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ABSTRACT: Deep-sea sections in the North Atlantic are claimed to contain the most
complete sedimentary records and ultimate proof that the Chicxulub impact is
Cretaceous-Tertiary boundary (KTB) in age and caused the mass extinction. A multi-
disciplinary study of North Atlantic DSDP Sites 384, 386 and 398, based on high-
resolution planktonic foraminiferal biostratigraphy, carbon and oxygen stable isotopes,
clay and whole-rock mineralogy and granulometry reveals the age, stratigraphic
completeness and nature of sedimentary disturbances. Results show a major hiatus across
the KTB at Site 384 with Zones CF1, PO and Pla missing, spanning at least ~540 ky,
similar to other North Atlantic and Caribbean localities associated with tectonic activity

and Gulf Stream erosion. At Sites 386 and 398, discrete intervals of disturbed sediments
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with mm-to-cm-thick spherule layers have previously been interpreted as the result of
impact-generated earthquakes at the KTB destabilizing continental margins prior to
settling of impact spherules. However, improved age control based on planktonic
foraminifera indicates spherule deposition in the early Danian Zone Pla(2) (upper
Parvularugoglobigerina eugubina Zone) more than 100 ky after the KTB. At Site 386,
two intervals of white chalk contain very small (<63 pum) early Danian Zone Pla(2)
assemblages (65%) and common reworked Cretaceous (35%) species. In contrast, the in
situ red-brown and green abyssal clays of this core are devoid of carbonate. In addition,
high calcite, mica and kaolinite and upward-fining are observed in the chalks, indicating
downslope transport from shallow waters and sediment winnowing via distal turbidites.
At Site 398, convoluted red to tan sediments with early Danian and reworked Cretaceous
species represent slumping of shallow water sediments as suggested by dominance of
mica and low smectite compared to in situ deposition. We conclude that mass wasting
was likely the result of earthquakes associated with increased tectonic activity in the
Caribbean and the Iberian Peninsula during the early Danian well after the Chicxulub

impact.

KEYWORDS: late Maastrichtian; early Danian; KTB; hiatus; mass wasting; Chicxulub

impact spherules
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For more than 30 years, a bolide impact (Chicxulub) on the Yucatan Peninsula
has been popularly accepted as the direct and sole cause for the Cretaceous-Tertiary
boundary (KTB, also known as KPg for Cretaceous-Paleogene) mass extinction 66
million years ago (e.g., Alvarez et al., 1980; review in Schulte et al., 2010). This
conclusion is largely based on the claim of complete and continuous sedimentation with a
thin impact spherule layer precisely at the KTB in various deep-sea sections of the North
Atlantic (Bass River, New Jersey, Blake Nose ODP Site 1049, Demerara Rise ODP Site
1259), providing the ultimate proof that the Chicxulub impact is KTB in age (MacLeod et
al., 2007; Martinez-Ruiz et al., 2001; Norris et al., 1998, 1999; Olsson et al., 1997). Mass
wasting deposits in some North Atlantic deep-sea sections (Bermuda Rise DSDP Site
386, Vigo Seamount DSDP Site 398) are interpreted as additional supporting evidence of
the effects of the Chicxulub impact, such as downslope displacement and reworking of
Cretaceous sediments just prior to spherule deposition followed by reportedly
undisturbed Danian sediments (Klaus et al., 2000; Norris and Firth, 2002; Norris et al.,
2000).

The underlying assumptions in these studies are that the Chicxulub impact
occurred precisely at the KTB, the spherules represent primary impact fallout and the
sections are complete. However, high-resolution quantitative faunal analysis from North
Atlantic and Caribbean sites (Bass River, Sites 999, 1001, 1049, 1050, 1259) revealed a
major KTB hiatus and impact spherules reworked within early Danian Zone Pla deposits
(Keller et al., 2013), similar to earlier observations reported from Cuba, Haiti, Belize,
Guatemala and SE Mexico, along with multiple Platinum Group Elements (PGE: Ir, Pd,

Pt) anomalies (Keller, 2008; Keller et al., 2001, 2003a, 2013; Stinnesbeck et al., 1997;
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Stiiben et al., 2002, 2005). This pattern of erosion was attributed to intensified Gulf
Stream current circulation during times of significant climate and sea-level changes
(Keller et al., 1993a, 2003a, 2013; Watkins and Self-Trail, 2005). In contrast, in the more
complete sequences of NE Mexico and Texas, thick impact spherule layers are
interbedded in late Maastrichtian Zone CF1 sediments up to 9 m below the KTB, an
interval that is generally missing in the North Atlantic due to erosion (Adatte et al., 1996;
Keller et al., 2002, 2003b, 2009, 2011a; Schulte et al., 2003).

Within this context, the mass wasting deposits described from the North Atlantic
and their relationship, if any, to the Chicxulub impact are intriguing. As evident from
earlier studies, impact spherules are easily reworked and frequently redeposited in lower
Danian sediments. Therefore, the sole presence of impact spherules does not represent
primary deposition and is not indicative of the age of the impact. High-resolution
quantitative planktonic foraminiferal biostratigraphy is critical to determine the age and
completeness of the sedimentary record.

Mass wasting along the North Atlantic slope could have resulted from
earthquakes associated with Chicxulub impact or from tectonic activity, which was
particularly active in the Caribbean and the Iberian Peninsula during the late Cretaceous
to early Paleogene (e.g., Boillot and Capdevilla, 1977; Burke, 1988; Duncan and
Hargraves, 1984; Malfait and Dinkelman, 1972; Meschede and Frisch, 1998; Pindell and
Barrett, 1990; Pindell and Dewey, 1982; Pindell and Kennan, 2001; Réhault and
Mauffrey, 1979). To date, the North Atlantic margin collapse, though attributed to the

Chicxulub impact by some workers, remains little understood particularly with respect to
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the age of the disturbance, the location of the KTB, the stratigraphic position of impact
spherules, and the roles of the Chicxulub impact and tectonic activity.

This study set out to examine the potential causes of the western North Atlantic
margin disturbance based on DSDP Sites 384 and 386 and comparison with DSDP Site
398 off the coast of Portugal (Fig. 1). The main objective is to gain a better understanding
of the nature of these disturbances based on improved age control and faunal and
mineralogical data. We hypothesize that the Chicxulub impact is the likely cause if
impact spherules are precisely at the KTB and continuous sedimentation can be
demonstrated. However, if sedimentation is discontinuous due to hiatuses and impact
spherules are reworked above the KTB, then tectonic activity must be considered. Our
investigation concentrates on (1) high-resolution quantitative planktonic foraminiferal
biostratigraphy to assess the age and depositional environment, (2) carbon and oxygen
stable isotope analysis as additional tool for stratigraphic correlation and environmental
information, (3) whole-rock and clay mineralogy to evaluate the origin of sediments, and
(4) granulometric analysis to assess the sedimentary processes involved. DSDP Sites 384,
386 and 398 were chosen because they are considered among the most complete KTB
sections and/or representative of mass wasting deposits associated with the Chicxulub

impact (Norris and Firth, 2002; Norris et al., 2000; Thierstein and Okada, 1979).

LOCATIONS AND MATERIALS

DSDP Site 384 is located at a water depth of 3909 m in the western North

Atlantic on the J-Anomaly Ridge where it emerges above the Sohm Abyssal Plain and the
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continental rise south of the Grand Banks (Fig. 1, Table 1). The high carbonate content
(~90%) marks deposition well above the carbonate compensation depth (CCD) (Tucholke
and Vogt, 1979b). Upper Maastrichtian and lower Danian sediments (core sections 12-6
to 13-6) consist of tan to white, mottled and weakly laminated nannofossil chalk and ooze
(Fig. 2). The KTB was identified at 167.93 m below the surface (mbsf) in core-section
13-3, 33 cm) at a lithologic change from tan to gray chalk (Berggren et al., 2000) (Fig. 2).
DSDP Site 386 was drilled at a water depth of 4782 m on the central Bermuda
Rise in the western North Atlantic, about 140 km south-southeast off Bermuda (Fig. 1,
Table 1). Sediments in core-sections 35-3 to 35-5 generally consist of red-brown abyssal
clay and silt, except for two discrete white chalk beds (upper chalk: 636.65-637.80 mbsf;
lower chalk: 638.05-638.95 mbsf) that are separated by 15-cm-thick green clay (637.90-
638.05 mbsf) with a 5-cm-thick altered impact glass spherule layer on top (Fig. 2). The
red-brown and green clays are laminated. The base of each chalk bed is also laminated
followed by mottled, weakly laminated to structureless sediments at the top (Fig. 2).
Norris et al. (2000) placed the KTB at the top of the upper chalk bed at 636.68 mbsf
(core-section 35-4, 18 cm) (an early Danian age was determined for the chalk beds in this
study, Fig. 2). Paleodepth reconstruction places Site 386 below the CCD (Tucholke and
Vogt, 1979b). Chalk deposition is interpreted as the result of either a drastic drop in the
CCD in the late Maastrichtian (e.g., Barrera and Savin, 1999; Tucholke and VVogt, 1979b)
or mass wasting from shallower depths (Norris and Firth, 2002; Norris et al., 2000).
DSDP Site 398 was drilled at a water depth of 3910 m on the southern extent of
Vigo Seamount in the eastern North Atlantic, about 160 km off the west coast of the

