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triggers margin collapse and extensive sediment gravity flows
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ABSTRACT

A distinctive mixture of reworked microfossils, impact-derived materials, and lithic frag-
ments occurs in sediments at the Cretaceous-Tertiary boundary in the basinal Gulf of Mexico and
Caribbean. We have named this mixture the Cretaceous-Tertiary boundary “cocktail.” Litho-
logic and paleontologic evidence suggests that the cocktail was deposited by giant sediment grav-
ity flows, apparently triggered by the collapse of continental margins around the Gulf of Mexico
as a result of the Chicxulub impact. As most microfossils in the gravity-flow units are reworked,
biostratigraphy provides only maximum ages. Recognition of the cocktall is a reliable way to
identify Cretaceous-Tertiary boundary deposits in the basinal Gulf of Mexico and Caribbean.

INTRODUCTION and lithic fragments found in K-T boundary strataising transmitted light microscopy and SEM-
The high-energy bolide impact at Chicxulubin the basinal Gulf of Mexico and Caribbeanenergy dispersive spectrometry.
left a distinct mark in Cretaceous-Tertiary (K-T)Lithologic and paleontologic evidence suggests The original nannofossil biostratigraphy of Sites
boundary sediments in the Gulf of Mexico andhat this mixture of particles was deposited b@6—152 was conducted before taxonomies and
Caribbean region. For example, 900-m-thiclsediment gravity flows, probably triggered by theonations were well established (e.g., Sissingh,
impact breccia deposits are present 100 km fro@hicxulub impact. As a result of the pervasive ret977); thus this study has resulted in significant
the crater (e.g., Sharpton et al., 1996). Tsunamiorking, biostratigraphy provides maximum agesevisions (Fig. 2). Elsewhere the biostratigraphy
deposits containing decimeter-size rip-up claster the components that comprise K-T boundaris similar to published accounts (Watkins and
are found along continental shelves in Texas arsfrata, but not necessarily the age of depositioBowdler, 1984; Sigurdsson et al., 1991).
northern Mexico (e.g., Bourgeois et al., 1988). The K-T boundary level is identified by the
Gravity-flow deposits occur at the K-T boundaryMETHODS AND RESULTS lowest occurrence of Paleocene microfossils;
in Cuba (Iturralde-Vinent, 1992), Chiapas We have investigated the K-T boundary interhowever, a suite of facies and considerable thick-
(Montanari et al., 1994), and Belize (O’Campoval at 11 Gulf of Mexico and Caribbean DSDRhesses of sediments directly below this horizon in
et al., 1996). Disturbed K-T boundary units areand Ocean Drilling Program (ODP) sites, andeveral sites (Fig. 2) may be related to the impact
also reported in Haiti (Maurrasse and Sen, 199bne land section (Beloc, Haiti) (Fig. 1). The sitegvent. A combination of nannofossil biostra-
and in Deep Sea Drilling Project (DSDP) sites d@hclude K-T boundary sections that appear to liigraphy and diagnostic materials (including
the base of the Campeche Escarpment (Alvarstratigraphically complete as well as those thapherules, shocked quartz, and Ir anomalies) is
etal, 1992). contain unconformities, and they range fronused to identify units associated with the impact
The age of proposed K-T boundary depositslope settings near the Yucatan to basinal loca-
on the shelf and in the basin of the Gulf ofions from the proximal Gulf of Mexico and distal
Mexico, however, has been disputed. Biostratiaribbean Sea (Fig. 2). Most of the sections drille
graphic interpretations yielding Cretaceous ageturing DSDP Legs 10 and 15 (Sites 86—-15Z
for spherule-bearing shelf sequences haweere incompletely cored.
caused some (e.g., Keller et al., 1997) to ques- Calcareous nannofossil biostratigraphy i
tion the association of these deposits, and thusledised upon high-resolution sampling (1-5 cn
the Chicxulub event itself, with the profoundacross the K-T boundary intervalNannofossils
changes in the Earth’s environment that occurreglere identified using a light microscope. Planktic
at the K-T boundary (e.g., Hildebrand et al.and benthic foraminifers and other coarse silt- ar
1991). In addition, Keller et al. (1993) concludedand-sized particles were observed in a few ke
that the K-T boundary is unconformablesamples from Sites 536, 537, 538, and 540. The
throughout the basinal Gulf of Mexico andparticles were separated by washing the sedime
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Caribbean, whereas Alvarez et al. (1992) corr@ver a 44 um sieve, then examined using binoct -

lated coarse-grained basinal deposits to the Ki@ir and scanning electron microscopes (SEM

boundary Chicxulub event. Mineralogies of key samples were determine
Here we describe a distinctive mixture of re-

worked microfossils, impact-derived materialstepOsitory item 9838, biostratigraphic

