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Abstract: The Cretaceus-Tertiary (KT) boundary at Stevns Klint (the Hojerup suc-
cession), Fiskeler, consists of a thin red clay layer overlain by a thick one of black
marl. These two layers are made up mainly from cheto-smectite and biogenic cal-
cite. The black marl shows an enhanced concentration of Ni (655 ppm) within its
smectite fraction. Additionally, its carbonate fraction also shows an enhanced con-
centration of Ni (245 ppm). It is reasoned that these enrichments represent a sudden
and rapid input of high amounts of Ni into the late Cretaceus seawater at Stevns
Klint. The ultimate source of Ni in both the carbonate and smectite fractions of the
black marl was probably impact fallout, produced by the KT asteroidal impact, de-
posited on the nearby soil and leached by the (acid) surface waters. The geochemis-
try of the Ni supports the hypothesis that the smectite of this marl most likely has a
local (marine or terrestrial) provenance and was probably redeposited, after its for-
mation, from the original site to its present location at the KT boundary.
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INTRODUCTION

Fiskeler of the Hajerup succession (hereafter FK) is a classic KT boundary at
Stevns Klint. The lithology of FK has been described by Christensen et al.! The au-
thors distiguished four distinct layers within this boundary: the bottom layer II
(Maastrichtian grey marl: 1-2 cm thick), the middle layers III (brown-to-black
marl: ca. 2 cm thick) and IV (grey to black marl: 3—5 c¢m thick) and the top layer V
(light-grey marl: 5-7 c¢m thick), Fig. 1. II is underlain by Maastrichtian chalk (I),
and V is overlan by Danian cerithium limestone (VI). (The zero level of this Figure
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| Fig. 1. Schematic illustration of the internal layering
in a stratigraphic section of FK.

is defined as the interface between bed I below and bed II immediately above it).
Elliott? subdivided layer III into the red layer IIIA (which was not analyzed in this
study) which is overlain by the black marl layer II1IB, Fig. 1. [IIA is a thin (0.3-0.5
cm) layer with a high content spherules.3 The I1IB layer is black marl containing
high Ir,*5 kerogen enriched with Cu2*-porphyrins,® and a small amount of macro-
scopic pyrite (FeS,).3 The base of I1IB is also rich in spherules but they are much
less abundant then in I1TA.3 Layers IIIA/B and IV are here considered to constitute
the main part of the KT boundary section at Stevns Klint. There is, however, no
sharp boundary between I11B and the IV, which makes it difficult to distinguish the
top of IIIB and the base of I'V.

Alvarez et al.” were the first to report an anomalously high Ir concentration in
FK. To explain this enhanced Ir concentration the authors proposed a late Creta-
ceous asteroid impact on the Earth. According to current pedagogy, this impact
occurred at the Chicxulub location (Yucatan Peninsula, Mexico), Fig. 2. This pro-
posal was soon followed by reports of Ir enrichments in several other boundaries
from all over the world. FK contains also other platinum elements,® shocked quartz
grains,? soot!0 and non-altered/altered impact-derived glass shards and meteoritic
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Fig. 2. Location map showing the KT site at Stevns Klint in relation to other prominent KT sites
world-wide.

fragments.1! It has been also suggested that the late Cretaceous impactor was a
(carbonaceous) Cl chondrite-type body.12

The X-ray diffraction analyses of FK by Rampino and Reynolds!3 indicate
that the central part of FK (I1I/IV) contains pure smectite, which is relatively abun-
dant and of local derivation, formed by the diagenetic alternation of glassy volca-
nic ash. In contrast, Kastner et al.14 concluded that the major element chemistry,
mineralogy and oxygen isotope analyses indicate that the smectite of III/IV is an
alteration product of the impact-derived glasses. Premovié et al.%15 suggested that
most of the IIIB smectite is detrital and ultimately derived from a local volcano-
clastic source. In contrast, Bauluz et al.1! provided experimental evidence [scan-
ning electron microscopy (SEM) and transmission electron microscopy (TEM)/an-
alytical electron microscopy (AEM)] that the smectite in FK is a direct product of
impact glasess.!! In addition, they reported the presence of impact glasses and al-
tered smectite throughout the FK sequence (from II to 1V), suggesting that there
was a continuous contribution of these glasses to FK over a considerable time.
Very recently, Drits et al.1¢ carried out chemical analysis, solid state NMR spec-
troscopy and atomic force microscopy of the clay fraction of I1IB. These authors
reported that this fraction consists of two phases: a high-smectite phase (70 %)
having 95 % smectite and 5 % illite and a low-smectite phase (30 %) having 50 %
illite. According to Drits e al. 10 these two phases are probably formed from volca-
nic ash. These authors argued that a very small part, if any, of the smectite within
the FK column was derived from asteroidal impact fallout.

