocks of pre-event limestones (the Pakri and Toila Formations) make up 0-50% (average
15%) of this three-component
breccia-like limy sandstone. The dark-(bi'-0-whisfi) component differs from the light one
mainly by its limy substance, cementing the ciastic material only. In the light component the cementing material is finegrained calcite, in the dark one the latter contains also a slight admixture of kerogene and diffused pyrite. In the thin (1-20
cm) veins injected into the surrounding rocks the dark modification prevailsl At some distance from the Osmussaar Island
(on the Suur-and Vaike-Pakrl islands ) the veins occur-rarely, are thinner (i210 cm) and grey in colour. On Osmussaar
Island the veins and bodies of sediment-intrusions
make up ca 10 % of the host layer, but on the Suur-Pakri Island the
content of the intrusions is less than 1% (one vein to every ten meters). In the aforesaid veins is found shocked quartz
(with planar features)! By the authors opinion it does nbt refer directly tO the imt_aCtorigin of these veins. The grains of
shocked quartz are derived from the pre-impact (target) sandstones which had been subjected to the Neugrund impact in
the Early Cambrian time (ca 535 Ma ago). To the sediment-intrusions
they have been carried from the slopes of the
Neugrund impact crater by the mudflow accompanying
the catastrophic earthquake ca 60 Ma latter during the Middle
Ordovician erosion in Upper Kunda time (ca 475 Ma ago). Analogous processes that caused the formation of the
sediment-intrusions
on Osmussaar Island and its surroundings
embraced a great deal of the shallow part of the basin at
this time. The about 50 km wide and several hundred kilometers long zone extended from Pakri Peninsula via I-_iumaa
Island (Estonia) to the Oland Island (Sweden). In different parts of this area the results of the described processes
connected with global tectonic movements (forming the Kaledonites) and of uplifting the aforesaid zone, have also been
different.
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ee12618,

in the shallow

epicontinental
sea, not far (< I00 ks) from the shore and erosion area on the Baltic Shield. The Baltic Shield in
a body of the Baltic Continent at that time located at 30 o latitudes at the Southern Hemisphere.The
projectile

E

r

m

(meteorite)
apporached
from SE (at the present notion) by angle 30--45 °. It penetrated
relatively thin (<100 m)
water layer and sedimentary
cover consisting
mainly of ca 140 m thick Lower Cambrian
water-saturated
friable terrigenous
rocks) and exploded in the top of the Precambrian
(Svecofennian)
crystalline
basement
metamorphic
rocks (granitoids,
gneisses, amphibolites).
4 km rim-to-rim
diameter and more than 500 m deep
complex crater with central uplift (ca 130 m high and ca 800 m in diameter) was generated by the impact. The
inner crater is surrounded
by the elliptic ring fault, up to 15 km in diameter,
delimiting
the area where the
sedimentary

target rocks are strongly

Due

shallow

to the

marine

disturbed

environment

(outer crater)

almost

all the

from the area where they are not.
structures

+of the impact

crater

and

impact-related

deposits were buried after the impact and therefore preserved well both in the crater proper and surrounding
area. The
160 drill holes
penetrating
this succession
and several
geophysical
methods
(gravimetric,
magnetometric
and seismometric
studies) have enabled its ivestigation
both areally and spatially. Abundant
information
about the lithology, petrography
and biostratigraphy
of the horizontally
bedded iarget rocks of the
Kfirdla crater has enabled reconstruction
of the spatial movements
of the substance during the marine impact
and hundreds of mill_o_n years after it. As the K/irdla impact occurred in the shallow sea environment,
some
specific rock types (resurge or tsunami breccias_ turbitides)
were formed, missing in land impacts. Complex
section of directly impact-related
inner crater sediments (rocks) has been reached by drilling in the crater proper
in three sites: above the central uplift (d.h. K-18, depth 431.4 m), the ring depression
(d.h. K-I, 815.2 m) and
in front of the inner slope (d.h. K-12, 464_0
m).
There
are
68
drill
holes
reacing
the
impact-related
sediments
+
out of crater proper.
in the above-mentioned
(from bottom t° top):
I.
Authigenic
monomict
292 m.
2.
3.

4.

5.
6.
7.

8.

sections
impact

the following
breccias

complexes

of the crater

of impact-related

floor with dikes

rocks

of suevite-like

have

been

breccias

distinguished
- more than

Allogenic suevite-like polymict impact breccias - up to 52 m.
Slumped breccias -up to 140m. They consist mainly of blocks of the Cambrian terrigenous
rocks (silt- and
sandstones,
clays) and contain clasts and blocks of the crystalline basement rocks and suevite-like
impact
breccias. This layer is thinner (42 m) above the central uplift and thicker further away from it.
Fallback impact breccias -up to 14 m. They consist of clasts of the crystalline basement rocks with suevitelike matrix and have been formed on the account of material ejected by almost vertical trajectory.
The
above-mentioned
breccias formed the lens-like layer in the crater proper approximately
on the same level (305 m) in all three sections. The thickness of this layer is the biggest (14 m) above the central uplift.
Ejecta layer -up to 16m. Consists mainly of clastic material of (gravel to silty fraction) and is distributed
up to 50 km from the impact site.
Ejected megablock -the biggest discovered block consist of brecciated
crystaline
rocks is 34 m in diameter and is situated ca 1 km outer from the crater rim.

