damage levels has a genetic basis (9).
There is apparently continuous selection
for defenses in this plant species to re-
duce leaf area losses.
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Elemental Anomalies at the Cretaceous-Tertiary Boundary,

Woodside Creek, New Zealand

Abstract. Iridium and 26 other elements were determined in shale from the
Cretaceous-Tertiary boundary at the locus classicus (for iridium anomalies) at
Woodside Creek, New Zealand. Iridium, gold, copper, cobalt, chromium, nickel,
arsenic, molybdenum, and iron were enriched in the basal 2 millimeters of the 8-
millimeter shale parting as compared with the rest of the stratigraphic column. No
other shale partings in the column had anomalous concentrations of any element
when the data were expressed on a carbonate-free basis. The boundary material
showed striking compositional similarities with the Stevns Klint Danish boundary
shale. Elemental concentrations were in general much higher in the New Zealand
material than in nonboundary shales from elsewhere in the world. The high
concentration of iridium (153 nanograms per gram) in the basal layer of the
boundary, together with the enrichment of other siderophile elements supports the
idea of an extraterrestrial source for much of the material. The iridium/gold ratio of
2.1 is also in accordance with such a source. The iridium content of the basal layer is
higher than for any other marine boundary shale obtained on land. The integrated
iridium value is 187 nanograms per square centimeter of boundary surface.

In a benchmark paper, Alvarez et al.
(1) proposed that mass extinctions at the
end of the Cretaceous had been caused
by the impact of a large asteroid. As
evidence of this, they reported a very
large iridium anomaly at the Cretaceous-
Tertiary (K/T) boundary in marine shales
at Gubbio in northern Italy, Stevns Klint
in Denmark, and Woodside Creek in
New Zealand. No data were reported
from New Zealand beyond the statement
that the iridium concentration in the K/T
shale was about 20 times that in the
adjacent limestone. Alvarez et al. (2)
later reported an integrated iridium ex-
cess of 120 ng cm™2 for this site.

Iridium is a siderophile element that is
rare in terrestrial material but much
more abundant in chondrites and other
extraterrestrial bodies. Thus its presence
at relatively high concentrations may
well indicate an extraterrestrial source
for the material studied. The report by
Alvarez et al. (1) sparked a lively and
continuing debate, which resulted in a
conference at Snowbird, Utah (3), devot-

ed entirely to this topic. In the ensuing
debate a number of different sources for
the iridium anomaly have been pro-
posed: chondritic meteorites or asteroids
(4), metal sulfide~cored meteorites (5),
comets (6), and terrestrial nonimpaction
sources (7-10).

We have determined the elemental
content of a suite of marine carbonate
rocks from the Woodside Creek section
in South Island, New Zealand, in the
course of which 27 elements were quan-
tified. The purpose of this work was to
determine similarities between the K/T
boundary shale of this New Zealand for-
mation and a K/T boundary shale from
Denmark, and to compare a variety of
shales from other parts of the world with
our material in order to determine
whether the Woodside Creek material
did indeed have an anomalous composi-
tion and was not merely reflecting the
usual composition of marine shales.

The K/T boundary in the narrow gorge
of Woodside Creek in northeastern Marl-
borough Province, New Zealand, was
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originally described by Strong (11). The
contact is marked by a disconformity
separating thinly bedded siliceous lime-
stones of Teurian age from the more
thickly bedded limestone of late Hau-
murian (Maastrichtian) age. Fossils diag-
nostic of a thin layer of lower Teurian
rocks (representing perhaps 10,000
years) could not be found, although this
does not mean that such a layer is miss-
ing. Likewise, an indeterminate thick-
ness of upper Cretaceous strata was not
identified. However, if a disastrous ter-
minal event did occur at that time, redis-
solution or perturbation of the upper
Cretaceous layer was to be expected.
We collected a number of rock sam-
ples over an interval of 6 m (3.5 m below
the boundary and 2.5 m above). The K/T
boundary itself was sampled at three
intervals within its 8-mm mean thick-
ness. All the samples were limestones
except for five shale partings including
the K/T boundary material. Figure 1
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shows a representation of the stratigra-
phy as well as the sampling program.