Apart from Ir, I1IB is also enriched in Ni.1.3:4.6.15.17 To date, the question of
the origin of these metals in IIIB smectite has not been resolved. Christensen et al.!
proposed that these metals concentrated due to an accumulation of mainly terri-
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genous materials with minor amounts of clay minerals of diagenetic origin. Schmitz*
proposed that trace metal precipitation in FK was induced by various redox-con-
trolled processes in connection with the decomposition of the abundant algal matter.
He argued that the concentrated trace metals of the I1IB and IV samples precipitated
as sulfides from the seawater at Stevns Klint; although the authors, also pointed out
that the ultimate origin of some of these metals (e.g. Ni) may have been an Earth-im-
pacting asteroid. Elliot? and Elliott et al.13 showed that IIIB smectite is a possible
carrier phase of trace metals (including Ni). These authors argued that trace metals in
1B smectite originated from seawater enriched with this metal from the impact fall-
out. Premovi¢ et al.%15 considered that a lot of the trace metals (including Ni) in I1IB
smectite are strictly detrital in character, i.e., they were incorporated into the smectite
structure prior to being deposited at the FK site.

In this study Ni in IIIB smectite was determined by Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES). Ni was chosen primarily be-
cause of its distinct (but relatively simple) geochemical activities and properties.
Essentially, this paper is complementary to previous studies® !5 and discusses the
broader geochemical aspect of Ni within I1IB smectite,” which may be important
in understanding the geochemical and depositional processes which occurred dur-
ing the sedimentation of FK. An understanding of these processes which led to the
enrichment of Ni within this clay would also shed light on the sequence of
sedimentary episodes which led to this enhancement.

EXPERIMENTAL
Inductively Coupled Plasma-Optical Emission Spectrometry
Ni of the whole-rock IIIB sample and its fractions was analyzed by ICP-OES. A Spectroflame
ICP-OES instrument was employed and Ar was used as the plasma gas.
Fourier Transform Infrared (FTIR) Spectrometry

Rock samples were finely powdered and dispersed evenly in anhydrous potassium bromide
(KBr) pellets (1.5 mg/150 mg KBr). The spectra were recorded at room temperature using a Bomem
(Hartman & Braun) MB-100 spectrometer set to result in an underformed spectra.

Electron Spin Resonance (ESR)

ESR measurements were performed on the finely ground powders of the rock samples which
were transferred to an ESR quartz tube (4 mm o.d., 3 mm i.d.). The spectra were recorded on a Bruker
ER 200D ESR spectrometer employing 100 kHz modulation and a nominal frequency of 9.5 GHz.

X-Ray Diffraction (XRD)

XRD analyses of the whole rock and their carbonate-free, smectite and silicate fractions were
performed using a Philips diffractometer (PW 1050/25) equipped with a proportional counter and
discriminator, using Ni-filtered Cu radiation at 40 kV and 20 mA.

Energy Dispersive Spectrometry (EDS)

All EDS analyses were obtained with a Jeol JSM-35 electron microscope equipped with a
Tracor TN-2000 energy dispersive X-ray spectrometer. The operating conditions for the en-

*  The origin of IIIB smectite is outside the scope of this paper.
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ergy-dispersive analyses were 25 keV accelerating voltage, 0.1 @A beam current, and a beam spot
diameter of approximately 3 pm.

Analysis and fractionation

Dr. Helle Schummel collected bulk samples of I1IB from an outcrop 200 m south of Hejerup
Church. The rock sample was dried in an oven and carefully ground in an agate mortar. The fraction-
ation procedure was similar to that used by Premovi¢ et al.1® and Saxby.!® The major steps in prepar-
ing the four fractions were:

1. Powdered rock (48 g) was treated (12 h) with an acetate buffer solution, acetic acid (1 M)/so-
dium acetate (1 M), of pH 5.020 to remove most of the carbonates. Carbonate removal was checked
by X-ray and Fourier transform infrared (FTIR) analyses. The soluble portion constituted the car-
bonate fraction (analyzed for Ni by ICP-OES). It appears that the treatment of the sediments with the
acetate buffer solution is the most efficient and simple method for removing carbonates with a mini-
mal damage to the clay present.?!

2. The insoluble residue from (1) above was demineralized further by repeated treatment with
cold HCl (6 M, room temperature, 12 h). The soluble part constituted the cold-HCI fraction (ana-
lyzed for Ni by ICP-OES).

