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Abstract

High-resolution and quantitative planktic foraminiferal biostratigraphy from two SE Mexico stratigraphic sections (Bochil,
Guayal) shows that the Chicxulub-related Complex Clastic Unit (CCU) is synchronous with the ejecta-rich airfall layer and the
Cretaceous/Paleogene (K/Pg) catastrophic mass extinction horizon in the El Kef (Tunisia) and Caravaca (Spain) sections. The
lowermost Danian H. holmdelensis subzone (=Biozone P0) was identified in both sections in a thin dark clay bed just above the
CCU, proving that such bed is chronostratigraphically equivalent to the K/Pg boundary clay of the El Kef stratotype. These new
micropaleontogical data confirm that the K/Pg impact event and the Chicxulub impact event are the same one. This contradicts the
suggestion by others that the Chicxulub impact predated the K/Pg boundary by about 300 ka.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The 65 Ma-old Cretaceous/Paleogene (K/Pg) mass
extinction appears to have been a catastrophic event
related to the aftermaths of a ∼10 km-diameter asteroid
impact [1,2]. Dust and fine ejecta covered the atmo-
sphere and were deposited slowly, probably over months
or a few years, forming a millimeter-thick airfall layer
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worldwide [3,4]. This layer contains evidence of the
meteoritic impact including: an iridium anomaly, side-
rophile trace elements in chondritic proportions, osmium
and chromium isotope anomalies, microdiamonds,
nickel-rich spinels, shocked quartz, and altered micro-
tektites [5–8]. It is placed at the basal part of a dark clay
bed commonly called the “K/Pg boundary clay”, which
was deposited during a global decrease in ocean pro-
ductivity after the meteorite impact [9]. The K/Pg
boundary was formally defined at the base of this dark
clay in the K/Pg Global Stratotype Section and Point at
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El Kef (Tunisia), i.e., at the base of the airfall layer
containing the impact material [10,11], and coincides
with the planktic foraminiferal catastrophic mass
extinction [5,12]. According to that definition, all the
impact material overlies the K/Pg boundary and the
lithological unit containing this material is consequently
Danian in age.

The K/Pg boundary impact site was located in the
northern Yucatan Peninsula (Mexico) [13] after recog-
nition of a ∼180 km-wide crater, whose center lies
below the small town of Puerto Chicxulub [14]. Impact
sequences in boreholes drilled within the Chicxulub
crater are characterized by impact melt and suevite
breccias. Those were dated with the 40argon/39argon
method to be approximately 65 Ma [15,16], supporting
a genetic link between the Chicxulub impact and the
K/Pg boundary. The genetic links between the ejecta and
the crater are also indicated by the isotopic compositions
of the glass [17] or shocked zircons dating [18]. In Gulf
of Mexico and Caribbean sections, the K/Pg sequence
outside the crater is represented by a characteristic im-
pact material-rich Complex Clastic Unit (CCU). The
chemical composition of fresh impact glass fragments
from the CCU at Beloc (Haiti) and El Mimbral (NE
Mexico) is similar to that of the Chicxulub melt rock,
indicating that the three sequences are genetically re-
lated [19]. Those impact glasses were also dated as
65.07±0.1 Ma, based on the 40Ar/39Ar method [16].
However, isotopic dating commonly has a margin of
error which does not provide enough resolution to test
whether there is an exact coincidence in time between
the Chicxulub impact and the K/Pg extinction event.

As a result, the high resolution of planktic foraminif-
eral biozones has been used to pinpoint the age of the
Chicxulub impact. Based on this method, some scientists
have argued that the Chicxulub impact occurred about
300 ka before the K/Pg boundary [20]. According to their
“ultraimpactist” scenario, the K/Pg crater has yet to be
found, and Chicxulub is just one of the several impact
events that arose across the K/Pg boundary over a period
of 400 ka. This controversial hypothesis contradicts the
detailed Ir profile for 10 Ma across the K/Pg boundary
performed at Gubbio (Italy), where only one Ir anomaly
was identified right at the boundary [21], in addition to
micropaleontological and sedimentological evidence
frommost continuous Tethyan sections, such as Caravaca
(Spain) and El Kef, which indicate only one impact event
[5,12,22].

Much research has shown that Chicxulub has an
age corresponding to the K/Pg boundary, including
multidisciplinary studies in Mexican and Caribbean
CCUs [11,23–27]. Nevertheless, no continuous K/Pg
sections have been discovered yet in those areas. Based on
high-resolution planktic foraminiferal biostratigraphy,
two recognizable hiatuses were identified in sections
from northern Mexico and Cuba, at the uppermost
Cretaceous and the lowermost Paleocene [28–30]. Re-
cently, the Yaxcopoil-1 well was drilled within the
Chicxulub crater to determine its role in the K/Pg event.
However, the presence of two similar hiatuses (affecting
the upper part of the Maastrichtian and the lower part of
the Danian) has raised a debate, since some researchers
continue claiming that Chicxulub is not K/Pg in age [31],
in disagreement with other investigators [32,33]. Detailed
analysis of continuous marine K/Pg sections rich in
planktic foraminifera near the impact site will help to
resolve the controversy.

In this study, a micropaleontological and sedimento-
logical analysis to establish if the Chicxulub event co-
incides with the planktic foraminiferal mass extinction
and the K/Pg boundary is conducted. A high-resolution
planktic foraminiferal biostratigraphical analysis at the
K/Pg Bochil and Guayal sections was performed for the
first time, and correlated to those obtained from the El
Kef and Caravaca sections.

