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Abstract: The Cretaceous—Tertiary (K-T) boundary at Blake Nose, in the NW Atlantic, is
recorded by a coarse, poorly graded and poorly cemented layer mostly consisting of green
spherules that are mainly composed of smectite. Geochemical patterns across the boundary
are governed by the source materia} of the spherule bed and postdepositional processes. The
chemical composition and the nature of this bed indicate that it derived from melted target
rocks from the Chicxulub impact structure. Ir and other typical extraterrestrial elements do
not present significant enrichments, which suggests that the spherule bed material derived
from crustal rocks. Ir instead reaches its highest concentration in the burrow-mottied
czleareous ooze above the spherule bed, suggesting that it is associated to the finest fraction
deposited after the target-rock-derived material. Only the Ni and Co content show slight
enrichments within the upper part of the spherule layer, aithough most of the trace eiement
profiles resulted from diagenetic alteration. During the alteration of glass to smectite, the
concentrations of certain trace elements, such as the rare earth elements, were severely
changed. In addition, oxygen-poor conditions also led to the remobilization of redox-
sensitive elements, which show enhanced concensration at the top or above the spherule bed,

Diagenetic remobilization may have also affected the Ir concentration.

Since Alvarez er al. (1980) first proposed a
meteorite impact as the probable cause of the
mass extinction at the end of the Cretaceous
pericd, several lines of evidence have been used
to support this model, one of the main
arguments being the enhanced concentration of
typical extraterrestrial elements in the boundary
material, such as Ir and other platinum-group
siements {PGE). These elements have been
sought in sediments from this age to constrain
the boundary in relation to the faunal turnover.
In the last two decades, Ir anomalies at the
Cretaceous—Tertiary (K-T) boundary have been
found at many KT sites throughout the world,
In additicn to the PGEs, anomalous concen-
trations of other chemical elements have also
been reported in the boundary sediments

{e.e. Kyte er af. 1980, 1985; Schmitz 1985;
Strong et al. 1987; Zachos ef al. 1989; Smit
1990; Martinez-Ruiz ef af. 1992; Bhandari et al.
1993). The vast literature on this topic prevents
our mentioning all the sites and geochemical
anomalies reported thus far, although all the
data published until now provide consistent
evidence supporting first the extraterrestrial
hypothesis (in the 1980s) and later also the
impact site at the Chicxulub crater (e.g. Hildeb-
rand et al. 1991; Koeberl & Sigurdsson 1992,
Sharpten ef al. 1993; Smit 1999). Despite all the
advances made in the knowledge of this
devastating impact and its envirenmental con-
sequences, more work is undeniably needed for
compiete understanding. Ocean Drilling Pro-
gram (ODP) Leg 171B contributed a substantial
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advance in this field by adding & new site (Blake
Nose, NW Atlantic} offering the possibility of
studying the composition of the Cretaceous,
Tertiary and K-T boundary sediments in a
succession recording the mass extinction and the
proximal sjecta faliout from the Chicxulub
crater, and providing also further evidence for
a bolide impact at Chicxuiub (Norris e al.
1998), sometimes questioned in the literature
(e.g. Keller ef al. 1993). Cretaceous and Tertiary
boundary sediments recovered by ODP Leg 171
at Blake Nose are similar to those from other
marine K~T sections in the North Atlantic
margin {Klaver et a/. 1987; Olsson et al. 1997},
with the exception of the remarkable thickness
of the spherule bed at Site 1049. The thickest
bed (17 cm) was recovered at Hole 1049A,
whereas at Holes 10498 and 1049C it is around
9cm thick. The variable thickness of the
spherule bed at the three holes diille¢ at this
site, as well as the presence of Cretaceous
forammifera and Cretaceous clasts in the
spherule bed, point to reworking of the spherule
bed material (Norris ef al. 1999; Klaus e/ al.
2000). Despite the absence of a precise strati-
graphy, its geochemical composition is evidence
of the nature of the impact-generated material
and further supports the Chicxulub impact
moedel. The main focus of this paper is therefore
to study the geochemical anomalies from Blake
Nose sediments to constrain the terrestrial-
extraterrestrial contribution at this location,
the patterns for extraterrestrial material distribu-
tion, as well as the chemical element distribution
associated with the impact event.