3. The insoluble residue from (2) was demineralized with boiling HC1 (6 M, 80 °C, 12 h). This
treatment removed most of the soluble silicates. The acid-soluble part constituted the smectite frac-
tion (i.e., the smectite concentrate). Smectite removal was checked by X-ray/FTIR analyses. The
smectite fraction was analyzed for Ni by ICP-OES. The insoluble residue constituted the HCl-insol-
uble fraction, containing acid-insoluble silicates (ca. 90 %), kerogen (ca. 10 %) and FeS, (<2 %).
This fraction was analyzed for Ni by ICP-OES.

The ESR, XRD, SEM and EDS analyses of the demineralized fractions of I1IB also confirmed
that the dissolution was eseentially complete and that a good selectivity was obtained at each stage
of demineralization.

RESULTS

Ni within IIIB in the carbonate, cold-HCI, smectite and acid-insoluble frac-
tions of IIIB were determined and the analytical results are given in Table I. The
standard deviations for Ni in each fraction are on average 5 % with a maximum of
20 %. The distribution of Ni among the four fractions of the IIIB sample is shown
in Table 1. The Ni content of the carbonate fractions of layers I, II, IV and V were
also determined by ICP-OES. The distribution of Ni in this fraction across FK is
presented in Fig. 3. For comparison, the Ni contents of the carbonate and the car-
bonate-free (smectite concentrate) fraction of a KT succession (equivalent to FK)
at another marine site (about 4 km from the Hejerup location) at the southernmost
part of Stevns Klint close to Radvig were also determined.

TABLE I. Geochemical concentrations and geochemical distributions of Ni (from selective leach-
ing experiments) among the carbonate, cold-HCI, smectite and acid insoluble fractions of II1IB

Fraction Sediment +5 wt % Ni/ppm? Ni/ppmb Total Ni/%
Carbonate 52 245 125 38
Cold-HCl 7 780 55 17

Smectite 21 655 140 42

Acid insoluble 20 55 10 3

Sediment 100 330 330 100

aGeochemical concentration. °Geochemical distribution
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TABLE II. The carbonate fractions (£ 5 wt %) and their Ni content (= 5 ppm) of KT boundaries at
various localities world-wide (see Fig. 2 for the locations of these deposits)

Sample Paleorange £300 km?®  Carbonate fraction Ni
Reodvig 12000 45 5
Nye Klov 12000 53 15b

Dania 12000 70 10°
Caravaca 9750 32 70
Agosta 9750 70 10

El Kef 11000 50 15
Geulhemmerberg 11500 60 <5
Furlo 11750 40 <10
Gubbio 11750 42 15
1049A 2000 29 165

aApproximate distance from the impact site at Chicxulub. "Premovi¢ ef al.1
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Analysis for Ni in the carbonate fractions of other marine KT desposits, at
Caravaca/Agosta (Spain), El Keef (Tunisia), Geulhemmerberg (Holland) and
Furlo/Gubbio (Italy), was also carried out, Fig. 2. These analytical results are pre-
sented in Table II.

PREVIOUS STUDIES OF HIA/IIIB AND THE RELEVANT INTERPRETATIONS
Origin and nature of 1114

The origin of I1IA is still controversial. Kyte et al.22 analyzed IIIA sample for
trace metals (in particular siderophiles) employing instrumental/radiochemical neu-
tron activation analyses. They suggested that only IIIA should be used to estimate
primary ejecta falout of the KT asteroid impact, as trace metals in the higher layers
arose mainly from secondary fallout material, laterally transported from nearby lo-
calities on land. Kyte et al.22 reasoned that only IIIA (usually referred to as the im-
pact layer, magic layer or fireball layer) is the sole representative of the original im-
pact fallout. In contrast to Kyte et a/,23 Schmitz* concluded that the major element
composition of IIIA indicate that this layer is made up of locally derived clays. He
also argued that pore solutions bearing trace metals (mainly Ni) migrated upwards
from the slightly oxidized chalks beds into the highly anoxic environment of IIIB.

Premovi¢ et al.% inferred that I1IB was deposited near-shore in shallow seawa-
ter within an interval only a few tens of years (about 40 years of sedimentation) or
even much less. Wendler and Willems24 considered that IIIA/B represent the first
decades or centuries following the KT impact event and that [V characterizes a rel-
atively fast but continuous low energy sedimentation. Thus, [IIA/B were probably
deposited relatively quickly on the seafloor. The problem is, however, that during
the formation of II11A, sedimentation may have been extremely condensed, attrib-
uted to the biogenic dissolution of calcite and a significant time may have elapsed
between the formation of IIIA and I1I1B.25

Ni and Ir of 1114 spherules.