2. Location and sedimentological setting

The studied sections in this work are located in
southeastern Mexico. The Bochil section (17°00′43" N,
92°56′50" W) is located in the State of Chiapas, about
9 km northeast from the town of Bochil, whereas the
Guayal section (17°32′39" N, 92°36′80" W) is located
in the State of Tabasco, about 60 km southeast of the
City of Villahermosa. Both outcrops provide good ex-
posures across more than 100 m and are two of the most
representative southern Mexican K/Pg sections, rela-
tively close to the Chicxulub crater (Fig. 1). There, the
CCU is sandwiched between two pelagic formations
rich in planktic foraminifera: the underlying Jolpabuchil
Formation (Campanian–Maastrichtian) and the overly-
ing Soyaló Formation (Paleocene).

The Chicxulub impact influenced strongly the
sedimentary processes across the Gulf of Mexico and
Caribbean regions. That event triggered intensive seis-
mic activity and giant tsunamis that destabilized the
continental margins and deposited CCUs in deep-water
environments [11,27,30,34,35]. The thickness, lithology
and sedimentology of those clastic deposits depend on
their distance from the Chicxulub crater, their deposi-
tional environment (depth of deposition), and the origin
of their allochthonous material (from the shelf and upper
slope). Stratigraphic data from numerous southern Mex-
ican sections and wells indicate that the local CCU has a



Fig. 1. Geographic and paleogeographic location of the K/Pg Bochil and Guayal stratigraphic sections and the Chicxulub crater (1: Bochil section; 2:
Guayal section).

243I. Arenillas et al. / Earth and Planetary Science Letters 249 (2006) 241–257
thick accumulation of coarse- and fine-grained carbon-
ate breccias overlain by calcareous sandstones and fine
ejecta [36,37].

The local CCU at Bochil and Guayal is a fining-
upward sedimentary succession that can be subdivided,
from base to top, into four distinct subunits [37]. Sub-
unit 1 consists of a very coarse-grained carbonate brec-
cia that grades to fine grained carbonate breccia; large
limestone blocks up to 2 m in diameter are common in
the basal part. Subunit 2 is a fine-grained calcareous
breccia and coarse-grained calcareous sandstone mixed
with scarce impact materials (e.g., shocked quartz,
altered microtektites); the limestone fragments are only
a few centimeters in diameter. Subunit 3 consists of very
fine-grained yellow rippled sandstone and siltstone rich
in ejecta constituents including shocked mineral phases,
and distinctive accretionary lapilli at Guayal. Finally,
Subunit 4 is a thin yellow–red shaly layer that represents
the finest ejecta. This layer has a distinctive Ir anomaly,
1.5 ppb at Bochil and 0.8 ppb at Guayal [36,38].

A dark clay bed overlies the CCU at both Bochil and
Guayal sections, and marks the base of the Soyaló
Formation (Fig. 2). At Bochil, this bed is 6–8 cm thick
with centimeter-intercalated layers of greenish-gray
clays and reddish shales. At Guayal, it is a 3–4 cm
thick dark greenish-gray clay with interbedded reddish
shales in millimeter layers.

Sedimentological analyses suggest that the Bochil
and Guayal CCUs represent a single graded, high-den-
sity flow deposit probably accumulated in hours, days or
weeks, and partially reworked by megatsunami currents
[26,39]. The allochthonous calcareous material of those
CCUs was derived mainly from the adjacent Chiapas–
Tabasco Platform. Limestone blocks contain common
rudist and coral fragments, and reworked benthic larger
foraminifera such as Chubbina. Microfacies identified
in the lithoclasts of carbonate breccias are typical of
three depositional environments: inner plaform, plat-
form margin, and deep-water settings [37]. Only one
horizon of bioturbation was identified in the Bochil and
Guayal CCUs, corresponding with its uppermost centi-
meters (e.g., small isolated Zoophycos at Guayal, and
Chondrites with a patched pattern at Bochil). This
finding agrees with a period of low sedimentation rate
after the rapid deposition of these CCUs, indicating
bioturbation by Danian organisms. This horizon may be



Fig. 2. (A) Field photographs of details of the K/Pg boundary clay bed and uppermost CCU subunits (3 and 4) at the Guayal (left) and Bochil (right)
sections; (B): Polished-section of the uppermost 5 cm of the CCU and the lowermost 4 cm of the Soyaló Formation at Guayal. At both sections, the Ir-
anomalous Subunit 4 is immediately below the dark clay.
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correlated with the bioturbated horizon of the top of
CCU in some K/Pg sections from northeastern Mexico
[11] and Yaxcopoil-1 drill hole [32,33].

3. Planktic foraminiferal data

3.1. Methods

Sixty two samples at Bochil and sixty samples at
Guayal across the critical K/Pg boundary interval were
collected for micropaleontological analysis. The upper
part of the CCU and the lowermost Danian stratigraphic
interval were sampled at high-resolution, i.e., at centime-
ter-intervals (see Tables 1–3). The clay andmarly samples
were processed using standard disaggregating technique
employing diluted H2O2. The remaining more lithified
samples were processed using a technique recently pro-
posed [40], which includes sample disaggregation in a
solution with 80% acetic acid and 20% H2O. All samples
were dried at ≤50 °C, and sieved into 38–63 μm and
≥63 μm size fractions. In the Bochil section, except for
the CCU, a split ofN300 planktic foraminiferal specimens
from ≥63 μm size fraction was picked from each
Maastrichtian and Danian sample, using an Otto splitter.
In the Bochil CCU andGuayal section, there were too few
planktic foraminifera in the sample for quantitative
studies. To find very infrequent species, the residue of
all samples in size fractions larger than 38 and 63 μmwas
intensively scanned. Specimens were identified, sorted,
and fixed on a standard 60-square micropaleontological
slide.