Iberian Peninsula (Fig. 1, Table 1). Sediments in core-section 41-2 generally consist of
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laminated red calcareous siltstones separated by strongly mottled and disturbed red to tan
nannofossil chalk that marks a slump with convolute structures (795.55-796.20 mbsf, Fig.
2). At the top of this disturbed unit, there is a weakly laminated white nannofossil chalk
(795.40-795.55 mbsf) with a reported 1-mm-thick spherule layer on top (Norris and Firth,
2002), which was not observed in this study. A 5-cm-thick laminated red clay overlies the
white nannofossil chalk and is followed by the return to normal red calcareous silt
sedimentation (Fig. 2). Previous studies variously placed the KTB in core-section 41-2,
42 cm (Norris and Firth, 2002), core-section 41-3, 40 cm (laccarino and Premoli Silva,

1979) and core-section 41-6, 40 cm (Sigal, 1979) (Fig. 2).

METHODS

DSDP samples were obtained from the Bremen Core Repository (BCR) at the
University of Bremen, Germany. For each deep-sea core (Sites 384, 386 and 398), 1 cm®
samples were sampled at 10 cm intervals through the late Maastrichtian-early Danian
transition. To avoid down-core contamination, samples were taken from the central
portion of the cores. A total of 100 samples were collected and analyzed for the three
sections.

Planktonic Foraminifera: In the laboratory, samples for paleontological analyses
were processed following the procedure described by Keller et al. (1995). Samples were
soaked overnight in 3% hydrogen peroxide solution to oxidize organic carbon. After
disaggregation of sediment particles, the samples were washed through >63 um and >38

um sieves to obtain clean foraminiferal sample residues. Washed residues were oven
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dried at 50 °C. Quantitative species analyses were performed for Sites 386 and 398 based
on aliquots of 250-300 specimens in the 38-63 um fraction and >63 pum fraction,
respectively, with the remaining sample residue examined for rare species
(Supplementary Tables 1, 2). At Site 384, biostratigraphic analysis was based on
presence or absence of index species to assess the age of the sequence. All specimens
were identified and mounted on microslides for a permanent record.

Stable Isotopes: Measurements were performed on whole-rock samples at
Princeton University (PU) and at the University of Lausanne (UNIL), Switzerland. At the
PU laboratory analyses were performed for Sites 384 and 386 with a GasBench II
preparation device connected to a Sercon 20-22 continuous flow isotope ratio mass
spectrometer (IRMS). Stable carbon and oxygen isotope ratios are reported in the delta
notation as the permil (%o) deviation relative to the Vienna Pee Dee belemnite standard
(VPDB). Precision and accuracy were monitored by measuring in each run aliquots of the
NBS-19 international standard and VTS internal laboratory standard. The precision (1c)
was better than +0.1%o for §°C and +0.2%o for 5'®0 (Supplementary Tables 3, 4). At the
UNIL laboratory, analyses were performed for Site 398 with a Thermo Fisher Scientific
(Bremen, Germany) GasBench Il connected to a Thermo Fisher Scientific Delta Plus XL
IRMS, in continuous He-flow mode. Analytical uncertainty (2c) monitored by replicate
analyses of the international calcite standard NBS-19 and the laboratory standard Carrara
Marble was better than +0.05%o for 8*3C and +0.1%o for 50 (Supplementary Table 5).
The results between laboratories were checked for comparability, and are

indistinguishable within the analytical errors.
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Whole-rock mineralogy was determined for Sites 386 and 398 by X-ray
diffraction (Xtra ARL Diffractometer) at the UNIL laboratories, based on procedures
described by Kibler (1987) and Adatte et al. (1996). The semi-quantification of whole-
rock mineralogy was based on XRD patterns of random powder samples (about 800 mg
of each rock powder were pressed in a powder holder covered with a blotting paper and
analyzed by XRD) by using external standards with an error between 5 and 10% for the
phyllosilicates and 5% for grain minerals (Supplementary Tables 6, 7). Clay mineralogy
was based on methods described by Kibler (1987). XRD analyses of oriented clay
samples were made after air-drying at room temperature and ethylene-glycol solvated
conditions. The intensities of selected XRD peaks characterizing each clay mineral
present in the size fraction <2 um (chlorite, mica, kaolinite, smectite and illite-smectite
mixed-layers) were measured for a semi-quantitative estimate (Supplementary Tables 8,
9). Therefore, clay minerals are given in relative percent abundance without correction
factors. Content in swelling (% smectite) was estimated using Moore and Reynolds
(1989) methods.

Granulometry was determined for Sites 386 and 398 on whole-rock, after organic
matter removal, at the UNIL laboratories. Whole-rock samples were washed and then
treated with 35% hydrogen peroxide in a water bath at 50°C to remove organic matter.
Clay destruction was avoided by a regular pH control (pH 7-8). A dispersal agent (Na-
hexametaphosphate) was added to the samples, which were then shaken during 12 hours
before analyzing. Grain size measurements were performed using laser diffraction
(Malvern Mastersizer 2000, Hydro 2000S module) and the Fraunhofer approximation

(Supplementary Tables 10, 11).
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BIOSTRATIGRAPHY

High-resolution quantitative planktonic foraminiferal biostratigraphy is a very
powerful tool for relative age dating and to assess the continuity of sediment deposition,
based on both presence or absence of biozone index species, total assemblages, relative
species abundances, and abrupt onset or termination of species populations. Previous
studies of Sites 384, 386 and 398 based age control solely on select rare planktonic
foraminifera and calcareous nannofossil species, which lack the high resolution necessary
to assess the age and completeness of the records. In this study, we apply the Cretaceous
foraminiferal (CF) biozonation of Li and Keller (1998a), the Danian biozonation of
Keller et al. (1995, 2002a) and the time scale of Gradstein et al. (2004) (Fig. 3). The KTB
is identified based on the two defining criteria: the mass extinction of all tropical and
subtropical planktonic foraminifera species and the evolution of the first Danian species
almost immediately after the mass extinction. The KTB-supporting criteria include the

8"3C shift and iridium anomaly (Keller, 2011, and references therein).

DSDP Site 384, western North Atlantic

The tan to white weakly laminated nannofossil chalk contains abundant
planktonic foraminifera and no indication of major disturbance or mass wasting. The late
Maastrichtian interval spans Zones CF4, CF3 and CF2 (Fig. 4). Zone CF4 is defined by
the interval between the base (B) of Racemiguembelina fructicosa (Plate I, Fig. 2) at the

base and the base of Pseudoguembelina hariaensis at the top (Plate I, Figs. 3-4). Based

10
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on magnetostratigraphy of South Atlantic DSDP Site 525A, this zone spans from the
lower part of C31N to the middle of C30N or about 1.37 my (66.99-68.36 Ma, based on
Gradstein et al., 2004, Fig. 3). However, at Site 384 Zone CF4 (171.50-173.50 mbsf)
ends in C30R (Larson and Opdyke, 1979) correlative with an abrupt negative shift in
8"3C and §'®0 values. The absence of the upper part of Zone CF4 in C30N and the abrupt
change in stable isotopes mark a major hiatus at the CF4/CF3 transition spanning about
800 ky (Figs. 3, 4). A hiatus at the CF4/CF3 transition is commonly observed worldwide
coincident with a change from cool to warm climate (Madagascar, Abramovich et al.,
2002; Argentina, Keller et al., 2007; Tunisia, Li et al., 2000) and a major sea-level fall
~67 Ma (Haq, 2014; Haq et al., 1987).

The overlying Zone CF3 is defined as the interval from the base (B) of P.
hariaensis to the top (T) of Gansserina gansseri (Plate I, Figs. 5-6). This interval spans
from the middle C30N to the base of C29R or about 1.21 my (Fig. 3). At Site 384, Zone
CF3 (169.00-171.50 mbsf) ends at the C30N/C29R boundary suggesting another hiatus
with the uppermost part of CF3 (upper C30N) and lower part of CF2 (lower C29r)
missing (Fig. 4). This CF3/CF2 hiatus coincides with maximum global cooling near the
end of the Maastrichtian, a major sea-level fall and widespread erosion observed
worldwide (e.g., Madagascar, Abramovich et al., 2002; Indian Ocean, Keller, 2003, 2005;
Egypt, Keller and Pardo, 2004; Keller et al., 2002c; Argentina, Keller et al., 2007; North
Atlantic, Keller et al., 2013).