and sedimentologic data, is available on request fro
Documents Secretary, GSA, P.O. Box 9140, Boulde
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Figure 1. Paleogeographic recon-
struction of Caribbean (after Pindell
and Barrett, 1990) showing location of
depositional (black circles) and ero-
sional (crosses) Cretaceous-Tertiary
boundary sequences investigated.
Numbers refer to DSDP and ODP
sites. Chicxulub impact site is indi-
cated by large white circle.
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Figure 2. Stratigraphy and sedimentology of Cretaceous-Tertiary (K-T) boundary sections (see planktic and benthic foraminifers), lithic frag-
fogtnotell). Dagshé)d %/ines indicate uncogn):‘ormities; solid lines ingi/icate continuouys deposition. ment§, ,and, |mpe.1ct-der|ved materials. We term
Timing of K-T boundary sediment deposition assumes that spherule-bearing sediments are the distinctive mixture of components the K-T
isochronous and that combined Site 536 and 540 sequence is complete. Reworked nanno- boundary “cocktail.” In some sites, cocktail units
B ropic: b b o o &2 separaed fom underying Creaceous an
and Pre}noli Silva, 1984); Mn = F7e—Mn oxide coating; S = shallow-water carbonate fragments, L = oyerlylng Paleoc_ene strata by unconformities
limestone (undifferentiated) fragments, Met = metamorphic and igneous rock fragments; (Fig. 2). The relative abundance of components
vertical black arrow = fining-upward sequence; horizontal arrow shows location of Ir anomaly; in the cocktail differs between sites as do the
double black circles show locations of spherules; vertical scale bar by boundary deposits durations of the hiatuses between cocktail units
winnowed cockiail deposis at Stes 536 and 540 are best estimats. Numbers shovn aiong and Cretaceous and Paleocene strata.
\éviltnensoévs?ﬁ and 540 co[I)umns refer to Alvarez et al. (1992) lithologic uhits. Information on K—?’ The sandy and pebbly Chal_k cocktail deposits
boundary characteristics was taken from Alvarez et al. (1992) for Sites 536 and 540; from at Sites 537 and 538 contain glass fragments
Sigurdsson et al. (1997) for Site 1001; and from Maurrasse and Sen (1991) for Beloc. (10-50 pm diameter), quartz and sanidine

grains, granule-sized fragments of schist, gneiss,
and to characterize the K-T boundary interval a536-9-5, 130-131 cm and 536-9-6, 22—-23 cmyranite, and shallow-water limestone, fish teeth,
being either erosional or depositional (Fig. 2)The proportion of nannofossils that are diagnostiechinoid spines, and reworked nannofossils and
Spherule horizons at Sites 537 (Catoche Tongu®f, Barremian to early Aptian age is estimated tmid-Cretaceous neritic benthic foraminifers
538 (Catoche Knoll), and 540 (base of the Floridbe <5%, and the proportion of age-diagnostic laigig. 2). Many of the grains at the top of the
Escarpment) are described for the firsttime.  Campanian to early Maastrichtian species magocktail units are coated by Fe-Mn oxides.
exceed 25%. Most taxa have long stratigraphi8mectite spherules (largely hollow, spherical in
MICROFOSSIL REWORKINGAND ITS ranges that extend through the Late Cretaceowshape, and 20-200 um diameter) are common at
STRATIGRAPHIC IMPLICATIONS Species restricted to the late Maastrichtian are ugite 537 (sample 537-3-2, 42 cm) (Fig. 3);
Age-diagnostic nhannofossils of multiple agesisually rare, indicating that most, if not all, nannosmectite spherules are rarer at Site 538 (samples
occur in deposits directly below the K-T boundfossils are reworked. Abundances of reworke838A-21-1, 61 and 66 cm). Smectite spherules
ary level at basinal Gulf of Mexico and Caribbeamannofossil specimens decreases in the loweare commonly formed by alteration of impact-
sites where there is no obvious unconformitynost 5 cm of the Paleocene in all sections. derived glass tektites (e.g., Izett, 1991).
(Fig. 2). This mixture is indicative of reworking.  The origin of sediments near the K-T boundary Sandstone and chalk cocktail deposits at Sites
Reworked assemblages contain markers that aSites 536 and 540 in the basinal Gulf of Mexic636 and 540 (units 3 and 4 of Alvarez et al.
diagnostic of the late Campanian to early MaagFig. 1) has been debated. Alvarez et al. (1992)992]) contain spherules, shocked quartz, and
trichtian (Aspidolithus parcussubsp.parcus, proposed that these sediments were redepositedjss fragments (Alvarez et al., 1992). In addi-
A. parcussubspconstrictusEiffellithus eximius  a consequence of the Chicxulub impact based fion, we found fragments of shallow-water lime-
Quadrum gothicum, Q. trifidupReinhardtites part on the distribution of spherules, shockedtone and chalk, fish teeth, echinoid spines, and
anthophorus, R. levjd.ithastrinus grillii, and quartz, glass fragments, and an Ir peak that cormeworked nannofossils, planktic foraminifers,
Tranolithus orionatul and Barremian to earliest sponds to the paleontological K-T boundaryand mid-Cretaceous neritic benthic foraminifers
Aptian (Nannoconus steinmanphil. elongatus, (Fig. 2). Keller et al. (1993) assigned these san{see also Sliter and Premoli Silva, 1984). Distal
N. minutusandHayesites radiatys sediments to an early or early late Maastrichtiaoocktail deposits from Beloc contain glass,
At Sites 536, 540, and 1001, and Beloc, oldeage on the basis of the absence, or extreme rarigtijocked quartz, spherules (Sigurdsson et al.,
reworked nannofossils are found mixed with latef latest Maastrichtian planktic foraminifers, andl991; Maurrasse and Sen, 1991), and reworked
Maastrichtian species (e.@4icula murusand thus questioned the relation of these deposits t@nnofossils; distal deposits from Site 1001 con-
Lithraphidites quadratys Rare specimens of the K-T boundary impact. tain shocked quartz, spherules, fragments of
Micula prinsii were observed in uppermost Inthe sequence at Site 536, we found rare laliemestone and claystone (Sigurdsson et al., 1997),
Maastrichtian sediments from Site 536 (sampldglaastrichtian planktic foraminiferg\pathom- and reworked nannofossils (Fig. 2).
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The K-T boundary cocktail is derived from
multiple sources so that microfossil biostre
tigraphy typically provides ages of its compc
nents, but not necessarily the timing of their fin
deposition. Latest Cretaceous marker species %
exceptionally rare due to dilution by other cocl 8
tail components and/or longer ranging taxa. Tht
the recognition of the cocktail itself provides
reliable way of identifying K-T boundary units a
basinal Gulf of Mexico and Caribbean sites.