3.2. Biozonations and Biochronology

The Maastrichtian and Danian Biozonations and
Biochronology are based on previous planktic foramini-
feral zonations and biochronological analysis for the
middle and lower latitudes [22,41–45]. The rapid evolu-
tion and diversification of planktic foraminifera after the
K/Pg mass extinction provides very high-resolution
zonations in the lowermost Danian. Thismakes it possible
to subdivide the standard biozones, i.e., Guembelitria
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cretacea, Parvularugoglobigerina eugubina and Para-
subbotina pseudobulloides zones [46], into several
subbiozones [22]. The Guembelitria cretacea zone
was subdivided into the Hedbergella holmdelensis and
Parvularugoglobigerina longiapertura subzones; the
Parvularugoglobigerina eugubina zone into the Parvu-
larugoglobigerina sabina and Eoglobigerina simplicis-
sima subzones; and the Parasubbotina pseudobulloides
zone into the the Eoglobigerina trivialis and Subbotina
triloculinoides subzones. The highest stratigraphic re-
cords of Abathomphalus mayaroensis and Plummerita
Fig. 3. Comparison of the planktic foraminiferal zonation used in this paper w
and stratigraphic data on several index species.
hantkeninoides, and the lowest stratigraphic records of
Parvularugoglobigerina longiapertura, Parvularugoglo-
bigerina eugubina, Eoglobigerina simplicissima, Para-
subbotina pseudobulloides and Subbotina triloculinoides
were the key biohorizons used to define the base of the
different subzones such as what is shown in Fig. 3. The
Fig. 3 also shows the Maastrichtian planktic foraminiferal
biozonation used here [44], and the comparisonwith other
biozonations [41,43,45].

The biostratigraphic interval between the K/Pg
boundary and the first record of Danian species was
ith other biozonations, the estimated ages of the biozonal boundaries,
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used to define the first, lowermost Danian planktic
foraminiferal zone named P0 [5]. This biozone corre-
sponds to the H. holmdelensis subzone [22], and spans
the lower part of the K/Pg boundary clay bed at El Kef
and other Tethyan sections. A recent biomagnetostrati-
graphic calibration at complete and very expanded
Spanish sections such as Caravaca, Agost and Zumaya
has made possible to estimate the age of the first ap-
pearance of the Danian index species and to calibrate the
zonal boundaries [22]. The estimated ages of the
biozonal boundaries are shown in Fig. 3. For example,
the estimated duration of the H. holmdelensis subzone
(=P0 Zone) is approximately 6 ka, which is shorter than
the estimated duration for the K/Pg boundary clay
deposition, about 10 ka, based on the near-constant flux
of extraterrestrial helium-3 [47]. According to those
biochronological data, the deposition of the 1–3 mm-
thick ejecta layer at the El Kef stratotype (where the H.
holmdelensis subzone spans 50 cm) occurred in an in-
stantaneous geological time period [22].

3.3. Biostratigraphy and quantitative studies

The planktic foraminiferal assemblages in the upper-
most 20 cm of autochthonous Maastrichtian marls
(Jolpabuchil Formation) at Bochil are quite diverse and
include 59 species (Table 1). The assemblages belong to
the Planoglobulina acervulinoides subzone (upper part
of the Gansserina gansseri zone). Likewise, the upper-
most 14 m of autochthonous Maastrichtian limestones at
the Guayal section contain 45 planktic foraminiferal
species (Table 3) belonging to the Racemiguembelina
fructicosa subzone (uppermost part of the G. gansseri
zone). These data indicate a relevant erosional hiatus
linked to the sudden emplacement of the CCU that
affected the Upper Maastrichtian sediments (Fig. 3).

Isolated Maastrichtian planktic foraminiferal speci-
mens were identified in the CCU of both sections,
mainly in the breccia matrix of Subunit 1 and in the
sandstone of Subunit 3 (Tables 1 and 3). Due to the
allochthonous characteristics of the CCU material, we
believe that all grains in the breccia matrix or in the
sandstone are reworked, including the foraminiferal
specimens. The age of emplacement of the CCU will be
pointed out by its youngest microfossils among other
evidence. Nevertheless, since the CCU at Bochil and
Guayal only contain reworked microfossils, this strati-
graphical interval cannot be assigned to any biozone,
therefore it is included in a Barren Interzone (Fig. 4).

At Bochil and Guayal, the four lowermost Danian
subzones (which span about the first 60 ka after the K/Pg
boundary) were identified just above the CCU in the
basal part of the Soyaló Formation. The thickness of
these subzones at Bochil and Guayal are shown and
compared with those of El Kef and Caravaca sections in
Fig. 4. The H. holmdelensis subzone (=Biozone P0) is
5 cm-thick at Bochil and 3 cm-thick at Guayal, and
contains oligotaxic assemblages composed mainly by
Guembelitria cretacea and G. trifolia, as well as H.
holmdelensis, H. monmouthensis and other possible
Upper Maastrichtian survivors such as Heterohelix
globulosa. This subzone is only slightly thinner than
the dark bed clay (6–8 cm-thick at Bochil and 3–4 cm-
thick at Guayal). The P. longiapertura subzone is
70 cm-thick at Bochil and 17 cm-thick at Guayal, and
includes species such as Parvularugoglobigerina long-
iapertura, Globoconusa alticonusa, Globoconusa
fodina, G. cretacea, Woodringina claytonensis and
Woodringina hornerstownensis. The P. sabina subzone
is 80 cm-thick at Bochil and 35 cm-thick at Guayal, and
contains species such as Parvularugoglobigerina eugu-
bina, Parvularugoglobigerina sabina, P. longiapertura,
G. alticonusa, G. fodina, G. cretacea, W. claytonensis,
W. hornerstownensis. Finally, the E. simplicissima
subzone is 90 cm-thick at Bochil and 45 cm-thick at
Guayal, and contains species such as Eoglobigerina
simplicissima, E. eobulloides, P. eugubina, G. fodina,
Globonomalina archeocompressa, Chiloguembelina
morsei, W. claytonensis, W. hornerstownensis. These
biostratigraphic data suggest that the lower Danian sed-
imentation rate at Guayal is similar to the one recorded
at Caravaca (Fig. 4), whereas the sedimentation rate at
Bochil is intermediate between the one of Caravaca and
the one of El Kef [22]. The earliest Danian planktic
foraminiferal evolutionary pattern was also documented
at Bochil and Guayal (Tables 2 and 3), showing that the
basal part of the Danian is continuous at both sections.

