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At sites near the Brazos River, Texas, an iridium anomaly and the paleontologic
Cretaceous-Tertiary boundary directly overlie a sandstone bed in which coarse-grained
sandstone with large clasts of mudstone and reworked carbonate nodules grades
upward to wave ripple—laminated, very fine grained sandstone. This bed is the only
sandstone bed in a sequence of uppermost Cretaceous to lowermost Paleocene
mudstone that records about 1 million years of quiet water deposition in midshelf to
outer shelf depths. Conditions for depositing such a sandstone layer at these depths are
most consistent with the occurrence of a tsunami about 50 to 100 meters high. The
most likely source for such a tsunami at the Cretaceous-Tertiary boundary is a bolide-

water impact.

HERE IS CONSIDERAELE EVIDENCE
for terrestrial mmpact by bolides
throughout the Phanerozoic, includ-
ing evidence for at least one at the Creta-
ceous-Ternary (K-T) boundary [for
counterarguments and references see (1)]. If
the locations of such impacts were random,
three to four tsunami-generating impacts in
water should occur for every impact on land.
Diagnostic evidence for these tsunamis is
most likely to be preserved in strata deposit-
ed on the continental margin. Conformable
sections of Upper Cretaceous to Paleocene
continental-margin deposits around the
Gulf of Mexico and in the western Atlantic
contain coarse-grained beds at or close to
the K-T boundary, and some unconform-
able sections contain breccias at the bound-
ary (2-13, Fig. 1). We suggest that these
coarse-grained beds may be tsunami depos-
its (14).
Some of these occurrences (Fig. 1) have

been attributed to the effects of a latest
Cretaceous sea-level excursion (6-8, 15).
Estimates for the magnitude of sea-level
change near the K-T boundary range from
negligible (3, 16) to more than 100 m (5, 17,
18); the age assigned to the postulated
maximum low stand varies by several million
years, from Late Cretaceous to carly Paleo-
cene (8, 17, 19). Many workers have sug-
gested that sea level was high at the K-T
boundary (2, 3, 18, 20), whereas others have
suggested thar a low stand coincided with
the boundary (21).

We studied an unusual sandstone bed in
midshelf to outer shelf mudstone at five
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well-exposed outcrops and in two cores in
the vicinity of the Brazos River, Texas (Fig.
1). The K-T boundary section is conform-
able at the Brazos locality (Fig. 2) (2, 3, 21—
24), and we do not see evidence of a signifi-
cant sea-level change associated with the
boundary section there; nor did Jiang and
Gartner (3). The physical characteristics,
biostratigraphy, magnetostratigraphy, and
It content of the bed and bracketing mud-
stone are illustrated in Fig. 2 (21-24). Be-
neath the boundary section (Fig. 2) is more
than 10 m of Upper Cretaccous shelf mud-

Fig. 1. Some K-T boundary sites of interest to
this study (not all-inclusive). Closed circles are
conformable K-T sections with coarse-grained
deposits at or near the boundary (? indicates
inconclusive or incomplete biostratigraphic analy-
sis), open circles are sections with a disconform-
able K-T boundary; Littig Pit and Walker Creek
inner-shelf{?) localities in Texas (a) are missing
uppermost K and lowermost T; a condensed
section lies at the boundary (2, 3); Kauffman and
Hansen (4) have noted that a bed of large chaotic
blocks occurs directly below the K-T boundary(?)
in inner-shelf sedimentary rocks in the Paoras and
La Popa basins of northern Mexico and near
Eagle Pass, Texas (b); at a terrestrial site in
Arkansas (¢), a chaotic boulder bed has been
attributed to a tsunami (5); coarse-grained beds in
a shallow marine section at Braggs, Alabama (d),
have been interpreted to indicate sea-level change

stone with no distinct sandstone layers;
above is 1 to 4 m of similar mudstone of
Paleocene age, capped by a condensed sec-
tion, overlain by more mudstone (2).

The sandstone bed has an erosional base
with up to 70 cm of local relief. The basal,
coarse-grained sandstone is rich in shell frag-
ments, glauconite and phosphate pellets,
fish teeth, wood debris, rounded clasts of
calcareous mudstone, and angular clasts of
mudstone that are commonly >5 cm across
{ehe largest observed is about 100 cm in the
longest exposed dimension). This basal layer
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of ar least tens of meters (6-8); continental slope and rise sections (e) (DSDP sites 605 and 603) contain
a sand layer at the boundary that has been tentarively artribured ro a tsunami (9); a “major volcanogenic
turbidite layer” occurs at the boundary at (f) (10); an intraformational breccia is present at the boundary
at (g), DSDP site 153 (11); unconformable boundaries occur at DSDP sites 95 and 97 (h) with no
event beds (12). Borella (13) noted turbidities and debris and slump breccias at the boundary in a
southeast section Atlantic (off the map); he tentatively artributed them to intense tectonic activity.

