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The Precursor of the Cretaceous-
Tertiary Boundary Clays at Stevns
Klint, Denmark, and DSDP Hole 465A

M. Kastner, F. Asaro, H. V. Michel

The mass extinction of organisms at
the end of the Cretaceous, about 65
million years ago, has given rise to nu-
merous hypotheses. In 1979 a new cata-
strophic hypothesis to explain this ex-
tinction was proposed by Alvarez et al.
(I). They suggested that an Apollo aster-
oid about 10 km in diameter collided with
Earth and that the dust ejected from the
impact reached the stratosphere and
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caused both temperature changes and
darkness lasting several months; this
event would have suppressed photosyn-
thesis and led to the collapse of most
food chains (I, 2). The first chemical
evidence for such an impact was the
discovery of anomalously high concen-
trations of iridium and other platinid and
siderophile elements in Cretaceous-Ter-
tiary (K/T) marine boundary clay-rich
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layers, both at Stevns Klint, Denmark,
and in the Umbrian Apennines, near
Gubbio, Italy (3, 4). These elements are
generally depleted in Earth’s crust rela-
tive to their cosmic abundances. The
observed iridium concentrations at the
above localities were 160 and 30 times,
respectively, the average terrestrial con-
centration. Since then, similar geochemi-
cal anomalies have been determined by
researchers at several laboratories in ma-
rine and nonmarine sediments at K/T
boundary layers, recovered from more
than 50 sites around the world. (5-10).
These results were recently summarized
by Alvarez et al. (2).

At present, the impact of a large extra-
terrestrial object, a chondritic meteorite,
is widely accepted as the most plausible
explanation for the worldwide iridium
anomaly at the end of the Cretaceous (2,
5, 8, 10-14). It remains to be established
whether the biological extinction and the

M. Kastner is at Scripps Institution of Oceanogra-
phy, La Jolla, California 92093. F. Asaro, H. V.
Michel, and L. W. Alvarez are at the Lawrence
Berkeley Laboratory, University of California,
Berkeley 94720. W. Alvarez is at the Department of
Geology and Geophysics, University of California,
Berkeley.
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Table 1. Description of two marine Cretaceous-Tertiary boundary sites, their iridium anomalies, and the Pt/Ir and Au/Ir ratios at Stevns Klint and

in type I carbonaceous chondrites.

Peak Maximum
iridium integrated
. . amount of
Site Location SZ;JE‘; iri diugn Pt/Ir Au/Ir
(pPb) 1o
g/cm?)
Stevns Klint, Denmark 55°16.7'N, 12°26.5'E 87 336 2.01 = 0.07 0.281 = 0.007
DSDP Leg 62, Hole 465A, North Pacific 33°49.23'N, 178°55.14'E 15 319
Type I carbonaceous chondrite* 1.99 = 0.08 0.296 + 0.018

*Reference values for C1 chondrites were obtained as follows. The value for Au/Ir is the mean of eight measurements by Krihenbuhl e? al. (60). The error is the stan-
dard deviation in the mean. The value for Pt/Ir is the mean of four numbers (1.89, 1.96, 2.04, and 2.06), determined, respectively, by combining (i) M. Ebihara’s (61,
62) platinum abundance of 0.97 + 0.11 ppm with Krihenbuhl ez al.’s iridium value (11) Ehmann and Gillum’s (63) mean value for platmum and Krahenbuhl et al.’s
iridium value, (iii) Ehmann and Gillum’s value for both platinum and iridium, and (1v) Mason’s (64) platinum value with Krahenbuhl ez al.’s gold value. The overall er-
ror was taken as the standard deviation of the mean in thre¢ independent measurements, with an assumed 10 percent uncertainty in each.

asteroid impact were synchronous, and,
if so, whether they were coincidental or
were linked by a cause-and-effect rela-
tion.