Zone CF2 spans the interval from the T of Gansserina gansseri near the base of
C29R to the B of Plummerita hantkeninoides, with an estimated duration of 120 ky (Fig.

3). At Site 384, Zone CF2 is represented in core 13-3 (168.10-169.00 mbsf) (Fig. 4). The

11
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last Maastrichtian Zone CF1, which encompasses the total range of the index species P.
hantkeninoides (estimated duration 160 ky) ending with its extinction at the KTB, is
absent at this site. (Note that the 160 ky duration is based on the KTB at 65.5 Ma,
whereas in previous studies an age of 300 ky was estimated based on the KTB at 65 Ma).
Some authors explained the absence of P. hantkeninoides in the North Atlantic as a result
of ecologic exclusion (e.g., Blake Nose; Norris et al., 1999). Although P. hantkeninoides
IS most common in the eastern Tethys Ocean, it is also recorded in Spain (Apellaniz et
al., 1997; Pardo et al., 1996), southern France and Austria (Font et al., 2014; Punekar et
al., 2015), Demerara Rise (Keller et al., 2013; MacLeod et al., 2007) and Brazil (Gertsch
et al., 2013). Thus, the absence of P. hantkeninoides at Site 384 indicates a major hiatus
that truncates the top of the Maastrichtian in Zone CF2 near the base of magnetochron
C29R with overlying sediments in C29n (Fig. 4). Similar erosion of the topmost
Maastrichtian, frequently including Zone CF2 and part or all of CF3 and overlying
sediments of Danian age, is observed in many localities of the Gulf of Mexico,
Caribbean, North and South Atlantic, Tethys and Indian Oceans (Abramovich et al.,
2002; Adatte et al., 2002; Gertsch et al., 2013; Keller and Pardo, 2004; Keller et al.,
19933, 2003b, 2007, 2011b, 2013; Li and Keller, 1998a, 1998b; MacLeod and Keller,
1991; Punekar et al., 2014a, 2014b; Schmitz et al., 1992). Note that the nannofossil
Micula prinsii Zone spans Zones CF1, CF2 and the top of CF3 near the base of C29R and
therefore lacks the high-resolution necessary to resolve this KTB hiatus (Fig. 3).

In the basal Danian, Zone PO defines the boundary clay and evolution of first
Danian species, including Parvularugoglobigerina extensa, P. edita, Woodringina

hornerstownensis and W. claytonensis, to the B of P. eugubina (Fig. 3). Zone P1la spans

12



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

the total range of P. eugubina and can be subdivided into P1a(1) and P1a(2) based on the
B of Parasubbotina pseudobulloides (Plate I, Figs. 9-11) and/or Subbotina
triloculinoides. The early Danian Zones PO and P1a are not present at Site 384, indicating
that the KTB hiatus spans from Zone P1b through Zone CF1 in the late Maastrichtian,
with at least 540 ky missing (Figs. 3, 4). The first early Danian assemblage overlying the
KTB hiatus is characteristic of Zone P1b, which spans from the T of P. eugubina to the B
of Parasubbotina varianta (Plate I, Figs. 12-14). Reworked Cretaceous species are
present just above the KTB hiatus, indicating erosion and redeposition. A core gap
between P1b and P1c prevents evaluation of the sedimentation record in this interval. The
top of Site 384 (core-section 12-6) is in Zone P1c, which spans the interval from the B of
P. varianta to the B of Praemurica trinidadensis (Figs. 3, 4). Zone P1c can be subdivided
into P1c(1) and P1c(2) based on the B of Praemurica inconstans. At Site 384, the
presence of P. inconstans (Plate I, Figs. 7, 8) indicates that only the upper part of P1c is
represented. Our findings on the lower Danian part of the sequence confirm previous

biostratigraphic attribution by Berggren et al. (2000).

DSDP Site 386, western North Atlantic

No foraminifera are present in the laminated red-brown and green clays and only
very small species (38-63 um and rarely >63 pm) are present in the white chalk (Figs. 2,
5A). The 2.3-m-thick white chalk (upper and lower chalks, 636.65-638.95 mbsf) contains
a typical early Danian Pla(2) assemblage including Parvularugoglobigerina eugubina,
Parasubbotina pseudobulloides, Subbotina triloculinoides, Eoglobigerina eobulloides, E.

edita, Woodringina claytonensis, W. hornerstownensis, Chiloguembelina midwayensis,
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C. morsei, Praemurica taurica and Guembelitria species (Fig. 5A; Plate II). Similar
assemblages have been observed in other North Atlantic and Tethys localities (Canudo et
al., 1991; Keller, 1988; Keller and Abramovich, 2009; Keller and Benjamini, 1991;
Keller et al., 2013; Punekar et al., 2014a). The 15-cm-thick green clay between the two
chalks has the same mineralogic composition as the abyssal red clay, which indicates that
a period of in situ sedimentation separates the two chalks (discussed below). However,
the 5-cm-thick spherule layer on top of the green clay must be reworked because the
Chicxulub impact predates the Danian (e.g., Keller et al., 2009, 2011a, 2013; Renne et
al., 2013; Schulte et al., 2010). Based on average abyssal plain sedimentation rates of 0.1-
1 cm/ky (Berger, 1974), the 15-cm-thick green clay could have occurred over 15-150 ky.
This could explain the species abundance variation between the lower and upper chalks.

In addition to the early Danian assemblage at Site 386, about 35% of the total
foraminiferal assemblage consists of small Cretaceous species dominated by Heterohelix
navarroensis, Globigerinelloides yaucoensis, and common G. subcarinatus, G. aspera
and Heterohelix planata (Plate I, Figs. 5-7, 15). These species are common in the late
Maastrichtian. Older Cretaceous species indicative of Cenomanian to Albian age, such as
Hedbergella cenomana, H. simplex, H. planispira and Globigerinelloides ultramica
(Plate Il, Figs. 1-4), are also present as minor components (<10%). These mixed age
small Cretaceous species and absence of larger species indicate winnowing and
redeposition of sediments from predominantly upper Maastrichtian sources and a minor
component of older Cretaceous age into early Danian Zone P1a(2).

Norris et al.’s (2000) KTB placement at the top of the white chalk could not be

confirmed considering the dominant early Danian assemblages in this interval. Only rare
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foraminifera are observed immediately above and below the white chalk. In the absence
of carbonate and calcareous microfossils in the red-brown clay, the KTB could not be
precisely located. However, this boundary event has to be below the white chalk with

dominant early Danian species and probably at the top of the underlying red-brown clay.

DSDP Site 398, eastern North Atlantic

The laminated red calcareous siltstones of Site 398 contain a mottled, disturbed
red to tan nannofossil chalk with white chalk on top (795.4-796.2 mbsf, Fig. 2). Similar
disturbed red to tan and white nannofossil chalk intervals alternate with laminated red
siltstones through core 41 (Fig. 6). Some authors placed the KTB at the top of the
disturbed interval in core-section 41-2, 42 cm (795.42 mbsf) based on a 1-mm-thick
spherule layer interpreted as evidence of primary fallout from the Chicxulub impact
assumed to have hit Yucatan at KTB time (Norris and Firth, 2002; Norris et al., 2000).
Others placed the KTB in core-section 41-3, 38-40 cm (laccarino and Premoli Silva,
1979) or in core-section 41-6, 38-40 cm (Sigal, 1979) based on the presence of early
Danian planktonic foraminifera (Fig. 6). This study confirms the presence of common
early Danian Zone Pla assemblages from the top of the white chalk in core 41-2 through
core 41-6 (Fig. 6), which places the KTB about 6 m below the interval of the 1-mm-thick
spherule layer, in close agreement with Sigal's findings.

Quantitative planktonic foraminiferal analysis was done for core 41-2 including
the disturbed interval. A characteristic early Danian Pla(2) assemblage is present in the
interval from 595.20 to 596.50 mbsf, including Parvularugoglobigerina eugubina,

Globanomalina archeocompressa, Woodringina claytonensis, W. hornerstownensis,
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Chiloguembelina morsei and Guembelitria species (Fig. 5B; Plate I1l). The high
abundance of very small specimens (63-100 um) of Globanomalina archeocompressa is
unusual, but has also been reported from early Danian assemblages in Haiti (Keller et al.,
2001) and Bidart, France (Punekar et al., 2015) (Supplementary Figs. 1, 2). Additional
samples analyzed in core-sections 41-3 to 41-6 (this study) also contain typical early
Danian assemblages confirming earlier observations by Sigal (1979).