Schmitz3 and Graup et al.d reported that IIIA contains spherules which vary in
size from 0.125 m to 800 mm in diameter and are similar in appearance to those in
KT successions worldwide. Schmitz3 found that these spherules make up about 10
wt % of IIIA and they are its original constituents. IIIA spherules are either wholly
pyritic or are partly to fully weathered to geothite.3~> These spherules are highly
enriched with Ni (5000 ppm)3 and Ir (up to 17 ppb).27 It is highly likely that the Ni
and Ir in the IITA spherules were not primary constituents but that they were intro-
duced into their structure during their diagenetic alternaton. The source of Ni in the
spherules was probably interstial pore seawater already enriched with this metal.

Schmitz* reported ICP-OES data for trace metals in the carbonate-free fractions
(mainly the clay concentrates) in more-closely spaced samples accross FK. The clay
fraction of I, I, IV, V and VI appears to be the major carrier of these trace metals; their
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carbonate component is essentially a dilutant which lowers the trace metals concentra-
tions. The Ni data (based on Schmitz's results) are shown as concentration profile vs.
stratigraphic height in Fig. 3. This Figure shows that the Ni values reach a profound
peak concentration of about 1440 ppm in IIIA. A simple calculation indicates that less
than one third of the total Ni content in IIIA can be attributed to the spherules. The re-
maining metal is probably associated with its smectite.

Ir accross FK.

Schmitz* also reported INAA data for Ir (on a carbonate-free basis) within the
FK column. Based on these results, the concentration profile of this metal across
FK s also presented in Fig. 3. The Ir values reach a profound peak concentration of
140 ppb in the base of I1IB. Upwards from this level, the Ir concentration decrease
gradually, indicating a single external input of this metal to FK. Note that the Ir
concentration in the carbonate-free fraction (the smectite concentrate: Table I) of
IIIB are by a factor of 7-8 higher than in the same fraction of I1IA.

Geochemical studies>-7-28:29 show that the Ir profile (on a whole rock basis)
across the FK columns is characterized by a sharp concentration peak in the base of
IIIB with an upwards gradual decrease (tailing-off) from its maximum. [IIB/IV
contain > 90 % of the total Ir influx within FK. Similarly, these two layers contain >
90 % of the total Ni influx, though its concentration maxima is in I[IIA. These re-
sults indicate that the accumulation of Ni and Ir may be attributed to the same geo-
chemical event.

Schmitz# reasoned that humics at Stevns Klint probably played an important
role in concentrating Ir in I1IB. The author reported that about 50 % of the total Ir
flux in FK is hosted by I1IB kerogen. This may reflect a strong association of Ir and
humics (IIIB kerogen precursor) at Stevns Klint. It appears that Ir has a high affin-
ity for humics in natural waters. For example, Anbar et al.30 found that a large
amount of humics in river water enters the Baltic Sea, and about 75 % of the
riverine Ir accumulates in the nearshore (brackish) waters similar to that of Stevns
Klint. Thus, it is possible that a significant part of Ir inventory in I1IB resulted from
a geochemical process which occured in the nearby soil (enriched with humics) of
Stevns Klint. If this is correct then it infers that a considerable portion of the Ir
anomaly of IIIB came through, geologically speaking, an instantaneous addition of
humics (enriched with Cu?™ porphyrins) from the nearby soil. This suggestion is in
line with the estimate of fast deposition of IIIB by Premovié et al.® and Wendler
and Willems.24

An interesting finding is the absence of kerogen in the nearby KT succession
(equivalent to FK) at Redvig, indicating that this KT section formed under oxic
sedimentary conditions. The ICP-OES analysis show, however, that the smectite
concentrate of this section is relatively enriched with Ni (930 ppm) and Ir (10 ppb)
(unpublished results).



GEOCHEMISTRY OF Ni AT STEVNS KLINT (DENMARK) 647

An important fact illustrated in Fig. 3 is that the clay-rich fractions (the
smectite concentrate) of the underlying I/I and overlying IV/V layers are also rela-
tively enriched with Ni, indicating that postdeposit redistribution of this metal
probably occurred. The fact that the Ir enrichment, also, extends, to a certain ex-
tent, up to V infers that this, apparently chondritic, metal probably also underwent
this process. This conclusion is consistent with than made by Wells et al.3! that Ir
enrichment in I1IB kerogen probably occurred after deposition as a result of Ir redi-
stribution within this layer.

