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Age, stratigraphy, and deposition of near-K/T siliciclastic deposits

In Mexico: Relation to bolide impact?

G.Kdler*

J. G. Lopez-Oliva
W. Stinnesbeck
T. Adatte

ABSTRACT

Examination of 10 K/T boundary sectionsin northeastern and east-
central Mexico, and new data presented from 7 sections, permit thefol-
lowing conclusions. (1) The globally recognized K/T boundary and
massextinction in planktic foraminiferaisstratigraphically above, and
separated by athin marl layer of Maastrichtian age, from the silici-
clastic deposit that iscommonly interpreted as a short-term (hoursto
days) K/T-impact—gener ated tsunami deposit. A similar relationship
between the K/T boundary and siliciclastic or breccia depositsis ob-
served at Brazos River in Texas, Beloc in Haiti, and Poty Quarry in
Brazil. (2) Stratigraphic control indicatesthat deposition of the silici-
clastic member occurred sometimeduringthelast 150k.y. of theMaas-
trichtian, and ended at least several thousand years prior to the K/T
boundary. (3) At least four discrete horizons of bioturbation have been
observed within thesiliciclastic deposit that indicate episodic coloniza-
tion by invertebrates over an extended time period. (4) The glass- and
spherule-rich unit, which has been linked to the Haiti spherule layer
and the Chicxulub structure, is at the base of the siliciclastic deposit
and thussignificantly predatesthe K/T boundary event.

The stratigraphic separation of the K/T boundary and siliciclastic
deposits and the evidence of long-term deposition between them, sug-
geststhe presence of two events: (1) a globally recognized K/T bound-
ary (impact) event marked by Ir anomaly and themass extinction, and
(2) a Caribbean event (impact or volcanic and probably linked to the
Chicxulub structure) that predatesthe K/T boundary and is marked
by glassand siliciclastic or breccia deposits.

INTRODUCTION
Yucatan

The subsurface Chicxulub structure in northern Yucatan isnow widely be-
lieved to be the long-sought Cretaceous/Tertiary (K/T) boundary bolideim-
pact crater (Hildebrand et al., 1991; Pope et d., 1991, 1993; Sharpton et d.,
1992, 1993, 1996; Pilkington and Hildebrand, 1994; Ward et al., 1995;
Kring, 1995; Buffler et d., 1995). Supporting evidencefor thisinterpretation
includesthefollowing. (1) Concentric geophysical anomdiessuggest alarge
basin with a still-disputed size of either 180 km (Hildebrand et al ., 1991,
1995; Rilkington and Hildebrand, 1994; Kring, 1995) or 300 km (Sharpton et
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al., 1993, 1996) in diameter. (2) There are anomaoudly high iridium values
in some isolated melt rock or andesitic rock fragments of Yucatan coresY 6
(breccia sample N19) and C1 (sample N10) reported by Sharpton et al.
(1992), athough these results could not be confirmed by Hildebrand et &l.
(1993) or Rocchia (1994, written commun.). (3) Thereis evidence of shock
metamorphismin quartz and feldspar grainsin some brecciasamples (Hilde-
brand et d., 1991; Sharpton et ., 1992, 1996). (4) Thereisasimilarity in
chemica compositions between Chicxulub glass within andesitic rocks and
tektite-like glassesin Haiti and northeastern Mexico (Smit et a., 1992; Stin-
nesbeck et al., 1993; Koeberl et ., 1994). (5) A “PAr/3Ar age of about 65.2
+ 0.4 Ma(Sharpton et al., 1992) or 64.98 + 0.05 Ma(Swisher et d., 1992) is
based on one sample from core C1-N9; eight other samples analyzed from
coreY6 (N14, N17, N19) yielded ages between 58.2 and 65.4 Maand were
considered theresult of low-temperature ateration. (6) The stratigraphic po-
sition of the brecciais within Maastrichtian sediments at or near the K/T
boundary (Ward et d., 1995). Theselines of evidence areinterpreted to sug-
gest that abolideimpact isthe most likely origin for the Chicxulub structure
and breccia.

Neverthel ess, questionsremain asto the precise age and stratigraphic po-
sition of the brecciawith respect to the K/T boundary—wasthisaK/T or pre-
K/T event? Was breccia deposition a single event or multiple events? The
reported presence of Maastrichtian age marls abovethe brecciaobserved in
wellsY 6 and C1 (Lopez Ramos, 1973; Ward et al., 1995) and the apparent
presence of limestone and anhydrite layers interbedded within Chicxulub
brecciasin severd wells(Y2,Y4,Y 6) suggest that brecciadeposition could
predate the K/T event and that there could have been severa breccia depo-
sition events (Ward et al., 1995). Alternatively, it is possible that the marls
were erroneoudy identified as Maastrichtian age based on reworked Creta-
ceousfaunas, and that the limestone and anhydrite layerswithin the breccia
represent large boulders (Ward et a., 1995). The present Chicxulub cores
and incomplete sample set available for study provide no conclusive evi-
dencefor either interpretation. At present, however, it iscommonly assumed
that the brecciais of K/T boundary age and impact induced.

Asareault of the interpretation of the Chicxulub structure as an impact
crater, near-K/T boundary siliciclastic depositsin northeastern, east-central,
and southern Mexico, Texas, and the Gulf of Mexico (Fig. 1), which were
previoudly related to sea-level lowstands, turbidites, or gravity flows, have
been reinterpreted by some workers as impact-generated tsunami deposits
(e.g., Bourgeois et a., 1988; Hildebrand and Boynton, 1990; Smit et a.,
1992, 19944, 1994b; Alvarez et a ., 1992; Montanari et a., 1994). Likewise,
limestone breccia deposits from Yucatan cores, southern Mexico, Guate-
mala, Belize, and northeastern Brazil that were previously related to tec-
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Figure 1. Location map of K/T boundary sectionswith near-K/T diliciclastic or breccia deposits from Texasto Brazil. Inset shows locations
of northeastern Mexico sections. Note that all of these sections are located 40 to 80 km east of thefront range of the SierraMadre Oriental.

tonic activity or collapse, have been reinterpreted asimpact-generated brec-
cias and gjecta blankets (Sharpton et al., 1992, 1996; Hildebrand et al.,
1993; Ocampo and Pope, 1994; Albertdo et d., 1994; Ocampo et a., 1996;
Ward et d., 1995). These revised interpretations fundamentally alter previ-
ous concepts of these siliciclastic and brecciadeposits, athough many ques-
tionsstill remain regarding their depositional nature, timing and duration of
emplacements, and their stratigraphic correlation to the Chicxulub breccia
and the K/T boundary worldwide (Keller and Stinnesbeck, 1996a, 1996b).
Until these problems are resolved, interpreting al near-K/T siliciclastic and
breccia deposits as K/T impact related may be incorrect.

Northeastern Mexico

The most thoroughly studied Central American K/T sections to date are
in northeastern Mexico where more than a dozen outcrops have been ex-
amined (Fig. 1) to determine a possible relationship of the siliciclastic de-
positsto the Chicxulub event (Smit et al., 1992, 1994a, 1994b; L ongoriaand
Grajales Nishimura, 1993; Stinnesbeck et a., 1993, 1994a, 1994b, 1996;
Bohor and Betterton, 1993; Keller et a., 1994a, 1994b; L opez-Oliva, 1996).
Despite this effort, the two most critical questions have remained unan-
swered. (1) Are the siliciclastic deposits precisely of K/T boundary age?
(2) Was deposition a single short-term event or long-term, multiple events?
Both of these questions are difficult to answer because of the unusual nature
of these deposits and their proximity to the stratigraphic K/T boundary.