The P1a(2)/P1b boundary occurs 20 cm above the disturbed chalk (595.20 mbsf)
and is marked by the disappearance of P. eugubina followed by increasing abundance of
Guembelitria species in Zone P1b, as also observed in other North Atlantic sections
(Blake Nose ODP Sites 1049-1050, Demerara Rise ODP Site 1259, Keller et al., 2013).
A similar Guembelitria increase in Zone P1b is seen throughout the Tethys Ocean and
has been linked to high-stress environmental conditions linked to the last phase of
Deccan volcanism (Keller and Benjamini, 1991; Keller et al., 2012; Punekar et al., 2014a,
2014b). In the disturbed interval only three samples (VS-6 795.45, VS-10 795.90, VS-11
795.99 mbsf) show significant reworking of Cretaceous species (16%, 74%, 30%,
respectively) (Fig. 5B). The reworked Cretaceous assemblage is notable for its diversity
with  both small and large species (globotruncanids, racemiguembelinids,
pseudoguembelinids, rugoglobigerinids, heterohelicids, hedbergellids, globigerinellids,
Plate 111). The absence of significant winnowing (presence of small and large species)
and the presence of convolute structures indicate slumping rather than turbidite related
deposits, as observed in Site 386. The presence of Pseudoguembelina hariaensis (Plate
[, Fig. 15) indicates that reworked sediments are primarily from late Maastrichtian

Zones CF1-CF3.
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Early Danian Environment

After the KTB mass extinction, species diversity remained extremely low and
blooms of disaster opportunist and generalist species dominated Danian Zone Pla and
reappeared near the base of Danian Zone P1b along with rapid climate change on a global
scale (Keller and Benjamini, 1991; Keller and Pardo, 2004; Keller et al., 2012; Magaritz
et al., 1992; Pardo and Keller, 2008; Puneckar et al., 2014b; Quillévéré et al., 2008). These
high-stress environments are also observed at Site 384 in Danian Zone P1b in which the
opportunist Globoconusa daubjergensis (Plate I, Figs. 15-16) and generalist species (i.e.,
biserial chiloguembelinids and woodringinids) dominate the assemblage. In Zone Plc the
dominance of large planispiral and trochospiral species (i.e., more complex) indicate
improved environmental conditions. At Site 386, high-stress environments are recorded
in the uppermost Zone Pla(2) where Guembelitria and biserial species dominate the
assemblage (Fig. 5A). At Site 398, a major environmental change is indicated by negative
83C and 80 excursions and increased Guembelitria towards the P1a(2)/P1b boundary
(Figs. 5B).

Recent research in India, Tethys and Atlantic Oceans reveal that high-stress
planktonic foraminiferal assemblages dominated by disaster opportunist species and a
negative carbon isotope shift are coeval with the last phase-3 of Deccan volcanism in
Zone P1b (Keller, 2014; Keller et al., 2011a, 2011b, 2012, 2013; Pardo and Keller, 2008;
Punekar et al., 2014a). Full recovery of marine ecosystems is observed in Zone Plc after

the last phase of Deccan volcanism (Keller et al., 2011b, 2012). An early stage of this
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recovery is represented in Site 384 by the abundance of larger and more developed

species in Zone P1c compared to the assemblage in Zone P1b.

STABLE ISOTOPES

Whole-rock carbon and oxygen isotopes were used as additional stratigraphic
tools for correlations of the sections analyzed. Diagenetic overprinting in these chalks is
relatively minor with correlation coefficients ranging from R?=0.32 in Site 384 to
R?=0.40 in Sites 398 (Supplementary Fig. 3). Larger diagenetic influence in Site 386
might be interpreted from its higher correlation coefficient (R?=0.65). On the other hand,
weak diagenesis at the three sites is suggested by their comparable §"*C and 8'°0 values
and trends to other open marine environmental records, including North Atlantic ODP
Sites 1049-1050, Central Atlantic ODP Site 1259 and South Atlantic DSDP Site 525A

(Keller et al., 2013; Li and Keller, 1998a, 1998b; Quillévéré et al., 2008) (Figs. 7, 8).

DSDP Site 384

Late Maastrichtian 8**C and 8'°0 values in Zone CF4 range from 2.6 to 3.3%o
and from -1.2 to -0.4%o, respectively, and show a rapid 1.3%o decrease across the
CF4/CF3 boundary marking a hiatus (Fig. 4). 83C values increase by 0.5%o in the middle
of Zone CF3 and narrowly fluctuate through CF2 up to the KTB hiatus. In contrast, 880
values show no clear changes in Zones CF3-CF2 with an average of -1.6 + 0.2%o and
some isolated values between -2.1 and -1.1%o.. These late Maastrichtian stable isotope

records are similar to other Atlantic records (measured in whole-rock samples or
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planktonic species) in which 8*3C values fluctuate narrowly between 2 and 3%o and 20
between -2 and -1%o (e.g., Bidart, France, Font et al., 2014; Mexico, Stuben et al., 2005;
ODP Sites 1049-1050 and 1259, Keller et al., 2013; DSDP Site 525A, Li and Keller,
1998a, 1998b) (Fig. 7; Supplementary Fig. 2). The abrupt decrease in 8'®0 and §°C
values coinciding with the CF4/CF3 hiatus is recorded worldwide and interpreted as the
result of climate warming and lower productivity (e.g., Abramovich et al., 2002; Keller et
al., 2007; Li et al., 2000) (Fig. 7).

Across the major KTB hiatus (CF2/P1b) at Site 384, 5'°C values decrease by
0.7%o with low values persisting through Zone P1b (1.2 to 1.7%o) and Plc (1.6 to 1.9%o)
(Figs. 4, 8). 8'°0 values decrease from -1.4 to -1.9%o at the KTB hiatus followed by a
rapid increase of 0.6%o, varying between -1.7 and -1.2%o in Zone P1b and between -1.9 to
-1.5%o just prior to the core gap in P1b and through Plc (Fig. 4). These early Danian
isotopic values are similar to those reported for the Blake Nose Site 1049C (0.5 to 1.5%o

for 8*3C, -2.0 to -1.0%o for 8*%0; Quillévéré et al., 2008) (Fig. 8).

DSDP Site 386

The measured stable isotope compositions correspond to a mixture of Danian
species (on average 65%) and reworked Cretaceous species (on average 35%), which
contributed with typical Cretaceous slightly more negative 880 and more positive 83C
values (Fig. 5A). The lower and upper chalks show relatively stable 5'°C values
averaging 1.0 + 0.1%0 and 0.8 + 0.1%o, respectively. 520 values decrease from an
average of -0.8 + 0.2%o in the lower chalk to -1.3 £ 0.2%o in the upper chalk, suggesting

warmer temperatures towards the top or higher influx of large Cretaceous species. The
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latter is unlikely considering that the Cretaceous/Danian species ratio does not increase
significantly (Fig. 5A). Comparison with other North Atlantic early Danian isotope
records shows similar warming trends in Haiti (-3.0 to -1.0%o for §'%0; Keller et al.,
2001) and Demerara Rise Site 1259B (-2.0 to -1.0%o for &'°0; Keller et al., 2013) (Fig.

8).

DSDP Site 398

The red calcareous siltstone and the overlying disturbed interval show a stable
8"3C record with values between 2.3 and 2.5%o (Fig. 5B). A sharp decrease of 1.8%o is
observed at the top of the white chalk followed by a 0.8%o increase to values between 1.5
+ 0.1%o that persists to the top of the section (Fig. 5B). 8'%0 values for the entire section
are very stable (0.0 to 0.4%o), except for an excursion of -0.8%o at the top of the white
chalk, associated with change in 8"3C values. Overall, the "°C values in Pla(2) are
higher than those equivalent early Danian records at Sites 1049C and 1259B (0.5 to
1.5%o) and similar to the 5"°C values measured in P1b (Keller et al., 2013; Quillévéré et
al., 2008) (Fig. 8). This difference in 8*3C values may be explained by the higher
abundance (70%) of *3C-enriched benthic compared to planktonic species through Zone
Pla(2) at this site, implying higher contribution of shallower sediments, whereas benthic
species are significantly lower (10%) in the uppermost Zone P1a(2) and through Zone
Plb.

The negative excursions in §°C and 50O values at the top of the white chalk
coincide with the onset of laminated clay with lower carbonate content (Fig. 2). The near

disappearance of reworked Cretaceous species, the lower abundance of benthic species
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and a major change in the early Danian Zone P1a(2) planktonic foraminiferal assemblage
(Fig. 5B) support the SB interpretation. These changes indicate a high-stress marine
ecosystem in the uppermost Zone Pla(2) and Zone P1b, as also observed at Site 386,
resulting in lower primary productivity and decreased production of calcium carbonate
(~10% less carbonate content). High-stress conditions are also indicated by the
dominance of opportunistic and generalist species (e.g., Guembelitria, Woodringina and

Chiloguembelina species) (Fig. 5B).