EVIDENCE FOR GRAVITY FLOWS

DURING THE K-T BOUNDARY EVENT Figure 3. A, B. Smectite spherules (scale bar = 10 um): A: Sample 537-3-2, 42-43 cm. B: Sample
K-T boundary sediments at the basinal Gulf ¢538A-21-1, 66 cm. C, D. Abathomphalus mayaroensis ~Sample 540-31-1, 26-27 cm (scale bar =

Mexico sites show lithologic evidence for depol00 Hm). C is edge view; D is umbilical view.

sition by sediment gravity flows. Sequences ¢

coarse-grained deposits at Sites 536 and 5

originally described by Alvarez et al. (1992) con

sist of poorly sorted pebbly mudstone containinRELATIONSHIP OF THE K-T SOURCE(S) AND EXTENT OF THE
chalk, mudstone, and bioclastic limestone clasBOUNDARY COCKTAILTO THE SEDIMENT GRAVITY FLOWS
(unit 2) and cross-bedded sandstone containiigHICXULUB IMPACT The K-T boundary cocktail can be used to

angular chalk and bioclastic limestone clasts The K-T boundary cocktail contains a mixturetrace the origin and path of gravity flows in the
(unit 3) that grades up into chalk (unit 4) (Fig. 2)of impact-derived materials that may have settledasinal Gulf of Mexico and Caribbean. Several
Alvarez et al. (1992) proposed that units 3 andt#hrough the water column, and redepositedomponents in K-T boundary deposits match
were reworked by waves and currents triggeretiaterials laid down by gravity flows. Only thesediments found directly below the K-T bound-
by the Chicxulub impact. We interpret these unitdeposits at Beloc and Sites 536, 540, and 10@ty unconformity on the Yucatan continental
as turbidites because of their fining-upward graihave previously been attributed to the Chicxulutmargin, suggesting that this location was a source
size and paleodepths well below wave base. event (e.g., Sigurdsson et al., 1991, 1997%f the gravity flows. The sedimentary rocks
The age of pebbly mudstone unit 2 at Site 548lvarez et al., 1992). However, identical re-directly below the K-T boundary unconformity at
was originally interpreted as extending fromworked nannofossil assemblages in most K-Bites 95 (Campeche Escarpment) and 538
early to late Cenomanian (Premoli Silva antboundary deposits suggest a similar origin. ThgCatoche Knoll) are late Campanian to early
McNulty, 1984; Watkins and Bowdler, 1984).biostratigraphy of K-T boundary deposits atMaastrichtian in age. These units are the same
Our observations suggest that the entire unit 8me proximal locations (Sites 536, 537, unitage as angular chalk clasts in the sandstone (uni
late Cenomanian or younger on the basis of raPe-3 of Alvarez et al. [1992] at Site 540) provide8) at Site 540 and a dominant component in the
occurrences of the nannofoskithraphidites maximum ages ranging from Cenomanian teeworked nannofossil assemblage (Fig. 2). Sedi-
acutumin the matrix. The mudstone containdatest Maastrichtian that are consistent with eentary rocks directly below the K-T boundary
angular clasts of Albian chalk and mudstone and-T boundary origin, whereas in others (Sitesinconformity at Site 537 (Catoche Tongue) are
is mixed with decimeter-size clasts of Albian538 and 540 [sections 540-30-2 and 540-30-CCBarremian to early Aptian in age, which matches
shallow-water limestone (Premoli Silva andsome impact-derived materials are winnowedeworked nannofossil assemblages found at other
McNulty, 1984). Mudstone-supported clasts sugnto upper Paleocene sediments (Fig. 2). downslope sites. In Sites 537 and 538, K-T
gest redeposition by mud flows (e.g., Lowe, Impact-generated gravity flows appear tdoundary deposits also contain fragments of
1982). Large clast size indicates that unit 2 wasave caused erosion at sites throughout theetamorphic rocks that were probably derived