Samples and analytical methods

Samples [rom the K-T boundary interval at Holes
10494, 10498, 1050C and 1052E, Blake Nosc (INW
Atlantic) (Fig. 1), were analysed for major and trace
element concentrafions. In the sfudied interval, a
spherule bed occurs at the biostratigraphic boundary
between the Cretaceous and the Palacocene sediments
at Site 1049 (Fig. 2). it sharply overlies slumped
uppermost Cretaceous foraminiferal-nannofossil ooze
and is overlain by Tertiary clay-rich coze with
planktonic foraminiferal assemblages indicative of
Early Danian Foraminiferal Zone P-alpha (Norris
et f. 1998, 1999). This layer mainly consists of green
spherical and oval-shaped spherules mostly composed
of smectite, which derives from alteration of the
origingl material (Martinez-Ruiz et «f. this volume)
and is capped by a 3 mm-thick orange Fe-oxide layer
that initially appeared to be the fireball layer {Norris,
Kroon, Klaus et af. 1998) equivaient to the uppermost
laver in non-marine sections (Pollastre & Bohor [993).
The spherule bed aiso contains some lithic fragments,
Cretaceous foraminifera and clasts of Cretaceous
material, suggesting reworking of the spheruie bed
material, which is further supporied by the variable
thickness. Notwithstanding this reworking, which
limits the interpretation of the possible original
stratigraphy of the cjecta deposit at Blake Nose, the
gjecta fallout from the Chicxulub impact is recorded.
The spherule bed was not preserved at Holes 1650C
and 1052E, although at Hole 1052E some burrows are
filled with ejecta material {Norris et al. 1998; Klaus
et al. 2000). Sampies were collested from cores 16X,
17% and 18X at Hole 1049A, taking samples
continuously every 2 ¢m in an interval from 125.69
ta 126.23 m below sea floor (mbsf} in section 17X-2 in
order to analyse continuously and with higher
resotution the K-~T boundary layer and nearby
sediments above and below. At Hole 1049B, a

Fig. 1. Location of the ODP Leg 171B Blake Nose drilling transect.
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continucus sampling of the K~T boundary interval
was also carried out in section 8H-2 every 2 cm in an
interval from 111.00 to 111.32 mbsf. Qther scattered
samples were also taken at these holes (see Tables |
and 2 for sample position). At Holes 1050C and
1052E, where the spherule bed is not well preserved,
lower-resolution sampling was carried out. Section
10R-2 was sampled at Hole 1050C, and sections
18R-1, 18R-2, 18R-1 and 19R-1 were sampled at Hole
1052E (see Tables 3 and 4 for sample positions).
Samples from the spherule bed were cleaned of
Cretaceous clasts unider a stereomicroscope and dried,

homogenized and ground in an agate mortar for chem-
ical analyses using inductively coupled plasma-mass
spectrometry (ICP-MS) and atomic absorption spectro-
metry (AAS). Rb, St, Ba, V, Cr, Ce, Ni, Cu, Zr, Hf, Mo,
Pb, U, Th and rare earth elements (REE) were analysed
by ICP-MS, and Al, K, Fe, Mn, Ca and Mg were
analysed by AAS. Analyses were performed on bulk
samples after sample digestion with HNO, + HF of
0.100 g of sample powder in a Teflon-lined vessel at high
temperature and pressure, evaporation to dryness and
subsequent dissolution in 100 ml of 4 vol. % HNO,.
ICP-MS instrument measurements were performed in
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Fig. 2. Core photographs of the K~T boundary interval at Site 1049 showing the spherule bed marking the
boundary at the three holes drilled at this site and its variabie thickness {biostratigraphy from Norris ef al. {1999)).
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triplicate using & Perkin Elmer Sciex Elan-3000 spectro-
meter with Rh as internal standard, and AAS analyses
were carried out with a Perkin Elmer 3100 ZL
spectrometer. The quality of the analyses was mon-
itored with laboratory and international standards from
the United States Geological Survey (USGS). ICP-MS
precision and accuracy were better than +£2% and
+5% relative for analyte concentrations of 50 and
S ppm in the rock, respectively. AAS analytical error
was <2%.

Ir analyses of bulk samples were carried out by
neutron activation at Centre des Faibles Radioactivés,
Gif-sur-¥Yvette, Iridium was counted with a y—y spec-
trometer detecting the 316-468 keV v-ray coincidence
resulting from the decay of '**Ir {Rocchia ef af. 1990).