MINERALOGY AND GRANULOMETRY

DSDP Site 386

Whole-rock and clay mineralogy and granulometry provide information on the
origin and processes involved in sediment deposition. At Site 386, whole-rock
mineralogy of the red-brown clay below and above the white chalk indicates primarily
phyllosilicates (61%) and quartz (20%) with minor amounts of K-feldspar, Na-
plagioclase, iron oxide-hydroxides and dolomite (Fig. 9A; Supplementary Fig. 4). Calcite
is absent, which confirms deposition below the CCD as previously suggested (Norris et
al., 2000; Tucholke and Vogt, 1979b). In contrast, calcite is the dominant mineral (67%)
in the chalk intervals (636.65-638.95 mbsf), followed by phyllosilicates (19%), quartz
(8%) and minor amounts of Mg-calcite, dolomite and Na-plagioclase. Dominance of
calcite in an interval within red-brown abyssal clay devoid of calcite, due to deposition
below the CCD, suggests a sudden influx of sediments (e.g., turbidites) from shallower

depths well above the CCD. Relatively high Mg-calcite is observed at the base of the
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lower and upper chalks (13% and 18%, respectively). Given that shallow marine, tropical
carbonates are generally composed of aragonite and high Mg-calcite (Tucker and Wright,
1990) whereas marine pelagic oozes predominantly consist of calcite, the high Mg-calcite
observed below the chalks supports a scenario of reworking and influx of shallow water
sediments (Fig. 9A; Supplementary Fig. 4).

Kaolinite (43%), smectite (27%) and mica (17%) are the dominant clay minerals
at Site 386 (Fig. 9A; Supplementary Fig. 5). Both chalk intervals show higher smectite
and mica compared to the red-brown clay below the lower chalk, in which higher
kaolinite and lower smectite and mica are observed. The red-brown clay above the upper
chalk is slightly different with more smectite and lower illite-smectite mixed layers (1S).
A decreasing trend in smectite is observed from the base to the top of each chalk interval,
which contrasts with an increasing trend in mica and kaolinite. These trends suggest
increased influx of shallower water material towards the top of each chalk interval, as
mica and kaolinite are typical in platform environments and smectites are more common
in deeper water settings (Chamley, 1989). In contrast to what is expected, the red-brown
clay interpreted as in situ sedimentation contains less smectite than the chalks. This can
be explained by the fact that the red-brown claystones are coarser (more sandy) than the
distal turbidites, implying that they also consist of partly reworked material due to
winnowing.

Chlorite content averages about 10% with a maximum of 16% at the base of the
upper chalk interval. IS values are high (18%) only in the basal red-brown clay (Fig. 9A;
Supplementary Fig. 5). The red-brown and green clays below the lower chalk show

similar mineralogical compositions suggesting in situ deposition also for the green clay
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(including the green clay in between the chalks). The color difference may be due to
differential redox conditions or post-depositional processes rather than differential
sedimentary processes. A similar green clay was observed in NE Mexico where
weathering of tektites resulted in smectites that were later transformed into IS due to
burial and tectonic activity linked to the Sierra Madre folding (Adatte et al., 1996).
Granulometric analysis shows that silt (62%) dominates particularly in the white
chalk intervals (Fig. 10A). Sand reaches a maximum of 20% in the lower red-brown clay
and the middle green clay but averages only 10% in the upper red-brown clay. In the
white chalk, sand is less than 3%. Clay is relatively steady at an average of 31% with
decreases to 12% and 19% at the base of the lower and upper white chalk intervals,
respectively. This decrease reflects energy loss towards the top of each chalk depositional

event and is typical of turbidites.

DSDP Site 398

Whole-rock mineralogy is dominated by calcite (57%), phyllosilicates (25%) and
quartz (10%). Na-plagioclase and K-feldspar are minor components, similar to the red-
brown clay at Site 386 (Fig. 9B; Supplementary Fig. 6). A slight increase in calcite
coupled with a decrease in phyllosilicates characterizes the disturbed interval (795.4-
796.2 mbsf), suggesting increased influx of shallower sediments. At the base of the red
clay above the disturbed interval, phyllosilicates increase from 23% to 56% and calcite
drops to 14%, indicating an increase in the detrital input and/or a decrease in the calcium

carbonate production.
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Mica (42%) is the most abundant clay mineral followed by smectite (19%),
kaolinite (16%) and chlorite (14%) (Fig. 9B; Supplementary Fig. 7). The disturbed
interval has higher mica (50%) and lower smectite (13%) compared to the red calcareous
siltstones below and above (27% and 32%, respectively). This change, along with the
slight increase in calcite, indicates an increase in the influx of more proximal material. In
the red clay just above the disturbed interval, palygorskite peaks (20%) along with
smectite (33%) and mica decreases (17%) (Fig. 9B; Supplementary Fig. 7). The peak in
palygorskite implies an increase in the detrital input from the continent. Above the
Pla(2)/P1b boundary, smectite and kaolinite increase to the detriment of mica and
chlorite.

Granulometry is similar to Site 386 although without significant variations
between the in situ deposits and the disturbed interval. This similarity suggests that
sediments in the disturbed interval are locally derived (i.e., no mixing, also suggested by
similar isotopic values in the disturbed interval and the underlying sediments). At the
same time, no changes in granulometry through the disturbed interval indicate that, in
contrast to Site 386, this deposit is the result of slumping, rather than of turbiditic
currents, due to gravity sliding of a layer of slightly different composition than the in situ
sediments, as indicated by the mineralogy. Silt is the dominant grain size (70%) followed
by clay (26%) and minor sand (4%) (Fig. 10B). The only significant increase in silt (7%)
and concurrent decrease in clay content occurs at the base of the red clay above the
disturbed interval, which suggests higher input of coarser material (i.e., shallower

sediments).
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DISCUSSION

Age of Spherules and PGE Anomalies

At Site 386 the depositional age of the two chalk intervals (herein identified as
distal turbidites discussed below) is early Danian Zone Pla(2) equivalent to the
uppermost part of C29R above the KTB (Figs. 3, 5A), in agreement with the
magnetostratigraphy of Keating and Helsley (1979). The impact spherules at the top of
the green clay that separates the two chalk intervals are therefore reworked into lower
Danian sediments and do not support the KTB age proposed by Norris et al. (2000).
These authors based their KTB age call on the presence of very small late Cretaceous
planktonic foraminifera and the nannofossils Micula murus and Micula prinsii (CC26a,
b) but reported no early Danian species. Based on quantitative analysis of this study,
Danian species average 65% of the assemblages and all are very small (size fraction 38-
63 um, Fig. 5A; Plate II). Norris et al.’s failure to find Danian species may be due to the
>63 um size fraction analyzed where Danian specimens are rare. Based on nannofossils
they interpreted the magnetic reversal of the chalk intervals reported by Keating and
Helsley (1979) as C29R below the KTB. This study demonstrates that the age is early
Danian, C29R above the KTB.

As additional support for a KTB age at Site 386, Norris et al. (2000) reported 1
ppb Ir and 2-3 ppb Pt anomalies in the impact spherule layer between the two chalk
intervals and a 2 ppb Ir and 5 ppb Pt anomalies in the red-brown clay just above the upper
chalk. They interpreted the Ir and Pt anomalies associated with the spherules as direct

fallout from the Chicxulub impact settling within hours to days, and the Ir and Pt
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anomalies above the chalk intervals as dust fallout sinking through the water column over
months to years (Norris and Firth, 2002; Norris et al., 2000). Since deposition of both
PGE anomalies occurred in the early Danian Zone P1a(2) at least 100 ky after the KTB
(Figs. 3, 5A), this scenario is not supported. In addition, Ir and Pt anomalies are at redox
boundaries (red and green clays), which preferentially concentrate PGEs (e.g., Gertsch et
al., 2011; Graup and Spettel, 1989; Kramar et al., 2001) and therefore do not represent
primary deposition as also indicated by the early Danian age. Similar Ir and Pt anomalies
in early Danian Zone P1a(2) sediments were also observed at Bass River, New Jersey,
Beloc, Haiti and Guatemala (Keller et al., 2003b; Miller et al., 2010; Stiiben et al., 2002,
2005).