Fig. 2. Derailed mea-
sured sections of the K-T
boundary section at
Brazos 1 and two expo-
sures within 3 km of
Brazos 1 (2); correlation
is on the basis of litholo-
gy; DMC, Darting Min-
now Creek; CMC, Cot-
tonmouth Creek; the
width of the section rep-
resents grain size; M,
mudstone; S, fine sand;
CS, coarse sand; litho-
logic symbols are (a)
shell debris; (b) sand; (¢)
mudstone; (d) calcare-
ous cement or replace-
ment; (e) wave-ripple
lamination, not hum-
mocky  cross-stratifica-
tion (22); and (f) parallel

DMC=-0.7 km+=CMC—~+—2km-«Brazos 1

Analysis from Brazos
1§
Q' I
oRMIC)

T
1
|
1

29R

It (ppb)

a 0.5 1.0

| Key to symbols
B [
[ Be 1
0 g @92 ©

|
|
I
|
|
|
|
|
|
|
I
|
|
|
|

lamination. Iridium {23)
and faunal analyses are

Biostratigraphy

from Brazos 1 except for (k) and (m), which are a generalized representation; symbols are (g)
magnetostratigraphy (23) (from a Brazos core); (h) schematic representation of Prediscosphaera
quadripuntata acme zone of the Micula murus zone (exvends beyond the base of the represented section)
(3); (i) first appearance of Globoconusa conusa (zone Pob) (24); (j) bloom of Thoracosphaera sp. (3); (k)
(schematic) typical Cretaceous molluscan fauna decrease in number of species in sandstone bed, which
marks their last appearance at Brazos sites; (m) first appearance of Paleocene mollusks, Bittium estellense
(Aldrich) and Calyptrephorus c.f. aldrichi (Gardner), 20 to 30 cm above top of wave-rippled bed. The
paleontologic K-T boundary is typically located by (i) and (j).
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grades upward through parallel-laminated
and wave ripple-laminated (22), very fine
grained sandstone, to siltstone (locally calei-
tized) and mudstone that are barren of
macrofossils. Thin sections reveal that the
sandstone contains up to about 20% rede-
posited foraminifera. At several exposures,
the sandstone bed comprises two or more
amalgamated graded beds; the total thick-
ness ranges from abour 30 to 130 cm (Fig.
1.

The Cretaceous and Paleocene molluscan
macrofauna in mudstone directly below and
above the sandstone bed indicate midshelf
to outer shelf depths, and the fauna in the
sandstone bed is a subset of the fauna in the
mudstone below it. Also, on the basis of
benthic foraminiferal paleoccology, Sliter
(25) estimated that the depth of deposition
of the mudstone was 75 to 200 m. Further-
more, Jiang and Gartner (3) observed that
the calcareous nannofossil assemblage was
similar below, within, and for about 20 cm
above the sandstone. In addition, there is no
sedimentological evidence of inner shelf,
shoreface, or brackish water conditions,
which likely would have occurred in a back-
stepping shelf sequence, transgressive lag
deposit, or estuarine fill of a ravinement.
Because the Brazos sites arc abour 100 km
away from the latest Cretaceous shelf edge
(26), and because shallower depth estimates
are a more critical test of our interpretation
that the coarse bed is a tsunami deposit, we
have used water depths of 50 and 100 m for
calculating the conditions needed to deposit
the sandstone bed (27).

Deposition of the sandstone bed requires
(i) initial shear velocities on the order of 15
to 100 cm/s to erode and transport the mud
clasts (28) and (i1) a rapid drop in the shear
velocities to less than 1 cm/sec, under oscilla-
tory flow conditions, to form wave ripples
in the very fine sand (29). Only a tsunami is
likely to have produced these conditions on
the continental shelf. Winnowing and ero-
sion, as can happen on continental shelves
when sea level drops and then rises, would
not have produced graded bedding or
climbing ripples. A turbidity current (30)
would have produced asymmetric rather
than symmetric ripples. A storm could not
have moved mud clasts of the size observed
in 50 to 100 m of water (Table 1). More-
over, other sandstone beds should punctuate
the Cretaceous and Paleogene mudstone
sequence if the sandstone bed at the K-T
boundary were the product of a normal
(that is, common) turbidity current, or of a
storm, or if the water depth were shallower
(3n.

We propose that a very large tsunami
{>50-m wave height) caused major erosion

at the shelf break and on the shelf, transport-
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Table 1. Calculated shear velocities (U, in centimeters per second) in water depths of 50 and 100 m for
wind-generated storm waves of period T (39); wavclength L, not specified, ranges from 100 to 520 m.
A characteristic roughness of 1 cm was used. Sediment-transport calculations indicate that a minimum U,
of 15 cm/s is necessary for transporting typical clasts in the sandstone bed, and a U, as high as 100 cm/s
may be required to move the largest clast observed (28).