Quantitative studies in Spanish and Tunisian sec-
tions, such as Zumaya, Caravaca, Agost, El Kef, Aïn
Settara or Elles, identified three planktic foraminiferal
acme stages (PFAS 1–3) in the lower Danian related to
the staged recovery of environmental conditions after
the K/Pg boundary impact event [12,48–50]. The
Bochil section is very rich in foraminifera, allowing a
quantitative study of the lower Danian planktic fora-
miniferal assemblages (Table 2). The three acme stages
were also identified at Bochil (Fig. 5): PFAS 1, domi-
nated by Guembelitria, PFAS 2, dominated by Parvu-
larugoglobigerina and Globoconusa species, and PFAS
3, dominated by Woodringina and Chiloguembelina
species. The Fig. 5 shows a comparison of relative
abundance of planktic foraminiferal groups and acme
stages (PFAS) in the lowermost part of the Danian at
the Bochil and El Kef sections. The evolution of the



Fig. 4. Stratigraphic and biostratigraphic correlations of the El Kef, Caravaca, Bochil and Guayal sections, including the planktic foraminiferal
zonations, thickness of each biozone in the four sections, key lithological beds across the K/Pg boundary, and thickness of the CCU subunits. At El
Kef and Caravaca, the “K/Pg boundary clay” includes the Ir-anomalous shaly layer (airfall layer) and the dark clay. The dark clay bed is ≈100 cm
thick at El Kef, 10–12 cm thick at Caravaca, 6–8 cm thick at Bochil, and 3–4 cm thick at Guayal.
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planktic foraminiferal assemblages is similar in both
sections suggesting that the lower Danian micropaleon-
tological record at Bochil is as complete as at El Kef and
other Tethyan sections.

4. Discussion

Using planktic foraminiferal biostratigraphic data
from several sections in Mexico, Guatemala, Belize, and
Haiti some authors [20] have suggested an impact
multievent scenario in which three impact events hap-
pened across the K/Pg boundary. The first one, related to
the CCU deposition and consequently the Chicxulub
impact event, occurred about 300 ka before the K/Pg
boundary. The second impact event corresponds to the
well-known K/Pg event whose crater, according to those
authors, is unknown. A third impact event occurred
about 100 ka after the K/Pg boundary. This hypothesis
contradicts the theory supported by most researchers
that concluded, after analyses on these same sections
and others (in USA and Cuba), that only one significant
impact event is recorded in the Gulf of Mexico and
Caribbean, and happened in coincidence with the K/Pg
boundary [11,27,29,30,35,37,51–57].

The authors supporting the impact multievent hy-
pothesis reported preliminary studies of the Bochil



Fig. 5. Comparison of relative abundance of planktic foraminiferal groups and acme stages (PFAS) in the lowermost part of the Danian at Bochil and
El Kef. The planktic foraminiferal assemblage turnovers are similar at both sections, although the sedimentation rates are different. The thick line at El
Kef corresponds to the 1–3 mm-thick airfall layer, which is chronostratigraphically equivalent to the Bochil CCU. The lithological patterns are similar
to what are indicated in the legend of Fig. 4.
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section as an example that supports their interpretation
[20,58,59]. Nevertheless, the age estimated by them for
the Bochil CCU as well as their lithostratigraphic
descriptions and sedimentological interpretations have
changed over time. Firstly, they suggested that the
breccia deposits equivalent to the CCU at Bochil are pre-
K/Pg in age by considering that the uppermost meter of
the CCU contains P. hantkeninoides and consists of
“normal” Maastrichtian hemipelagic sand and shales
deposited below the Ir-anomalous horizon [58]. Later,
they proposed that this stratigraphical interval consists of
brown shales and shaly marls containing planktic
foraminiferal assemblages of the early Danian Subzone
P1c [59]. Consequently, the Danian Biozones P0, P1a
and P1b would be missing at Bochil, and the Ir-anom-
alous horizon would be the record of an early Danian
impact event (Fig. 3 shows the correlation of their
Danian biozonation [43] with the one used in the present
paper). Finally, they suggested that the Ir anomaly, and
consequently the early Danian impact event, is not in the
Subbiozone P1c but in the Subbiozone P1a(1) [20]. This
last suggestion was based on earliest Danian planktic
foraminiferal species found in a “marly” level within the
uppermost meter of the CCU. This interval was then re-
described as a microconglomerate with altered spher-
ules, bioturbated at the top, and placed below the Ir
anomaly. Others also studied the Bochil and Guayal
sections, concluding on the contrary that the Chicxulub-
linked CCU is K/Pg in age [36–38]. Which is therefore
the correct interpretation? Is it possible to utilize planktic
foraminiferal data (high-resolution and quantitative
biostratigraphy) to establish precisely the emplacement
age of the CCU at Bochil and Guayal, and consequently
the age of the Chicxulub impact event?

The erosional hiatus, linked to the CCU deposition,
makes impossible to use the mass extinction biohorizon
as the K/Pg key chronostratigraphic marker in the Gulf
of Mexico and Caribbean sections [12,26,29,30]. Never-
theless, there are two ways to unravel this chronological
problem at Bochil and Guayal using planktic forami-
niferal data. The first one is to analyze the reworked
planktic foraminiferal specimens in the CCUs, because
it allows us to find out the latest age of the materials
eroded and accumulated in these units. The second one
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is to analyze the micropaleontological record of the
materials directly overlying CCUs, because the identi-
fication of the K/Pg boundary clay overlying the
Chicxulub-related CCUs would provide solid proof of
the age of the Chicxulub impact.