As yet, it is not known which minerals
contain the bulk of the excess sidero-
phile metals found in the K/T boundary

spars, and pyrite. The origin of these
phases and of several additional minor
ones, such as iron aluminosilicate and
sanidine spherules (17-20), CuS and zeo-
lites (/9), has not been established. To
gain more insight into the nature of the
suggested chondritic meteorite impact, it

Abstract. Results of detailed mineralogical, chemical, and oxygen isotope analy-
ses of the clay minerals and zeolites from two Cretaceous-Tertiary (KIT) boundary
regions, Stevns Klint, Denmark, and Deep Sea Drilling Project (DSDP) Hole 465A in
the north central Pacific Ocean, are presented. In the central part of the Stevns Klint
KIT boundary layer, the only clay mineral detected by x-ray diffraction is a pure
smiectite with >95 percent expandable layers, No detrital clay minerals or quartz
were observed in the clay size fraction in these beds, whereas the clay minerals
above and below the boundary layer are illite and mixed-layer smectite-illite of
detrital origin as well as quartz. The mineralogical purity of the clay fraction, the
presence of smectite only at the boundary, and the $'0 value of the smectite
(27.2 = 0.2 per mil) suggest that it formed in situ by alteration of glass. Formation
from impact rather than from volcanic glass is supported by its major element
chemistry. The high content of iridium and other siderophile elements is not due to
the cessation of calcium carbonate deposition and resulting slow sedimentation
rates. At DSDP Hole 465A, the principal clay mineral in the boundary zone (80 to 143
centimeters) is a mixed-layer smectite-illite with =90 percent expandable layers,
accompanied by some detrital quartz and small amounts of a euhedral authigenic
zeolite (clinoptilolite). The mixed-layer smectite-illite from the interval 118 to 120
centimeters in the zone of high iridium abundance has a very low rare earth element
content; the negative cerium anomaly indicates formation in the marine environ-
ment. This conclusion is corroborated by the 80 value of this clay mineral
(27.1 £ 0.2 per mil). Thus, this mixed-layer smectite-illite formed possibly from the
same glass as the K/T boundary smectite at Stevns Klint, Denmark.

clay layers. Alvarez et al. (2—4) argued
against the hypothesis that the high con-
centrations reflect a normal rate of iridi-
um deposition during periods in which
drastically reduced carbonate sedimen-
tation rates gave rise to the clay-rich
layers (15, 16). These arguments re-
ceived further support from the report of
an iridium anomaly in nonmarine sedi-
ments at the palynological K/T boundary
of northeastern New Mexico and south-
eastern Colorado (10).

Commonly occurring noncalcareous
phases in K/T boundary layers, in addi-
tion to clay minerals, are quartz, feld-
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seems essential to identify and distin-
guish between detrital, biogenic, authi-
genic, cosmogenic, and impact phases in
the boundary layers. In this article re-
sults bearing on the origin of the clay
minerals from two K/T boundary layers
are presented. They support the meteor-
ite impact theory.

Localities Studied
The two K/T boundary sites studied

here (Table 1) are now, and were 65
million years ago, geographically widely

separated from each other. At both local-
ities the sediments are marine; the Dan-
ish section is now exposed on land, but
that encountered in Hole 465A in the
north Pacific Ocean has never been ex-
posed to a meteoric water environment.

The Stevns Klint, Denmark, section is
the type locality of the Danian. A thin
marl layer, precisely at the K/T bound-
ary, is known as the Fish clay. Christen-
sen et al. (21) reported that the main clay
mineral is a mixed-layer smectite-illite
(S/1) with a high percentage of expand-
able layers and is probably of diagenetic
origin. On the basis of internal bedding,
Christensen et al. subdivided the Fish
clay into four beds from bottom, bed II,
to top, bed V. Bed II is underlain by
Maastrichtian chalk (bed I), and bed V is
overlain by a carbonate sequence called
the Cerithium limestone (bed VI). Beds
III and IV have the lowest CaCO; con-
tent. On the basis of the high concentra-
tion of smectite in the Fish clay, Valeton
(22) suggested a derivation from volcanic
ash. All beds of the Fish clay contain
anomalously high concentrations of iridi-
um and other siderophile elements (1, 7),
with the largest anomalies in beds 11T and
IV (Fig. 1).