Abundance data for a number of sider-
ophiles that were enriched in the K/T
boundary shale, relative to the rocks
above and below this interval, are also
shown in Fig. 1. Table 1 gives the mean
elemental abundances (on a CaCOs-free
basis) for the K/T boundary at Woodside
Creek and for the adjacent Cretaceous
and Tertiary limestones. Data are also
given for three layers within the bound-
ary itself and are compared with neutron
activation values for the basal layer at
the K/T boundary at Stevns Klint, Den-
mark (5). Table 1 also includes our data
for nonboundary marine shales.

When the Woodside Creek data were
presented in the carbonate-free form to
compensate for anomalies that might
have arisen as a result of the redissolu-
tion of carbonates, small elemental
anomalies that would have appeared at
the four non-K/T shale partings in the
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Fig. 1. Concentrations of siderophile elements in the stratigraphic column at Woodside Creek,
New Zealand, including the K/T boundary (note different scales along the column).
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stratigraphic column were removed.

Chemical analysis was carried out
mainly by neutron activation analysis
and plasma emission spectrometry (in-
ductively coupled plasma). In the Wood-
side Creek K/T boundary material, the
following elements were enriched (con-
centrations greater than one standard
deviation above the mean of values for
the adjacent Tertiary and Cretaceous
rocks): aluminum, gold, cobalt, chromi-
um, copper, iron, iridium, and nickel.
Sulfur and strontium were depleted in
the boundary material. If only the basal
layer of the boundary is considered, ar-
senic and molybdenum may be added to
the list of enriched elements. This basal
iron-rich layer is a very prominent fea-
ture of the Woodside Creek material (as
is also true of the basal layer at Stevns
Klint). There is a steady rise in sidero-
philes as one moves down the boundary.
This trend is particularly pronounced for
chromium and iridium, which increase
by a factor of about 6. Other siderophiles
(cobalt, gold, iron, and nickel) increase
by a factor of 3. The enrichment of
arsenic in the basal layer is particularly
striking since the concentration in-
creases by a factor of 20.

It is customary to present iridium data
on the basis of integrated nanograms per
square centimeter of boundary surface in
a vertical direction. With an average
boundary thickness of 8 mm and a shale
density of 3.3 g cm™, the integrated
value for Woodside Creek is 187 ng cm ™2
compared with 197 for Caravaca, Spain,
and 81 for Stevns Klint (2).

Normalization of the iridium content
of CaCO;-free New Zealand boundary
clay to water-free C1 chondrites (580 ng
per gram of iridium) gives an extraterres-
trial component of 10.4 percent as com-
pared with 21 percent for Stevns Klint
and 9 percent for Caravaca.

One of the objectives of our work was
to determine whether the K/T boundary
shale had elemental concentrations that
were truly anomalous with respect to
other shales rather than anomalous only
in comparison to surrounding carbonate
rocks. The mean values for 19 marine
nonboundary shales (Table 1) show that
many elemental concentrations in the
New Zealand material were well above
those of nonboundary shales, as in the
case of boron, cobalt, copper, chromi-
um, lead, nickel, phosphorus, strontium,
tin, and zinc. Sulfur is extremely defi-
cient in the K/T material. It does not
therefore seem that the boundary shale
has a strong compositional similarity
with nonboundary shales.

Our abundance data for the New Zea-
land boundary shale are similar to mean
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values reported by Kyte et al. (5) for the
Stevns Klint K/T material (Table 1). On
a carbonate-free basis, there is a striking
compositional similarity with the Danish
material.

If elemental ratios for Ni/Ir, Ni/Cr, Ni/
Co, or Ni/Fe in the basal layer of the
New Zealand material are compared
with corresponding ratios for the Danish
-shale reported by Kyte et al. (5), it will
be noted that there is very good agree-
ment for Ni/Ir and Ni/Cr for the two
shales. The ‘values are (New Zealand
material first) 6653 and 8333 for Ni/Ir and
1.85 and 2.14 for Ni/Cr.