4.1. The Clastic Complex Unit

The CCU is also-called “K/Pg boundary cocktail”
because it includes a distinctive mixture of reworked
microfossils from different ages, impact-derived materi-
als, and heterogeneous lithic fragments [35]. Although
the reworked specimens cannot be used in biostrati-
graphic studies nor in the extinction pattern analysis,
they can be utilized for the biochronological interpreta-
tions of the age of the CCU emplacement. In the CCU of
the Bochil and Guayal sections (Tables 1 and 3), plank-
tic foraminiferal specimens such as Racemiguembelina
powelli, Contusotruncana contusa, Pseudotextularia
intermedia, Globotruncana linneiana, Contusotrun-
cana fornicata and Pseudoguembelina hariaensis were
identified. These last three species have biochronologi-
cal ranges that do not overlap in time (Fig. 3), indicating
that the planktic foraminiferal assemblages identified in
the CCUs are in fact reworked and mixed. The presence
of P. hariaensis suggests that part of the eroded car-
bonate rock is late Maastrichtian in age, since the first
appearance of P. hariaensis was approximately 1.8 Ma
before the K/Pg boundary [44,60]. Furthermore, re-
worked specimens of P. hantkeninoides have also been
identified in the Subunit 3 at Bochil [58]. The total range
of this species spans approximately the latest 300 ka of
the Maastrichtian [60], supporting the hypothesis that
uppermost Maastrichtian facies were eroded in this area
and accumulated in the local CCU. Such interpretation
is compatible with the one that suggests a K/Pg age for
the Chicxulub event.

Earliest Danian planktic foraminiferal species, inclu-
ding P. eugubina and P. longiapertura, have also been
reported from the CCU at Bochil in a “marly” level placed
5–8 cm below the Ir-anomalous horizon, suggesting an
early Danian age for this Ir anomaly [20]. Nevertheless,
despite an exhaustive search, Danian species were not
found in this level nor in any CCU sample at Bochil and
Guayal. Those earliest Danian planktic foraminifera in
Subunit 3 at Bochil could be infiltrated specimens by the
bioturbation (Chondrites) on the top of the CCU.

4.2. The lowermost Danian

The most useful way to recognize the K/Pg boundary
around the Gulf of Mexico is to identify the K/Pg
boundary clay and the deposits equivalent to the airfall
layer of El Kef, Caravaca and other continuous Tethyan
sections. But, is the dark clay overlying the CCU at Bochil
and Guayal equivalent to the K/Pg boundary clay? A
positive answer to this question has been obtained by
high-resolution planktic foraminiferal biostratigraphic
studies like those used at the El Kef and Caravaca
sections [12,22].

The lowermost centimeters of the dark clay bed at
Bochil and Guayal, overlying the CCU at both sections,
belong to the H. holmdelensis subzone (=Biozone P0)
(Fig. 3). These biostratigraphic data were verified after
identifying the typical oligotaxic planktic foraminiferal
assemblages of that subzone, containing a few surviving
Cretaceous species such as G. cretacea and H.
holmdelensis (Tables 2 and 3). The top of the H.
holmdelensis subzone is marked by the lowest strati-
graphic records of the first Danian species to appear
(Globoconusa alticonusa and Parvularugoglobigerina
longiapertura), and is placed in the dark clay several
centimeters above the CCU top (5 cm at Bochil, and
3 cm at Guayal).

The planktic foraminiferal acme stages shown in
Fig. 5, especially the PFAS 1, can be used to further
identify the K/Pg boundary clay and the continuity of
deep environment sections in the Danian basal part since
they do not involve problematic taxonomic assignments.
The K/Pg boundary clay at El Kef and Caravaca
contains a sudden bloom of opportunistic Guembelitria
species, which helped to describe the PFAS 1 that spans
a little more (the first 12–13 ka) than the K/Pg boundary
clay (Figs. 4 and 5). The assemblages identified in the
dark clay overlying the CCU at Bochil are also
dominated by guembelitrids (G. cretacea and G.
trifolia). This clay clearly belongs to the H. holmde-
lensis subzone (=Biozone P0) and PFAS 1, and is
equivalent to the K/Pg boundary clay described at the El
Kef stratotype.

Consequently, the thick Bochil and Guayal CCUs are
chronostratigraphically equivalent to the El Kef and
Caravaca millimeter airfall layers (Fig. 5), proving that
they were deposited in one instantaneous geological
event. The identification of the K/Pg boundary clay
overlying the Chicxulub-linked CCU at Bochil and
Guayal implies that this unit and the Chicxulub impact
event are indeed K/Pg in age. Such data contradict the
hypothesis that the Chicxulub impact event predates the
K/Pg boundary by about 300 ka, and provides strong
support that the K/Pg impact event and the Chicxulub
impact event are the same one. Furthermore, there is no
evidence at Bochil and Guayal for other impact events
across the K/Pg boundary.
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5. Conclusions

New detailed micropaleontological data from the
Bochil and Guayal sections (SE Mexico) prove that the
Chicxulub crater is precisely K/Pg boundary in age. The
first, lowermost Danian H. holmdelensis subzone was
identified in both sections in a dark clay bed just above
the Complex Clastic Units that are genetically related to
the Chicxulub impact. In addition, the Guembelitria
acme (PFAS 1) was identified at Bochil after analyzing
quantitatively the lowermost Danian planktic forami-
niferal assemblages.