Deep Sea Drilling Project (DSDP)
Hole 465A was drilled on Hess Rise in
the central north Pacific at a water depth
of 2161 m. Unfortunately, rotary drilling
disturbed the core. The K/T boundary
was identified in core 3, section 3, at
about 62.3-m subbottom depth. The iridi-
um enrichment is smeared over an inter-
val greater than 40 cm and is associated
with both pyrite-rich dark blobs and the
light-colored clayey-calcareous fraction
(7, 9) (Fig. 2). The smearing due to the
drilling placed Tertiary and Cretaceous
sediments side by side, and it is not
possible to say to the nearest centimeter
where the base of the clayey-calcareous
fraction or the base of the pyrite-rich
blobs or lenses was prior to coring. The
base appears to be in the vicinity of 144

SCIENCE, VOL. 226



cm. The original maximum integrated
amount of iridium in DSDP Hole 465A, if
we take into account the smearing, is
very nearly the same as in the Stevns
Klint section (Table 1). In fact, for these
measured elements, which are enhanced
by at least a factor of 5 in the clayey-
calcareous fraction relative to back-
ground, the integrated amounts of all
such elements (13 in total) from Stevns
Klint and DSDP Hole 465A agree as well
with each other as do two independent
collections from Stevns Klint (23).

The Pt/Ir and Au/Ir ratios from the
Stevns Klint K/T boundary site agree
exactly (within experimental accuracy)
with the values for type I carbonaceous
chondrites (Table 1). However, there is a
shift in stratigraphic position between
the gold and iridium peaks of ~2 cm
(Fig. 1), and this slight shifting of relative
peak position is observed for many ele-
ments (23). Therefore, the excellent
agreement with chondritic values (Table
1) is obtained because the entire central
part of the Stevns Klint boundary was
sampled. If only part of the boundary is
considered, however, the stratigraphic
shift would cause the siderophile ele-
ment ratios to vary and to differ from
chondritic values, which was a concern
of Officer and Drake (24). Stevns Klint is
also a particularly good section at which
to study siderophile element ratios, be-
cause the elements occur in rather insol-
uble sulfides and the anoxic deposition
would tend to preserve their abun-
dances.

Methods

Bulk sediments and the insoluble resi-
due fractions were analyzed by routine
petrographic microscope and scanning
electron microscope (SEM) with energy-
dispersive x-ray attachment. Calcite was
removed from sediments from below,
within, and above the K/T boundary
layers at Stevns Klint and in DSDP Hole
465A by treatment with sodium acetate—
acetic acid buffer (pH 4.7). The clay size
fractions (<2 pm) were separated from
the insoluble residues by conventional
settling methods and analyzed by x-ray
diffraction, with Cu, radiation, before
and after treatment with ethylene glycol.
The percentage of expandable layers of
mixed-layer S/I clay minerals was deter-
mined according to the method of Reyn-
olds (25). The smectite from the K/T
boundary layer at Stevns Klint was ana-
lyzed for major elements according to
the method of Shapiro and Brannock
(26). Oxygen isotope analyses of the clay
minerals were carried out by the BrFs
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method (27). The isotopic results are
reported in the conventional fashion as
8'80 (per mil) relative to standard mean
ocean water (SMOW) (28). The experi-
mental precision was =0.2 per mil. We
calculated the temperatureés of forma-
tion, using the smectite-water oxygen
isotope fractionation factor of Yeh and
Savin (29). Alietti’s (30) heating proce-
dure was followed for the distinction of
clinoptilolite from heulandite. The con-
centrations of siderophile and rare earth
elements (REE) were determined by
neutron activation analysis.

Results at Stevns Klint

X-ray diffraction analyses of (i) the
clay fraction (<2 wm) (Fig. 3) and (ii) the
insoluble residue fraction from below,
within, and above the K/T boundary
layer (Table 2) were carried out. The
boundary clay fraction is mineralogically
distinct; it is composed strictly of just
smectite, with >95 percent expandable
layers (25), and traces of gypsum, which
formed, as can be seen under the SEM,
by the oxidation of pyrite. The corre-
sponding fractions from above and from
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Fig. 1. Iridium and gold profiles in Cretaceous-Tertiary Stevns Klint sediments (23). Bed
numbers are according to Christensen et al. (21).
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below the boundary layer are, in con-
trast, composed of three main phases: a
mixed-layer S/I with ~80 percent ex-
pandable layers, illite, and quartz (Fig.
3). A more detailed mineralogical study
of the bulk insoluble residue fractions
within the boundary Fish clay shows that
bed III (21) and the base of bed IV are
composed of almost pure smectite,
whereas bed II, the top of bed IV, and
bed V contain a higher amount of quartz,
feldspar, and illite (Table 2). As the
highest iridium and gold abundances
were also fourid in bed III and the base
of bed IV, the relation with the nearly
pure smectite seems more than coinci-
dental.