basement

metamorphic

Resurge or tsunami breccias are the last complex of sediments directly related to the impact. The contacts
between
slumped, fallback and tsunami breccias cannot unambiguously
determined
in all sections. The
thickness of this layer is 30 m in the drill core K-l, while in the drill cores K-12 and K-18 - only ca 10 m.
Turbit!tes are indirectly reIated to the impact. Thickness
of this layer, consisting of conglomerates
to clays
and deposited immediatelly
after the impact, is enough sustained ( 25 -30m) in the crater proper.
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AS A CAUSE OF THE GLOBAL
CATASTROPHES.
V. V. Svetsov, Institute for DyRussian Academy of Sciences (Leninskiy
prospekt 38-6, 117939
Moscow,
Russia, svet-
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Introduction:
Large impacts giving rise to a number of environmental
stresses have had dramatic effects
on the Earth's biosphere [1]. A 10-15 km impactor that
produced the Chixulub crater seems to be the most important factor of the rnass extinction
at the K/T boundary. Four other major mass extinctions
and about 20
smaller extinction pulses have happened in the past 540
Myr but only some of them may be linked to recorded
impact craters [2]. This suggests to study events different from the crater forming =impacts.
The size and energy of impactors
are commonly
accepted as critical parameters
of impact induced
mass
extinctions.
Large impact0rs, floweret,
_d not very effective in the energy partition
from the viewpoint
of the
maximum effect on the environment.
Much of their preentry kinetic energy goes to-the
planet_);
surface [3]
and only a small portion of this energy is converted
to
the radiation
of a fireball and to the kinetic energy of
high-velocity
re-entering
ejecta.
The ejecta is recognized as a major ignitor of the global Wlqdfires [4]. The
fires can release amounts of heat, soot, and aerosols that
by far exceed those produced
by the impactor.
Were an impactor severeIy dispersed over the globe
it could produce a stronger
effect on the environment
setting fires and killing plants and animals almost simultaneously
at many places on the Earth's surface. A
large impactor
can be dispersed
if its trajectory
goes
beyond the solid Earth and grazes the atmosphere.
Then
the meteoroid
intercepts
some atmospheric
mass, loses
some fraction of the energy
under aerodyn_c
10ad,
and its fragments
can start motion along another Earthbounded trajectory ending at a distant point at the Earth
surface. Some possible effectson
the environment
from
0.5-1.5 km grazers are considered
here.
Grazing
Impactors:
A relevant question is that the
grazing encounters are only a small fi'action of all meteoroids striking the Earth. Assuming
that the grazers are
meteoroids
with theoretical
perigee from 0 to 50 km
above the Earth surface (in the absence of any atmospheric dissipation)
we get that they are from 1 to 2 per
cent of all impactors (the percentage
is higher for higher
velocities).
The grazing impact of a comet was considered in [5] as a probable mechanism
of organic delivery
to the Earth by soft atmospheric
deceleration of comets
in the period of heavy bombardment
in the solar system.
Grazing
impacts of relatively
small, 2 to 40 m, highstrength
impactors have been studied
in [6] for the
probability
to be captured into elliptical orbits about the
Earth. Here I regard the grazers as a possible cause of
the mass extinctions.

The chance that a 10 km impactor
approached
the
Earth along the grazing trajectory is negligibly
small for
the recent geological
time. Smaller
1 km asteroids or
comets have typical intervals
between the impacts of
about 0.3 Myr and, therefore,
some 20 of such grazers
collided
with the Earth during
the Phanerozoic
Eon.
Comets
are usually considered
as very weak bodies.
Large asteroids also have much lower strength than that
of meteorite samples and, moreover, they are likely to be
gravitationally
bound rubble
piles rather
than solid
bodies [7], [8]. So these impactors
may
numerical
simulations
as strengthless
granular objectS? _=:....

be treated
fluid-like

m
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in
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m
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Numerical
Models:
The motion of grazing impactots is governed by the Earth's
gravitational
field and is
determined
by-the standard equations Of rnechanicsl
The

m

W

atmospheric
drag and dispersion
of fragments
are taken
into account
when the meteoroid
height
above the
Earth's
surface is smaller than 100 km The atmosphere
is assumed
to be spherical
with a tabulated
density in
the vertical direction.
To compute the motion and dispersion of strengthless
meteoroids
used dae paiacake model [9] that

in the atmosphere
I
is known to be well

III

m

g

applicable
to large meteoroids.
However,
the pancake
model allows an infinite enlargement
of the meteoroid
cross-section
that
is unreal. Numerical
simulations
based

on hydrocodes

show

that

the

object

cannot

be-

come flattened as a genuine pancake [10]. In computations, I restricted
the radius Of the flying dispersed object, not allbwing]t
tO be larger than its five pre-entry
radii. Variations
of this maximum
radius only moderately influenced
the main results
The size of fragmented
impactors
in our case turns
out to be very large and comparable
with the characteristic scale height of the atmosphere
when the meteoroid
cross-section
is substantially
enlarged.
This presents a
problem for numerical
simulations
and suggests modification of the model. I have done this in the following
way. The lateral expansion of the fragmented
meteoroid
is allowed to be different at its edges. The velocity of
lateral expansion
in a given direction
is assumed to be
equal to V(p/p_ ]/2, where V is the meteoroid
velocity,
Pm is the meteoroid
density, and p is the atmospheric
density at the edge of the flattened
meteoroid
in the
given direction.
Then the shape of a meteoroid
crosssection is distorted being elongated
or flattened
in the
vertical direction. The meteoroid is assumed to move as
a whole and the drag force is calculated
by the integration of the stagnation
pressure (pV 2) over the meteoroid
surface at every time step.
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GRAZING IMPACTS.

Results:

Fig.

1 demonstrates

the fates of 1 km in

diameter asteroids (pro=2.2 g/cm 3) against their velocity
at infinity Vo and the closest theoretical
approach to the
Earth's
sfii:_'_ice ho (in the absence Of any atmospheric
drag). The impactors
with parameters
lying above the
upper curve leave the Earth moving along hyperbolic
orbits. Theregion
beloWthe
lower curve Corresponds
to
asteroids
impacting
the Earth surface after a relatively

E

and

=,=

Eart h surface= is= inversely
proportional
to the squared
distance _om the source. When the flux is high (as in
the nuclear tests and in our case) forests can be ignited
if a specific

E

(roughly
a
flux at the

radiative

energy

at the surface

is above

|

__

of the

radiation

energy

are much

some grazers
stresses.

might

be a cause
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Fig. 1. The fate of grazing asteroids

50
6

J/cm z I computed the surface area where meteoroids
set
fire assuming that point radiation
sources of appropriate
energy are spread along the trajectory. The atmosphere
was assumed tO be transparent.
A fraction of the global surface that is subjected to
the radiation
flux sufficient
for the forest ignition
is
shown in Fig. 2 as a function of ho for two velocities of
a 1 km asteroid (velocity at infinity Vo= 15 km/s corre-

=

concentration

that, without cratering,
of global environmental

The meteoroid
moving through the atmosphere
releases its energy heating
the air in the shock wave. A
significant
portion of the thermal
energy
half) is converted to radiation.
The radiation

225

higher below a large flying meteoroid.
The computations show that typical values of the radiation energy in
the middle of the ignition
band are from 10 to 100
MIlcm 2 for a 1 km grazer. Thus, we get the conclusion

short (on the global scale) passage in the atmosphere.
If
the parameters
fall between
the curves the asteroid
makes from half a loop to several revolutions
around the
planet before the full deceleration.
Almost all of its energy is released in the atmosphere.
It is improbable
for
an asteroid to be thrown to elliptical
orbits and spend
there a considerable
time.
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sponds to the rms impact velocity for asteroids).
The
grazing
asteroids set fires along a surface strip with a
typical width from some hundred kilometers
to about
100()_ _.The
strip length depends on the impactor parameters. _The l_gest area is ignited by the objects persisting !n Orbiting the Earth. To provide the global effect comets and asteroids must be aimed at a very narrow (some kilometers
in size) gap of ho. However, it is
not improbable
that one or two of 1 km impactors
and
several of 0.5 km grazers were aimed there and produced global effects during the Phanerozoic.
The total area ignited by a successful
1 km grazer is
comparable
to the area that can be ignited by the expanding fireball of a 10 km impactor. The fireball of a
10 km asteroid produces
fires on a continental
scale.
The grazing impactors
can set wildfires along half an
equator. The igniting effect of a 1 km impactor may be
quite competitive
with the effect from re-entering
ejecta
of a 10 km asteroid. This ejecta produces a modest radiation flux at the surface equivalent
only to about ten
solar constants
for an hour or two [11]. This may be
insufficient
for th__eignition because thermal conductivity and air convection
cool the objects exposed to the
radiation
when the time is so long. The radiation
flux
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Fig, 2. The effect of ignition
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Introduction:

A giant

tsunami

is one

of the

probable
consequences
of the impact,
and possible
tsunam-]---deposits
have beenreported
_ the K/T
boundary (KTB) from around the margins of the Gulf
of Mexico [1, 2]. However, their ongm is still controversiai, and an alternate
impact shock:induced
megaturbidite origin ha_been
advocated
[3]. One of the
arguments
against
a tsunami
origin is the lack of
"homogenite",
a thick,
normal
graded, structureless
deposit formed by tsunami
in deep sea environment

[4, 5].
Cretaceous
to early Tertiary
deposits were widely
distributed
on Cuba and the presence of a giant KTB
event deposit was proposed based on presence of upper
Maastrichtian
coarse clastic rocks with thickness
in
excess of 400 m [6].
However,
no convincing
evidence is found on its relation
to the impact, and its
depositional
mechanism
has not been investigated
in
detail.
Geological
Setting:
Cuba is formed by several
different terranes including the Cretaceous
Cuban Arc
and Southern Terranes
detached from the southeastern
margin of Yucatan Peninsula,
which were accreted to
the southern margin of Bahamas
platform during the
early Tertiary
[7]. At the time of KTB impact, the
Cretaceous
Cuban Arc was pr0bab]flocaied
approximately 500 km to the south of its present position [8],
and a deep oceanic basin existed between the Bahamas
platform and the Cretaceous
Cuban Arc.
The Pefialver Formation
was dep6sl_ted-_n the .........
northern slope of
the Cretaceous
Cuban
Arc.
The formation
disconformably overlies the Campanian
to uppermost Maastrichtian
Via Bianca Formation
whose depositional
paieodepth
is estimated
at 600-to
2000 m [9]. The
formation
is conformably
overlain by the Danian to
Thanetian
formations
[7].
Lithology
of the Pefia|verFormation:
The
Pefialver Formation
is divided into two lithological
units. The lower unit overlies the Via Blanca Formation with an irregular erosional
Surface and Consists of
25 m thick granular
bioclastic
calcirudite
with large
intraclasts
from the Via Blanca Formation.
The bioclastic

calcirudite

is poorly-sorted,

homogeneous

with

grain-supported
fabric, and dominantly
composed
of
fragments
of shallow
water macrofossils
as well as
shallow water limestone
probably
derived
fi'om the
carbonate
platform
on the Cretaceous
Cuban
Arc.
Size grading is not obvious throughout the unit.
The upper Unit is more than 155 m thick and is

m
m

m

II

subdivided
into subunits A and B in ascending
order.
Subunit A is composed
of a coarse- to fine-grained,
normally
graded calcarenite
with frequent
intercalations of thin conglomerate
layers in its lower part. A
few large mudstone intraclasts
also occur in the lower
part. The middle part is massive with abundant
largescale Water-escap-e-gfructures,
whereas the upper part
is faintly thick-bedded
with very rare water:escape
structures.
Fragments
of shallow-water
macrofossils
drastically decrease
absent in the middle

in the basal part, and they are
and upper parts. The middle and

m
m

g

I

U

W

upper parts are characterized by significant
increase in
planktonic
foraminifers,
decrease
in benthic
foraminifers,
and dominance
of serpentine
fragments
(within non-calcareous
fraction).
The grain composition of subunit A is distinctly different from the lower
unit, suggesting
that the source of the tWO Units are
different.
Bioturbation
is absent throughout
subunit

Ii
M

IE

A. Subunit B is composed of massive, homogeneous
calciiutite= wiihout b_oturbati0n.
The calcilutite
is
composed
of coarse silt grains including planktonic
foraminiferal skeletons
and fine silt- to clay-size calcareous matrix with nannofossils.
The abundance of
serpentine
unit.

fragmentsdecreases

drastically

W

E

in this sub-

The upper unit shows a single normal size-grading
with upward increase in sorting.
More importantly,
the grain size distribution
shows a rapid upward decrease in the coarsest grain-size
components
and a
consequent increase in skewness.
This is known as
coarse-tail grading suggestive
of settling from a dense
sediment cloud [10].
Relation
with
the
K/T
Boundary
Impact:
Macro- and microfossii
assemblages
in the Pefialver
Formation are examined
to constrain
the timing of
deposition, confirm reworking,
and specify the source
of the reworked mfitefi-als.
The lower unit contains
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I
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m
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only shallow water macrofossils
derived from carbonate platform of the Cretaceous
Cuban Arc. The upper
unit, on the other hand, contains abundant microfossils.
Various species of planktonic
foraminifers
and
nannofossils
with different diagnostic
ages are found
from the upper unit, whereas no Tertiary species are
found. Dominance
and the assemblage
of Campanian
to late Maastrichtian
species suggest that the upper
unit is mostly composed
of the materials
reworked
from the underlying
Via Blanca Formation.
The occurrence
of the nannofossil
Micula prinsii within a
large intraclast in the lower unit suggests that the age
of the Pefialver Formation
is younger than the latest
Maastrichtian
(<65.4 Ma), whereas
the absence
6f
Tertiary
microfossils
throughout
the formation
suggests the age older than the earIiest Danian (> 65.0
Ma).
Thus, the age of the Pefialver
Formation
is
tightly constrained
between 65.4 and 65.0 Ma.
Examination
of thin sections revealed that altered
m
E
IF__:a
w

E_

IV

E
H

vesicular
glass of up to 2 mm in diameter,
now replaced by heulandite,
smectite and calcite, are present
in small amount in the lower unit. Their concentration is highest near the bottom of the unit, decreases
upward,
and disappears
near the top of the unit.
These vesicular glass grains are similar in texture and
size to those described from probable KTB deposits in
Belize [11]. Glass spherule is almost absent.
We also examined
>60 _m acid-insoluble
residue,
and found small amount
of shocked quartz from the
upper unit but it is absent in the lower unit. Concentration of shocked quartz in the Pefialver Formation
is
very low because of dilution
by resuspended
sediments.
However, the flux of >60 _m shocked quartz
to the Pefialver Formation
amounts
to 15000-20000
grains/cm _, which is slightly larger than the flux estimated at Beloc [12].
The combination
of its tight
stratigraphic
age constraint,
and presence of altered
vesicular
glass and shocked quartz strongly suggest
the KTB impact origin of the Pefialver Formation.
Depositional
Mechanisms:
Significant basal erosion, granule-size
poorly-sorted
grains with grain'