Tlement stratigraphy across the K-T
boundary

The chemical data from analyses performed on
all selected samples from the K-~T boundary
intervat at Blake Nose are presented in Tables 1-
4, corresponding to Holes 10494, {0498, 1050C
and 1052E, respectively, and are piotted in
Figs 3-7. Figure 3 represents the entire analysed
intervai at Hole 1049A, although the closely
spaced sampiles at the K~T boundary bed and
nearby sediments above and below are not clearly
visible in this graph. Therefors, a sefected interval
showing the ¥-T boundary chemical compeo-
sition in greater detail has been plotted in Fig. 4.
When analysing sediments with considerable
variations in carbonate content, as is the case
for K~T boundary interval sediments, some
fluctuations in elemental contents may result
from variations in the carbonate/aluminosilicate
ratio. Whole-rock concentrations of elements
have, therefore, been normalized to Al as an
index of the relative abundance of detrital phases
and plotted in Figs 3—7, Figures 8 and 9 show the
Ir profiles at the K~T boundary interval in Holes
1049A and 1049B.

Al and Ca are plotted in Figs 3~7 to give an
idea of the abundances of detrital and biogenic
material. As occurs in other K~T sections, the
boundary is marked by a significant decrease in
carbonate content as a consequence of the mass
extinction and deposition of the impact fallout
material. Figure 4 shows these Al and Ca varia-
tions and also the element abundance variations
across the K-T boundary at Hole 1049A. As the
boundary layer is better preserved at this hole,
our discussion will focus on this interval and the
geochemical record will then be compared with
the interval analysed in the other holes.

Sr and Mg

Recause Sr is closely related to Ca and carbon-
ates, the Sr and Ca contents across the K-T

boundary show a similar decrease in concen-
tration (Tables | and 2), and, thezefore, the 5r/Ca
ratio has been considered and plotted in Figs 3—
7. Bven considering whole-rock analysis data, the
observed decrease in St ¢content in relation to Ca
content across the boundary suggests a response
to a global Sr decrease in early Tertiary time,
reported also at other K~T boundary sections
(Renard 1986). When whole-rock Mg data are
considered, the profile would be expected to
show a significant increase in the Mg content of
the spherule bed (Tables 1 and 2} as a con-
sequence of the decrease in carbonates and an
increase in smectites. Hlowever, the Mg content
normalized to Al shows an increase in Mg across
the boundary whick is also consistent with a
globai trend {Renard 1986). Variations in the Sr
and Mg contents are also in good agreement with
data from Hole 1049C (Speed & Kroon 2000}
Although further analyses on the carbonate
fraction are needed, these variations in Mg and
Sr concentration seem to correlate with sea-ievel
changes and global fluctuations.

Redox-sensitive elements and diagenetic
remobilization

In the analysed interval, the Fe and Mn profiles
are mainly governed by diagenetic remobiliza-
tion. At Hole 1049A,, where a thicker interval has
been analysed, the Fe concentration is similar in
Cretaceous and in Tertiary sediments (Fig. 3),
suggesting similar detrital fluxes and palaeocea-
nographic conditions. However, the K-T
boundary is marked by a significant Fe increase
in the top part of the boundary bed (Fig. 4} and
lower Fe and Mn concentrations within the
boundary bed; the enhanced concentrations of
these elements indicate diagenetic remobiliza-
tion. After the mass extinction, oxygen con-
sumption would have been enhanced by
oxidation of the accumulated organic matter,
and suboxic or reducing conditions would be
expected after deposition. In such conditions,
elements sensitive to changes in redox con-
ditions, such as Fe and Mn, would have under-
gone severe redistribution. These oxygen-
depleted conditions led to diffusion of Fe and
Mn, precipitated upon encountering oxygenated
pore waters, being oxidized and immobilized as
oxyhydroxides. The two elements became
decoupled during diagenesis, the Mn peak
being located above the Fe peak (Fig. 4), which
constrains the Eh conditions at which Fe was
immobilized and Mn continued to diffuse
upward upon encountering more oxygenated
pore waters. Such Fe diagenetic remobilization
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17X-2 0 0.5

It (pph)

50

1 1.5
Depth Ir {ppb)
{cm in core)
540 0.20+0.05
56.0  0.82+0.10
57.0 126010
580  132£0.12
585  0.60+£0.08
390 062zx0.10
~ 60.0  050%0.08
6L.0 1.05+0.12
630 071x0.10
650 038+£0.10
654 028010
7148 0124010
730 0.20+0.10
740 0.18+0.10

Fig, 8. Profile of Ir content at Hole 1049A (sample at 58.5 cm depth in coxe corresponds to the orange Fe-oxide

layer).

is responsible for the 3 mm thick rusty layer
capping the spherule bed (Fig. 2) that initially
appeared to be the fireball layer (Norris et af.
1998), but only represents in fact a diagenetic
concentration of Fe, with no enhanced extra-
terrestrial-element flux observed, as discussed
below. At Hole 10498 where the spherule bed is
preserved, and Hole 1052E, with burrows con-
taining spherules, the same Fe and Mn patterns
are observed.