Other noncarbonate minerals present
in the Fish clay are pyrite with some

gypsum, carbonate-apatite in beds V and
VI, and traces of barite. Varekamp and
Thomas (19) also found rare aluminum-
and iron-rich aluminosilicate spheres.
The pure smectite layers of beds III
and IV, which do not contain detectable
amounts of the generally ubiquitous de-
trital illite, indicate formation by alter-
ation of some type of silicate, most likely
glass. The presence of only traces of
quartz in the bulk insoluble residue frac-
tion points to rather rapid deposition.
Thus, the high siderophile element con-
tent of theése layers is not due to slow
sedimentation rates after cessation of
CaCO; deposition. There is, of course,
no way to exclude the possibility of
redeposition. However, under this as-
sumption it is difficult to explain the
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Table 2. Mineralogy of silicates in the noncalcareous fraction at Cretaceous-Tertiary boundary
region sediments, Stevns Klint, Denmark; tr, trace; x, some; xx, present; xxx, abundant.

Sample

Bed* flr)c:;:t[)l{see Quartz Feldspar Smectite Illite

of be

(cm)

VI 10-15% XX XX
VI 0-5 XX X XXX X
\'% 3-6 tr XXX
\' 0-3 XX X XX
v 4-5 X XXX tr
v 3-4 X tr XX tr
v 2-3 XX XXX tr
v 1-2 X XXX
v 0.5-1.0 X XXX tr
v 0.0-0.5 tr§ XXX
111 0-1 tr XXX
11 0.5-1.0 XX X XXX X
11 0.0-0.5 XXX tr XX tr
1 45-50 XX XX XX X
I 35-40 XXX XXX X tr

*Bed numbers are according to Christénsen et al. (21).

+In bed VI (10 to 15 cm), carbonate-apatite is a

rather abundant phase; its abundance increases at 20 to 25 cm and 30 to 35 cm and decreases again at 40 to 45
cm. The abundance of smectite decreases and of quartz increases in this bed from sample (10 to 15 cm) to

sample (40 to 45 cm).
shown in the table.
>2-pm size fraction.
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}A few samples in beds V and VI contain traces of mixed-layer smectite-illite, not
§Quartz was not detected in the clay size fraction; some quartz was observed in the

unusual composition of this boundary
layer smectite.

Alteration of volcanic ash has been
proposed as the mode of origin of the
pure smectite composing the clay frac-
tion of the K/T boundary layer at Nye
Klgv, near Stevns Klint, Denmark (31).

To determine the diagenetic history of
the smectite from K/T boundary layer
and permit a comparison with mixed-
layer S/I occurring 2 m above the bound-
ary, we carried out oxygen isotope anal-
yses of both clays (Table 3). The smec-
tite 8'80 value of 27.2 per mil (SMOW)
(28) indicates authigenic formation in the
marine environment at about 15°C (29).
The significantly lower 3'%0 value of the
mixed-layer S/I above the boundary lay-
er indicates formation at similar low tem-
peratures but in a meteoric water envi-
ronment (continental) or formation in the
marine environment at moderately more
elevated temperatures, above 35° to
40°C, or formation in the marine environ-
ment at low temperatures and isotopic
exchange with meteoric water during
diagenesis. As the primary mode of ori-
gin of mixed-layer S/I clays is formation
during burial diagenesis from smectite
(32-34), and in a marine sediment section
temperatures do not increase upward,
the diagenesis of the mixed-layer S/I
must therefore have taken place some-
where else. This S/I clay is thus detrital.

Despite its formation in situ in a ma-
rine diagenetic environment, the bound-
ary layer smectite does not exhibit a
negative cerium anomaly (Fig. 4) typical
of seawater (35, 36).