J

supported
fabric, homogeneous
lithology without size
grading, common occurrence
of large intraclasts,
and
abundant
bioclasts
from shallow
platform
together
suggest a grain flow origin of the lower unit.
The

k

probable
source for these sediments
is the Carbonate
platform on the Cretaceous
Cuban Arc. On the other
hand,
single normal
coarse-tail
grading,
abundant
water escape structures,
and the lack of sedimentary
structures
indicative
of current influence
in the calcarenite
of the upper unit suggest
rapid deposition
from dense sediment
suspension
[10]. Finer grain
sizes, homogeneous
appearance
without bioturbation,

z

and mixed microfossil
assemblages
probably reworked
from the underlying
Via Blanca Formation
within the
calcilutite of the upper unit suggest late stage deposition from the suspension.
These characteristics
of the
upper unit are consistent
with those of homogenite[5].
Thus, the upper unit is interpreted
as a giant homogenite [I 3]. Thin-conglomerate
layers intercalated
in
the basal part of the upper unit, whose characteristics
are similar to those of a storm-wave
induced deposits
[14], could represent down-slope
transported
materials
eroded by repeated
tsunamis
that hit the carbonate
platform on the Cretaceous
Cuban Arc.
Discussion and Summary:
It
is
demonstrated
that the Pefialver
Formation
is the KTB
deposit
formed by grain flow and subsequent
tsunamis.
It is
possible that the grain flow was triggered either by the
impact-generated
seismic
wave or by the tsunami
wave generated by the impact.
Mternatively,
the tsunami could have been induced
by the grain flow.
However,
the distinctly
different
grain composition
between the lower .and upper units suggests different
source.
Namely, shallow platform
of the Cretaceous
Cuban Arc for the grain flow and deeper slope sediments for the homogenite.
This may further suggests
that homogenite
of the upper unit does not have genetic relation with the grain flow deposit of the lower
unit. If true, it is most likely that the grain flow was
triggered by the impact-generated
seismic wave within
a few minutes after the impact,
whereas the homogenite was formed by the subsequent
tsunamis
generated by the KTB impact and reached the site after the
grain flow deposit was emplaced.
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Introduction:
Late Proterozoic

of Science,

Univer-

Low-latitude
glaciations
during the
might be interpreted
as global glaci-

species in the ocean, dissolution
of atmospheric
CO2
into the ocean, and c-_rbonate precipitation
are consid-

ations [1, 2]. Such a "snowball Earth" hypothesis
is
supported by results of energy balance climate models:
analysis of the energy balance climate models suggests
that low-latitude
glaciation
should be unstable, and so

ered [e.g., 8, 9]. Chemical
weathering
rate is assumed
to be functions
of temperature
and the CO2 partial
pressure [e.g., 8-10].
Results
and Discussion"
Snowball
Earth phenomenon would be divided into four stages.
Runaway cooling stage: Runaway glaciation is expected to occur as the atmospheric
CO2 level decreases
owing to a considerable
decrease in a net CO2 release
rate to the atmosphere-ocean
system. TimescaIe
for
this stage is estimated
to be on the order of 100 thou-

it falls into a globally ice-covered
state owing to a
large ice cap instability
[3, 4]. The globally
icecovered state is known as one of the stable climate
states of the Earth [3, 4], although
it has not been
known whether the Earth has really fallen into this
state during the Late Proterozoic.
•The globally ice-covered
state may be caused by a
decrease in the effective solar constant [3, 4], or, more
likely, by a decrease in the atmospheric
CO2 level [5,
6]. On geological
timescaie,
the atmospheric
CO2
level decreases
because of a decrease in a net CO2
release rate to the atmosphere-ocean
system [7]. Decrease in the net C02 release rate corresponds
to a
decrease in the CO2 degassing rate via volcanism
and
metamorphism
of carbonate
and organic carbon, and
also to an increase in a growth rate of organic carbon
reservoir [7]. In this respect, snowball Earth phenomena during
the Late Proterozoic
could have been
caused by fluctuations
within the carbon cycle system.
•In this study, physical
and geochemical
processes
concerning
the snowball Earth and their timescale are
investigated
by using a one-dimensional
energy balance climate
model combined
with a carbon
geochemical cycle model.
Models:
A one-dimensional
energy balance climate model (1-D EBM) with CO2-dependent
outgoing
radiation is employed in this study [5, 6]. This model
can estimate
latitudinal
temperature
distribution
as
functions of the partial pressure
when the effective solar constant

of atmospheric
CO2,
and the thermal dif-

fusion coefficient
for latitudinal
heat transport
are
given. Therefore,
if the partial pressure of COz in the
atmosphere
is given by a carbon cycle model, temporal
variation
of the latitudinal
temperature
distribution
can be estimated from the 1-D EBM.
As a carbon cyclemodel,
a simple box-type model
with geochemical
processes
such as a net CO2 release
to the atmosphere-ocean
system (that represents
CO2
degassing
via volcanism,
metamorphism
of carbonate
and organic Carbon, and a net budget of organic carbon reservoir),
chemical
weathering
of silicate and
carbonate, chemical equilibrium
among carbon-related

sands years. In order to decrease the
level to reach a critical condition
to
cap instability
(about 10 ppm under
the present solar constant;
See Figure
release rate should decrease
to less

stage,

ocean

will freeze

owing

B
m

II

ice-covered
will freeze.

Ill

II

to cooling

pole to the equator,
and the deep ocean would not
freeze. Timescale
for this process is about 100 thousands years. Therefore,
if the net CO2 release rate remains to be low for more than this timescale,
the
state,

and

Snowball Earth stage: Once the entire surface of
the Earth is covered with ice and snow, it is quite difficult to escape from this state. This is because planetary albedo becomes
very high, so most of the solar
incident
flux should
be reflected
to space. Consequently, globally-averaged
surface temperature
would
be below 230 K. In order to escape from this state, it is
necessary for the partial pressure of CO2 in the atmosphere to increase on the order of 0.1 bar (Figure 1).
This will be accomplished
by degassing
of CO2 via
volcanism to accumulate
in the atmosphere.
Timescale
for this process is estimated
to be about 2-3 millions
years udder
the condition
of the present degassing
rate. If the volcanic
activity remains
(that may have caused
the global

ID

in volcarbon

from the sea surface. Ocean fi-eezes with releasing
latent heat, which should prolong a time to freeze the
ocean (so-called
the Stefan problem).
However,
geothermal heating from the interior of the Earth prevents
the ocean from freezing completely.
As a result, about
1000 m of the surface ocean should freeze from the

Earth will fall into the globally
the 1000 m of the surface ocean

J

atmospheric
CO2
cause a large ice
the condition
of
1), the net CO2
than 1/10 of the

present rate. This may be caused by a decrease
canic activity and/or by an increase in organic
burial rate.
In this
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glaciation),
this
I

M
!

