
cm (Fig. l ) ,  and shows a wavy gradational 
contact with the upper part. Carbonate be- 
comes more abundant up section. The upper 
part consists of marl with medium-grained 
spherules, numerous intermingled lenses 
(up to 7 cm thick) of coarse clay spherules, 

Impacts, Tsunamis, and the Haitian 
Cretaceous-Tertiary Boundary Layer 

a& thin (4 to 10 mm thick) lensis ofmicrite 
and calcaieous shale (Fig. 1). The number of 
spherules in the marl decreases toward the 
top of the bed. Both types of lenses may 
reach lengths exceeding 28 cm, and all lenses 

FLORENTIN J-M. R. MAURRASSE AND GAUTAM SEN are parallel or subparallel to bedding. The 
topmost thin marl layer (2.5 cm maximum 

The marker bed at the Cretaceous-Tertiarv boundarv of the Beloc Formation (south- thickness). and similar lenses that occur in ,, 
ern Haiti) contains abundant coarse-grained microtektites and minor amounts of the upper part, contain high concentrations 
shocked quartz grains in the basal part. The upper part is composed of medium- ofIr (7, 13). Gradation and cross-lamination 
grained marl with amalgamated microtektite lenses and finer-grained marl lenses occur within the upper part, which displays 
disseminated throughout. Field and petrographic observations, and the distribution of great lateral variations in geomeuy and li- 
planktonic foraminifera suggest that the bed formed fkom a complex sequence of thology over short distances. However, the 
events. A bolide impact nearby produced microtektites that settled to form a nearly various outcrops reveal no consistent lateral 
pure layer at the b&e. vaporized materials with anomalously high extraterrestrial or vertical sizegradation such as those ob- 
components settled last, along with carbonate sediments. The entire bed became served in ordinary turbidites (14). 
sparsely consolidated. Subsequently, another major disruptive event, perhaps a giant Microscopically the matrix of the lower 
tsunami, partly reworked the initial deposit. Cohesive fkagments of the original marker part is composed of angular glass completely 
bed mixed with exotic materials were redeposited as lenticular bodies. This process also altered into smectite. It also contains rare 
may have caused further mixing of Cretaceous and Tertiary microfossils, as observed quartz grains, 1 to 2 mm across with multi- 
at ~ e l o c  and elsewhere. 

- 

ple intersecting straight (planar) lamellae 

HE SERIES OF EVENTS THAT OC- 

curred at the Cretaceous-Tertiary 
(K-T) boundary interval have be- 

come a provocative topic since Alvarez and 
co-workers (1) presented geochemical evi- 
dence that they may be related to a cata- 
strophic extraterrestrial bolide impact. Sev- 
eral lines of evidence have since been 

contact is less sharp. The thickness of the 
bed varies from 40 to 72.5 cm at the strato- 
type (7) (Fig. l ) ,  but is as thin as 10 cm at 
other outcrops within the Beloc area. At 
some of the sites imbrication caused by 
subsequent slumping has resulted in thick- 
ness in excess of 115 cm. 

We recognize two levels in the marker 

thought to be caused by shock deformation 
(9). The matrix in the upper part consists 
primarily of microspar aggregates, and less 
than 1% distinguishable nannoplanktons, 
most of which are dislocated and poorly 
preserved (6, 7). Argillaceous components 
of the matrix are microcrystalline and dis- 
play a finely isotropic fabric parallel to bed- 
ding. Similarly, allochems show a distinct 

provided worldwide in support of this hy- bed. The lower part is a packed microtektite preferential orientation of long axes parallel 
pothesis (2), and recent data argue in favor sandstone predominantly (80%) composed or subparallel to bedding. 
of an impact site in the Caribbean area of clay spherul,es (altered rnicrotektites) and Spherules are greatly variable in size (they 
(3-5). A key piece of evidence in corrobora- interstitial smectite clay (11, 12) and minor range up to 8 mm across) and morphology 
tion of a Caribbean impact is an extraordi- carbonate. Its thickness is approximately 20 (3, 9, 15). Spherical and ellipsoidal shapes 
nary marker bed in the Beloc Formation 
(Fig. 1) of southern Haiti (5-8). The Beloc 
bed contains the thickest ejecta layer and has 
the largest microtektites (3, 9) known to 
date. In this report we summarize the lateral 
and vertical variations in lithology, sedimen- 
tary structures, and faunal content of the 
marker bed at Beloc, and discuss its origin. 