Geological Society of AmericaBulletin, April 1997

It is generally agreed that the siliciclastic deposits are coeval, but ques-
tions remain about their stratigraphic position relative to the K/T boundary.
The possibility that the siliciclastic deposits in northeastern Mexico may
predate the K/T boundary event wasfirst mentioned by Keller et a. (1994a)
and was later detailed by Lopez-Oliva and Keller (1996). This suggestion
was based on the observation that at the La L gjillasection, a5-10-cm-thick
marl layer with Maastrichtian planktic foraminiferslies between the top of
thesdliciclagtic deposit and the Tertiary VVelasco shaes. Similar stratigraphic
relationships were earlier observed at Brazos River, Texas (Jiang and Gart-
ner, 1986; Keller, 1989), at Beloc, Haiti, between the glass spherule layer
and Tertiary sediments (Jéhanno et d., 1992; Leroux et al., 1995), and at the
Poty Quarry near Recife, Brazil, between the brecciaand Tertiary sediments
(Stinnesbeck and Keller, 1995, 1996; Fig. 1). Someworkers have suggested
that thisissimply amatter of how the K/T boundary isdefined; i.e., thesili-
ciclastic or breccia deposits define the K/T boundary, and the marl layer
with Maastrichtian faunas smply represents reworking from the water col-
umn after the impact-generated tsunami event (Smit et a., 1994a). How-
ever, thisinterpretation ignores standard stratigraphic methods used to rec-
ognizereworking and to identify the K/T boundary worldwide. In thisstudy
we present further evidence that asimilar stratigraphic relationship is pres-
entinadl relatively complete K/T boundary sequencesin northeastern Mex-
ico, southern Mexico, Texas, Haiti, and Brazil. On the basis of these datawe
arguethat apre-K/T agefor thesiliciclastic and brecciadeposits, rather than
reworking, should be considered areal possibility.
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Answers to the question whether the siliciclastic sediments represent a
single short-term event or long-term multiple events have also been elusive
and controversial. Smit et al. (1992, 19944, 1994b) argued for short-term
deposition by amegatsunami generated by the presumed Yucatan (Chicxu-
lub) impact. In this scenario, the siliciclastic member was deposited within
hoursto days after theimpact. In contrast, Stinnesbeck et a. (1993, 19944,
1994b) argued for long-term deposition by normal sedimentary processes
such asgravity flows associated with asea-level lowstand. Regardless of the
merits of either scenario, the critical question concerns the nature of depo-
sition. Argumentsin favor of long-term deposition, generally based on bios-
tratigraphy and sedimentology (Keller et al., 1994b), or clay mineral and
wholerock analyses (Adatte et a., 1996), have been inconclusive: proof or
disproof, the “smoking gun” of an impact-tsunami origin, is still missing.
During 21994 field trip to northeastern Mexico (Keller et a., 1994a), anin-
ternational team of 55 geol ogists agreed that the presence of burrowswithin
thediliciclastic deposit would constitute the smoking gun that proves long-
term deposition and disproves the short-term tsunami interpretation. That
proof remained el usive during the 1994 field trip. However, subsequent field
work by Ekdale and Stinnesbeck (1994, 1997, this study) discovered sev-
eral discrete burrowed layerswithin the siliciclastic deposits. We document
these burrowed layers and argue that they provide strong evidence that dep-
osition occurred over alonger time period and therefore could not berelated
to aK/T-impact—generated tsunami event.

In addition to thetwo critical questions on age and depositional nature of
the siliciclastic deposits, we do the following: (1) document the biostrati-
graphic position of these deposits with respect to the K/T boundary based
on the global stratotype criteria for identifying this boundary; (2) provide
minimum and maximum biostratigraphic age constraints for deposition of
these siliciclastic sediments; (3) evaluate the stratigraphic position of the
iridium anomaly and spherule layer and the likelihood that they represent
the same event; and (4) reeva uate the relationship of the Chicxulub struc-
ture to the northeastern Mexico siliciclastic deposits.

MATERIALSAND METHODS

Ten northeastern and east-central Mexican localities containing excellent
exposures of the siliciclastic deposits at the K/T boundary transition were
examined during numerousfield excursions over the past threeyears (Fig. 1,
inset). The locations and preliminary stratigraphies of many of these sec-
tions were recently published in afield guide (Keller et al., 1994a). We an-
alyzed four sectionsthat span the K/T boundary in northeastern Mexico (El
Mimbral, LaLgilla, El Mulato, and LaParida) and one, Tlaxcalantongo, in
east-central Mexico (also called Ceiba by Smit et a., 1994b) to determine
the position and nature of the K/T boundary. Herewe present the biostratig-
raphy and foraminiferal ranges of two new sections (El Mulato and La Pa-
rida), and anew andysis of the El Mimbral section. The preliminary stratig-
raphy of the El Mimbral section was originally published by Smit et al.
(1992) and Stinnesbeck et al. (1993), and a detailed biostratigraphic analy-
sis of the Danian interval appeared in Keller et a. (1994b). We reproduce
here the biostratigraphic analysis of El Mimbra because (1) further studies
have improved the age resolution; (2) this section is critical in comparison
with other nearby sectionswhich differ significantly from El Mimbral inthe
K/T boundary interval; and (3) the tsunami interpretation was originally
based on the siliciclastic deposit at El Mimbral. The La Lgjillaand Tlax-
calantongo sections were reported in Lopez-Oliva and Keller (1996) and
Lopez-Oliva (1996), respectively. In addition to these trans-K/T sections,
we present analyses of four new sectionswherethe siliciclastic depositstop
the sequences and Tertiary sediments are eroded (Los Ramones, Rancho
Nuevo, La Sierrita, and El Pefion; Fig. 1). Within the seven sections ana
lyzed for this report, the thickness of siliciclastic deposits ranges from sev-
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eral meters at El Pefion to only 2 cm at La Parida. Speciesranges and rela-
tive abundances for al sections were presented in Lopez-Oliva (1996).

For comparison, we a so examined several new K/T boundary sectionsin
southern Mexico, Guatemala, and Braxzil (Fig. 1; Stinnesbeck and Keller,
1994, 1995; Keller and Stinnesbeck, 1996). Each of the studied sectionswas
measured and sampled at closely spaced intervalsof 5to 20 cm from several
meters bel ow to several meters abovethesiliciclastic deposits, sample spac-
ing was generally 1 to 2 cm across the K/T boundary. Sample splits were
processed for foraminiferal analysis using standard laboratory techniques
and analyzed quantitatively (based on random sample splits of 300 speci-
mens) for biostratigraphy and fauna turnover changes. Planktic foraminif-
eraare abundant, though frequently recrystallized and poorly preserved, in
all samples except for various intervals within the siliciclastic deposits of
northeastern Mexico. Diagenetic alteration of foraminiferal tests does not
appear to have significantly affected either species ranges or their relative
abundances, as suggested by the similarity in patterns among different sec-
tions (Keller et d., 1994b; L opez-Olivaand Kdller, 1996).

Sample splits were also processed for whole-rock, clay mineral, and
grain-size analyses at the geochemical laboratory of the University of Neu-
chétel, Switzerland. Whole-rock and clay mineral samples were analyzed
with a SCINTAG XRD 2000 diffractometer using analytical methods de-
scribedin Kiibler (1987). Small-scale sedimentary structures and petrology
of the siliciclastic deposits and the spherule-rich sediments were examined
in thin sections. Grain-size spectra of the insoluble residues were obtained
by alaser particle counter Galai CIS 1 system using the method described
by Jantschick et al. (1992).

BIOSTRATIGRAPHY
Biozonation

Keller's (1988, 1993) planktic foraminiferal biozonation of the K/T tran-
stionisusedinthisstudy (Fig. 2; zond index taxaare marked in bold type).
The revised zonation by Berggren et al. (1995) is shown for comparison.
First and last appearances of Danian speciesare shown intheir approximate
sequential order based on acomposite database that integrates more than 30
of the most complete K/T boundary sections worldwide (MacLeod and
Keller, 1991a). The presence of several of these datum events at the same
stratigraphic horizon generally representsahiatus. A new latest Maastricht-
ian Plummerita hantkeninoides zone was recently added (Pardo et al.,
1996). This biozoneis similar in range to the P. reicheli zone of Masters
(1984, 1993), and provides a significant refinement in stratigraphic resolu-
tion of the uppermost Maastrichtian. P. hantkeninoides is a short-lived
species present in the top 6 m of the Maastrichtian at the El Kef sectionin
Tunisiaand in the top 3.5 m at the Agost section in Spain. In both sections
the first appearance of this species correlates to within the lower part of the
nannofossil Micula pringi zone (Pardo et d., 1996). Paleomagnetic stratig-
raphy at Agost (Groot et al., 1989) showsthat thefirst appearance of P. han-
tkeninoides occurs near the base of C29R, or 170-200 k.y. below the K/T
boundary. The presence of this biozone thereforeindicatesthat part or al of
thelast 170-200 k.y. of the Maastrichtian sediments are present. Moreover,
the presence of P. hantkeninoides in sections that contain siliciclastic sedi-
ments or breccias providesimportant time constraints for deposition.