Reducing conditions are also constrained by
the U/Th ratie, which is a potential palacoredox
indicator. Th is relatively immobile in the
sedimentary environment and is concentrated in
the detrital fraction associated with heavy
minerals or clays. In contrast, the U concen-
tration is dependent on redox conditions. U is
soluble, but U* is precipitated, therefore,
concentrating in a reducing environment and
raising the U/Th ratio. Wignall & Myers (1988)
proposed the authigenic U content (Ua) as an
index of bottom-water oxygenation calculated as
{authigenic U} (total U) — Th/3, which can be a

reliable redox proxy (Jones & Manning 1994).
The U/Th ratio and Ua content (Figs 4 and 3,
Tables 1-3) reach higher values in the spherule
bed, indicating more reducing conditions.

Ba also shows some fluctuations in its content
in the spherule bed, governed by diagenetic
remobilization. In deep-sea sediments, bulk Ba
is associated with the detrital fraction, with
carbonates, or it occurs as authigenic or biogenic
barite. It is known that Ba has enhanced con-
centrations in pelagic sediments that are depos-
ited in high-productivity areas, as it has a strong
biogenic association, and ifs content increases
with higher biogenic production {Goldberg &
Arrhenius 1958; Schmitz, 1987; Dymond et «l.
1992; Paytan ef ol 1993; Paytan 1995). The
RBa/Al ratio gives a general idea of the Ba
associated with carbonates or biogenic barite,
and although any palaeoproductivity interpreta-
tion would require an evaluation of biogenic
barite concentration (e.g. Paytan et al. 1993;
Paytan 1995), the slight decreases in Ba above
the spherule bed could be related to lower
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10498 I (ppb)
gH-2 0.0 0.5 1.0 1.5
‘e Depth  Ir (ppb)
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-
51.00 < (.05
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59.00 0.19+0.03
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1 65.00 132+0.06
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67.25 0.32+£0.03
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751

801
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Fig. 9. Profile of Ir content at Hole 10498 (sample at 67.25 cm depth in core corresponds to the orange Fe-oxide

layer).

productivity. The low carbonate content and the
absence of biogenic barite in the spherule bed led
to low Ba contents (Tables 1 and 2). Ba in this
bed is probably associated with the aluminosili-
cate fraction and secondary barite, as the
enhanced Ba content within the upper part of
the spherule bed also sugpests diagenetic
remobilization of Ba during suboxic diagenesis,

The V, Mo and Cu profiles are significantly
affected by changes in redox conditions and
diagenetic remobilization as well. The V content
increases above the sphernie bed, similar to Mn,
and it may have been mobilized upward and
precipitated with oxidized phases. A similar
profile for Mo with an enrichment at the top of
the spherule bed also indicates redistribution of
this element.

Detrital elements

Detrital element profiles are governed by source
material and mineral composition. The decrease
in K content is related to changes in the

composition of the clay mineral assemblages
and the absence of illite in the spherule layer. In
the Cretaceous and Tertiary sediments, clay
mineral associations are composed of smectite,
illite, kaotlinite and minor proportions of chlorite
(Martinez-Ruiz ef al. 2000), whereas the spherule
bed is mainly composed of smectite (Martinez-
Ruiz et al. this volume) of authigenic origin.
Typical detrital elements associated with detrital
clays have lower concentrations in this bed. In
addition, diagenetic alteration of the ejecta
material led to REE depletion (Tables 1 and 2).
These circumstances would explain the decrease
in X, Rb, REE, Pb and Th. In fact, severe
changes in major and trace element composition
may have occurred during the alteration of the
ejecta material to smectite. Izett {1991) examined
Haitian spherules, and showed that some trace
elements are severely depleted in smectite relative
to the impactite glass (Izett 1991, Table 5). Thus,
Cr or Rb could have been severely depleted.
Izett’s analyses also showed depletion in Zr and
Hf, although both these elements are abundant
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in the spherule bed at Blake Nose, probably
derived from rutile and zircon, which have been
reported by scanning electron microscopy
analyses.

Extraterrestrial elements

Because diagenetic alteration limits the interpret-
ation of extraterrestrial Fe, other typical extra-
terrestrial elements are considered to evaiuate the
possible extraterrestrial contribution in Blake
Nose sediments. The Iz concentration is very low
at Blake Nose (Smit et «f. 1997), reaching the
highest concentration above the spherule bed in
the burrow-mottled calcareous ooze (Figs 8 &9).
The contents of Cr, Co and Ni present different
profiles at this location. The Cr content decreases
considerably in the spherule bed, which points to
the absence cf a significant extraterrestrial Cr
contribution. Although Co and Ni concen-
trations are not as high as in distal sections,
both elements are enriched in the upper part of
the spherule bed, suggesting a possible enrich-
ment derived from extraterrestrial material.
Although the main contribution to the Blake
Nose spherule bed is target rock material {from
Chicxulub it seems to have been associated with
the finest fraction and therefore deposited after
the spherule bed material, although diagenetic
remobilization during suboxic diagenesis could
zlso have been an important factor in Ir distribu-
tion at this location. Ir reaches its maximum
content just above the orange Fe-oxide layer
{Figs 8&9).