DISCUSSION
Ni within IIIB

The concentration of Ni in IIIB (Table I) is mostly greater than in average
shales,32 in average carboniferous shales33 and even in shales known to be en-
riched with trace metals, such as the Julia Creek carboniferous marl.34 The distri-
bution of Ni within the IIIB fractions, is given in Table I. It can also be seen from
this Table that the acetate buffer step removes about 52 % of the entire I1IB sample,
containing 38 % of the total Ni. As stated earlier, this is mainly a result of the total
dissolution of carbonates. The cold HCI leaching removes most of the metal ox-
ides/sulfides (7 % of the whole IIIB sample). The Ni (17 % of the total Ni) within
IIIB removed by cold HCl is likely sorbed on the carbonate/smectite particles or
precipitated as oxides/sulfides. In addition, a significant part of this removable
metal may also be incorporated into the structure of Fe-oxides, mainly goethite
(a-FeOOH) and ferrihydrite (Fe,O3 x 0.5H,0). The boiling HCI step disolves
most of smectite and monosulfides [ chalcopyrite (CuFeS,), sphalerite (ZnS) and
pyrrhotite (Fe_, S], but not disulfides such as FeS,. A minor amount of Ni (3 % of
the total Ni) resides in the acid insoluble fractions (kerogen + FeS»,).

Ni within IIIB smectite

The analytical results in Table I show that considerable amounts of total Ni (42
%) resides in the I1IB smectite. Smectites possess a large specific surface area (6—8
x 105 m2 kg~!) and a relatively high structural charge (up to 1200 meq kg1) im-
parting them with important sorptive properties. It is quite possible, therefore, that
NiZ" ions reside in the exchangeable Mg2* interlayer sites within the I1IB smectite.
These positions are excellent coordinating sites within the smectite structures
which would be very rapidly filled by these ions during/after diagenesis. Indeed,
Rybicka et al.35 invetigated the adsorption/desorption behavior of Ni on che-
to-smectite (Arizona, USA). Ni was about 40—50 % sorbed. It is, therefore, con-
cluded that IITA/B cheto-smectite was open to exchange (during and after its
diagenesis) with the seawater which was already enriched with Ni, i.e., this clay
could behave as a sink for Ni if this metal was present in the seawater of Stevns
Klint. The experimentally demonstrated ability of cheto-smectite to fix Ni in a few
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days from solution35 suggests, however, the feasibility of continued accumulatiion
of this metal from seawater enriched with this metal for tens or even hundreds of
thousands of years. This is especially true for II1A since this layer is extremely thin
and composed almost completely of cheto-smectite. These characteristics would
highly facilitate the exchange of Ni in smectite with interstial pore seawaters. This
must also be true for I1IB, as this layer is, also, rather thin (up to 2 cm).

Ni and the nearby soil

The average concentration of Ni in normal seawater is very low in comparison
with its content in ITIB smectite, i.e., 118 ppt (Ni).36 If the above assumptions of
fast deposition of I1IB-24 are correct then it seems unlikely that normal seawater
itself could have been an adequate source for this metal in IIIB smectite. It is more
likely that the overlying seawater already enriched with this metal contributed
mostly to the Ni in IIIB smectite.

Erickson and Dickson37 carried out mass balance calculations of the influence of
trace metal to the surface seawater associated with the Alvarez et al.” chondritic
impactor. These calculations showed that this water would be enriched by a factor of
660 (Ni). Assuming that 100 % of this metal was dissolved, this concentration in the
surface seawater would be ca. 78 ppb (Ni). A simple metal supply calculation suggests
that this source would not be an adequate supply of Ni. Therefore, a source with a
higher concentration of this metal must be searched for. For this reason, an inference
on a land source of Ni is needed. Thus, this metal in IIIB smectite is probably the detri-
tal component originating from the nearby soil. However, it is unlikely that an ordinary
soil would be adequate to explain the elevated values of this metal and a considerably
abundant source is clearly required to explain its enrichment.

Recently, Frei and Frei38 carried out a multi-isotopic/trace elements study of FK.
According to these authors, the sudden changes in the Sr, Pb and Nd isotope composi-
tions/ratios of this boundary indicate enhanced, acid-rain induced continental (local?)
weathering input to the seawater at Stevns Klint. The same conclusion was obtained
independently by Premovi¢ et al.® from a study of Cu and Cu?*-porphyrins within
IIB. Under these acidic and oxic conditions, Ni would be highly soluble3? and readily
traanslocated by the surface waters. Hence, the seawater at Stevns Klint may have dif-
fered in composition from ordinary seawater, perhaps because of extensive acidrain
weathering (leaching) of source rock(s) enriched with Ni on land. In addition, there
could have been apparent concentrating mechanisms for Ni in the soil at Stevns Klint.
Perhaps regional/local conditions (e. g. topography, efc.) were, also, favorable for an
efficient and concentrated accumulation of this metal.