Although biostratigraphersusing either the Keller or Berggren et a. zona
schemes should obtain the same results, thisisnot alwaysthe case. Whether
the biostratigraphic zonation of one worker can be reproduced by another
depends on many factors, including (1) sampling of the same stratigraphic
locality and sequence at the equivalent sampleresolution; (2) cleaning of the
outcrop to avoid contamination; (3) similar laboratory processing tech-
niques particularly in seve sizeand anaysis; (4) use of the sametaxonomic

Geological Society of America Bulletin, April 1997
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concepts; and (5) the amount of time expended in searching for first and last
appearances of particular species which mark the zonal boundaries. Itis
therefore not surprising that there have been some disagreements among
foraminiferal workers as to where specific zonal boundaries should be
placed inasection, or whether certain zones are absent and indicate ahiatus.
In general, however, there has been a surprising degree of agreement. This
islargely because the K/T boundary is eesily recognized and many zonal in-
dex taxa are easily identified. Disagreements mainly concern interpreta-
tions. For example, are Maastrichtian species survivors or reworked when
present in Danian sediments? (See MacLeod and Keller [1994] for adis-
cussion of thisproblem.)

K/T Boundary Definition—E| Kef Stratotype Section

Controversy regarding placement of the K/T boundary in the northeast-
ern Mexico sections, whether at the base or above the siliciclastic deposits,
has frequently surfaced. The disagreement is partly ideological. Although
both sides agree that evidence of abolideimpact (e.g., Ir anomaly, shocked
quartz, Ni-rich spinels) in part marks the K/T boundary, proponents for
placing the boundary at the base of the siliciclastic deposits argue that the
deposit itself isthe impact layer. Thus, they argue that the impact layer in
the Gulf of Mexico areais represented by a complex sequence of impact
gjecta (spherules, shocked quartz), followed by coarse detrital beds repre-
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Figure 3. K/T boundary defining criteria at the El Kef stratotype section. CaCO,, total organic carbon, and 13C data from Keller and
Lindinger (1989), iridium and Ni-rich spinel data from Robin et al. (1991), planktic foraminiferal data from Keller et al. (1996) and Ben Ab-

delkader (1992). The boundary clay layer ismarked in black.

senting tsunami deposits and megawave seiching, and finaly fine-grained
detrital beds containing the finer products of the impact clouds, including
iridium, and thelast sediment suspension from the turbul ent waters (Smit et
al., 1992, 1994a; Alvarez et al., 1992). Proponents of this view have thus
made interpretation of the several-meters-thick siliciclastic depositsin
northeastern Mexico an ad hoc definition of the K/T boundary event for that
particular region. In addition to being ahighly irregular stratigraphic prac-
tice and circular reasoning, this redefinition of the K/T boundary excludes
the biostratigraphic tools that would allow correlation with K/T boundary
sites worldwide. Moreover, because the hypothesis has been made into
“fact” by definition, testing its veracity becomes moot. Even if the tsunami
interpretation of these siliciclastic units was undisputed, this would at best
be unsound stratigraphic practice. However, because thisinterpretation is
also questionable (see discussion below), the use of this deposit asa K/T
boundary marker bed is unacceptable. If the stratigraphic position and
global corrdation of the K/T boundary event and the siliciclastic depositsin
the Gulf of Mexico region are to be determined, then globa stratotype cri-
teriafor the K/T boundary must be employed.

Thedefining criteriafor the K/T boundary are well established on the ba-
sis of the stratotype section at El Kef, Tunisia, which represents the most
complete K/T transition known to date. Stratotype sections are chosen to
provide workers with uniform criteriain stratigraphic interpretations and
correlations-they cannot, therefore, be changed to suit a particular region.

414

The defining criteriafor the El Kef stratotype are shown in Figure 3 and in-
cludethefollowing. (1) Thereisalithologic break from marl to clay depo-
sition. At El Kef thisboundary clay layer is55 cm thick and represents zone
PO, but in most sections worldwide this clay layer isonly oneto afew cen-
timeters thick. Estimates for the duration of zone PO vary from 40-50 k.y.
on the basis of Milankovitch cyclesin laminated clays and extrapolation
from the pal eomagnetic time scale (Herbert and D’ Hondt, 1990; MacLeod
and Keller, 1991a, 1991b) to 30-70 k.y. (Berggren et al., 1995). (2) A
2-3mm oxidized red layer occurs at the base of the boundary clay. (3) Max-
imum Ir concentrations are found in the red layer and boundary clay, a-
though they may tail tens of centimeters above because of bioturbation or
postdepositional remobilization. (4) Ni-rich spinels are present in the red
layer or base of the boundary clay. (5) A negative excursion of 2%0—3%o oc-
cursin 13C values of surface waters, but this excursion is restricted to low
latitudes (Keller, 1996). (6) The first appearance of the Tertiary planktic
foraminifera Globoconusa conusa occurs at the base of the boundary clay,
and Eoglobigerina fringa, E. edita, and Wbodringina hor nerstownensis ap-
pear within afew centimeters of the base of the boundary clay, red layer, Ir
anomaly, and Ni-rich spinels (Fig. 3; Ben Abdelkader, 1992; Keller et al.,
1996). (7) Theextinction of tropical and subtropical taxaoccursat or below
the K/T boundary clay. The coincidence of theselithological, geochemicd,
and paleontological criteriais unique in the geologic record and virtualy
ensuresthat the stratigraphic placement of the K/T boundary isuniform and
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coeval in marine sequences across latitudes. We have applied these K/T
boundary criteriato the sections containing near-K/T siliciclastic deposits.
Thus, in thisreport the “K/T boundary event” refers to the globally recog-
nized K/T boundary and is stratigraphically distinct from the event that
caused the Chicxulub structure and the siliciclastic deposits.

Except for the siliciclastic deposits, the K/T boundary sequences of north-
eastern Mexico aresimilar to thosefound at Agost and Caravacain Spain (Smit
etd., 1982; Canudoetd., 1991; Pardoet d., 1996), StevnsKlint and NyeKlov
in Denmark (Schmitz et ., 1992; Keller et d., 1993b), and Brazos River,
Texas (Jang and Gartner, 1986; Keller, 1989). Similar to these localities, the
northeastern Mexico sectionsexhibit short discontinuitiesin sedimentation due
either to condensed intervals (dissolution and/or reduced productivity) or to
short hiatuses, and the boundary clay (zone PO) isgeneraly absent.

K/T Boundary at El Mimbral

We have analyzed two K/T transects at El Mimbral. Mimbral | isat the
center of the channelized siliciclastic deposit and isthe samelocation asthe
transect shown by Smit et a. (1992) and Stinnesbeck et al. (1993). Mim-
bral 11 is122 m to the southwest near the edge of the channel wherethesili-
ciclastic sediments thin out, and only the topmost 20-cm-thick rippled
sandy limestone layer is present. Mimbral 11 is more complete across the
K/T boundary than Mimbral |, as demonstrated by Keller et al. (1994b),
whereas Mimbra | has a more complete Maastrichtian interval exposed at

theoutcrop. In Figure 4 the speciesranges of Mimbral | and |1 are shown as
acomposite, the Maastrichtian being represented by Mimbral | and the Ter-
tiary by Mimbral 11. Only the Mimbral section has been widely studied to
date, and the bolide impact-generated tsunami interpretation is based on this
section (Smitetal., 1992, 1994a; Stinnesbeck et d., 1993, 1994b). Thismay
haveled to erroneousinterpretations. Although al northeastern Mexico sec-
tions are similar in overall aspects (e.g., the presence of siliciclastic sedi-
ments), they differ fundamentally in detail. For example, only the Mimbral
section has Danian sedimentsdirectly overlying the siliciclastic member. In
thethree other localities examined (El Mulato, LaL gjilla, and LaParida), a
thin marl layer of Maastrichtian age overlies the top of the siliciclagtic de-
posits, as discussed below.