At Site 398, the depositional age of the disturbed (slump) nannofossil chalk
interval is early Danian Zone Pla(2) (Fig. 5B) and the same planktonic foraminiferal
assemblages are present immediately below and above the slump. Reworked Cretaceous
species are rare in the disturbed interval except in three samples: sample VS-6 (16%,
795.45 mbsf) coincident with the 1-mm-thick spherule layer reported at the top (Norris
and Firth, 2002), and samples VS-10 (74%, 795.90 mbsf) and VS-11 (30%, 795.99 mbsf)
in the lower part (Fig. 5B). The early Danian age of this study confirms the early Danian
age of the disturbed interval reported by laccarino and Premoli Silva (1979) and Sigal
(1979). These authors also reported Danian assemblages well below the disturbed interval
and placed the KTB in core-section 41-3, 40 cm, and 41-6, 40 cm, respectively. These
studies do not support the latest Maastrichtian age reported by Norris and Firth (2002)
based on the presence of Micula murus and M. prinsii (Zones CC26a, b), and the

placement of the KTB at the top of the slump (core section 41-2, 42 cm, 795.42 mbsf)
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based on a minor 8*3C shift and reported 1-mm-thick spherule layer. Our study and
earlier reports place the KTB at least 6 m below the KTB placement of Norris and Firth

(2002).

Impact Spherule and Hiatus Distribution

Further clues to the age and depositional nature of the disturbed intervals of Sites
386 and 398 can be gained from the geographic distribution of impact spherules and
hiatuses (Keller et al., 2013) (Fig. 11). The North Atlantic deep-sea record is commonly
claimed to represent continuous sedimentation with a thin impact spherule layer marking
precisely the KTB mass extinction and Chicxulub impact, particularly at Blake Nose Site
1049, Bermuda Rise Site 386, Vigo Seamount Site 398, Bass River, New Jersey, Bochil,
SE Mexico, and Demerara Rise Site 1259 (Arenillas et al., 2006; Huber et al., 2002;
MacLeod et al., 2007; Norris and Firth, 2002; Norris et al., 1999, 2000; Olsson et al.,
1997; Schulte et al., 2010). In all of these studies, the presence of a thin impact spherule
layer is used to define the KTB based on the assumption that the Chicxulub impact
crashed into the Yucatan peninsula precisely at the KTB and caused the mass extinction.
To understand the age and nature of spherule deposition it is instructive to take a holistic
approach that includes the age and nature of spherule deposition and spherule and hiatus
distribution patterns throughout the region and surrounding the Chicxulub impact crater.

KTB Hiatus: A major hiatus frequently truncates the late Maastrichtian in Zones
CF2 or CF3 with sedimentation resuming in the early Danian Zones Pla or P1b including
Denmark (Schmitz et al., 1992), South Atlantic (Li and Keller, 1998a, 1998b), North

Atlantic (Keller et al., 2013; this study), Caribbean and Gulf of Mexico (Keller et al.,
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1993a, 2003b), Madagascar (Abramovich et al., 2002), Bulgaria (Adatte et al., 2002),
Argentina (Keller et al., 2007), India (Keller et al., 2011b), Brazil (Gertsch et al., 2013)
and Egypt (Punekar et al., 2014a) (reviews in Keller and Pardo, 2004; MacLeod and
Keller, 1991; Punekar et al., 2014b) (Figs. 2, 4). A shorter KTB hiatus is also present in
more complete sections spanning the lower part of Zone Pla, PO and part or all of CF1
and CF2 (Barrera and Savin, 1999; Keller et al., 2003b; Kennett and Stott, 1991,
MacLeod et al., 2005). In contrast, in some Caribbean sites (Sites 999, 1001) erosion
spans from the early Danian through the late Maastrichtian (Zones P1a(2) to CF5, Keller
et al., 2013). The extent of erosion depends on local conditions (current intensity, rate of
sedimentation) with the more complete sequences showing short intra-zone hiatuses
(Keller and Pardo, 2004). The missing interval generally encompasses the latest
Maastrichtian global climate warming, which began in the upper part of Zone CF2 and
reached its maximum in the lower half of Zone CF1 followed by rapid cooling and
renewed warming just below the KTB mass extinction (e.g., Abramovich et al., 2011;
Keller et al., 2011a; Li and Keller, 1998a, 1998b; Punekar et al., 2014b; Stiiben et al.,
2003; Thibault and Gardin, 2007; Thibault et al., submitted; Wilf et al., 2003) (Fig. 7).
Erosion across the KTB transition is thus common and documented worldwide. In
the North Atlantic, Caribbean and Central America the sedimentation record is
particularly decimated by hiatuses, which has been attributed to an intensified Gulf
Stream current at times of climate cooling and sea-level changes (Keller et al., 19933,
2003a, 2013; Watkins and Self-Trail, 2005) but may also be related to Caribbean tectonic

activity and the Chicxulub impact.
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Impact Spherules: The stratigraphic distribution of impact spherules reveals a
complex history of primary deposition and subsequent erosion, transport and redeposition
as earlier summarized in Keller et al. (2013) with additional data added in this study (Fig.
11). The stratigraphically oldest impact spherule layers are known from NE Mexico and
Texas where they occur in the latest Maastrichtian, lower part of Zone CF1, more than
100 ky before the KTB mass extinction (Adatte et al., 2011; Keller, 2008; Keller et al.,
2002b, 2003b, 2009, 2011a). The primary impact spherule layer is best known from El
Pefion, NE Mexico, where spherule deposition reaches 2 m thick in marls near the base of
Zone CF1 coincident with global warming. About 4-5 m above this spherule layer and
coincident with global cooling and a sea-level fall, there are two reworked spherule layers
at the scoured base of a sandstone complex infilling a submarine channel (Keller et al.,
2009). Multiple reworked spherule layers are common in similar submarine channels
throughout NE Mexico and Texas in the upper Zone CF1 due to erosion, transport and
redeposition (Keller, 2008; Keller et al., 2003a, 2011a; Schulte et al., 2003) (Fig. 11) but
frequently interpreted as impact generated tsunami deposits (Arenillas et al., 2006;
Schulte et al., 2006, 2010; Smit et al., 1996). No impact spherules are present in lower
Danian deposits in that region.

In contrast, throughout the North Atlantic, Caribbean, Cuba, Haiti, Belize,
Guatemala and SE Mexico impact spherules are generally within early Danian Zone
Pla(1) and/or Pla(2) overlying major hiatuses that span from the early Danian through
late Maastrichtian Zone CF1 and frequently CF2 and CF3 (Keller, 2008; Keller et al.,
2001, 2003b, 2013) (Fig. 11). Impact spherules are most abundant in localities closest to

the impact crater on Yucatan (Haiti, Belize, Guatemala) forming meter thick single or
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multiple layers mixed with shallow water debris (Keller et al., 2003a). In contrast,
spherules in North Atlantic and Caribbean deep-sea sites are found in mm-to-cm-thick
layers (DSDP Sites 386, 398, this study; ODP Sites 999B, 1001B, 1049A,C, 1259B, Bass
River, New Jersey, Keller et al., 2013). In all of these localities (except Sites 999B and
1001B) this thin spherule layer has been claimed to prove that the Chicxulub impact
struck Yucatan precisely at the KTB causing the mass extinction (review in Schulte et al.,
2010). However, high-resolution stratigraphy reveals a consistent pattern of impact
spherules reworked in early Danian Zone Pla(l) or Pla(2) deposits overlying major
hiatuses (Keller et al., 2013; this study).

The spherule and hiatus distribution patterns demonstrate that the primary
Chicxulub impact spherule fallout is in the late Maastrichtian Zone CF1 predating the
KTB by about 100 ky (Keller et al., 2011a). All other impact spherule layers are younger
and represent erosion, reworking and redeposition above major hiatuses. For these
reasons, impact spherules provide no information on the stratigraphic position of the
KTB. The multiple reworking pattern is most likely related to increased tectonic activity
and rapid climate and sea-level changes, particularly to cool events accompanied by
intensified Gulf Stream circulation during the latest Maastrichtian and early Danian

(Keller et al., 1993a, 2003a, 2013; Watkins and Self-Trail, 2005).

Mass Wasting - Turbidites and Slumps
Sedimentary structures provide fundamental information concerning depositional
processes. At Site 386 the two chalk intervals are anomalous within the red-brown clay

devoid of calcite (Figs. 2, 9A). Each chalk interval shows horizontal laminations at the
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base followed by structureless deposition (Fig. 2). Size grading is normal with more clay
and less silt above the laminated intervals (Fig. 10). We interpret these characteristics as
indicative of turbidites. Typical turbidites show normal size graded sequences with
upper-flow regime sedimentary structures followed by lower-flow regime structures
associated with the decay of flow strength as current-flow velocity wanes (Boggs, 2001).
This interpretation agrees with Norris et al. (2000), although their reported cross-
lamination at the base of each chalk interval appears to be an artifact of coring with
rotated blocky fragments of the laminated part (Fig. 2).