In the field, the color and contrast of the 
marker horizon are distinct from those of 
the overlying and underlying rocks. Its color 
(10) varies between light olive gray (5Y 512) 
and light olive brown (5Y 516) when wet, 
but becomes significantly lighter and less 
conspicuous in the outcrops when dry. In 
contrast, the adjacent chalk and marlstone 
beds show various shades of gray and pale 
yellowish brown colors. The lower contact 
of the marker bed is sharp but shows little 
evidence of an erosional base. The upper 
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Fig. 1. Sketch of the mea- 
sured saatotype section of 
the K-T boundary layer at 
Beloc: a, limestone; b, fine 
clay (2 un thick) layer that 
also has the greatest con- 
centration of Ir (8); c, lam- 
inated sandy marl (7.5 cm Danian 
thick) with small lenses of 
coarse spherules; d, white 
chalk lens (4 cm thick); e, 
graded sandy marl with 
small lenses of micrite; f, 
coarse spherule-bearing 
marl lens with included 5 

F 
small lenses of micrite; g, R' 
fine spherules in a sandy 
marl (this layer also con- 
tains lenses of coarse 
spherules); h, coarse, 
brown-colored, spherule- 
rich smectite layer (ejecta 

specimens, 'few' means 5 

I 
layer). 'Rare' means 2 to 4 MaastrlcMlan 

to 10, and 'common to abundant' means 

1 :  I 
*Common to abundant 

> 10 per cubic centimeter of dry bulk sediment. 
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are prevalent, but teardrop and dumbbell- 
shapcd spherules are fairly common. In sev- 
eral spherules, the outermost 0.1 mm or so 
is concenmcaUy layered, whereas the inner 
partsarefieeofanysaucturr.Mostofthese 
spherules are completely altered to a brown 
smectite, and have a translucent shiny ap- 
pearance. The large spherules gen4 m i -  
tain smaller sphrmks within them. 

The spherules from the lower part ofthe 
boundary bed are too altered to yield reli- 
able original composition of the glass, but 
electron microprobe data (Table 1) of their 
alteration product or day allow some overall 
constraints to be placed on the composition 
of the original silicate glass. The relatively 
high MgO and FeO contents predude an 
original rhyolitic glass, whercas the Si02 
content is too high for the original material 
to be ultrandic. These values may imply 
that the impact site contained some maiic or 
andesitic rocks; in either case, some CaO 
was probably lost during dhgenesis and 
crystahation of interstitial calate. 

Approximately 10% of the spherules from 
the middle and upper parts of the boundary 
bed contain unaltered glass cores (9, 15). 
These spherules occur where carbonate is 
most abundant in the matrix (16). In several 
spherules the glass is completely surrounded 
by massive calcite, which appears to have 
cffirtivdy prevented access of ground water 
to the core of these spherules. Most (90%) 
of the day spherules are, however, hollow, 
and their cores are either empty or lined 
with drusy calate. The color of the glass 
varies from deep brown to (rarely) deep 
yellow. Individual glass fragments are fairly 
homogeneous in composition, and are con- 
sistently fi.et of any crystals or microlites 
(17). This chamxeristic and the morpholo- 
gy of the glass spherules (Fig. 2) clearly 
indicate that they are tektites. Empty or 
date-lined vesicles occur in both yellow 

Fig. 2. Photomicrograph showing some of the 
glass fragments recovered from the torrs of spher- 
ules. The long fagment in the center was recov- 
ered from a dumbbell-shaped spherule. 

and brown glass, and vesicle abundance is 
not related to the glass color (18). As noted 
by other workers (9, IS), the glasses typical- 
ly have a c ra ted  surface with sharp ridges 
(Fig. 2). 

The high silica content (63 to 67%) and 
abundance of other major and minor ele- 
ments in the glasses with various shades of 
brown (Table 1) is also similar to that of 
andesites or graywadres but it is not yet clear 
whether the altered sphecules tkom the low- 
er part were originally similar in composi- 
tion to the fkesh glassy spheruks of the 
upper part of the marker bed. The average 
upper continental granitic crust has a much 
higher K,O content than the high-silica 
tektite glasses. A significant amount of K20 
is unlikely to have been pref%rentiaUy lost 
through vaporization during tektite forma- 
tion because Na@, another equally volatile 
oxide, is comparably high in the tektite 
glasses. Therefore, a granitic continental 
&as parentrockcaiberuledout. 