The relative contribution of ions from
the solution and from the parent solids
depends (i) on the relative concentra-
tions of the ions in these phases and (ii)
on the water/rock ratio (W/R). In a high
W/R marine diagenetic environment,
commonly referred to as an open sys-
tem, authigenic solid phases will acquire
the seawater’s chemical signatures of the
oxygen isotopes as well as of the REE
abundance pattern. In a low W/R regime
(a closed system), however, the authi-
genic solid phases might still acquire the
seawater’s chemical signatures of major
ions in the fluid phase, for example,
oxygen. Concentrations of minor and
trace elements, such as REE, which are
more abundant in the solid phases,
would, however, be controlled by the
solid phases. Hence, the absence of a
negative cerium anomaly in the smectite
suggests formation in a low W/R diage-
netic system.

The important conclusion that the
smectite formed in a low W/R (closed)
diagenetic system suggests that the
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Table 3. Oxygen isotope values of clay minerals.

3'%0
Sample Clay mineralt (per mil) Comments
(SMOW)
DPDS Hole 465A, core 3, section 3, 118 to 120 cm Smectite-illite, =90% expandable layers 27.1 £ 0.2 K/T boundary
Stevns Klint, bed IV*, 0.0 to 0.5 cm Smectite, >95% expandable layers 27202 K/T boundary
Stevns Klint, 2 m above K/T layer Smectite-illite, ~80% expandable layers 22.7 0.2 Tertiary

*Bed numbers are according to Christensen et al. (21). tThe percentage of expandable layers was determined according to the method of Reynolds (25).

Table 4. Major-element composition of smectite and spheres from the Cretaceous-Tertiary boundary layer at Stevns Klint, Denmark, of
microtektites, and of representative marine smectites (percent by weight). Total iron is expressed as FeO; N.D., not determined.

Iron - Iron
es,
Stisgnglint Microtektite Smec- Hydro- smec- Bielidfgll_te sapo-
Smectite 19 crote tite thermal tite in cano- nite in
. (<2 pm) 'in smec.tiFe, volcapo- genic volcapo-
Oxide Stevns ’ E (Bottle pillow Loihi genic sedi- genic
Klint 27 37 Indian  Indian Ch%St green) basalt, sub- sedi- ments sedi-
wm pm Ocean* Ocean* mna Indian Peru marine ments, In dian’ ments,
Seaf .o ant Irench$  volcanoll Indian 0 . Indian
Oceanf cean Oceantt
SiO, 60.00 59.62 64.34 60.7 59.9 62.7 60.8 43.25 52.7 60.1 64.7 61.0
Al,O5 17.07 17.04 17.89 18.4 19.3 16.6 17.1 5.79 0.90 5.79 21.4 13.1
FeO 4.20 10.23 4.85 5.5 4.5 7.4 6.71 15.54 24.29 13.9 2.4 10.1
MgO 7.08 6.75 7.25 6.6 7.1 7.0 9.95 16.62 2.22 5.6 3.5 11.4
CaO 2.17 3.22 3.60 4.9 5.4 4.8 3.25 0.65 0.36 0.9 1.9 1.0
TiO, 0.67 0.65 0.90 N.D. N.D. 0.8 0.93 0.18 0.20 N.D. N. N.D.
Na,O N.D. N.D. N.D. 0.9 0.6 1.6 0.21 1.95 2.44 35 3.8 1.2
K,O N.D. 0.23 0.27 0.4 0.3 1.4 0.32 1.14 0.75 1.1 1.9 0.5
*32°06'S, 55°51'E (51). 128°52'N, 135°33’E (51). 108°51'S, 102°07'E (52). §Table 2, sample 11-1G (43). |ITable 2, sample 20-1G (50). fTable 1,

sample D (48). **Table 1, sample B (48).

chemistry of the authigenic smectite
should closely resemble the chemistry of
a precursor glass (or other silicate); mi-
crotektite-like aluminosilicate spheres
have been found, for example, by Vare-
kamp and Thomas (/9) and Montanari et
al. (20). The major element composition
of the smectite is presented in Table 4. A
literature search of major element analy-
ses of smectites (37-50) revealed that the
chemical compositions of diagenetic
nonmarine and diagenetic and hydro-
thermal marine smectites are significant-
ly different from the chemical composi-
tion of this smectite. The boundary clay,
which is a beidellitic montmorillonite,
does, however, closely resemble the
composition of rare aluminum- and iron-
rich aluminosilicate (Table 4), most like-
ly glassy, spherules from the boundary
clay of Stevns Klint (/9) and of several
other microtektites (51, 52).