The many studies of the KT events indicate that acid rain(s) at the KT boundary
could have been generated by the Alvarez et al.” impactor. The vast amount of mainly
SO, generated by such an impact would be globally dispersed and quickly converted
into H,SO4 aerosols, which would act as nucleation sites for acid rains. On the other
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hand, opponents of the Alvarez et al.” impact usually suggest that gigantic volcanic
eruptions (e.g. Deccan Traps in India) could produce similar acid ranifalls.

The Ir anomaly has been found at more than 80 KT boundary successions
throughout the world.#0 Most of these successions were deposited in a nearshore ma-
rine environment similar to that of Stevns Klint. In the most prominent of the marine
successions, Ni has a maxima at the same stratigraphical level: in a 1-2 mm thick red-
dish layer like IIIA.##! This is a consequence of the fact that this metal has a common
origin and a similar behavior during diagenesis. This argus against a local source of Ni,
e.g., acid surface waters leaching the terristrial rocks on the nearby land.

As Ir is a highly compatible metal, the only sources for it in the prominent KT
successions are either deep mantle or asteroidal in-fall. The fact that the only large
scale volcanic activity at the KT time, Deccan Traps, shows low amounts (< 35 ppt)
of Ir in its predominant thoeliitic basalts (99 %) indicates an asteroidal source.42:43
In addition, geochronological dating of these basalts by these authors shows that
the occurrence of their pulse was well before (about 4 millions years) the KT
boundary. Thus, if the Ir anomaly in the KT successions worldwide originated
from impact fallout then Ni is probably derived from the same source. This conclu-
sion is consistent with most literature concerning their enrichments in the KT suc-
cession worldwide. It appears that the clay fraction of these beds is the dominant
carrier phase of Ni. For this reason, it can be tentatively hypothesized that most of
Ni within the IIIB smectite ultimately came from fallout (enriched with this trace
metal), generated by a late Cretaceous impact, covering the nearby oxic soil at
Stevns Klint. Indeed, Davenport et al.44* estimated that, after the Alvarez et al.”
impact, the top soil would have been covered with the primary fallout, and have a
Ni content one or two order of magnitude greater than the contemporary average
level of Ni in soils (16 ppm).

The concentration of Ni within IIIB smectite is ca. 655 ppm (Table I) and much
lower then the average Ni concentration in Cl chondrites (11,000 ppm).4> Thus, as-
suming that the concerned metal was supplied by the impact falloutt, the excess of Ni
in the seawater of Stevns Klint was probably derived from a Cl chondritic component
associated with this material, as originally suggested by Elliot ez a/.18 It is noteworthy
that Gilmour and Anders*0 suggested a chondritic origin of anomalous Ni in eleven of
the most prominent marine KT successions, including FK.

Anoxic vs. oxic conditions of the formation of lIIB smectite

It is almost certain that seawater already enriched with Ni predominently con-
tributed to this metal in I1IB. This enrichment process could have occured either
during diagenesis of afterwards by sorption. Unlike the oxic conditions that pre-
vailed during the sedimentation of I/II/V/VI, geochemical evidence indicates that

*  According to these authors, the impact infall would have a Ni concentration of between
133-1330 ppm.
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ITIB (and most of IV) was deposited either under strong anoxic conditions or the
conditions became strongly anoxic soon after deposition and H,S was present in
both I1IB and the immediate overlying seawater.!> Let us consider whether the in-
corporation of Ni in an anoxic sedimentary environment can account for its abun-
dances in IIIB smectite.

Schmitz3 suggested that the abundant presence of the FeS, concretions en-
closed within IIIB indicates that strong reducing conditions still prevail in I[IB 65
Ma after its formation. Under these conditions most of the Ni would be preferen-
tially incorporated into FeS,.47 In this way, the anoxic I1IB would act as a sink for
this metal. In other words, strong anoxic conditions would be adverse for the incor-
poration of Ni into IIIB smectite from the overlying seawater. Table I shows that <
5 % of the total Ni resides in the acid-insoluble fraction of I1IB, which contains
mainly HCl-insoluble silicates (mainly illites/quartz) and kerogen. The fact that
FeS, is predominantly associated with this fraction indicates that a rather a low
proportion of the total Ni is incorporated into the pyritic component of IIIB. In-
deed, most of the Ni of the HCI-insoluble fraction of IIIB resides in kerogen.48