The rare yellowsolored tektite glasses 
that we analyzed contain about 25% CaO; 
values as high as 30% have been reported 

(15). Such high CaO content provides fur- 
ther support for a tektite origin of the 
spherules because no terrestrial volcanic 
rock with such a composition has been 
found (9, 15). Our data support the infer- 
ence that these glasses were produced by 
fusion of a mixture of siliceous and carbon- 
ate rocks (15). However, common shale, 
granite, and the mean upper continental 
~ o r ~ o f d K s e w i t h c a l c i t e , c a n n a t  
befusadtoproduceglasseswithMgOcon- 
tents similar to those of the high Ca glass 
(Fig. 3) (19). Such composition is better 
explained if platform carbonates rich in do- 
lomite rather than calcite are used as one of 
the end members. Thus, we surmise that the 
impact site was a mixture of rocks of mainly 
andesitic composition and dolomitic rocks. 

Microfossils occur primarily in the upper 
part ofthe bed. Both Cretaceous taxa, such 
as Rugogfobigengenna mgosa, Pseudotatularia el- 
egatu, Pseudogumbdina costa tat^, Racemigum- 
beti~fitkosa, and Cumbefitria cretarca, and 
Tertiaty species (for example, CIobigeti~ 
inconstutu, G.f;ityp, C. eugubina) are found. 
The different species are found primarily in 
calcareous lenses and toward the top of the 
sequence (6, 7). The relative abundances of 
planktonic foraminifiral taxa (Fig. 1) verify 
earlier observations in the Caribbean region 
(7, 20) and elsewhere (21) that the Creta- 
ceous and Tertiary microfossils are mixed at 
the boundary (22). w e  infer that coeval 
accummces of the two series of mxa imply 
that either an event caused mechanical mix- 
ing afm: the occummce of the Tertiary taxa, 
or that the Cretaceous and Tertiary species 
overlapped within the conventional upper 
limit of the Maastrichtian (23,24). The data 
at hand suggest a combition, because of 
the distinct record of extensive bottom re- 
working, discussed below. 

Key features for understanding the origin 
ofthe boundary layer at Bdoc (not in order 

Table 1. Microprobe adyscs of alaercd sphcruks and glassy adams in the ARL SFMQ microprobe at Florida I n h n a d d  University. Na and K were 
Haitian iaya and Eomperison with somc c r u d  rocks. A 10-pmdhem beam always vlalyzcd 6rst. Natural andesitic and basaltic g h e s  were wd as 
was d to analyze day sphauks. F a  glass analysis a 2-pm beam diamcm was sanduds. Andesites are analyses of Chtacmus rocks in the Greater Antilles. 
uscd.AllckmcntSwcre~bywavdeogthrllgrsr\hspamrmenyusingthe Odmcrustalroclrsaremean~pitiom.AUironrrportcduFcO. 

Antilles 
oxides Brownglass Continental Ocevl andesitest Phtbrm 
(wt%) spherule @ crust* crust* carbonate* wldca* 

Grey- 

1 2 

Si02 
Ti02 
4 0 3  
Feo  
MnO 
MgO 
c a o  
Na20 
K20 

Total 

*From (35) tFrom (36). 
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of importance) are: (i) the thickness of this 
layer varies tremendously in a lateral direc- 
tion although its overall petrographic com- 
positions remain relatively constant; for ex- 
ample, there is no lateral grain size gradation 
as is seen in turbidites; (ii) microtektites 
(clay spherules) occur in a nearly pure smec- 
tic matrix in the lowermost part; (iii) the 
bed contains the largest spherules in any 
K-T boundary bed; (iv) the contacts with 
the enclosing rocks are sharp; (v) the lithic 
character changes to a carbonate-rich upper 
part; (vi) thin elongated lenses of micritic 
materials occur intermingled with larger 
lenses of coarse-sized spherules; such lenses 
have not been found at other K-T boundary 
layers. 