The New Zealand material has a Ni/Co
ratio, about half that of Stevns Klint and
the value for Ni/As is ~1/6. The New
Zealand shale has an Ir/Au ratio of 2.1
compared with about 6.0 for the Danish
boundary shale. Palme (/2) has shown
that for terrestrial materials an Ir/Au
ratio of 0.2 is usual, and that few if any
terrestrial sources have ratios exceeding
unity. These high Ir/Au ratios are per-
haps one of the strongest indications of
an extraterrestrial source for some of the
material at both K/T boundaries.

The abundance data reported above
for the New Zealand K/T boundary shale
show an enrichment of the siderophiles
cobalt, chromium, gold, iridium, iron,
and nickel. There is also concomitant
enrichment of the ‘‘chalcophiles’ ar-
senic, copper, and molybdenum. It is
possible to explain the presence of sider-
ophiles if an extraterrestrial source is
assumed, but it is more difficult to ac-
count for the enrichment of chalcophiles.
Arsenic is usually chalcophilic in the
earth’s crust and siderophilic in extrater-
restrial material. The high concentration
of this element in the basal material of
the Woodside Creek material could be
derived in part from an extraterrestrial
source (although in the boundary as a
whole arsenic is not significantly en-
riched). A more likely explanation for
this high arsenic concentration is reduc-
ing conditions in the ocean at that time,
associated with the extinction of plank-
ton and taxa of higher order, or even
enhanced volcanism unleashed by vio-
lence done to the earth’s crust by an
impact. A similar mechanism could ac-
count for the enrichment of copper and
molybdenum.

A number of countervailing arguments
have been put forward to account for
anomalous concentrations of elements at
the K/T boundary. Rampino (/0) has
suggested that the shale partings have
resulted from the dissolution of carbon-
ate material and has proposed that easily
weathered chalcophiles precipitate in the
clay boundary with its different chemical
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Table 1. Elemental concentrations in New Zealand K/T boundary shale from Woodside Creek
compared with those in other parts of the stratigraphic column, the basal layer of the Stevns
Klint K/T boundary, and nonboundary marine shales (all data expressed on a CaCO;-free
basis). The data for Stevns Klint are from Kyte et al. (5).

New Zealand material from Woodside Creek Non-
Com- Stevns boun-
ponent Ter- K/T boundary Creta- Klint dary
tiary  Mean  Top  Middle Basal  ceous shales
CaCO; (%) 41 7 7 7 7 65 56 8.8
Al (%) 1.99 5.03 2.89 8.6
As (ug/g) 25 48 27 74 493 81 86
Au (ng/g) <1 42 24 31 71 <1 24 <1
B (%) 0.21 52 0.70 0.017
Ce (ng/g) 48 50 49 120
Co (ng/e) 18 125 62 216 216 26 124 20
Cr (nglg) 19 203 87 175 550 19 560 99
Cu (ngl/g) 23 162 28 52
Fe (%) 0.89 4.05 3.1 4.7 9.6 1.38 6.80 3.50
Ir (ng/g) <1 70 25 49 153 <1 144 <1
K (%) 0.52 1.13 0.87 1.08 2.10
La (ng/g) 32 28 25 128
Mg (%) 0.37 1.00 0.61 1.20
Mn (%) 0.09 0.07 0.30 0.02 0.09
Mo (ng/g) 2.3 39 8 31 92 3.1 3
Na (%) 1.73 0.74 3.60 2.72 0.97
Ni (ng/g) 32 275 333 515 1018 39 1200 37
P (%) 512 996 1319 359
Pb (ug/g) 14 45 31 7
S (%) 0.09 0.04 0.43 0.014
Sc (ng/g) 15 15 15 30
Se (ug/g) 16 40 43 68 32
Sn (ng/g) 9 10 22 1
St (uglg) 521 295 1435 ' 168
Yb (ug/g) 2.5 1.8 2.1 8.0
Zn (ng/g) 154 612 328 381 806 171 1200 83
Ni/Ir 6653 8333
Ni/Cr 1.85 2.14
Ni/Co 4.71 9.67
Ni/As 2.06 13.90
Fe/Ni 96 57
Ir/Au 2.1 6.0