Figure 4 shows that the Maastrichtian Méndez marls contain a diverse
subtropical assemblage followed by relatively few foraminifers within the
siliciclastic deposit, including the rippled sandy limestone layer in the top-
most 20 cm. Abovethislayer at Mimbral 11 (but not Mimbral 1) isa3-4-cm-
thick clay layer with a2-3-mm-thick red oxidized layer at itsbase. Thisled
Keller et al. (1994b) to suggest that this clay layer may represent zone PO,
athough no Tertiary species or Ni-rich spinels are present (Stinnesbeck et
al., 1993). However, Rocchia and Robin (1994, personal commun.) sug-
gested that thisis probably not the K/T boundary clay because of the ab-
sence of spinelsand high iridium.

Ir values analyzed for Mimbral | by Smit et a. (1992) and for Mimbral 1
by Rocchia (1993, written commun.; seeaso Rocchiaet a., 1996), Stinnes-
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Figure4. Stratigraphicranges of planktic foraminifera acrossthe K/T boundary at EI Mimbral: Méndez mar| and siliciclastic deposit from
Mimbral |1, K/T boundary and Tertiary part from Mimbral |, which ismore completethan Mimbral I1. Notethat only at EIl Mimbral isthetop
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(Iridium analysis by Rocchia and Robin, written comm. 1993;
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beck et d. (1993), and Keller et a. (1994a) are shownin Figure 5 (A and B)
along with thefirst appearances of Danian planktic foraminifera. Mimbral 11
was sampled for geochemical and foraminiferal analyses at the sametime,
whereas Mimbral | wasfirst collected by Smit and others for geochemical
and faunal analyses. Smit and others clearly marked their sampled interval
with red numbers on the rock outcrops and Keller subsequently recollected
thisinterval for faunal analysis. Because of the sharp lithologic changes at
Mimbral | and the closely measured intervals given by Smit et a. (1992),
thefaunal record can be closely matched with theiridium record.
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Only background iridium values were measured in the Méndez marl, the
basal spherulebed (unit 1), the middle sandstone (unit 2), and the upper sand-
silt beds (unit 3) of the siliciclastic deposit (Smit et d., 1992; Stinnesbeck et
al., 1993). Within the top 10 cm of the siliciclastic deposit (rippled sandy
limestone layer of Fig. 5, A and B), iridium values are generally less than
0.2 pg/g and are 0.6 pg/g within the overlying clay layer at Mimbral 1. Max-
imum values of 0.8 pg/g are reached within the shales at 7.5 cm above the
base of the clay and red layer in the more complete Mimbral |1 section
(Fig. 5A). At Mimbral |, iridium values are similar to Mimbral 11 except that
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intheabsence of theclay layer peak Ir concentrationsare found in the shaes
immediately above the top of therippled sandy limestone layer (Fig. 5B). In
addition, slightly higher (0.4-0.6 pg/g) Ir concentrations are present in the
top 2-3 cm of the rippled sandy limestone layer. Thisled Smit et a. (1992,
19944) to interpret the top of the siliciclastic deposit as the final impact air
fallout and settling from the water column. We suggest that postdepositional
remobilization of iridium and concentration due to carbonate dissol ution and
nondeposition between the top of the siliciclastic sediments and overlying
Velasco shalesisamore likely interpretation for the following two reasons.
First, Mimbral | may be incomplete with zone PO and much of the lower
part of zone Pla(1) missing. Thisis apparent in the stratigraphy of the two
transectsasshownin Figure5 (A and B). At Mimbral |, index species of zone
Pa(1) (P. eugubinaand P. longiapertura) are present inthe basal 1 cm of the
Velasco shale aong with three other new Danian speciesfollowed by another
five new Danian species 3 cm above (Fig. 5B). This smultaneous appear-
ance of 10 new Danian species, which in K/T-complete sections evolve se-
quentially over the first 100150 k.y. of the Danian, represents a hiatus.
Moreover, index species of zone Pla(2) (P. eugubina, P. longiapertura, and
Subbotina pseudobulloides), which appear at only 10 cm above the top of the
sliciclastic deposit, also suggest a hiatus (Fig. 5B). In contrast, Mimbral 11
has amore expanded section, with zone Pla(1) appearing immediately above
the clay layer and zone Pla(2) appearing at 47 cm (Fig. 5A). Nevertheless,
this section aso has ashort hiatus, asindicated by the smultaneous first ap-
pearance of six speciesthat evolved sequentialy in the early Danian.
Second, Ir concentrations, which are supposed to represent settling from
the air, should have settled within weeks or at most a year. Paleontological
evidence, however, suggests a much longer time period. Thisis evident in
the presence of several new Tertiary species (e.g., Parvularugoglobigerina
eugubina, P. longiapertura, and Globoconusa daubjergenis) inthefirst few
centimeters of the Tertiary Vel asco Formation within pesk Ir concentrations.

Because these species evolved after the K/T boundary, settling from thewa
ter column after the K/T-impact—generated tsunami wave is unlikely. Al-
though thereisapossibility that Danian foraminiferswere mixed downward
by bioturbation, this could not account for the observed Ir profile. Perhaps
the most likely explanation for the presence of higher Ir concentrationsin
Danian shales is postdepositional ateration of the original Ir maximum at
the K/T boundary by erosion, remobilization, and bioturbation.

Onthebasisof currently available dataand application of the stratotype cri-
teria, we concludethat the K/T boundary at Mimbrd isbetween thetop of the
sliciclastic deposit and the overlying Velasco shale, as discussed by Keller et
al. (19944, 1994b) and Stinnesbeck et d. (1993, 1994b). However, we agree
that should the siliciclagtic deposit et Mimbral and other sections be clearly
shown to represent an impact-generated tsunami event deposited over afew
hours or days, then the K/T boundary could arguably be placed a the base of
this deposit, as Smit et a. (1992, 19944) suggested. However, because trace
fossil evidence and lithological and mineralogical dataindicate that deposi-
tion occurred over an extended time period, placing the K/T boundary at the
base of the siliciclastic deposit is not warranted. Ekdale and Stinnesbeck
(1994, in press) ohserved several discrete burrowed horizons, often truncated
by erosionin units 2 and 3 of the silicidagtic deposits. Because each of these
bioturbated horizonsindicates col onization by invertebrates of the ocean floor,
and their truncati on suggestsinterruption by an erosive event followed by sed-
imentation and subsequent recol onization, deposition by atsunami over afew
hoursto daysis definitely not the causa mechanism for the entire package of
thedliciclagtic deposits of northeastern Mexico.

K/T Boundary at El Mulato and La Parida

In the other three K/T sections examined (El Mulato, La Parida, and La
Lgilla), adistinctive clay layer is not present, though planktic foraminifers
clearly mark the K/T boundary (Figs. 6 and 7; see Lopez-Olivaand Keller,
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Figure6. Stratigraphicrangesof planktic foraminifera acrossthe K/T boundary at El Mulato. Note the presence of arich Maastrichtian as-
semblagein the marl layer below the K/T boundary suggeststhereturn of normal hemipelagic sedimentation after siliciclastic deposition and
beforethe K/T boundary event. Note also that the simultaneousfir st appear ance of nine Danian speciesmarksashort hiatusat the K/T bound-
ary. In the absence of P. hantkeninoides, thiszoneistentatively identified based on correlation with other near by sections.
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Figure7. Stratigraphic ranges and relative abundances of planktic foraminifera acrossthe K/T boundary at La Parida. Notethat the pres-
enceof arich Maagtrichtian assemblagein the 5-10-cm-thick mar| layer abovethesiliciclastic deposit and below the K/T boundary suggeststhe
return of normal hemipelagic prior to the K/T boundary event. The siliciclastic deposit at thislocation isvery thin and laterally disappears.