As a result, the dark clay bed overlying the Ir-anom-
alous horizon at Bochil and Guayal is equivalent to the
K/Pg boundary clay, and the thick Clastic Complex Unit
is chronostratigraphically equivalent to the millimeter
airfall layer from the El Kef and Caravaca sections, at the
base of which the K/Pg boundary was formally defined.
The procedure described in this paper can be used to prove
the continuity of K/Pg sections and provide a very precise
biochronostratigraphic marker of the K/Pg boundary
across the Gulf of Mexico and Caribbean sections.
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Table 1
Relative abundance (in %) of the uppermost Maastrichtian planktic foraminife
CCU (BBr samples)

Species Samples (cm)

BK BK BK BK BBr BBr BBr

−15 −8 −5 −0 −8595 −7960 −6145

−20 −10 −7 −3 −8600 −7965 −6150

Guembelitria cretacea x 0.3 1.6
Gb. trifolia x x 0.3
Heterohelix planata 0.9 2.6 2.5 3.8
H. globulosa 39.7 40.6 41.6 38.9 x x x
H. pulchra 0.6 1.3 1.6 1.9 x
H. punctulata x 0.3 0.9 0.6
H. navarroensis 8.5 9.4 7.3 6.3 x
H. labellosa 9.1 5.2 8.5 8.9
Pseudotextularia nuttalli 1.3 1.0 0.9 0.3 x
P. elegans x x x x
P. intermedia x x
Racemiguembelina
powelli

x

Gublerina acuta x x x
G. cuvillieri x
Pseudoguembelina
kempensis

0.3 x x

P. palpebra x 0.3 x x
P. costulata 5.4 7.1 5.7 6.3
P. costellifera x x
P. excolata x x x x
P. hariaensis
Planoglobulina
acervulinoides

x x x

P. carseyae x x 0.3 x
P. riograndensis x x
P. multicamerata x x x
Globigerinelloides
yaucoensis

3.2 3.5 2.8 2.5 x

G. rosebudensis 0.3 0.3 0.9 0.3
G. prairiehillensis 7.6 8.1 4.7 3.8
G. volutus 5.4 2.6 3.8 3.2
G. subcarinatus x 0.3 0.9 0.6 x
Hedbergella
monmouthensis

3.2 2.9 5.4 4.1 x

H. holmdelensis 6.3 7.4 5.0 7.0 x x
Globotruncanella
havanensis

x 0.3 0.3 x

G. petaloidea x x 0.6 0.3 x
G. pschadae x x x
Archaeoglobigerina
cretacea

0.3 0.6 x 0.6

A. blowi x x 0.3
Rugoglobigerina rugosa 1.9 1.3 1.6 2.8 x
[60] L. Li, G. Keller, Diversification and extinction in Campanian–
Maastrichtian planktic foraminifera of northwestern Tunisia,
Eclogae Geol. Helv. 91 (1998) 75–102.
ral species at Bochil (BK samples), and species identified in the Bochil

BBr BBr BBr BBr BBr BBr BBr BBr BBr

−5815 −4931 −3540 −2881 −1765 −1235 −80 −5 −0

−5820 −4932 −3541 −2882 −1760 −1240 −85 −8 −3

x x

x
x x x

x x

x
x x x

x
x

x x x
x

x
x x

x

x x

x

x

x x x

x
x x

x

x
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Table 1 (continued )

Species Samples (cm)

BK BK BK BK BBr BBr BBr BBr BBr BBr BBr BBr BBr BBr BBr BBr

−15 −8 −5 −0 −8595 −7960 −6145 −5815 −4931 −3540 −2881 −1765 −1235 −80 −5 −0

−20 −10 −7 −3 −8600 −7965 −6150 −5820 −4932 −3541 −2882 −1760 −1240 −85 −8 −3

R. hexacamerata 0.6 x x 0.3 x
R. scotti x x x x x
R. pennyi x x x x x
R. macrocephala x x x x x
Globotruncana arca 1.6 1.6 1.6 1.9 x
G. aegyptiaca 0.3 0.6 0.3 0.6 x
G. linneiana x x x
G. orientalis x x x x
G. mariei 2.2 1.3 1.9 1.3 x x
G. falsostuarti x x x
G. bulloides x 0.3 x x
Globotruncanita stuarti x x x x x
G. stuartiformis x 0.3 x x x
G. insignis x x x x
G. fareedi 0.6 0.6 0.3 0.9 x
G. dupeublei x x x x
G. angulata x x
Contusotruncana contusa x x x
C. walfischensis x x
C. patelliformis 0.3 x x
C. fornicata x x x 0.3 x
C. plummerae 0.3 x x x
Gansserina

wiedenmayeri
x x

Abathomphalus
intermedius

x x x

Total picked specimens 317 310 317 316

The BK samples are numbered in cm from the K/Pg boundary downward. The BBr samples are numbered in cm from the top of the CCU downwards
(“x” indicates that the species was found in the sample after an intensive search). In addition to the 16 samples shown in the table, we analyzed another
11 samples, but none contained planktic foraminifera.
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Table 2
Relative abundance (in %) of lowermost Danian planktic foraminiferal species at Bochil (BP samples)