Ill

IMPLICATION
FORSNOWBALL
EARTH:
E.Tajika

I,_

, _
_

timescale
However,

i

Deglaciation
stage:
It is difficult
to estimate
timescale
for this stage. This is because
seasonal
change of the solar incident flux would play an important role in melting the ice, that is, excess melting
during summer season will accelerate the net melting
of the flS__zenocea_n and the continental ice sheet.
bnce the equatorial
ocean melts, latitudinal
heat
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of
the ocea!!.
the timescale
for
transport
will Preliminary
be increased, result
which ofaccelerates
melting
melting the frozen ocean is estimated
to be several
thousands
years or less. As will be shown in the next

9776-9782.

when

this timescale

is short

enough

compared

mosphere
just after
this atmospheric
stage would CO2
still level,
have athelarge
with a decrease
in the
atamount of COy

phere
remains
to be about
As ina the
result,atmosthe
and snow,
the partial
pressure0.1 ofbar.CO2
globally-averaged
than
320.K._ Such surface
an extreme
temperature
hot climatewill should
be more
en-

_"(_ -_

water cycle (evaporation
the

silicate

pressure

weathering

and precipitation)
rate.

Consequently,

of CO2 will decrease

and

i_

the

_'_

i ._

of 100
years.
The thousands
seawater is
undersaturated
with respect to carbonate owing to the high pCOz level for the first 10
thousands
years of this stage. As cations such as calcium ion are carried and accumulated
into the ocean
owing to intensive
weathering,
alkalinity of the seawater should increase. As a result, the CO2 in the atmosphere would be absorbed by the seawater. It takes
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at 20-30 times the present precipitation rate. This may correspond
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Introduction:
Chicxulub impact cratering on Yucatan
peninsula
is the most plausible
scenario to cause the
global environmental
change and the consequent
catastrophic extinction at the K/T boundary [1]. The size of
Chicxulub
crater is estimated
as 180 km [I], or 260340 _
[2], in diameter,
however,
in any cases, the
impact coul-d_result in e-normous Consequences
On the
environments.
Recent geological
investigations
delineate the lithologic environment
in this area at K/T time
(65Myr). The impact site was shallow sea platform
containing 2 -4 km thick carbonate and evaporite rocks
(mainly limestone, dolomite,
and gypsum) overlying
the basement rock of andesite [3].
The possible detailed scenarios for the impact cratering to trigger the global climate change are following:
i.
Release
of water va_or into the atmosphere
resulted in the global warming [4,5]
2.

Release
resulted

3.

Enormous
amount of fine dust ejected from the
crater floated in the stratosphere
for a long duration and screened the Surface from the solar radia-

4.

5.
6.

of carbon dioxide
into the
in the global warming [4,5].

atmosphere

tion, and resulted in the global cooling [611
The production
of NO due to impact heating and
the global distribution
of NO2 could bring on the
nitric acid rain, and resulted in some influences on
the biosphere [7].
Or else; e.g., the production of SO2 aerosols
the destruction of the ozone layer?
The combination of above mechanisms.

[8], or

The key scenario to threaten various Cretaceous
species with extinction has been discussed for a long time,
but not clearly elucidated. Here, to clarify the possibility of above scenarios,
effects of Chicxulub
impact
cratering
on the climate change are simulated using
numerical techniques.

Various numerical
simulations of Chicxulub impact
have been employed [ 10,11,12,13,14,15].
The uniqueness of SPH calculations
is the trajectory
of the ejecta
can be easily followed.
Results
1.

layer. All the target materials are initially stabilized and
in hydrostatic
equilibrium. Because of the ambiguity of
the crater size, the impact velocities and the size of the
impactor vary _om 5 - 20 km/s, and 25 - 30 km, respectively.
minimum

This range of impact energies satisfies the
and maximum
estimates
of the size of the

crater (figure

1).

and Discussions:

Water vapor:
The ocean water within

the radius of 60 km from

the impact site is vaporized, in maximum. If the depth
of the sea floor is 500 m, 5000 G ton of water vapor is
ejected into the atmosphere.
This amount
is almost
equal to < I0 % of the present vapor pressure,
if it is
distr_uted
all over the world.
2.
C02:

W

II

Laboratory
shock experiments
of 50 % porous
chalk occurs result in the decarbonation
of 90 % of the
g

available CO2 at 10 GPa [16]. Assuming that the carbonate pressurized
up to 10 GPa decarbonates,
the
mass of the carbonate pressurized
to more than 10 GPa
indicates
maximum.
inventory
the warm
of CO2 in

that the production
of CO2 is 2x1016 kg, in
This mass of CO2 is several times the CO2
in the present atmosphere,
however,
due to
climate of Cretaceous and higher inventory
the atmosphere
[17], the ejected CO2 mass is

only less than 2 times the CO2 inventory in the Cretaceous atmosphere.
This results in the increase of the
global atmospheric
temperature of < 5 K.
3.
Dust:

I

m
m

J

!!

Assuming that 0.1% of the materials ejected up to
the stratosphere
are fine dust, which stay in the atmosphere for a long time, the total mass of the fine dust
floating in the stratosphere
is 1014-1015 kg. If they are
distributed
globally, the average thickness
of the dust
layer becomes
0.1-1 mm. This amount is more than
103 times the eruptions from the biggest volcanic eruption on the earth [ 18]. Thus, Long term floating of the
dust-aerosols
could block the solar radiation.
4.

Methods:
Numerical
simulations
using Smoothed
Particle Hydrodynamics
(SPH) technique [9] are conducted to realize the impact of a meteoroid
on the
Chicxulub
crater lithology.
A target consists of basement rock, overlaid by 3 km thick - Carbonate rock

11

NO2:
The productions

of NO more than 104° molecules,

or 1038 molecules,
affect on the survival of organisms;
globally or locally, respectively
[7]. If the atmosphere
is highly shocked, the shocked gas is blown off from
the terrestrial
gravitational
field. The efficiency
of direct heating of the atmosphere
by impact cratering is
less than 0.01%
of the impact energy. Assuming that
the NO production
in the ejecta plume is 1016 molecules/J
[7], the NO production
becomes < l037 molecules. Therefore,
than the critical
global impact.