T Shear velocity (cmy/s) for wave heights of
(min) 2m 4m 6m 8m 10 m 15m 20m
Water depth = 50 m
8 & 1.4 1.9 2.4 t t t
12 2.1 38 5.4 7.0 8.5 12.1 T
16 2.7 4.9 6.9 8.9 10.9% (15.5)8 (20.0)
20 2.9 5.3 7.6 9.8 (11.9) (17.0) (21.9)
Water depth = 100 m
8 * #* * * = .T- -
12 & 1.2 1.7 2.3 27 3.3 4.9
16 1.4 2.5 3.5 45 5.5¢ (7.9) (10.1)
20 1.8 32 45 59 (7.2) (10.2) (13.1)

*Suberitical (no transport).

unlikely to occur excepr, possibly, for single waves.

Table 2. Calculated shear velocities (Us, in centi-
meters per second) for tsunamis of varying wave
height (H), with periods (T) of 30 and 60 min
(37), at water depths (k) of 50 and 100 m.
Because a tsunami behaves everywhere as a shal-
low water wave, its wave speed C equals (gh) "%
therefore, if the period T is specified, the wave-
length L can be calculated (L = CT).

Shear veloaty (em/s) for

H water depths of
(m})
50 m 100 m
T = 30 min
1 0.6% 0.8%
10 4.7 6.2
50 21t 27
100 F 521
T = 60 min
1 1.0 1.4
10 8.3 11.3
50 37t 50
100 ks 961

*Subcritical (no transport). +Wave boundary layer is
thicker than water depth; also, wave is likely to break
because H = h. +Cannot occur because H>=h,

ed and redeposited shelf sediments, and
concentrated older lag material such as
bored limestone clasts and glauconite. The
very fine sand may have been advected from
the inner shelf, either by wave reflection or
across imposed density gradients; however,
the abundance of foraminifera in the sand-
stone and the absence of shallow water
fauna indicate that the sand, if from the
inner shelf, was mixed with more locally
derived sediments. Individual graded layers
could be produced by multiple waves—
typical of known tsunamis—or by wave
reflection. We estimate that the graded
sandstone was deposited in about 1 day. The
overlying 20 to 30 cm of mudstone could
have been deposited within a few weeks of
the initating event, or longer (32); the
absence of macrofauna in this mudstone
suggests that it was also deposited rapidly.
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TWave too steep, will collapse.
{eastern Pacific) from 1951 to 1974, from once-daily records.

fMaximum recorded wave at 42.0°N, 125.0°W
§Parentheses indicate extreme wave conditions,

Iridium fallout from a bolide impact would
be concentrated in the more slowly deposit-
ed mudstone intervals rather than in the
sandstone (Fig. 2). We do not attach great
significance to the number of Ir peaks (Fig.
2), but they may be attributed to this grain-
size variation.

Tsunamis, which are impulse-generated
wave trains, can result from carthquakes,
explosive volcanism, submarine landslides,
and bolide-water impacts; all of these mech-
anisms apparently produce tsunamis with
similar wave periods (10! min) and wave-
lengths (10% km) (33-35). Although most
tsunamis have initial wave heights of meters
to tens of meters, wave heights of 100 m or
more have been observed or postulated for
tsunamis generated by volcanic eruptions
and prehistoric submarine landslides (34,
35). Initial wave heights for bolide-water
impacts depend on bolide radius, water
depth, and other factors such as atmospheric
pressure (36); for large bolide (radii of
kilometers) impacts, tsunamis may be as
high as the water depth of the impact site,
that is, on the order of 4 to 5 km for a deep
ocean impact. Wave heights decrease as the
tsunami spreads radially; only a bolide-water
impact can produce a far-field wave height
in the range of 10 to 100 m (36).

Simple calculations (37) (Table 2) show
that for shelf depths of 50 to 100 m and a
tsunami of ordinary period and wavelength,
only a wave on the order of 50 to 100 m
high can produce the conditions necessary
for erosion of the mud clasts and deposition
of the sandstone bed at the Brazos sites.
Generation of such wave heights probably
requires a nearby volcanic explosion on the
scale of Krakatau or larger, a nearby subma-
rine landslide also of great size, or a bolide-
water impact in the ocean. A 10-km-diame-
ter bolide could hit the deep ocean up to

about 5000 km away and produce the re-
quired conditions (36); a more proximal
impact in shallower water or of a smaller
object could also produce the tsunami. If
nearby explosive volcanism produced the
tsunami, a distinctive ash layer should be
preserved above the sandstone bed or in
Caribbean or Atlantic deep-sea cores; such a
layer has not been reported (38). If the
tsunami were produced by a major subma-
rine landslide, it should nort occur precisely
at the K-T boundary unless the landslide
were caused by an earthquake related to
boundary events, which is a possibility. A
number of scenarios of bolide-water im-
pacts, from a large impact in deep water far
away from the Brazos site to a smaller
impacr in shallow water in the west-central
Atlantic or closer, could generate the speci-
fied conditions.
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39. In the present Gulf of Mexico, typical fair-weather

wave periods are 3 to 6 s; storms produce waves
with periods of 8 to 10 s, Differing paleogeography,
that is, greater fetch, could produce larger waves, as
in the modem Pacific, which has the largest mea-

sured waves.
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