Comparison with other K-T ejecta deposits

The Chicxulub impact resulted in gjecta deposits
identified in cutcrops and drill cores world-wide
(e.g. Alvarez et al. 1993; Plerazzo & Melosh
1999; Smit 1999), with melted target rocks
deposited cioser to the crater site. A major
terrestrial contribution is, therefore, expected at
Blake Nose. The vertically-expanding hot
vapour plume of vaporized bolide with some
entrained melted target rocks was dispersed and
deposited globally (the fireball layer). In some
K-T boundary sections, such as North Amer-
ican nonmarine sections, a dual nature of the
K-~T boundary interval is clearly evident
(e.g. Pollastro & Bohor 1993), and in distal
marine sections, such as those in SE Spain, only a
single clay layer, equivalent to the uppermost
layer in nonmarine sections, records the
boundary event. In the basinal Gulf of Mexico
and the Caribbean, the K-T boundary is marked
by a mixture of reworked microfossils, impact-
derived material and lithic fragments deposited

by giant gravity flows, the K-T boundary
‘cocktail’ {Bralower et al. 1998). Impact signa-
tures and geochemical anomalies are, therefore,
different in proximal and distal locations, also as
a function of different diagenetic environment.
At Blake Nose, the major contribution of gjecta
material is derived from target rocks, and the
geochemical composition of the spherule bed
reflects the composition of the precursor material
modified by diagenetit alteration and presents
minor extraterrestrial contribution. At distal
locations, the nature of the spherules, which are
microkrystites (Smit et al. 1992), and other
impact signatures such as Ni-rich spinels
(Bohor er al. 1986), indicate a different nature
of the impact-derived material. Broadly speak-
ing, after an impact the projectile material is
eiected first and attains the highest speed,
whereas the target material is gjected later and
is slower (e.g. Melosh & Vickery 1991). The
deposition of the impact-melted target rocks
from Chicxuiub, mainly consisting of impact
glasses {e.g. Koeberl & Sigurdsson 1992}, would
have occurred quickly after the impact and more
rapidly than deposition of the finest fraction
derived from a cloud of vaporized bolide and
entrained target-rock material. This material,
usually termed the firebail layer, was deposited
by gravitational processes on top of the recently
deposited target-rock-derived material (e.g. Pol-
iastro & Bohor 1993). Reworking of the K~T
boundary material at Blake Nose (Klaus ef al.
2000) prevented the preservation of the gjecta
layer stratigraphy, although enhanced concen-
trations of Ir, Co and Ni in the upper part of the
spherule bed suggest a more significant extra-
terrestrial contamination within this part. Never-
theless, no clear evidence for significant
contribution of extraterrestrial material is ob-
served at Blake Nose. The nature of the spherules
and geochemical composition of the spherule
bed suggest it is composed mostly of target-rock
material, with very low amounts of bolide-
derived material.

Conclusions

The K~T boundary at Blake Nose is marked by a
spherule bed up to 17 ¢m thick at ODP Site 1049
containing green spherules, composed mostly of
smectite. Reworking of the spherule material
limits the interpretation of the possible original
stratigraphy, but this layer none the less provides
further evidence for the deposition of the
Chicxulub impact-generated material, and it
represents the impact-melted target rocks. Ir
and other extraterrestrial elements show lower
concentrations than at distal locations. Only Ni
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and Co have higher concentrations within the
upper part of the spherule bed. Original concen-
trations have been severely modified after deposi-
tion. Low Ef conditions led to trace-element
remobilization. Fe, Mn, V and Mo mobilized,
diffusing upward and precipitating upon encoun-
tering the oxygenated pore waters required for
their  precipifation. As different  oxygen
conditions are required for precipitation of
these elements, their concentrations became
decoupled, showing peaks at different depths.
Major chemical changes also accompanied the
diagenetic alteration of glass to smectite. REE,
and possibly other associated elements, were
significantly depleted during this alteration. Eh
and alteration of glass are therefore the main
factors controlling the geochemical profiles
across the KT boundary at Blake Nose,
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