A turbidite interpretation is also supported by the stratigraphic position of the two
isolated chalk intervals with high calcite, low phyllosilicates and quartz (Fig. 9A,
Supplementary Fig. 4) in abyssal clay deposited below the CCD. The most parsimonious
interpretation is downslope transport of shallower water sediments as also suggested by
Norris et al. (2000). The alternative interpretation of a sudden temporary drop in the CCD
appears unlikely (Tucholke and Vogt, 1979b). Turbidite deposition occurred at the distal
end as suggested by the presence of only very small (<63 pum) foraminifera, indicating
winnowing of larger, heavier species during transport. The distance between Site 386 and
the nearest platform is about 1200 km and hence any transported material must be fine-
grained and part of distal turbidites. This interpretation is in agreement with Norris et al.
(2000) who suggested that the distal turbidites originated from the western North Atlantic
shelf and slope (the Bermuda Rise evolved later).

Mineralogy provides additional support for a shallow water origin of the
turbidites. Relatively high Mg-calcite at the base of each turbidite indicates influx from

shallow water sources (Fig. 9A; Supplementary Fig. 4). The upward decreasing smectite
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and increasing mica and kaolinite (Fig. 9A; Supplementary Fig. 5) trends also suggest a
continental platform origin. The minor component of impact spherules between the two
turbidites can be explained as part of the platform erosion process (Fig. 2).

The disturbed interval at Site 398 is more aptly described as a marine slump.
Typical marine slumps are defined as previously sedimented pelagic deposits that have
been emplaced downslope as the result of mass-movement processes usually with faulted,
contorted and chaotic bedding (Boggs, 2001). At Site 398 convoluted structures are
common (Fig. 2). Reworked Cretaceous species are generally rare, except in three
samples with peaks of 16%, 74% and 30% (VS-6 795.45, VS-10 795.90, VS-11 795.88
mbsf), suggesting slumping of already disturbed sediments (Fig. 5B). The faunal
assemblages of the slumped interval are consistent with the Zone Pla(2) age of the
undisturbed in situ sediments above and below. Moreover, similarities in whole-rock
mineralogy and granulometry of the slumped interval and the in situ sediments suggest
that the reworked material is locally derived. The slight increase in calcite, higher mica
and lower smectite indicate slumping of slightly shallower water sediments (Fig. 9B;
Supplementary Figs. 6, 7). Similar disturbed sediments of early Danian Zone P1la age are
observed throughout core 41 (Fig. 6), revealing recurrent downslope displacement
indicative of a long-term disturbance.

Probable Causes: Mass wasting, or the downslope displacement and reworking
of shallower water sediments via slumps and turbidites in the North Atlantic, can be
explained by tectonic activity triggering earthquakes in the Caribbean affecting Site 386
and Iberian Peninsula affecting Site 398. An active subduction zone at the northern

boundary of the Caribbean plate during the late Cretaceous and Paleocene seems to have
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caused the north-eastward movement of the Cuban island arc, the subsequent closure of a
small ocean between Cuba and the Bahamas platform, and the final collision in which the
Cuban block became part of the North American plate (Meschede and Frisch, 1998). At
Site 398, the deposition of carbonates (i.e., sedimentation above the CCD) from the late
Cretaceous to the Eocene was interpreted as the result of regional uplift associated with a
compressive tectonic event along the Iberian Peninsula northern margin and the Pyrenees
(Réhault and Mauffrey, 1979). At both Sites 386 and 398, the mass wasting occurred
during the early Danian Zone P1a(2), which rules out the Chicxulub impact as a trigger
for mass wasting in the North Atlantic as proposed by Norris et al. (2002) and Norris and

Firth (2002).

CONCLUSIONS

Previous studies have shown that virtually all KTB sequences in the North
Atlantic, including Caribbean, Cuba, Haiti, Belize, Guatemala and SE Mexico sections
have major hiatuses across the KTB with variable erosion spanning from the early
Danian through the late Maastrichtian Zone CF1 and frequently through most or all of the
late Maastrichtian (Zones CF1-CF4). Impact spherules, where present, are generally
reworked in early Danian Zone P1a(1) or P1a(2) deposits above the hiatus and thus lend
no support for a KTB age for the Chicxulub impact. Likewise, PGE anomalies are
frequently found in these lower Danian deposits concentrated at redox boundaries
reflecting local volcanic activity and/or reworking. The hiatus, spherule distribution and

redox concentrations observed in North Atlantic DSDP Sites 384, 386 and 398 are
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consistent with the regional pattern previously observed through the North Atlantic,

Caribbean and Central America.

DSDP Site 384 is marked by upper Maastrichtian hiatuses at the CF4/CF3 and
CF3/CF2 transitions and a major hiatus across the KTB spanning the early Danian
Zones P0-Pla(l) through late Maastrichtian Zones CF1 and part of CF2. These
hiatuses coincide with major climate and sea-level changes and have been
observed worldwide, though with variable erosion patterns.

At DSDP Site 386 normal in situ sedimentation consists of abyssal red-brown
clay deposited below the CCD, but contains two anomalous intervals of disturbed
white nannofossil chalk separated by a 15-cm-thick clay with a 5-cm-thick impact
spherule layer on top, which was previously interpreted as marking the Chicxulub
impact and KTB. The two chalk intervals contain only small (<63 pum) planktonic
foraminifera with 65% early Danian Zone Pla(2) assemblages, which places
deposition about 100 ky after the KTB.

The two disturbed lower Danian chalk intervals at Site 386 also contain 35%
small reworked Cretaceous species. The small size of these reworked species is
indicative of sediment winnowing and long distance transport, whereas the
mineralogy indicates distal turbidite deposition with a platform origin. Both
turbidites and the 15-cm-thick clay with spherules on top were deposited during
the early Danian Zone P1a(2) consistent with erosion and spherule redeposition
throughout the North Atlantic, and Caribbean localities.

At DSDP Site 398, a disturbed interval previously interpreted as mass wasting

due to the Chicxulub impact, is also early Danian P1a(2) in age and represents a
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small slump originating in slightly shallower water sediments. The 1-mm-thick
spherule layer on top of this slump is also reworked in early Danian Zone P1a(2)
sediments, consistent with erosion and spherule redeposition at Site 386 and
throughout North Atlantic and Caribbean localities.

e Mass wasting in the North Atlantic was most likely triggered by increased
tectonic activity in the Caribbean and the Iberian Peninsula during the early

Danian, at least 100 ky after the Chicxulub impact.
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Figure 1: Paleogeography and paleolocations during the KT transition of North Atlantic
sites analyzed in this study (DSDP Sites 384, 386 and 398) and sites used for comparison
(Bass River, New Jersey; ODP Sites 1049-1050, 1259; Beloc, Haiti; Bochil and Guayal,
SE Mexico; Bidart, France). Paleomap modified after Scotese (2000).

Figure 2: Lithology and description of the intervals analyzed at North Atlantic DSDP
Sites 384, 386 and 398. Red lines mark different placements of the KTB based on this
study and previous reports. For Site 398, KTB placements, except for Norris and Firth
(2002)'s, are found below core-section 41-2 (see Figure 6). Photos from the International

Ocean Discovery Program core photos catalog.

Figure 3: Late Maastrichtian-early Danian high-resolution biostratigraphic zonation for
planktonic foraminifera applied in this study (grey shaded) and comparison with other
planktonic foraminiferal and nannofossil biozonations. Age durations for biozones
calculated by Abramovich et al. (2010) based on KTB at 65.5 Ma and the paleomagnetic
time scale of Gradstein et al. (2004). Hiatuses at DSDP Site 384 (this study) and other
North Atlantic sites from Keller et al. (2013). Biostratigraphic results for Site 386 (this
study) are also shown. FA=first appearances.

Figure 4: Late Maastrichtian-early Danian carbon and oxygen isotopes and planktonic
foraminiferal index species in the western North Atlantic DSDP Site 384.
Magnetostratigraphy from Berggren et al. (2000). Three hiatuses are recognized in the
late Maastrichtian (CF4/CF3, CF3/CF2) and at the Cretaceous-Tertiary boundary (KTB)
based on the partial or total absence of biozones and/or abrupt changes in the isotope
records. The KTB hiatus spans Zones CF1, PO and Pla (~540 ky).

Figure 5: Biostratigraphy, relative species abundances of planktonic foraminifera and
whole-rock §'*C and 50 records of North Atlantic (A) DSDP Site 386, Bermuda Rise
and (B) DSDP Site 398, Vigo Seamount. Rare foraminifera in samples BR-44, BR-45,
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BR-57, BR-59, BR-67 and BR-68 at Site 386 and in samples VS-13, VS-14, VS-15 and
V/S-16 at Site 398. Note the chalk intervals at Site 386 and the disturbed interval at Site
398 in characteristic early Danian P1a(2) assemblages. Note the high abundance (average
35%) of reworked Cretaceous species (red) in the chalk intervals at Site 386.