Species

BP BP BP BP BP BP BP BP BP BP BP BP BP BP BP

+0 +2 +4 +14 +24 +30 +33 +38 +45 +50 +65 +77 +85 +95 +100

+2 +4 +6 +16 +26 +32 +35 +40 +50 +55 +70 +82 +90 +100 +105

Parvularugoglobigerina
longiapertura

2.7 15.0 2.5 9.0 15.6 16.2 19.3 20.7 6.5 12.0 18.8 17.8 14.8

P. perexigua 2.7 5.8 2.5 3.7 3.9 3.2 5.6 3.6 35.0 24.7 11.1 18.4 12.9
P. umbrica 1.0 2.4 x 4.0 1.3 1.4 0.7 x x 1.5 0.3 x 0.3
P. eugubina 2.6 3.6 4.5
P. cf. hemisphaerica
P. sabina 0.9 0.7 x 1.7 3.3 2.4 0.7 0.6 4.1 2.4 2.3
Globoconusa alticonusa 3.7 17.9 10.5 28.0 42.7 34.4 5.6 8.4 1.6 2.7 7.6 3.6 5.5
G. fodina 1.7 6.8 8.3 11.7 7.5 25.7 24.8 22.5 18.6 16.3 7.6 10.9 11.9
G. minutula 2.3 2.9 4.9 4.0 4.6 3.8 12.7 16.5 22.9 16.0 7.0 3.9 9.0
G. extensa 1.3 x 0.3 0.3 0.9 x 0.6 0.6 1.8 1.3
G. cf. fringa 4.3 6.2 6.3 1.6 9.8 16.3 18.0 8.5 12.7 30.2 31.7 26.7
Eoglobigerina simplicissima
E. eobulloides
E. fringa
E. microcellulosa
E. praeedita
E. trivialis
Parasubbotina moskvini
P. pseudobulloides
Praemurica taurica
P. pseudoinconstans
Globanomalina
archeocompressa

G. imitata
G. planocompressa
Chiloguembelina morsei 0.7 0.3 1.3 2.4 1.5 2.1 2.3
C. midwayensis 0.3 0.9 0.7 3.3 0.6 0.3 1.3
Woodringina claytonensis 0.3 0.3 x x 0.3 0.6 x 0.6 x x x
W. hornerstownensis 1.8 0.7 x 0.3 0.3 1.2 1.3 3.3 1.2 0.6 1.0
Guembelitria danica 1.7 1.7 1.7 2.4 0.3 0.7 1.3 0.3 0.7 x x 0.3 0.9 0.3 1.6
G. irregularis x 1.3 1.7 1.8 1.0 1.3 x 0.7 0.9 0.3 0.6 0.6 0.3 0.6
G. cretacea 21.2 15.2 40.2 18.4 26.5 18.0 13.0 2.6 5.6 2.7 2.3 2.1 4.7 1.8 3.9
G. trifolia 11.0 22.4 34.2 20.3 32.9 8.3 7.2 0.3 2.3 0.6 0.3 0.3 0.6 0.3 0.3
Heterohelix planata 0.3 2.6 x 0.3
H. globulosa 34.6 22.8 4.0 1.9 x 0.3 x x 0.3 x
H. navarroensis 4.7 1.3 0.3
Pseudoguembelina costulata x 3.0
Globigerinelloides yaucoensis 1.2 5.0 0.7 0.5
G. prairiehillensis 2.0 4.6 0.3
G. volutus 2.6 5.3
G. subcarinatus 0.9
Hedbergella monmouthensis 6.7 4.0 2.0 0.5 x 1.0
H. holmdelensis 12.5 6.9 1.0 1.0 0.3 1.0 x 0.3
Other Cretaceous species 0.6 4.0
Total picked specimens 344 303 301 207 325 300 307 346 306 334 306 332 341 331 311
Guembelitria 34.0 40.6 77.7 41.1 61.5 28.0 22.8 3.2 9.2 4.2 2.9 3.3 6.7 2.7 6.4
Parvularugoglobigerina 6.3 23.2 5.8 17.3 20.8 22.5 28.8 26.6 42.2 38.9 37.0 42.3 34.7
Globoconusa 7.6 31.9 29.8 51.3 56.4 74.0 59.8 66.2 52.6 48.2 53.1 52.0 54.3
Chilog.+Wood. 2.2 1.0 x 0.3 1.6 3.0 3.3 9.6 3.2 3.0 4.5
Other Paleocene genera

The BP samples are numbered in cm from the top of the CCU upward (“x” indicates that the species was found in the sample after an exhaustive
search). In addition to the 31 samples shown in the table, we analyzed another four samples, but none contained planktic foraminifera.
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BP BP BP BP BP BP BP BP BP BP BP BP BP BP BP BP

+111 +118 +128 +135 +145 +155 +163 +173 +183 +192 +202 +212 +218 +228 +235 +240

+116 +123 +133 +140 +150 +160 +168 +178 +188 +197 +207 +217 +223 +233 +240 +245

13.5 14.2 4.8 7.3 10.4 7.6 20.0 1.9 2.6 0.6

14.1 16.0 9.7 19.7 7.4 8.2 11.5 0.9 0.7
x 0.3 x 0.3
5.0 6.6 5.1 4.8 7.0 12.0 17.0 13.4 10.5 16.1 9.0 10.0 2.5 1.9 2.6 1.6

x 0.3 0.3 0.6 0.3 0.3 0.7 x
2.1 3.8 2.4 4.8 2.7 6.4 5.8 5.9 3.9 2.6 2.5 2.9 2.0 0.6 2.0 1.6
7.1 7.5 14.2 8.3 10.7 16.9 9.1 13.8 3.9 5.8 3.1 2.3 1.1 1.3 2.0 1.0
14.7 10.7 18.0 15.6 13.7 17.5 11.2 9.1 7.8 4.5 1.6 0.6 1.1 1.0 1.0 1.0
5.6 10.1 12.1 4.1 8.7 3.5 4.5 5.9 5.6 5.1 0.6 1.9 0.6 0.6 1.7 1.0
0.3 0.3 1.1 1.0 x 0.3 1.5 0.6 x x x x x 0.6 0.7 0.3
24.1 23.6 18.0 17.5 20.4 14.6 10.6 16.3 8.8 8.0 4.0 7.1 3.6 3.2 4.3 3.0

0.3 0.3 0.9 1.0 0.6 0.6 1.3 1.4 2.2 1.7 1.6
0.3 0.9 0.9 0.3 0.6 0.6 0.6 0.6 0.6 x 0.3