In contrast to an anoxic environment, if the incorporation of Ni into I1IB
smectite occurred in an ordinary (oxic) seawater (with a normal pH of about 8) then
predominantly free Ni2* ions would be present in this water. Hence, it may be con-
cluded that the enriched association of Ni in IIIB smectite does not reflect anoxic
but oxic conditions. This means that the diagenetic and/or postdiagenetic incorpo-
ration of Ni into IIIB smectite had to occur in an oxic sedimentary environment.
(This must also be valid for IIIA). This conclusion is further supported by the
following:

(1) Our geochemical analysis showed that [1IB smectite contains about 4 % of
Fe (unpublished results). EDS Examination revealed that there is also an abun-
dance of (external) Fe oxide-rich particles (probably goethite/ferrihydrite grains)
associated with IIIB smectite. Moreover, an ESR investigation*® showed that
smectite IIIB contains a relatively high (internal) amount of Fe3* incorporated into
the smectite structure. These findings are consistent with the formation of II1IB
smectite in an oxic environment as (internal or external) Fe3™ and Fe2" (and their
oxides) are unstable with respect of FeS, in anoxic environments.# The presence
of minor amounts of goethite/ferrihydrite in IIIB could be due to the oxidation of
various forms of FeS, by air O, during (postdiagenetic) weathering lasting 65 Ma.

(2) The Cr/V ratio has been used as a paleoenvironmental indicator of sedi-
mentation (Jones and Manning>Y and references therein). Values of V/Cr > 4 are
thought to represent suboxic/anoxic sedimentation conditions. Values < 4 are in-
dicative of slightly oxidizing (dysoxic) conditions, with values < 2 suggesting oxic
conditions within the sediment. The V/Cr ratios of IIIB smectite is 0.5 (V and Cr
concentrations of this clay are taken from the work published by Premovic¢ et al.15)
indicating an oxygenated (or ordinary) marine environment. The fact that the aver-
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age Re/Mo ratio in IIIB (> 1.2 x 10-2) (unpublished results) is high with respect to
ordinary seawater (3.6 x 10-3) supports this conclusion.

As pointed out earlier, smectite within IIIA are highly enriched with Ni. This
layer was, probably, deposited under oxic conditions, which is supported by the
relatively high content (ca. 10 %) of nanophase goethite associated with ITIA, 11,51
and by the absence of kerogen in I1IB. According to Krumbein and Garrels,>2 this
mineral occurs in sedimentary environment under oxidizing conditions with a re-
dox potential Eh > +0.15 V.

Ni within the biogenic calcite of I[IB

Considering now Ni in the carbonate fraction (mainly biogenic calcite) of the
FK layers, the concentration of Ni (245 ppm, Table I) in this fraction of IIIB is
anomalous when compared with the average Ni concentration (7 ppm) found in
marine calcareous rocks.53 This is consistent with the earlier suggestion that the
seawater of Stevns Klint may have been abundantly enriched in Ni. The distribu-
tion of Ni across the FK column shows that the calcite fraction of II contains less

VI

Layer

v

1B
IITA
1

4. The distribution of Ni (ppm)

0 50 1100 150 2b0 250 300 within the carbonate fractions of
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than 20 ppm of Ni and the concentration of this metal is the highest in I1IB, dimin-
ishing upward (IV) and ultimately disappearing (V), Fig. 4. Both the more than
five fold increase of Ni in IIIB calcite and the more than five fold decrease in IV
calcite are consistent with a single and rapid introduction of Ni into the seawater.
The background value of Ni in the calcite fraction of V suggests that after deposi-
tion of III/1V, the influx of Ni from the nearby land probably ceased completely.

Ni associated with the calcite component of IIIB may reside in biogenic calcite. If
this is a case then this Ni represents biological Ni, i.e., the direct incorporation of Ni2*
ions into the shells of calcareous microbiota which occurred during their metabolic up-
take of surface seawater already enriched with these ions. Indeed, the Ni2* ions may
substitute Ca2* ions in the calcite matrix since Ni2"™ has a similar ionic radius/the same
charge as Ca2*. Combined chemical and FTIR/XRD/SEM/EDS analyses showed that
the KT succession near Radvig also contains a relatively high calcite (about 45 %)
mainly derived from calcareous microbiota. The ICP-OES analysis showed, however,
that this calcite, contrary to expectations, contains no enhanced concentration of Ni (5
ppm, Table II), compared to the background. If the metabolic activity of calcareous
microbiota led to the formation of calcite shells enriched with Ni in IIIB then it is rather
strange that the corresponding biogenic material at Redvig showed no evidence at all
of this activity.