Figure 6: Core 41 photos of DSDP Site 398 show multiple disturbed intervals of mixed
red, tan and white sediments indicating frequent slumping. Red lines mark the different
KTB placements by earlier workers. This study confirms the KTB placement in core-
section 41-6 by Sigal (1979). Core photos from the International Ocean Discovery

Program core photos catalog.

Figure 7: Comparison of upper Maastrichtian oxygen and carbon isotope records from
the North Atlantic, South Atlantic and Indian Ocean with Tunisia and Texas. Black and
white bars represent 1 m. Note that Site 384 stable isotopes for Zones CF4-CF3 are
similar to Madagascar, Indian Ocean, which also records a hiatus. The late Maastrichtian
Zones CF2-CF1 warm interval recorded in the South Atlantic, Texas and Tunisia is not

present in Site 384 due to a major KTB hiatus.

Figure 8: Comparison of early Danian oxygen and carbon stable isotope records from
North Atlantic deep-sea sites and Haiti. Site 384 values are similar to Site 1049. Site 386
values are comparable with Site 1259 and Haiti, with a warming trend in P1a(2). Note the
negative 8*3C and 5'®0 excursions in at the top of P1a(2) and in P1b at Sites 384, 398 and
1259B marking high-stress conditions correlative with the last phase of Deccan
volcanism. Red circles and squares mark average values of the two turbidites in Site 386.
Green circles and squares indicate the suggested correlative stratigraphic position of the

turbidites at the other localities.

Figure 9: Whole-rock and clay mineralogy of North Atlantic (A) DSDP Site 386,
Bermuda Rise, and (B) DSDP Site 398, Vigo Seamount. Unquantified whole-rock
minerals refer to organic matter and poorly crystallized minerals. Clay mineral IS refers

to illite-smectite. At Site 386, the presence of two discrete chalk intervals with high
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calcite content, low phyllosilicates and quartz, increasing mica and kaolinite and
decreasing smectite suggest reworking, downslope transport and redeposition of more
proximal sediments (turbidites). At Site 398, higher mica and lower smectite in the
disturbed interval also imply redeposition and slumping of shallower sediments.

Figure 10: Granulometric data (clay, silt and sand) from North Atlantic (A) DSDP Site
386, Bermuda Rise, and (B) DSDP Site 398, Vigo Seamount. At Site 386, the relatively
steady clay content (~31%) in the white chalk intervals with decreases (12% and 19%) at
the base suggests energy loss towards the top of each chalk depositional event, which is
typical of turbidites. At Site 398, the only significant variation is an increase in silt (7%)
and concurrent decrease in clay content at the base of the red clay (795.4 mbsf),
indicating a sequence boundary with higher detrital input and/or decreased calcium

carbonate production.

Figure 11: Paleogeography of the North Atlantic and Caribbean during the Cretaceous-
Tertiary transition and paleolocations of KTB sections previously analyzed. Paleolocation
symbols indicate presence or absence of Chicxulub impact spherules and their
stratigraphic age. Note the consistent stratigraphic distribution of impact spherule layers
in the latest Maastrichtian Zone CF1 about 100 ky below the KTB in NE Mexico and
Texas. In all other localities, such as the North Atlantic, Caribbean, Cuba, Haiti, Belize,
Guatemala and SE Mexico, impact spherules are reworked in early Danian Zone Pla(1)
or Pla(2) sediments about 100 ky after the KTB overlying hiatuses of variable extent.
This distribution pattern is likely due to intensified Gulf Stream erosion, which did not
reach NE Mexico and Texas. The more complete sequences without spherules in France,
Spain and Austria, more than 8000 km from the Chicxulub impact crater were also
relatively protected from the influence of strong currents. Modified after Keller et al.
(2013) and Scotese (2000).



Plate Caption

1 PLATE CAPTIONS
2
3 Plate I: Maastrichtian and Danian planktonic foraminifera from DSDP Site 384, J-
4  Anomaly Ridge. Scale bar = 50 um
5 1. Racemiguembelina powelli (Smith and Pessagno)
6 2. Racemiguembelina fructicosa (Egger)
7 3. Pseudoguembelina hariaensis (Nederbragt)
8 4. Pseudoguembelina hariaensis (Nederbragt)
9  5-6. Gansserina gansseri (Bolli)
10  7-8. Praemurica inconstans (Subbotina)
11  9-11. Parasubbotina pseudobulloides (Plummer)
12 12-14. Parasubbotina varianta (Subbotina)
13 15-16. Globoconusa daubjergensis (Brolnnimann)
14
15  Plate Il: Cretaceous and Danian planktonic foraminifera from DSDP Site 386, Bermuda
16  Rise. Scale bar =20 um
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. Praemurica taurica (Morozova)

26  10-12. Parasubbotina pseudobulloides (Plummer)
27  13-14. Guembelitria cretacea (Cushman)

28  15. Heterohelix navarroensis (Loeblich)

29  16. Chiloguembelina morsei (Kline)

30 17. Chiloguembelina midwayensis (Cushman)
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Plate I11: Maastrichtian and Danian planktonic foraminifera from DSDP Site 398, Vigo
Seamount. Scale bar = 50 um

1-2. Eoglobigerina edita (Subbotina)

3-4. Parvularugoglobigerina eugubina (Luterbacher and Premoli Silva)
5-6. Praemurica taurica (Morozova)

7-8. Globanomalina archeocompressa (Blow)

9-10. Guembelitria cretacea (Cushman)

11-12 Woodringina hornerstownensis (Olsson)

13. Chiloguembelina morsei (Kline)

14. Pseudoguembelina costulata (Cushman)

15. Pseudoguembelina cf hariaensis (Nederbragt)

16. Globotruncana orientalis (EI Naggar)



Table Caption

TABLE CAPTIONS

Table 1: Summary of geographic locations (latitude-longitude coordinates), materials,
intervals analyzed (Maastrichtian-Danian transition) and references for North Atlantic
DSDP Sites 384, 386 and 398.
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Figure 2 (2 column)
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Figure 3 (2 column)
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Figure 4 (1.5 column)
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Figure 5 (2 column)

n Planktonic Foraminifera: Relative Species Abundances (38-63 pm), DSDP Site 386, Bermuda Rise, Western North Atlantic
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Figure 6 (1.5 column)

DSDP Site 398, Vigo Seamount
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Figure 7 (2 column)
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Figure 8 (2 column)
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Figure 9 (2 column)
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Figure 10 (2 column)
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Figure 11 (1.5 column)
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Plates

Plate 1 (2 column)
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Plate 2 (2 column)
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Plate 3 (2 column)



http://ees.elsevier.com/palaeo/download.aspx?id=397481&guid=780aac59-8a27-478c-a70c-2c23bff166c8&scheme=1

Tables

Table 1 (2 column)

Site. rials (Fig. 2) | Masstrichtisa-Danla References.
: Core-sections 13-6 to 12-6, ¢ .
Western North Atlantic, . gty Thierstein and Okada, 1979
DSDP | J-Anomaly Ridge, 40° 21.7'N 3909m |Tanto white nannofossil | K15 prcvul).usly' l}dgnal:l’ud Tucholke and Vogt, 1979a
384 |above Sohm Abyssal | 51°39.8'W chalk and ooze. core depth of 167,93 mbsr |  Corfield and Norris, 1996
Plain and Grand Banks (Berggren ct al., 2000), Berggren et al., 2000
Red-brown clay with two .
s apea s discrete white chalk beds | -Sections 333 o 35:3. ey
DSDP ! antic, | 31641 20N scparated by green clay TB previously reported in | Okada and Thicrstein, 1979
386 | Bermuda Rise, 140 km 64° 14.9' W 4782m |t spherules.Chalk beds core-section 35-4 at a core Norris et al., 2000
SSE off Bermuda g horizontally laminated at | 9¢Pth of about 636.7 mbsf Norris and Firth, 2002
base, structureless at top. (Norris et al., 2000).
Laminated red calcarcous : ;
’ y : Core-section 41-2, KTB Blechsmchmidt, 1979
DSDP 5?:,"3';::0“:“’:'{'6‘3‘:;“ 40°STEN | 3910  |SESons scparaled by | previously identified at s [laccarino and Premoli Silva, 1979
398 | ofFiberian Peninsula | 10" 431'W with white chalk with | corc depth of 795.42 mbsf Sigal, 190
spherules at top. (Norris and Firth, 2002). Norris and Firth, 2002
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