0.3 x 1.0 0.7
0.3 0.6 0.3 0.3 1.0

x 1.3 0.3 0.6 1.3 1.3
0.3 0.3

0.6 3.2 0.6 3.2 3.0 2.0
1.0

2.6 x 1.3 1.0 1.6
1.3

1.2 1.5 0.9 0.7 1.0 0.6 2.9 x 0.6 1.3 0.3

0.3 0.3 x 0.3 0.9 1.3 0.6 0.3 0.7 x
0.3 x x 1.0 0.3 x

1.5 1.3 3.0 1.9 3.0 3.2 1.2 1.3 6.5 2.3 1.6 2.9 15.4 2.5 3.0 2.6
1.8 1.3 2.2 3.5 3.3 2.0 0.6 x 1.3 x 0.3 0.3 2.8 1.3 1.7 0.7
x 0.3 0.3 0.6 0.7 0.3 0.3 0.6 1.6 2.6 4.7 3.2 3.9 6.7 5.9 5.9
0.3 0.9 3.2 7.3 7.7 3.5 2.1 20.3 37.9 44.4 63.9 48.7 60.6 63.2 52.1 63.3
2.1 0.3 0.3 0.6 x x x x x 0.3 0.9 x 0.3 x 0.7 0.3
x 0.3 x 0.3 0.3 0.3 0.3 0.6 3.3 1.6 1.6 0.3 x 0.6 1.7 0.3
6.8 2.2 3.5 2.2 3.3 0.6 0.9 5.3 2.6 1.6 1.9 4.5 1.7 5.1 6.6 4.6
1.2 0.3 2.2 0.3 0.7 1.5 0.3 0.9 1.0 1.6 0.3 1.0 x 1.0 2.6 1.3

340 318 372 315 299 343 330 320 306 311 321 310 358 315 303 305
10.0 3.1 5.9 3.5 4.3 2.3 1.5 6.9 6.9 5.1 4.7 5.8 2.0 6.7 11.6 6.6
34.7 40.9 22.0 36.8 27.4 34.1 54.2 22.2 17.6 19.6 11.8 13.5 4.7 2.9 5.3 3.3
51.8 52.2 63.4 46.3 53.5 52.8 37.0 45.6 26.1 23.5 9.3 11.9 6.4 6.7 9.6 6.2
3.5 3.8 8.6 13.3 14.7 9.0 4.2 22.2 47.4 49.2 70.4 55.2 82.7 73.7 62.7 72.5

1.7 3.0 3.1 2.0 2.6 3.7 13.5 4.2 10.2 10.9 11.5
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Table 3
Species identified in the uppermost Maastrichtian (GK samples), CCU (GBr samples) and lowermost Danian (GP samples) at Guayal (“x” indicates that the species was found in the sample after an
intensive search)

Species Samples (cm)

GK GK GK GBr GBr GBr GBr GBr GBr GP GP GP GP GP GP GP GP GP GP GP GP GP GP

−195 −45 −0 3655 −2592 −1295 −1195 −610 −0 +0 +1 +3 +5 +19 +24 +45 +62 +67 +70 +75 +85 +90 +100

−200 −50 −3 −3660 −2600 −1300 −1200 −615 −3 +1 +3 +5 +7 +24 +32 +47 +67 +70 +75 +80 +90 +95 +105

Guembelitria cretacea x x x x x x x x x x
G. trifolia x x x x x
Heterohelix planata x x x
H. globulosa x x x x x x x x x x
H. pulchra x x
H. punctulata x x
H. navarroensis x x x x
H. labellosa x x x x x
H. postsemicostata x x
Pseudotextularia nuttalli x x x x
P. elegans x
P. intermedia x x x
Racemiguembelina powelli x x
R. fructicosa x
Pseudoguembelina kempensis x x x
P. costulata x x x x x
P. excolata x
P. hariaensis x x x
Planoglobulina acervulinoides x x
P. carseyae x x x
P. multicamerata x x x
Globigerinelloides yaucoensis x x x x
G. rosebudensis x
G. prairiehillensis x x x x x x
G. volutus x x x x x
Hedbergella monmouthensis x x x x x x x
H. holmdelensis x x x x x x x
Globotruncanella havanensis x x x
G. minuta x x x
Archaeoglobigerina cretacea x x
A. blowi x x
Rugoglobigerina rugosa x x x x
R. hexacamerata x x x x
R. scotti x x x
R. reicheli x x
Globotruncana arca x x x x
G. aegyptiaca x x x
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G. linneiana x x x x
G. mariei x x x x
G. falsostuarti x x
G. bulloides x x x
G. ventricosa x x
G. stuartiformis x x x
G. fareedi x
Contusotruncana contusa x x x
C. patelliformis x
C. fornicata x x x
C. plummerae x
Parvularugog. longiapertura x x x x x x x
P. perexigua x x x x x x
P. umbrica x x x
P. eugubina x x x x x x x x
P. cf. hemisphaerica x x
P. sabina x x x x x x x
Globoconusa alticonusa x x x x x x x x
G. fodina x x x x x x x
G. minutula x x x x x
G. extensa x x
G. cf. fringa x x x x x x x x
Eoglobigerina simplicissima x x x
E. eobulloides x
E. microcellulosa x
E. praeedita x
Parasubbotina moskvini x
P. pseudobulloides x
Praemurica taurica x
P. pseudoinconstans x
Globanomalina archeocompressa x x x
Chiloguembelina morsei x x x x x
C. midwayensis x x x
Woodringina claytonensis x x x x
W. hornerstownensis x x x x x x x x
Guembelitria danica x
G. irregularis x x x x x

The GK samples are numbered in cm from the K/Pg boundary downward. The GBr samples are numbered in cm from the top of the CCU downward. The GP samples are numbered in cm from the top
of the CCU upward. In addition to the 23 samples shown in the table, we analyzed another 31 CCU samples and 6 lowermost Danian samples, but none contained planktic foraminifera.
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