q

I

Z

m

I1

the effect of NO production
is smaller
amount for nitric acid rain to have a
m
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In our simulations,
the production
of the enormous amount of dust of terrestrial
and extraterrestrial
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O

origin is confirmed•
The climate system should have
been affected globally by the impact-dust
and cooling
of the atmosphere
due to blocking
solar radiation by
dust floating in the atmosphere
is expected for a long
time. Induced H20 and CO2 could locally affect on the
warming, although the cloud formation could increase
the-surf_ice aibed01 and result in cooling and restoring _
in_verit-ories of water and (_02 in the atmosphere.
The
possibility
of the nitric acid rain is small, because of
the escape of the highly shocked gas to the space.
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Figure 1: SPH simulation
of the impact of a meteoroid of the diameter of 25 km on the Chicxulub
target.
Color represents the temperature
of materials. Symbols
of triangles, crosses, and dots represent the meteoroid,
target materials, and the atmosphere,
respectively.
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Introduction:
Natural catastrophes which can cause
extinction of living organisms should be accompanied by
consequences
[1] that essentially influence conditions of
their habitation. The most significant factor is changes in
temperature, i.e. in global climate. This factor affects all
kinds of habitats and therefore influences living condition of
all organisms. Moreover, in contrast to any other factors, the
range of temperatures, at which organic life is still possible,
is extremely limited. The global change of the climate is
connected to changes in balance between energy flows that
are coming to and going away from the Earth. Violation of
the energy balance can occur due to changes in atmospheric
properties because such changes are most probable. For
performing modeling for long-term climate prediction it is
necessary to specify as exactly as possible perturbations
caused by global natural catastrophes. This research is devoted to numerical simulation of large-scale perturbations
caused by various catastrophic events. Results on numerical
simulation of catastrophes with consequences which could
affect the local or global climate on the Earth are presented.
At modeling a goal was pursued to study evolution of catastrophes at the whole range of times at which compressibility
of medium cannot be neglected.
Collision with Dust: A special group of catastrophes
consists of phenomena which decrease the solar energy flow
outside the Earth's atmosphere. One of these is passing of
the Solar System through areas with incre_od concentration
of cosmic dust or surrounding of the Earth by a dust medium
arisen as a result of ejection at an impact of a large asteroid
at the surface of other planet or due to collision of such asteroids in the immediate neighborhood of the Earth. Since
the nearest to the Earth large cosmic body is the Moon, it is
a matter of special interest to consider consequences of asteroid impacts at its surface [2]. Giant craters on the Moon
clearly demonstrate reality of such events. Due to small
gravitational force and absence of atmosphere the main part
of ejected substance can leave the area of Moon's attraction.
Impacts at which mass of substance ejected beyond the area
of attraction will be sufficient to essentially decrease a solar
energy flow and to change the Earth's climate are highly
improbable. However, ejected masses attracted to the terrestrial atmosphere by the Earth's gravitational field can
significantly affect atmospheric parameters. All such phenomena lead to a problem of interaction between highvelocity superrarefied formations and the Earth's atmosphere. Depending on nature of origin of such objects their
velocity relative to the Earth varies from 10 km/s to 70 km/s
and even greater. Their sizes and density of their substances
can vary even more essentially. In numerical modeling of
consequences of such collisions both relatively small in a
planetary scale (~10 kin) and large formations (-1000 km)
have been considered.
Impacts of Asteroids and Comets: Simulations of impacts of cosmic objects of different size and composition at a
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solid surface and into water basins were carried out. Results
of these simulations are interesting because they can provide
explanations for some questions of solar system evolution
[3] and allow one to predict possible consequences of asteroid and comet impacts at planetary surfaces [4]. Impacts into
water basins can cause extinction of living organisms due to
several reasons. First of all, it is a direct destruction of organisms by a shock wave, high-velocity flows and by heating of water. However, these effects are local even at large
catastrophes. More serious consequences can be caused due
to ejection of huge salty water masses to the high altitudes
because it can result in violation of integrity of the ozone
shield of the atmosphere.
Catastrophic
Eruptions:
Ashes ejected at eruption of
Krakatau had rounded the Earth several times before completely fell out on the surface [5]. Apparently, this eruption
had some local influence on weather conditions. Therefore it
is interesting to simulate similar eruption of a larger scale.
One of the considered cases is when a wide channel directed
to a magma chamber is formed due to explosion of chilled
magma. It was supposed that magma temperature at the
chamber is ~ 1300 C, mass content of water reached 2-4 %.
The pressure of magma at the bottom of the chamber was
given equal to pressure of granite at the same depth. Consequently, magma pressure at the upper level of the chamber
was -300 atm. greater than the pressure in granite at the
same level. The moment of violation of integrity of chilled
magma was considered as a starting moment of eruption.
Eruptions
due to Impacts:
Often some catastrophes
can be sources for the others with even more destructive
consequences. For example, earthquakes come along with
large-scale volcanic eruptions and tsunamis. Krakatau eruption itself did not bring any victims, but tsunami formed
after volcano collapse killed more than 35 thousands people
[5]. Consider a characteristic
case of interconnection
of
natural catastrophes, when an asteroid impact causes a volcanic eruption. A numerical simulation of an impact of 2 km
diameter asteroid into the area of a magma chamber has
been performed. The ceiling of the chamber was on the
depth of 10 km relative to the Earth's surface and its bottom
- on the depth of 20 kin. At 25 s the bottom of the crater
came close to the chamber and breakout of magma into the
crater occurred. Due to rapid magma decompression eruption was started. Thus a large impact catastrophe was aggravated by a powerful volcanic eruption.
References: [1] Toon O. B. and Zahnle K. et al.
(1994) Hazards due to comets and asteroids,
791-826.
[2] O'Keefe J. D. and Ahrens Th. J. (1975) LPS VI,
2831-2844.
[3] Lissauer J. J. (1993) Annu. Rev. Astron. Astrophys.,
31, 129-174.
[4] Melosh H. J. (1989)
Impact Cratering: A Geologic process. [5] Ritmann A.
(1960) Vulkane und Ihre Tatigkeit.
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South Africa

The Permo-Triassic
transition
in the Karoo Basin
and apparently
basin-wide
change
from meandering

rapid

by preserved
strophic

sedimentary

extinction

facies.

of Permian

This changeover

vertebrate

taxa.

of South Africa was characterized
by a
to braided river systems as evidenced

has been
Here

WA 98195

hypothesized

we propose

as a cause

that rather

than

tinction,
the changeover
in fluvial systems
in the ancient Karoo Basin was
major die off of plant life in the basin.
Evidence
from other basins containing
ary sections

suggests

that a catastrophic

terrestrial

die off of vegetation

crease in sediment
yield, recorded
in the change
• ]3C excursion
across the P/T boundary.
The
of terrestrial

Permian-Triassic
extinction
vertebrate
families (Erwin,

mass extinction
1996; Bowring
ley

and

1996;
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et al., 1998; Retallack,
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Smith,

1995;
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change
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including
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(Knoll
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through the Triassic
in the interior of southern
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fossil record
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fauna was severe: Rubidge
(1995) reported
that only 6 of the 44 reptilian
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sections with relatively
abundant
vertebrate

elsewhere
al, 1999).

g

impact
(Rampino
and Haggerty,
shifts (Thackery
et al., 1990; Stan-

constrained
interpretation
of causality
from the sedimentary
record.
To date most research into the cause of this mass extinction
cies.
Far less is known
about the pattern
among terrestrial
vertebrate
taxa.
Perhaps