The simultaneous occurrence of shocked 
quartz, microtektites (commonly as altered 
clay spherules), and the Ir anomaly within 
the marker bed at Beloc (7, 13) is strong 
evidence that this bed represents deposits 
produced by the impact of an extraterrestrial 
bolide (1, 2, 9, 15). Even though significant 
volcanism occurred at the onset of the Maas- 
trichtian (25), there is no compelling evi- 
dence at hand to support a volcanic origin 
for the marker bed at Beloc (26). Further- 
more, the large size and abundance of the 
ejecta materials imply that the impact oc- 
curred nearby (3-5). 

The amalgamation of coarse- and finer- 
sized particles, together with lenses of coher- 
ent marls, is an intriguing aspect of the 
boundary layer at Beloc (Fig. 1). This fea- 
ture seems to be peculiar to the Beloc and 
Brazos River, Texas, sections (27). Such 
structures are known to occur in subaqueous 
debris flow or incoherent slump processes 

50 p a t c i t e  Mean platform carbonate 4 
40 

Carbonate 
V .  

20 - shale - 
Beloc tektite glass 

10 - 
"argillite" 

0- 
0 3 n 5  lo 15 

Mean 
greywackes "mud rock" Mgo 

Glass (this paper) 
A Glass (earlier reports) 
0 Argillaceous sed. 
* Platform sed. 

Flg. 3. Chemical compositions of the Haitian K-T 
boundary glasses are compared with those of 
other rock types. The field marked "Beloc tektite 
glasses" includes data obtained in the present 
study as well as those given by Izett et al. (9)  and 
Sigurdsson et al. (15). 'Argillite' and 'mudrock' 
compositions are from Sigurdsson et al. (15). The 
fields for the sedimentary rocks and calcite are 
from Carmichael (35). 

(14) in which the original stratification is 
destroyed and the material becomes a cha- 
otic mixture of water and particles of various 
sizes. By analogy, the structures in the mark- 
er bed at Beloc thus suggest that significant 
subaqueous flow processes recurred over a 
protracted period (perhaps several thousand 
years) after initial deposition of the bed. 
Additional evidence in support of this inter- 
pretation is that the topmost Ir-rich layer 
(Fig. l ) ,  which accumulated last from the 
impact fallout, became compacted enough 
to become dislocated and redeposited, in 
part, as coherent lenses. The widespread and 
random occurrence of discontinuous lenses 
of reworked microspherules implies that 
these lenses became amalgamated within a 
finer matrix of fine micrite and microspher- 
ules due to varying energy conditions. The 
complex faunal distribution in the marl lens- 
es also points to the unusual reworking 
process at Beloc, a phenomenon commonly 
observed in the ocean basins at that time (7, 
20, 21, 23, 24, 27, 28). Based on these data, 
we interpret the upper part of the Beloc 
marker bed as the result of gigantic subaque- 
ous flow processes that occurred after the 
initial effects of the bolide impact. The pres- 
ence of eupelagic sediments in the marker 
bed and faunal characteristics indicating a 
water depth in excess of 2 km (6, 7, 29), also 
suggests that 2 km is the minimum depth 
affected by the process that caused the re- 
working. In ordinary tsunamis vertical 
movement of fluid particles is negligible 
compared with the horizontal movement; in 
wind-generated storms the energy quickly 
dissipates with depth; thus, such processes 
could not have caused the structures at 
Beloc. 

Ahrens and O'Keefe (30) calculated that 
an oceanic impact with a 10-km bolide (1) 
would result in impulsive-like giant tsuna- 
mis with initial amplitudes of about 4 km, 
the solitary water-wave stability limit in the 
deep ocean. The structures observed in the 
marker bed at Beloc are compatible with 
such a hypothesis, because they require a 
process violent enough to generate large 
waves of translation (14) that could cause 
significant physical disturbances in the ocean 
bottoms (20, 21, 28). We infer that it is this 
process that caused the initial mixing of the 
ocean bottoms as observed worldwide at the 
K-T boundary event (20, 21, 28). The exact 
expression of sediment mixing in the ocean 
basins would have depended not only on 
local physiographic factors and proximity to 
the collapsing impacted edifice, but also on 
paleobiogeography of that time. Because of 
the random effects of mixing, the stratigra- 
phy in sections formerly believed to be 
continuous is now controversial (23). In this 
regard the magnitude of the structures ob- 