derived from proximal strata, suggesting that nbasinal Gulf of Mexico and Caribbean. Duraby erosion of nearby basement. Rocks recovered
microfossils are of pelagic origin. Even thougtiion of hiatuses (or coring gaps) in the sectionseneath the unconformity at Sites 86 and 94
the age of the pebbly mudstone is not precisestudied range from less than a nannofossf{Campeche Escarpment) are mid-Cretaceous
established, we tentatively associate this unitone (Site 152) to about 60 m.y. (Site 537%hallow-water carbonates, similar to fragments
with the K-T boundary events on the basis of it§Fig. 2). In several sites (e.g., Sites 86, 94, 9&nd redeposited neritic benthic foraminifers
position beneath other redeposited K-T boundad46, 151, and 152), sediment overlying the urfound in K-T boundary deposits at Sites 536
strata (Fig. 2). conformity is earliest Paleocene in age (nanngbase of Campeche Escarpment), 537, 538, and
Fining-upward, sandy and pebbly chalk cockfossil zones CP1 and CP2), suggesting th&40 (Sliter and Premoli Silva, 1984). The western
tail deposits around the K-T boundary at Sites 537elagic sedimentation resumed shortly (mostifflorida continental margin is another possible
(section 537-3-2, 11 to 45 cm), 538 (sectior~0.5 m.y.) after erosion of the missing Uppegravity-flow source.
538A-21-1, 57 to 75 cm), and 540 (section€retaceous section during the K-T boundary The K-T boundary gravity flows were aerially
540-30-2 and 540-30-CC, above the interval stuévent. At Sites 95, 146, and 152, reworked latand vertically extensive. Reconstructions (Fig. 1)
ied by Alvarez et al. [1992]) are interpreted to b€ampanian to early Maastrichtian and latshow the Caribbean sites to be as much as
turbidite deposits. Microfossil biostratigraphyMaastrichtian nannofossil species are identit000 km from a potential gravity-flow source.
indicates that the depositional age of sedimentsfaéd in sediments 1-2 cm above the K-TThe presence of the K-T boundary cocktail at
Site 537 is late Campanian or younger. In Sitdsoundary unconformity (Fig. 2) but are absen®ites 537 and 538 located on Cretaceous topo-
538 and 540, reworked Cretaceous nannofossits overlying Paleocene horizons. The same regraphic highs (Schlager et al., 1984) illustrates
are mixed with early to late Paleocene nannavorked nannofossils found in K-T boundarythat the gravity flows engulfed a significant part
fossils and planktic foraminifera. Abundance ofleposits elsewhere indicates that the gravityf the lower water column. Given the distribution
Paleocene microfossils increases upward, suflews reached large areas of the basinal Gulf @f redeposited sediments, and the proximity of
gesting extensive winnowing after depositionMexico and the Caribbean Sea. possible sediment sources on continental margins
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fossils, lithic fragments, and impact-derived
materials. This distinctive mixture, termed the
K-T boundary cocktail, provides a reliable way
of recognizing boundary units. Lithologic and
paleontologic evidence suggests that the cocktail

N

A. Impact

Site 537

gravity flows generated by the collapse of sur-
rounding continental margins, presumably as a
result of the Chicxulub impact. The gravity flows
eroded large areas and acquired sedimentary
components from a variety of sources.

L3/ Ejecta :
Crater planket |Tekiites)
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Cretaceous-Tertiary boundary sediments in tH4°"
basinal Gulf of Mexico and Caribbean are com-
posed of variable proportions of reworked micro
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