II

of the cata-

a consequence
of a
fluvial P/T bound-

produced

stratigraphy,

killed more than 90% of marine
1994). Numerous
global causal

al., 1995) and synergistic
combinations
1998; Morante,
1996; Retallack,
1999).
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work,
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observation
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been

the changing

flood-

by Showing

of deeply

rooted

that this environmental

plants
change

was

correlated
sections

of a pronounced
and non-marine

the

pale-

in China
exat

dates the P/r boundary
in the Karoo as being
1995; Bowring
et al, 1999).
Here we extend

apthe

tfiat a faCieS_transitlon

in the basin.

press)

P/T boundary

isotopic
extinctions

meandering
to braided river systems is nearly basin
non).
We also show that such a large-scale
facies
elimination

et al. (1998:,in

site with marine

the presence
in the Bethulie
section
synchroneity
between
the marine

this time. This subsequent
work also indirectly
proximately
250 million years in age (Renne,

clude

that this

style in the Karoo
Basin over an approximately
50,000 year interval
transition
wag the ultimate cause Of {he extinction
in the basin.
Ac-

to this hypothesis,

....

_

and concluded

environment.

ontologically

L

into the foreland,

across

theP/T

bot/ndary

from

wide (and perhaps
even a global phenomechange
could have been brought
about by

Because

a consequence,

of the timing
rather

of this transition,

than a cause

we con-

of the P/T event

in

the Karoo Basin.
The increased
sediment
yield that would have resulted
from a basin wide
change
in Vegetation
sufficient
to trigger such widespread
and sustained
fluvial response
would
_-_=i2

have drastically
increased
terrestrial
exports
of organic and inorganic
sediment
_3C) to the oceans and contributed
to the dramatic
loss of shallow water marine

(and therefore
taxa across P/T

__=

boundary

sections.

r

?

Ttz_

237

238

Catastrophic Events Conference

I

PRIMARY
EJECTA,
TSUNAMI
REWORKING,
TECTONIC
DISMEMBERMENT:
RECONSTRUCTING THE LATE DEVONIAN
ALAMO
BRECCIA
AND CRATER,
NEVADA.
J. E. Warme I and A. K.
Chamberlain 2, tDepartment
of Geology
and Geological,
Engineering,
Colorado School of Mines, Golden, CO
80401, jwarme@mines.edu,
2Cedarstrat, P. O. Box 36, Hiko, NV 89017.

W

The Alamo Breccia is the formal middle Member of the Upper Devonian
(Frasnian)
Guilmette
Formation
in
southern Nevada. The Breccia crops out in 15 or more mountain ranges over an area of 10,000+ square kilometers,
distributed
in a eastward-extending
semicircle
centered approximately
150 km north of Las Vegas. Its thickness
ranges from about 130 m in the center to a feather edge of less than 1 m, averaging about 50 m. Its volume probably
exceeds 500 cubic kilometers:
............
The Guilmette Formation
represents
a shallow-water
carbonate platform, exhibiting approximately
150 typical
shallowing-upward
cycles. The Alamo Breccia was first recognized as a stratigraphic
anomaly within the Guilmette.
The Breccia Commonly forms a massive cliff containing
countless whole and fragmented
stromatoporoids
that were
previously interpreted
as reef and reef debris. The presence of a spectrum of lithoclasts ranging from gravel-sized
to
slabs hundreds of meters long, and the absence of obvious reef mounds, warranted
investigation
of the origin of the
Breccia. The anomalous
occurrence,
apparent catastrophic
nature, and discovery
of a mild iridium anomaly, disseminated
shocked quartz, and spectacular
beds of carbonate impact spherules, that superficially
resemble
volcanic
lapilli, all confirmed the impact genesis of the Breccia.
The Alamo Breccia has been divided into three lateral zones. The central Zone 1 occurs only in one range and
contains the thickest (130 m) but relatively finest-grained
deposit. The largest clasts at the base are about 20 m in
maximum dimension, and the main body of the breccia is a thick cobble- to mud-sized
graded unit. In the intermediate Zone 2 the Breccia averages about 60 m in thickness and contains the largest clasts. Some are as much as 500 m
in length; one documented
example is 100 thick, occupying 95% of the height of the Breccia. In many localities the
large clasts, which are the shattered remains of the in situ carbonate
platform,
are discontinuous,
and the entire
thickness of the Breccia is comprised
of smaller clasts and matrix. In the peripheral
Zone 3 the Breccia thins from
approximately
6 m to a feather edge, and is an overall graded bed.
Recent analysis of the Breccia texture showed that internally it is composed of a chaotic lower segment and an
overlying series of graded beds that become thinner and finer-grained
upward. The thicker lower segment contains a
spectrum of clast sizes in a matrix that is commonly muddy and highly variable in texture and fabric. Many of the
clasts were preserved in the process of disintegration
whereby their margins have dilated and transformed
into matrix. Some clasts are internally fractured, dilated and deformed. This unit is interpreted as primary ejecta. Overlying
it are as many as 4 graded units, especially
well developed over much of Zone 2. Each unit has a sharp base that is
commonly deformed by loading from the overlying unit and injected by the underlying
one, ascribed to penecontemporaneous
dewatering
processes.
These units are well sorted, graded and clast-imbricated.
They are interpreted
as sequential tsunami deposits of diminishing
force.
Interpretation
of the Alamo Breccia, and the location of the crater, has been hindered by the puzzling semicircular distribution of the deposit. The character of the facies of the encompassing
Guilmette Formation,
and unraveling of the complicated
regional structure provides a solution. Zone 2 contains two dominant facies overlying the
Breccia. In some Zone 2 localities the Guilmette contains abundant sandstone beds interbedded
with the carbonates
but no stromatoporoid
reefs. In others it contains reefs and little or no sandstone.
A balanced cross-section
that restores the stacked thrust faults in the region to their original position places the sandstones west of Zone 1 and leaves
the reef facies to the east. Zone one, which is highly altered under the fresh-appearing
Breccia, is interpreted
as a
thrust slice containing a portion of the crater. The provenance
of the sandstones
is interpreted
to be a subdued highland fringing the west margin of the platform, perhaps as an early stage of the Antler Orogeny that began in the Late
Devonian. The reefs are interpreted
to occupy the deeper parts of the platform, which contained one or more depressions.
Upon restoration, the distribution
of the Alamo Breccia approaches
circular. In this analysis, the regional Alamo
Breccia Member is used to constrain tectonic solutions for this complicated
region, and the surviving tectonic test
explains the current lopsided distribution
of the Breccia.
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Introduction:

OF THE PERMO-TRIASSIC
SUPERANOXIC
EVENT.
University of Leeds, Leeds LS2 9JT, UK (wignall @earth.leeds.ac.uk).