In summary, the pure smectite layer at
the K/T boundary at Stevns Klint formed

Fig. 3. X-ray diffraction patterns of the non-
calcareous, clay size fraction (<2 pm) of
samples treated with ethylene glycol, from
below, at, and above the K/T boundary layer,
Stevns Klint, Denmark. Abbreviations: S,
smectite; I, illite; S/I, mixed-layer smectite-
illite; Q, quartz; G, gypsum (from pyrite oxi-
dation); C, clinoptilolite; and T, talc.
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+1Table 1, sample C (48).

authigenically in a low W/R submarine
diagenetic environment, most probably
isochemically from the aluminum- and
iron-rich aluminosilicate impact spher-
ules.

Results at DSDP Hole 465A

Unfortunately, only very small
amounts of samples were available from
this site for mineralogical and chemical
analyses. Thus, only four samples from
the smeared-out K/T boundary layer
from core 3, section 3, were studied. The
mineralogy of the insoluble residue is
summarized in Table 5. Figure 2 shows
that the highest iridium abundances in
the light-colored calcareous clay layers
were observed between 100 and 140 cm
and in the dark pyrite-bearing clay at 118
to 125 cm and 141 to 143 cm. In these
sediments, the only clay mineral is a
mixed-layer S/I with =90 percent ex-
pandable layers; medium to small
amounts of detrital quartz are also pres-
ent. Small amounts of a euhedral authi-
genic zeolite, clinoptilolite, are present
throughout the interval from 80 to 143
cm. At 143 to 144 cm, in what is probably
Cretaceous sediment (deduced from the
REE abundance pattern), this zeolite is a
prominent component of the insoluble
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residue. The most common, although by
no means the only, precursor of clinopti-
lolite is glass (53-55). The transformation
of smectite, which most probably formed
from glass, to a mixed-layer S/I with a
high percentage (=90 percent) of ex-
pandable layers, in 65 million years, is
not surprising according to the experi-
mental results of Eberl and Hower (56).

This mixed-layer S/I was separated
from a mixture of light and a little dark
sediment from the high-iridium abun-
dance zone at 118 to 120 cm and ana-
lyzed for its REE abundance and pattern
and its 80 value. The REE abundances
are very low and show the typical seawa-
ter negative cerium anomaly (Fig. 5),
indicating authigenic formation in a high

Table 5. Mineralogy of silicates in the noncalcareous fraction at Cretaceous-Tertiary boundary
region sediments, DPDS Hole 465A; tr, trace, X, some; xx, present, xxx, abundant.

Sample Mixed-
Interval layer Clinop-
Core  Sec- (cm) Quartz e ctite- tilolite Comments
tion illite
3 3 81-82 XX XX X Light tan
3 3 111-112 XX XX X Light tan
3 3 118-120 tr XX Contains blobs
enriched in pyrite
3 3 143-144 tr X XXX White, with traces of
dark blobs
100

Rare earth abundances in samples
Rare earth abundances in average chondrite
-
o
0. K
d S

® Gubbio boundary layer residue
o Three Danish Cretaceous residues
© Three Danish Tertiary residues
© Danish boundary layer residue

Fig. 4. The rare earth element
abundance normalized to
chondrites of boundary-layer
residues from Danish and Ital-
ian localities (65). [Courtesy of
the American Chemical Socie-
ty, Washington, D.C.]

1.0r
ol
La Ce Nd Sm Eu Tb Dy Yb Lu
Rare earth elements
100

|Ilqu

T

samples

in section 3

-
o

II!]II[

/.

O\Q/H——-—Q\

Four Cretaceous calcareous

One dark blob at 118-120 cm

e Fig. 5. Rare earth element
abundance normalized to
chondrite of K/T boundary
sediments, DSDP Hole 465A.
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W/R (open) system environment. This
conclusion is supported by the 3'%0 val-
ue of the purified mixed-layer S/I [27.1
per mil (SMOW)] (Table 3). Oxygen iso-
tope profiles of interstitial waters at
DSDP sites show an average depletion
gradient of 0.5 per mil per 100 m of burial
(57). Hence, minor diagenetic alterations
of marine clay minerals in the uppermost
50 m of marine sediments would barely
affect their original 3'%0 value. Interest-
ingly, this value is identical to that of the
authigenic K/T boundary smectite at
Stevns Klint but clearly different from
that of the detrital mixed-layer S/I from 2
m above the boundary at Stevns Klint
(Table 3).