1996, for LaLgjilla). In each of these sections, a 5-10-cm-thick marl layer
with upper Maastrichtian planktic foraminifers directly overlies the top of
thesliciclastic deposit and isin turn overlain by shales of the Tertiary Vel-
asco Formation. The age and origin of this marl layer are critical in deter-
mining the stratigraphic position of the K/T boundary and the underlying
siliciclastic deposit. However, interpretations differ. Smit et al. (1994a, per-
sona commun.) maintained that thismarl layer represents settling from the
water column after the tsunami event and that therefore all planktic forami-
nifers present must be reworked. Thus, prior to locating the stratigraphic po-
sition of the K/T boundary, the reworking hypothesis must be examined.

Test of Reworking Hypothesis

The reworking hypothesis can be tested on the basis of several identifying
criteria (1) For example, if the faunaisreworked, then only asdlect subset of
thefaunafromwhichit isreworked should be present. Thissubset should con-
S<t of generaly smdler taxathat are easily transported and resistant to bresk-
age. However, the marl layer contains a diverse upper Maastrichtian
foraminiferal assemblage, including nearly al and sometimes more species
than are present in the Méndez marl below thesiliciclastic deposit fromwhich
it is supposed to be reworked. Comparison of species richness in the marl
layer with that within the Méndez marl below the siliciclastic deposit shows
that a El Mulato there are 33 of 40 species present (Fig. 6). At LaParida, 40
speciesare present inthe Méndez marl, but 41 speciesarewithinthethinmarl
layer abovethesliciclastic deposit and 3 of these speciesare not presentinthe
marlsbelow (Fig. 7). Although high speciesrichnessand nonselectivity inthe
fauna assemblageisan inconclusive test of the reworking hypothesis, it pro-
vides strong evidencein favor of normal hemipel agic sedimentation.

(2) If faunas are reworked, then the rel ative abundance of pecies present
should be random and/or hiased toward species resistant to breakage; they
should not reflect the proportions present within the original sediments from
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which they were derived. In fact, the marl layer in question hasrel ative abun-
dances of speciesthat reflect normal upper Maastrichtian assemblages. More-
over, many species, both resistant and lessresistant to breskage and small and
largein size, have Smilar or higher relative abundances than in those assem-
blages from which reworked materia is supposed to have derived. Thisisev-
ident for both El Mulato and La Parida sections, as shown in Figures8 and 9.
However, normal high species abundances do not rule out the possibility of
abundant reworking, but together with high species richness and no evidence
of faunal selectivity, they significantly reduce the probability.

(3) If assemblages are reworked, there should be many benthic foramini-
fers present that are transported from shallower shelf regionsinto deeper wa
ters, asobserved within someintervalsof thesliciclastic deposit (Keller et d.,
1994b). Thisisnot the case within thethin marl layer overlying thesliciclas-
tic sediments; we observed a benthic foraminiferal assemblagethat issimilar
to the late Maastrichtian Méndez Formation with no obvious transport from
shallower regions. We conclude that the standard foraminiferal criteria used
to identify reworking provide no obvious support for this hypothesis.

(4) We dso attempted to test the reworking hypothesis based on whole
rock analysis of seven different rock types within the three units of the sili-
ciclastic sediments, the Méndez Formation marls below and the Velasco
Formation shales above (Table 1). The thin marl layer appears most smilar
to the Méndez Formation marl and differs substantially from the various
rock types within the siliciclastic deposit. This suggests a hemipelagic ori-
gin similar to the Méndez marl.

(5) Clay minerashave been andyzed asan additiond test of thereworking
hypothesis. Table 2 shows the average clay mineral compositions for the
Maadtrichtian thin marl layer in comparison with different rock types within
the siliciclastic deposit, the Méndez Formation marl below and the Velasco
Formation shae above. Clay minerd compositions differ considerably both
within thethree marl layersanadyzed (Méndez marl, marl layersof unit 1 and
Maeastrichtian thin marl) and between shale, silt, and sandstone layers. The
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Figure 8. Relative abundances of planktic foraminifera acrossthe Cretaceous-Tertiary transition at EI Mulato. Notethat therelative species
abundanceswithin thethin marl layer between theK/T boundary and siliciclastic deposit aresimilar or greater than speciesabundancesin the
M éndez mar| below and indicate nor mal hemipelagic sedimentation prior tothe K/T event. These speciesdistributionsare unlike the sporadic
occurrences of mainly rewor ked speciesin most partsof thesiliciclastic deposit that indicate shallow water transport.

thin marl layer is enriched in zeolites (296), Smilar to two subunitsin the up-
per unit 3 of the siliciclastic deposit; it is generdly rich in chlorite and mica,
similar to the Méndez marl, but also similar to most subunits of thesiliciclas-
tic deposit. Although we do not believe that diagenesis severdly altered the
clay minerasbecausethe 1200 m of sedimentswhich overliethe K/T bound-
ary inthisregion are insufficient to cause significant transformation of clay
minerds (e.g., from smectite to illite-smectite mixed layers and to illite), the
presence of zeolites suggests some diagenesi sthrough water-rock interaction.

(6) The reworking and settling from the water column hypothesis can be
further tested on the basis of grain-size analysis of insoluble residues. If the
marl layer isreworked, then the grain size should be coarser than the Mén-
dez marl below. However, if the marl layer represents settling of finesfrom
thewater column, then the grain size should be fining upward from the top
of the siliciclastic deposit. Table 3 shows granulometric data for various
lithologic layers. These data show that the mean grain-size distribution of
the Maastrichtian thin marl layer (4.95 mm) is similar to (though dlightly
lower than) the mean grain size of the Velasco shale (6.56 mm) above and
the Méndez marl (6.63 mm) below, as well as the mean grain size of the
sandy limestone layer within unit 1 (5.9 mm, Table 3). In contrast, the un-
derlying rippled sandy limestone layer and sand layers of unit 3 and the
sands of unit 2 have grain sizes that range from 8.92 to 10.85 mm. These
granulometric data suggest a similar normal hemipelagic environment for
deposition of the thin marl layer above the siliciclastic deposit, as for the
Velasco shale and the Méndez marl. A comparison of the grain-size spec-
trum as atest for the reworking hypothesis also hasits limitations; e.g., if
significant diagenesisis present, as may be the case in the zeolite-enriched
layers. However, these limitations seem to have been overlooked by Smit et
al. (1994c), who used grain-size analysis of the Brazos River section to
claim areworking origin for the marl layer below the K/T boundary.

Geological Society of AmericaBulletin, April 1997

We conclude that of the six criteriatested for a reworking origin of the
thin marl layer abovethe siliciclagtic deposit, none show conclusive support
for or against the reworking hypothesis.

K/T Boundary

Figures 6 and 7 show stratigraphic ranges of planktic foraminiferain the
Mulato and Parida sections, which are similar to the trans-K/T stratigraphy
of the Lgillasection (Lopez-Oliva and Keller, 1996). In each of these sec-
tions 50% to 66% of the Maastrichtian species disappear simultaneoudly at
the top of the thin Méndez marl layer. In addition, six to nine Tertiary
species simultaneously appear at the base of the overlying Velasco shale.
This major faunal change between Cretaceous and Tertiary assemblages
marks the globally recognized K/T boundary, although a hiatus is present.
For example, a El Mulato, the K/T boundary ismarked by the s multaneous
appearance of 9 Danian species (Chiloguembelina crinita, C. waiparaensis,
\Wbodringina hornerstownensis, W. claytonensis, Globanomalina taurica,
Parvularugoglobigerina eugubina, P. longiapertura, Globoconusa conusa,
and Igorina spiralis; Fig. 6), whereas at Parida (Fig. 7), 6 Tertiary species
simultaneoudly first appesar (G. conusa, E. edita, E. fringa, P. eugubina, Sub-
botina pseudobulloides, and Globoconusa daubjergensis), and at Lgilla, 11
Tertiary species simultaneously appear (Lopez-Oliva and Keller, 1996).
This sudden change and the simultaneous appearance of many Tertiary
species, which are known to evolve sequentially over thefirst [00to 150 k.y.
of the Tertiary, indicate ahiatus. A hiatusis also suggested by the high rela-
tive abundance of Danian species at their initial occurrencein all four sec-
tions examined and here shown for El Mulato and La Paridain Figures 8
and 9 (seeKeller et al., 1994b, for El Mimbral relative abundances). Newly
evolving speciesare generaly rareat their initial appearancesand only later
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Figure9. Relative abundances of planktic foraminiferaacrossthe Cretaceous-Tertiary transition at La Parida. Notethat therelative species
abundanceswithin thethin marl layer between the K/T boundary and siliciclastic deposit aresimilar or greater than speciesabundancesin the
M éndez mar| below and suggest nor mal hemipelagic sedimentation prior to the K/T event.

develop populations with numerous individuals; for this reason, high rela
tive abundances of species at their initial appearance are generally inter-
preted as strong support for a hiatus or condensed interval.