and physical conditions. If such were the
case, however, the large deficiency of
sulfur in the Woodside Creek material
would not be expected. A further factor
mitigating against the idea that a weath-
ering process is responsible for the accu-
mulation of elements in the K/T bound-
ary is the strong compositional similarity
between the New Zealand and Danish
material. It is difficult to believe that two
clays of such similar composition could
have resulted from weathering processes
at opposite ends of the earth and at the
same time could have produced two
equally prominent geochemical signa-
tures of extraterrestrial elements.

A further question to be considered is
whether the anomalies at the K/T bound-
ary could have resulted from volcanic
activity, which is thought to have been
considerable at the time. However, Gil-
more et al. (I13) have pointed out that,
among mafic volcanics and plutonic
rocks, only dunite contains iridium in
significant concentrations (0.83 ng/g in
DTS-1 standard dunite). The chromium
content of such rocks is of the order of
4000 pg/g, which is 24 times that in the

Woodside Creek material and contrasts
with an iridium concentration 1/60 of that
in the New Zealand material.
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Ultrahigh Pressure: Beyond 2 Megabars and the

Ruby Fluorescence Scale

Abstract. A new design of the diamond-window, high-pressure cell has permitted
static pressure of 2.8 megabars to be generated for the first time. The design is
unusually stable mechanically, and thus it should be possible to use the new cell to
study most materials, including hydrogen, in the unexplored pressure region above 1

megabar.

The generation of static high pressures
of several megabars for laboratory ex-
perimentation has been an important
goal for materials science. At pressures
exceeding 1 Mbar, the energy equivalent
is on the order of the minimum required
to convert many materials from insulator
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Spectrometer

or semiconductor states to the metallic
state. Ross and McMahan predicted (/)
that hydrogen, for example, would be-
come a high-temperature (greater than
25°C) superconductor at megabar pres-
sures. In the present study new designs
of high-pressure apparatus have been

gasket /

),

used successfully in maintaining ruby-
plus-metal composite samples stably at
2.8 Mbar without apparatus failure. This
result constitutes a major advance over
the earlier maximum, which was limited
to 1.7 Mbar (2).

The quest to reach megabar pressures
in order to observe metallic and other
behavior of materials has benefited from
the use of apparatus in which single-
crystal diamonds are integral, strong
component parts. Diamonds have served
as windows for radiation transmitted and
emitted in interactions with samples held
under pressure (2). The ability to study a
pressurized sample in situ by spectro-
scopic methods has been crucial in mod-
ern high-pressure research.

The ultimate strength of diamonds at
very high pressures has become a major
design consideration. Analysis of the di-
amonds that flowed and those that did
not flow under the same experimental
conditions in other experiments suggest-
ed that impurity levels of nitrogen inclu-
sions could be important (2). Some dia-
monds contain ~700 parts per million of
nitrogen. Diamonds in which nitrogen
platelets were present, as determined by
high-sensitivity Fourier-transform infra-
red analysis (3), were selected for the

Dlamond anvil

Ruby powder

L BN DIIIIIIEIIIIIIIIIII
-...ullM(({///,

9

Diamond cell

Fig. 1. (a) Diagrammatic sketch of the diamond-window, high-pressure cell and the laser-
fluorescence spectrometer used to measure the ruby pressure scale. The inset shows a sketch of the
diamond window (anvils), sample, and laser beam. Pulsed motor drives are used for positioning the
laser beam, XY, and the scanning spectrometer. The system is computer controlled with the data
reduced in real time, stored, and displayed. (b) Cross section and plan view of the diamond anvils
and gasket showing the dimensions of the sample area (B) and of the bevel (A) and the bevel angles
(8, and 6,). The dots on the plan view are points of the computer-stored position matrix where
pressure was measured during the experiments.
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