served in Haiti (7, 31), Cuba (32), and at 
Brazos, Texas (27), but not elsewhere (for 
example, Gubbio), are compatible with an 
impact site in the Caribbean area (3, 5). 
Thus, the composition, textures, and struc- 
tures observed in the lower part of the 
boundary bed at Beloc, Haiti, can be ex- 
plained as related to the initial disruptive 
effects of the Caribbean impact. The melt 
ejecta materials travelled a relatively short 
distance and represent the original fallout 
that is mixed with a small component of 
volcanic glass. Likewise, the structures ob- 
served in the upper part of the bed appar- 
ently resulted from another major disruptive 
event nearby. The geologic record left in 
rocks deposited at great depth in the Carib- 
bean basin area of that time (7, 27, 31, 32) 
implies that the intensity of water displace- 
ment during this later reworking event was 
perhaps as much as in the initial impact 
event (1). 

We conclude that a second generation of 
tsunamis may have been responsible for 
further mixing that has led to a confusing 
biostratigraphic record of oceanic sedi- 
ments. Furthermore, this chain of events 
may have caused thorough oceanic mixing 
with long-lasting effects on ocean water 
chemistry and biotic productivity for as 
much as 500,000 years (33). This time is 
sficient to have allowed partial lithification 
of the original ejecta materials redeposited in 
the upper part of the Beloc boundary bed. 
The triggering mechanism of such second- 
generation tsunamis of unusual magnitude 
is unclear. It is conceivable that they are 
related to subsequent tectonic or volcanic 
events (34) in the Caribbean, as crustal 
rebound and dislocation continued through 
time. However, if the energy released by 
such phenomena was insufficient to affect 
the oceans over a large region, perhaps 
multiple and closely spaced impacts may 
have occurred. High-resolution biostratigra- 
phy coupled with isotopic data at selected 
key sites worldwide should shed significant 
light on the role of the individual factors 
outlined above. 
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Identification of Widespread Pollution in the Southern 
Hemisphere Deduced from Satellite Analyses 

Vertical profiles of ozone obtained &om ozonesondes in Brazzaville, Congo (QS, 
15"E), and Ascension Island (g0S, 15"W) show that large quantities of tropospheric 
ozdne are present over southern Africa and the adjacent eastern tropical South Atlantic 
Ocean. The origin of this pollution is widespread biomass burning in Africa. These 
measurements support satellite-derived tropospheric ozone data that demonstrate that 
ozone originating &om this region is transported throughout most of the Southern 
Hemisphere. Seasonally high levels of carbon monoxide and methane observed at 
middle- and high-latitude stations in Africa, Australia, and Antarctica likely reflect the 
effects of this distant biomass burning. These data suggest that even the most remote 
regions on this planet may be significantly more polluted than previously believed. 

IDESPREAD AIR POLLUTION HAS troposphere (1) define distinct plumes ema- 
generally been regarded as an an- nating from North America, Asia, and Eu- 
thropogenic phenomenon identi- rope. When these data are compared with 

fiable with industrialized nations, primarily available ozonesonde measurements at sites 
in the Northern Hemisphere. Recent satel- with enough data to derive a climatology of 
lite measurements of ozone (0,) in the free tropospheric O,, the differences in 

agreement between the sateflite analysis and 
the ozonesonde measurements are ~enerallv ---- -~ - - - -  ~ - -  " 

J. Fishman, Atmospheric Sciences Division (Mail Stop than 15% (1). ~h~ measure: 
401A), National Aeronautics and Space Administration, 
Langley Research Center, Hampton, VA 23665. ments also indicate that a large amount of 
K. Fakhruzzaman, ST Systems Corporation, Hampton, O2 pollution comes from tropical southern .-. -..,,, 
V A  L5000. 
B. Cros and D. Nganga. Laboratoire de Physique de Afri'ca and that this source -is most pro- 
I'Atmosphere, ~ni&rsZe' Maien Ngouabi, ~iaziaville, nounced during the dry season from August 
Republic of Congo. 

to October. In addition, elevated concentra- 
*To whom correspondence should be addressed. tions of carbon monoxide (CO) and meth- 
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