We suggest that the authigenic phases
at DSDP Hole 465A and Stevns Klint
most probably formed from the same
impact glass. They formed, however, in
slightly different diagenetic regimes, the
one in an open and the other in a closed
marine system. As a result, these sam-
ples exhibit somewhat different mineral-
ogy, a distinctly different REE distribu-
tion pattern, but the same 8'0 value of
the clay minerals. '

Concluding Remarks

Recently Rampino and Reynolds (37)
suggested another nonimpact explana-
tion for the origin of the clay minerals
and the geochemical anomalies at four
K/T boundary layers: Nye Klgv, Den-
mark; Gubbio, Italy; Caravaca, Spain;
and El Kef, Tunisia. They determined
the clay mineralogy of the boundary clay
layers and of the carbonate sediments
above and below the layers and pro-
posed that volcanic material should be
considered the cause of the geochemical
anomalies.

They argued that the central criteria
for an impact origin of the boundary clay
layer would be the following: (i) a mix-
ture of meteoritic and terrestrial ejecta
materials (whatever that signifies) should
be present; (ii) the material should be
relatively homogeneous at each place
and mineralogically similar at all local-
ities; and (iii) the mineralogy of the
boundary layer should contain a compo-
nent that is distinct from the locally
derived clays, as found in the sediments
above and below it. Instead, they ob-
served (37, p. 495) that ‘‘the boundary
clay is neither mineralogically exotic nor
distinct from locally derived clays above
and below the boundary.”” They also
showed that the clay minerals differ from
place to place. The main clay mineral is
either a pure smectite (Denmark) or a
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mixed-layer S/I but with a difference in
the percentage of expandable layers at
each locality (Spain, Tunisia, Italy). It
can be argued that finding ‘‘exotics,”
such as ‘‘meteoritic or terrestrial ejecta
materials,’’ requires more than just x-ray
diffraction analysis of the <2-pum frac-
tion. In fact, materials that definitely
qualify for the description exotic, such
as sanidine spherules, are plentiful in the
boundary layer at Caravaca, Spain, and
at several other places (I7, 20), rare
aluminum- and iron-rich aluminosilicate
spheres have been observed in Stevns
Klint (22), and potassium feldspar spher-
oids have been found in the boundary
clay at DSDP Hole 465A (20).

Smectite, the most common alteration
product of glass, is a metastable phase
that transforms with time and tempera-
ture, through mixed-layer clay minerals,
generally to illite or chlorite, or both (32~
34). The rates of these transformations
are strongly influenced by the diagenetic
and tectonic histories of the sediments.
The K/T boundary section of Gubbio,
Italy, for example, is highly recrystal-
lized, and the calcareous nannofossils
are poorly preserved because of dissolu-
tion and recrystallization (58). Hence,
the fact that the mixed-layer S/I contains
a low percentage of expandable layers
may indicate only that it is, as would be
expected, in a more advanced stage of
diagenesis. The admixture of detrital
clay minerals in some, but not all, clay
boundary layers could be due to various
degrees of bioturbation. In the laminated
Fish clay, in which no bioturbation oc-
curred, the clay mineralogy of the
boundary layer is indeed distinct (Fig. 3).

Rampino and Reynolds’ (3/) explana-

tions of the observed geochemical anom-
alies lean on a single reference by
Goldschmidt (59) proposing that iridium
and other trace metals are enriched in
some andesitic volcanic ashes, in which
they occur in heavy minerals. Gold-
schmidt, however, did not provide any
iridium data on andesitic ashes; instead,
he stated (59, p. 691) that ‘‘very little has
been published about platinum metals in
rocks belonging to intermediate stages of
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magmatic evolution such as diorites and
andesites.”’ Although Goldschmidt’s re-
mark is 29 years old, this omission does
not seem to have been remedied in the
meantime.
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