The end-Permian

mass extinction

is

intimately associated with the development
of oxygenpoor bottom waters in many Permo-Triassic
boundary
sections. In both eastern and western Tethyan locations
the demise of Permian marine fauna coincides closely
L

L_

L_

L-

with the development, of dysaerobic
facies in the late
latidentatus/changxingensis
conodont zone [1]. Organic
enrichment
is rarely developed,
perhaps because of low
productivity
conditions
but
the development
of
dysoxia/anoxia
is recognised
from a combination
of
geochemical
indices (DOP, authigenic U enrichment,
S/C plots), sedimentary
petrography
(small size and
abundance
of pyrite framboids,
fine lamination)
and
palaeoecological
data (e.g. low oxygen tolerant "paper ....
pecten" bivalves, absence of benthic conodonts),
Lethal
Anoxia:
Discrete
anoxic events occur at
many levels in the geological
record and most are not
associated
with mass extinctions.
The lethal consequences of Late Permian anoxia/dysoxia
stems from its
development
in extra6rdinarily
shallow watersl In sec- ......

r

L

[]

E

Interestingly,

in high southern

P. B. Wignall _,

palaeolatitudes,

(e.g.

Madagascar,
the Salt Range (Pakistan),
southern Tibet)
the anoxic event appears to have occurred later (within
the_basal
Triassic
Griesbachian
Stage) and to have
been not nearly so intense. For example, in the highlycondensed
Selong section of Tibet the anoxic event is
recorded as a single layei's of pyrite crystals {n bioturbated, pelagic carbonates.
Like the onset of the anoxic/dysoxic
event, its termination appears to have been widely synchronous
(at
least in equatorial Tethyan and Boreal palaeoIatitudes)
and to have been unrelated
to local facies changes
pointing once again to an extrinsic cause. In most regi_
tfiis event occurs within the late Griesbachian
and
is marked by the abrupt appearance
of pervasive bioturbation. Anoxia persisted in the deep oceans until the
end of the Scythian [4], and also locally in the deepwater centres of some epicontinental
basins [5].
Discussion:
The anoxic event that straddles
the
PexZinian-TriassiC boundary is the most severe event of _

tions from Spitsbergen
cross-bedded
sandstones
of
itsqdnd know from the Phanerozoic
record. Only the
pyrite are developed
in the lower shoreface [2], whilst
topmost 10-20 m of water may have remained oxygenpyrite-rich
facies occur in innermost
ramp settings of
ated at this time. The lesser intensity and much shorter
the Dolomites,
and in southern
Sichuan dysaerobic
duration of this event on the Perigondwanan
margin
facies occur in shallow platform settings immediately
implies that this area may have been a refuge to some
extent from this crisis. However,
the first evidence of
above reefs [1]. The origins of this shallow-water
anrecovery of benthic marine communities
in the afteroxia are unclear, but may be bound up with the rapid
global warming and ocean stagnation that characterises
math of the anoxia is seen from high Boreal palaeothis interval [3].
latitudes [2]. Tethyan benthic recovery
only initiated
Extent
and Duration.
The onset and cessation of
after the Scythian
suggesting
that
environmental
the Permo-Triassic
anoxic
event records
intriguing
stresses (not necessarily
oxygen-restriction)
may have
regional and bathymetric
variation. Oxygen-poor
botpersisted in this region throughout this interval.
tom waters initially formed in the deep-water
(abyssal?) around the beginning of the Late Permian as seen
_Referenees:
in the accreted
terrances
of Japan [4]. However,
[1] WignallP.B.
and Hallam A. (1996) Palaeogeog.
dysoxic
bottom waters did not appear in shallower
PaIaeoclim. Palaeoecol.
Palaios 11,587-596.
water settings, SUCh as the carbonate ramps ofnortfi_n
............. =[2] WignaI_P.B.
et aI. [i998] Geol. Mag. 135, 47621
Italy, until near the close of the Permian. Throughout
equatorial
Tethys this event appears near synchronous
[3] Wignall P.B. and Twitchett R.J. [1996] Science
and unrelated
to environmental
location.
Thus,
in
272, 1155-1158.
South China, dysaerobic facies develop in deep basinal
[4] Isozaki Y. [1997] Science 276, 235-238.
(Shangsi), base of slope (Meishan)
and inner platform
[5] Woods A.D. et al. (1999) Geology, 27, 645648.
(Laolongdong)
sections at the same time. Thus, extrinsic factors, such as climate and oceanography,
rather
than intrinsic factors, such as water depth and basin
location, are probably responsible
for the event. Recent
work in Boreal latitudes (Spitsbergen,
E. Greenland)
indicates that the onset of anoxia occurred at precisely
the same time and in a similarly diverse range of marine settings (basin centre within a syn-rift basin, inner
shelf of a passive margin).
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problems

tion events can be overcome

REEF:

the ecological

effects

of mass extinc-

Study of continuous

carbonate

the risk of biases

introduced

as well as eliminating

sequences
by facies

biotas.

Reefs are widely supposed to be decimated
after mass extinctions, yet the palaeoecology
of postextinction reef communities
has received little detailed attention. Windjana Gorge, in the Canning Basin,
Western

Australia,

early Famennian
nian/Famennian

offers

an unique

succession

(late Devonian),
so enabling
extinction boundary.

of continuous

a comparison

reef-building

of changing

from the late Frasnian

palaeoecologies

to

across the Fras-

Like the Frasnian reef communities
of Windjana
Gorge, Famennian reef ecologies were dominated
bymlcr0bial
communities,
with the calclmiCrobe-s Shuguria, RothpIetzella,
and Girvanella
remaining
important
mented

holdover

taxa.

morphological

Famennian

forms.

representatives,

Calcimicrobes

however,

grew

grew

as complex

in novel

intergrowths

m

and previously
of encrusters

m

Ill

undocu-

and cryptic

forms which, together with lithistid sponges, formed spectacular laminar-sheet
complexes up to over 2.5
m in diameter and 0.30 m thick. The abundance
and diversity of lithistid sponges within shallow water
margin and back-reef
now identified
munities

ecologies

also contrasts

from the Windjana

grew in a shallow,

markedly

Limestone,

high-energy

where

environment

and where rapid, early lithification was prevalent.
These observations
demonstrate
that a quite
extinction

community,

was established

tinction event. The morphological
for mimicking

the elevated

event, suggesting
either tiering
support
where

carbonate

ecospace

sponge

reef ecology,
aftermath

growth

was utilised

persisted,

reefs.

forms

were dominated
rather

by coated

grains,

of the Frasnian/Famennian

mass ex-

complexes

that were eliminated
There

waters. These
continue.

is noteworthy

- and slower to recover

in

is little evidence

observations

They

i

by the extinction

way. As such, there was no change

of taxa from deeper
to collapse

are

of the pre-

reef-building

are more susceptible

species

These com-

than a remnant
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