The time interval missing at this hiatus can be estimated from key
foraminiferal index species. In each of the sections examined, zone Plain-
dex taxa, P. eugubina and P. longiapertura, and severa speciesthat first ap-
pear within zone Plaare present in the basal Tertiary Velasco shale. Thisin-
dicates a short hiatus with zone PO and varying parts of the lower part of
zone Pla(Plal) missing in all three sections, as also observed at El Mim-
bral (Figs. 4 and 5A). It is possible that uppermost Maastrichtian sediments
were aso eroded at this hiatus, although this cannot be determined with the
present stratigraphic resolution. A K/T boundary hiatus, or condensed in-
terval, has been observed in K/T sections worldwide (MacL eod and Keller,
19914, 1991b).

TABLE 1. WHOLE-ROCK ANALYSIS

TABLE 2. CLAY-MINERAL ANALYSIS

Unit Zeolite  Chlorite Mica lllite- Chlorite-

(%) (%) (%) smectite smectite
(%) (%)
Velasco Formation 0.5 47 35 11 7
Maastrichtian thin marl layer 2 32 46 15 5
Unit 3 rippled sandy limestone 3 39 35 16 7
Unit 3 silt-shale layers 0 30 18 41 11
Unit 3 sandstone layers 2 41 42 12 3
Unit 2 massive sandstone 0 37 43 17 0
Unit 1 spherule-rich layers 0 40 19 22 18
Unit1S.S.L. 0 39 37 15 9
Unit 1 marl layers 0 19 18 54 9
Méndez Formation 0 40 35 25 1

Note: Average clay-mineral compositions for El Pefion, El Mulato, and La Lajilla
sections (in percent of the size fraction <2 mm) for the marls of the Méndez Formation,
three units and subunits of the siliciclastic deposit, the thin late Maastrichtian marl layer
overlying the siliciclastic deposit, and the early Paleocene Velasco Formation. Number
of samples analyzed for each layer is indicated in Table 3.

TABLE 3. GRAIN-SIZE ANALYSIS

Unit Calcite Quartz Phyllosilicate Plagioclase Unit Samples Grain size

(%) (%) (%) (%) (no.) Median Mean
Velasco Formation 35 21 36 8 Velasco Formation 12 5.6 6.56
Maastrichtian thin marl layer 53 9 34 6 Maastrichtian thin marl layer 5 3.98 4.95
Unit 3 rippled sandy limestone 36 28 22 15 Unit 3 rippled sandy limestone 6 8.14 9.2
Unit 3 silt-shale layers 31 22 36 11 Unit 3 silt-shale layers 17 5.56 7.08
Unit 3 sandstone layers 39 28 16 17 Unit 3 sandstone layers 19 9.01 10.85
Unit 2 massive sandstone 34 31 19 16 Unit 2 laminated sandstone 13 7.09 8.92
Unit 1 spherule-rich layers 64 10 20 6 Unit 1 spherule-rich layers 10 12.6 14.12
Unit1S.S.L. 43 24 23 10 Unit1 S.S.L. 3 4.5 5.9
Unit 1 marl layers 38 13 41 8 Unit 1 marl layers 11 7.92 7.92
Méndez Formation 48 15 30 8 Méndez Formation 18 6.63 6.63

Note: Average whole-rock compositions for marls of the Méndez Formation, three
units and subunits of the siliciclastic deposit, the thin late Maastrichtian marl layer
above the siliciclastic deposit, and the early Paleocene shales of the Velasco
Formation. Number of samples anlayzed for each layer is indicated in Table 3.

Note: Average grain-size spectra, and samples analyzed, for El Pefion, El Mulato,
La Lajilla, and El Mimbral for marls of the Méndez Formation, three units and sub-
units of the siliciclastic deposits, the thin late Maastrichtian marl layer overlying the
siliciclastic deposit, and the early Paleocene Velasco Formation.
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Los Ramones: Species Ranges of Planktic Foraminifera
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Figure 10. Stratigraphic ranges of planktic foraminifera at L os Ramones (A) and Rancho Nuevo (B). Note the presence of P. hantkeninoides

below the clastic deposit indicatesthat deposition occurred during thelast 170-200 k.y. of the M aastrichtian.

trichtian age deposited at or before K/T boundary time (Stinnesbeck et al.,
1993, 1994&; Keller et d., 1993a, 1993b, 19944, 1994b). Until now, however,

Age of Siliciclastic Deposits

it has been impossible to bracket the time interval during which deposition

What is the relationship of the siliciclastic deposits to the K/T boundary

event? The presence of Maastrichtian and absence of Danian planktic

took place. Thisis now possible with the new Plummerita hantkeninoides

zone, which spansthelast 170-200 k.y. of the Maastrichtian (chron 29R be-

foraminiferaleaves no doubt that the siliciclastic sediments are of Maas-
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Figure 11. Stratigraphic ranges of planktic foraminifera at El Pefion (A) and La Sierrita (B). Note the presence of P. hantkeninoidesjust be-

low the clastic deposit indicatesthat deposition occurred during thelast 170-200 k.y. of the Maastrichtian.

low theK/T boundary at Agost; Pardo et d., 1996). Indl but one(Mulato) of ~ K/T boundary (Figs. 4 and 7). Moreover, in each of the sections examined
where the siliciclastic deposit surfaces with no overlying Tertiary sediments
(e.g., Ramones, Rancho Nuevo, Pefion, Sierrita; Figs. 10 [A and B] and 11

ten Mexican K/T sequences examined to date, P. hantkeninoides is present
below, within, or often above the siliciclastic deposits, but always below the
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[A and B]), P. hantkeninoidesis present in the 0.2 m to 1.0 m of Méndez
marls below the siliciclastic deposits. Thisindicates that deposition of this
member occurred sometime within the last 170-200 K.y. of the Maastricht-
ian. Because the dliciclastic deposit rests on an undul ating erosional surface
of Méndez marl, one would expect variable erosion and hence avariable
thickness of this zone. However, the well-constrained presence of P. hant-
keninoidesbelow thesiliciclastic depositsin al sections suggeststhat erosion
was minor and that the onset of siliciclastic deposition could have occurred
asearly as150k.y. beforethe K/T boundary (lower part of P. hantkeninoides
zone). Figure 12 shows the stratigraphic correlation of the four most com-
plete K/T sections in northeastern Mexico. Although siliciclastic deposits
vary inthicknessfrom afew centimetersto severa meters, al were deposited
within the P. hantkeninoides zone and are thus correl ative.

Siliciclastic deposition appears to have terminated some time before the
K/T boundary event asindicated by the presence of thethin (5-10 cm) marl
layer above the siliciclastic deposit at the Lgjilla, Mulato, and Parida sec-
tions. Inthe absence of any evidence of reworking, we suggest that this marl
layer represents normal hemipelagic sedimentation which resumed at least
some thousands of years before the K/T boundary event.

EL MIMBRAL Il

(Edge of channel)

LONG-TERM DEPOSITION—THE SMOKING GUN
Case of theBurrows

Abundant burrows present at thetop of the siliciclastic deposit were orig-
inaly interpreted by Smit et al. (1992, 19944, 1994b) as originating from
overlying Tertiary organismsthat burrowed downward, and by Stinnesbeck
et a. (1993, 1994) and Keller et a. (1994b) as resident Maastrichtian bur-
rowers. However, neither argument was conclusive. With new evidence of
burrowing within the siliciclastic deposits, the depositional nature can now
be clarified.

The siliciclastic deposits of northeastern Mexico have been described in
detail in severa publications, including Smit et &. (1992), Stinnesbeck et al.
(1993, 1996), Longoria and Grajales Nishimura (1993), and Keller et al.
(199443). Threelithologic units are generally recognized as shown for the El
Pefion | section along with burrowed intervals and disconformities
(Fig. 13A). Thebasd unit 1 consists of a spherule-rich 65-75-cm-thick fri-
ableinterval of dternating laminae of clay and cacite spherulesthat is ap-
parently unbioturbated. Within this unit is a 20-cm-thick well-cemented
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Figure12. Lithologic and biostratigraphic correlation of the four most continuous K/T boundary sectionsin northeastern Mexico. Note that
thethree units (U-1, U-2, U-3) of the siliciclastic deposits can be correlated over 250-300 km. In three out of the four sectionsa Maastrichtian
mar| layer overliesthe sliciclastic deposits, suggesting that normal hemipelagic sedimentation resumed prior to the K/T boundary. R.S.L.—

rippled sandy layer, SL.L.—sandy limestone layer.
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sandy limestonelayer (Fig. 12) that in many sectionsisbounded by discon-
formities and that contains few graded spherules at the base and top. Unit 1
is the most exotic of the three units with its abundant spherules and rare
glass. The chemical composition of the glass is similar to that of glass
spherulesfrom Beloc, Haiti, and suggeststhe same origin, whether volcanic
or impact (see Koeberl, 1994; Lyonset a., 1992; Robin et al., 1994).

Unit 2 is a sandstone that disconformably rests upon unit 1 and consists
of texturally and compositionally homogenous sediments with little evi-
dence of primary sedimentary structures. In some sections, the basal part
has alternating fine and coarse-grained laminae. Spherule-filled burrows of
crabs or other crustaceans are present in the laminated lower part of unit 2
as shown for El Pefion in Figure 13B, and these burrows are truncated by
the overlying sand layers. Ekdale and Stinnesbeck (1997) interpreted these
burrows as having been excavated as open burrows following deposition of
thefirst sand layers and then filled with spherules, scoured and overlain by
more unit 2 sand. The presence of these burrows indicates a hiatus in sedi-
mentation long enough to alow burrowers to colonize the substrate, fol-
lowed by deposition of the massive sandstone of unit 2. Thus, deposition of
unit 2 was from multiple events and could not have occurred over a period
of hoursto days.

Unit 3 disconformably overlies unit 2 and consists of alternating sand,
silt, and shale beds topped by oneto several rippled sandy limestone layers
(Figs. 12and 13A). Fine-grained layers contain typical Maastrichtian plank-
tic foraminiferal assemblages, which suggest periods of normal hemipeda
gic sedimentation (Keller et a., 1994a, 1994b). Two distinct layers are en-
riched in zeolites and suggest aglass precursor (Keller et ., 1994a; Adatte
etal., 1994, 1996). Unit 3isheavily burrowed by agroup of deposit feeders
(e.g., Ophiomorpha, Chondrites, Zoophycos, Planolites, and Thalassi-
noides) that represent permanent or semipermanent col oni zation of the sub-
strate. A detailed discussion of these burrows and burrowing organismsis
provided by Ekdale and Stinnesbeck (in press). At least three discreteinter-
vals of bioturbation were observed in two rippled sand beds of the upper
part of unit 3 and at thetop of unit 3 (Fig. 13, C-E). In somebioturbated lay-
ers, Chondrites and (separately) Ophiomorpha are truncated by overlying
sand beds. Sediment infilling of borrowsin the topmost bioturbated layer of
unit 3 contain exclusively late Maastrichtian foraminifera. This suggests
that they wereinfilled prior to deposition of the overlying Tertiary shales of
theVelasco Formation. Burrowing evidence thusindicates that the sands of
unit 3 were deposited episodically and interrupted at least three times by
successive episodes of colonization by invertebrates.

Bioturbation isthusthe“smoking gun” that disproves the short-term im-
pact-generated tsunami scenario for the siliciclastic deposits of northeastern
Mexico. However, the discovery of multiple horizons of bioturbation also
throws doubt on current aternative depositiona scenarios such asaturbidite
triggered by animpact-generated tsunami or earthquake (Bohor and Better-
ton, 1993), or the sea-level regression-transgression scenario (Stinnesbeck
eta., 1993; Kdler et d., 1994a). No satisfactory scenario exists to explain
the unusua siliciclastic deposits. It is possible that they represent several
tsunamis or unusual storm beds over a period of time, as suggested for the
Brazos River clastic deposit by Yancey (1995).

TIMING OF IMPACT—OR IMPACTS?

It is often assumed, largely on the basis of the presence of glass, that the
siliciclagtic deposits of northeastern Mexico represent the globally recog-
nized K/T boundary (impact) event. We caution that this may not be the
case. Itisgeneraly agreed that glassfrom Mimbra, Haiti, and Chicxulubis
of similar chemical composition (e.g., Smit et a., 1992; Swisher et al.,
1992; Koeberl and Sigurdsson, 1992; Stinnesbeck et al., 1993; Koeberl et
al., 1994) and hence probably the same origin. A consensus seems to be
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Figure 13. (A) Lithostratigraphy of the Pefion | section with biotur-
bated intervals and disconformities marked. Scale isin meters. (B)
Close-up of spherule-filled burrow truncated by scour and overlying
sand, near the base of unit 2 at El Pefion. Burrowsof thisnatureare 0.5
to 1.5 cm in diameter and 6 to 10 cm long. (C) Chondrites burrows ex-
posed on bedding planeswithin unit 3 at El Pefion. (D) Vertical shaftsof
Chondrites burrows some of which aretruncated by scour and overly-
ing sand, within unit 3 at El Pefion. (E) Ophiomorpha bur rows exposed
on bedding planeswithin sandstone near top of unit 3 at L os Ramones.
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emerging that the origin of the glassis abolide impact near Chicxulub, Yu-
catan; however, there are still some concerns that a volcanic origin cannot
be excluded, as some authors have argued (for a discussion of the pros and
cons of this argument, see Koeberl, 1994; Lyons et al., 1992; Robin et al .,
1994; Leroux et a., 1995). Whether impact or volcanic origin, it appears
safe to assume that the same event produced the glass at dl three locations.

The next obvious question isthe timing of this event. Was the glass pro-
duced by the K/T boundary impact, as generally assumed? Jéhanno et al.
(1992) and Leroux et d. (1995) suggested that the glassin the Beloc (Haiti)
section may have originated from a second event that preceded the K/T
boundary. They based their argument on the 25-30-cm-thick carbonate-rich
layer that stratigraphically separates the spherule layer from the overlying
Ir anomaly, and peak abundance of Ni-rich spinels, which are associated
with the globally recognized K/T boundary. Shocked quartz hastwo distinct
pesk distributionsin the Beloc section, one at the K/T boundary and one be-
low, at the top of the spherule-rich layer. Thus, Jéhanno et al. (1992) and
Leroux et al. (1995) suggested the possihility of two events, oneimpact and
the other impact or volcanic. Evidence from the northeastern Mexico sec-
tions seems to support their observations and may provide some time con-
straints for the depositional age of the pre-K/T event. In these sections, the
stratigraphic position of the glass-bearing spherulelayer isat the base of the
siliciclastic deposit and separated from the K/T boundary by multiple event,
episodic, and long-term deposition (e.g., bioturbation). Stratigraphic control
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Figure 13. (Continued).

suggeststhat this deposition occurred sometime during thelast 100-150k.y.
of the Maastrichtian, but ended at least severa thousand years before the
K/T boundary. A stratigraphic age estimate of glass deposition within the
last 150 k.y. of the Maastrichtian iswell within the age uncertainties of the
4OAr/39Ar ages measured from two glasses from Mimbral, which yielded
65.05+ 0.30 Maand 65.09 + 0.45 Ma (Swisher et d., 1992).

Chicxulub—A Pre-K/T Event?

4OAr/39Ar ages of between 65.2 + 0.4 Ma and 64.98 + 0.05 Mafor melt
rock of andesitic composition benesth brecciasfrom Chicxulub coresand a
mean age of 65.01 + 0.08 Mafor glass from Mimbral and Haiti are fre-
quently quoted as evidence for aK/T boundary age of the Chicxulub struc-
ture (Sharpton et a., 1992; Swisher et ., 1992). Although these ages sug-
gest that the measured glassin all three locations is probably coeval, as
supported by geochemical compositions, they provide no age resolution for
distinguishing two events that may have occurred within less than 100 k.y.
of each other.

Our investigation suggests that there may have been two closely spaced
events at K/T boundary time: aglobal (impact) event at the K/T boundary
that is marked by mass extinctions, an iridium anomaly, and spindls, and a
second Caribbean event preceding the boundary event by a minimum of
severd tens of thousands of years and a maximum of 150 k.y. The earlier
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Caribbean event produced abundant glass and shocked quartz (Beloc), but
no iridium anomaly or spinels (Smit et al., 1992; Stinnesbeck et a., 1993,
Leroux et al., 1995). Which of these eventsis represented at Chicxulub?
Geochemical studies of Mimbral, Beloc, and Chicxulub glasses have
yielded very similar compositions, leading to the conclusion that they have
the same origin (1zett, 1990; Jéhanno et al., 1992; Smit et al., 1992; Lyons
and Officer, 1992; Koeberl, 1993; Koeberl et a., 1994). On the basis of
these studies, the Chicxulub structure should have been produced by the
earlier, pre-K/T event.

There is some stratigraphic evidence for a possible pre-K/T age of the
Chicxulub structure (Ward et a., 1995). For example, in well C1, Lopez
Ramos (1973, 1983) reported 180 m of interbedded shales, marls, and lime-
stones containing a well-developed Maastrichtian age foraminiferal fauna
overlying the breccia unit. Ward et al. (1995) suggested, on the basis of
electric-log correlations, that only about 18 m of these Maastrichtian sedi-
ments may be true marls and limestones. Nevertheless, their presence sug-
geststhat brecciaemplacement may have preceded the K/T boundary event,
although this must till be confirmed by micropaeontological analysis.

DISCUSSION AND CONCLUSIONS
The critical questions to be answered in deciphering the sequence of

events across the K/T boundary in Mexico are: Where, stratigraphically, is
the K/T boundary and mass extinction?What isits stratigraphic relationship

to the brecciaand siliciclastic deposits?What isthe nature and tempo of sili-
ciclastic deposition; isit single event or multiple events? What is the Strati-
graphic relationship of these deposits to the Chicxulub event? In the previ-
ous sections we presented evidence in answer to each of these questions. In
some cases, the new evidence fundamentally alters previous concepts and
interpretations of siliciclagtic depositionin Mexico (e.g., short-term tsunami
deposition over hours or daysis disproved), and in others, reevauation of
current K/T-impact scenarios on Yucatan are called for (e.g., Chicxulub
structure may represent a second pre-K/T event). Major findings of this
study are discussed and summarized below.

Siliciclastic deposits predate the K/T boundary. The globally recognized
K/T boundary, Ir anomaly, and associated mass extinction of planktic
foraminifera are stratigraphically above and separated by athin marl layer
from the siliciclastic depositsin three of four sections examined in north-
eastern Mexico (Lajilla, Mulato, Parida; Figs. 6, 7, 12). Wefind no evidence
of reworking in thismarl layer and suggest that it represents the resumption
of normal hemipelagic sedimentation prior to the K/T boundary. A similar
stratigraphic sequence of siliciclastic depositsor brecciasfollowed by marls
preceding the K/T boundary has been observed in sections from Texas to
Brazil (Fig. 14, Keller and Stinnesbeck, 19964). For example, the K/T
boundary and Ir anomaly in the Brazos River sections are 15-20 cm above
the clastic deposit (Jiang and Gartner, 1986; Kdller, 1989); in Beloc, Haiti,
they are 25-30 cm above the spherulelayer (Jéhanno et d., 1992; Leroux et
al., 1995); at Bochil, southern Mexico, they are 1 m abovethe breccia(Mon-
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Figure 14. Stratigraphy and lithology of K/T boundary sections from Brazosin Texas, Mimbral and Mulato in northeastern Mexico, Beloc
in Haiti, Bochil in Chiapas, and Poty in Brazil. Notethat in each of these sectionsthe K/T boundary iswell defined by a clay layer (except north-
eastern Mexico sections), which contains anomaloudly high iridium concentrations, and thefirst Tertiary planktic foraminifera appear imme-
diately aboveit. In each section, thesiliciclastic or breccia deposits are well below the K/T boundary and separated from it by claystone, marl,
or limestone layer sthat indicate that normal hemipelagic sedimentation resumed beforethe K/T boundary event. These dataindicatethe pres-
ence of two events: a K/T boundary impact event associated with high iridium concentrations, and a pre-K/T event associated with glass.
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tanari et a., 1994); and in Brazil, they are 70 cm above the breccia (Stin-
nesbeck and Keller, 1994; 1995). In theYucatan Chicxulub well C1, at least
18 m of Maastrichtian limestones may overlie the breccia (Ward et al .,
1995). Thus, diliciclastic deposition prior to the K/T boundary in northeast-
ern Mexico is consistent with aregiona pattern of siliciclastic and breccia
deposits.

There was episodic deposition of siliciclastic sediments. Siliciclastic de-
positsin northeastern Mexico contain indisputable evidence of bioturbation
indicating repeated colonization by invertebrates (Ekdale and Stinnesbeck,
1994, in press; thisstudy). In addition, discrete and correl atableintervalsen-
riched in zeolites, and marl and shale layers indicate normal hemipelagic
sedimentation. All of these point to episodic, multiple-event deposition over
an extended time period. Moreover, Yucatan breccias may also represent
multiple event deposition, if aboulder origin can be excluded for the lime-
stone and dolostone layers within breccias of Yucatan wellsY2,Y 4, andY 6
(Ward et a., 1995).

Were there two impact events? K/T sectionsin Texas, Mexico, Haiti, and
Brazil have clearly marked K/T boundaries, on the basis of biostratigraphic
and geochemical criteriathat identify thisboundary inthe El Kef stratotype
and worldwide (Fig. 14). In each of these sections, only the K/T boundary
ismarked by an iridium anomaly and mass extinctions. No elevated Ir con-
centrations have been found in the siliciclagtic or brecciadeposits. However,
these deposits are characterized by glass that is stratigraphically below the
K/T boundary (northeastern Mexico sections, Haiti [Beloc], Chicxulub
wells). The stratigraphic separation of the K/T boundary and siliciclastic
and breccia deposits and the evidence of long-term deposition of the silici-
clagtic deposits suggest the presence of two events: one at the K/T boundary
and the second (Chicxulub event?) within the last 100-150 k.y. of the
Maeastrichtian.

Mass extinction is associated with K/T boundary event. The mass extinc-
tion in planktic foraminiferathat eliminated al tropica and subtropicd Cre-
taceous speci es coincided with the globally recognized K/T boundary event,
as also observed in the presence of this mass extinction above the siliciclas-
tic depositsin northeastern Mexico (Figs. 6-9). Few species disappeared a
or below the base of the siliciclastic deposit that marks the pre-K/T event.
However, asmuch as 12% of pre-K/T speciesextinctionsand amajor decline
in relative abundance of tropica and subtropica taxaduring thelast 300 k.y.
of the Maastrichtian have been observed (Keller, 1988, 1996; Pardo et al.,
1996). Thesefaunal changesare generaly attributed to thelatest M aastricht-
ian maximum cooling (Barreraand Keller, 1994; Barrera, 1994) and sea
level lowstand about 300 k.y. before the K/T boundary, followed by rapid
warming and sea-level transgression during thelast 50-100 k.y. of the Maas-
trichtian (Schmitz et al., 1992; Keller et ., 1993b; Keller and Stinnesbeck,
1996b; Pardo et al., 1996). It is possible that these faunal changes may, in
part, be related to the second pre-K/T boundary event.
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