An alternative possibility is that the Ni actually occurs in another phase. Ap-
parently the use of 1.0 M sodium acetate is an established method for the dissolu-
tion of sedimentary carbonates. However, the effect of this reagent is not limited to
carbonate dissolution. A considerable amount of specifically sorbed Ni may be
solubilized at pH 5.0.54 A previous geochemical study, however, suggested that
contamination of this source represents a serious problem only if the Ni concentra-
tion in the acetate buffer leachate are less than 10 ppm.>>

Regardles of whether the abundant association of Ni with the carbonate frac-
tion of I1IB is best explained by biogenic or sorbed Ni, it seems very likely that the
Ni within this fraction is indeed a sharp time marker, representing a sudden airfall
of the impact fallout in the Stevns Klint area. Marine calcerous microbiota would,
of couse, be particularly vunerable to a abrupt injection of high amounts of Ni into
the seawater at Stevns Klint.37:44.56 Therefore, the annihilation of calcereous
microbiota during KT in the seawater of Stevns Klint may also be attributed to the
poisoning effects of Ni. Considering the long scale of the Ni residence time
(90,000 y) toxicosis of this metal could have been far more substantial than other
environmental effects (including acid rainfall, inhibition of photosynthesis, drop
of temperature and greenhouse effects) induced by either an asteroidal impact or a
volcanic emission.

In contrast to FK, the carbonate part (mainly biogenic calcite) of the KT
boundary sections at Nye Klov (ca. 320 km away from Stevns Klint) and Dania
(ca. 220 km) in western Denmark (Fig. 5.) contain Ni (£ 15 ppm) comparable with
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Fig. 5. Location of the sam-
ples of the Danish bounda-
ries.
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their background levels.!5 The analytical results of the carbonate fractions (mainly
biogenic calcite) of the other prominent KT boundaries worldwide (Carava-
ca/Agosta, El Kef, Geulhemmberg and Furlo/Gubio, Fig. 2) also indicate that these
components contain normal background amounts of Ni (< 15 ppm), except the
Caravaca simple (70 ppm), Table II. It is resonable to assume that local variables
[e.g., physicochemical conditions of sedimentation (especially Eh/pH), sedimen-
tation rate, efc.] may have affected the process of concentrating Ni in their calcite
fractions. It is also noteworthy that the oceanic KT boundary section at Blake Nose
(site 1049A, hole A, core 17X, section 2) also shows a profound enrichment of Ni
(up to 165 ppm, Table II) associated with the carbonate fraction (mainly biogenic
calcite).5’

The redeposition of IlIB smectite

Drits et al.16 consider two alternatives as likely for the origin of cheto-type
smectite within FK. One possibility is that this clay was formed from volcanic
glasses then it was deposited at Stevns Klint periodically during a long time from
the late Maastrichtian to the early Danian. The second possibility is that the clay is
a detrital mineral of volcanic origin that was formed before the KT boundary and
then redeposited from its original site to Stevns Klint. The last alternative is in line
with the conclusion of Premovic et al.15

In general, marine KT successions worldwide are depositionally complex and
mainly affected by erosion and subsequent redeposition. The variable tickness of the
KT successions at different sites of Stevns Klint implies that the material was accumu-
lated on a highly irregular seaflor. Indeed, the sedimentary features of III/IV are more
consistent with deposition from several mass-flow events.1-3,5.18,38,58-61 Thijs is indi-
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cated by the abundant presence of (poorly sorted) sand/silt grains,! reworked late
Maastrichtian fossils and chalks, and rounded grains of terrigenous quartz in
I11B.11.25.59.61 According to Christensen et al.! the sand/silt grain size distribution
indicates that detrital material was deposited during the accumulation of IIIB.
Moreover, the sizes of chalk clasts and sand/silt grains indicate transportation over
a relatively short distance.

The most plausible scenario is that IT1IB smectite (already enriched with Ni and
Ir) was eroded from an original nearby oxic (marine or terristrial) site (a topo-
graphic high) onto the FK site (a topographic low). (This must also be true, to some
extent, for [IIA/IV smectite). This interpretation is in accordance with the second
alternative of Drits et al.16 Thus, the present results/rationalization endorse our
carlier contention that IIIB smectite is, probably, detrital in origin.%15 As pointed
out earlier, the KT succession close to Redvig is also enriched with Ni but contains
no kerogen. It is possible that smectite IIIB was redeposited from this or a similar
nearby marine site to FK. Simultaneously with the emplacement of I[I1IB smectite,
terrigenous humics (enriched with Cu2*-porphyrins/Ir) were laterally transported
from the nearby oxic soil to FK. This resulted in the formation of IIIB within the
FK succession.

There is also support for the detrial model of IIIB smectite in the few
non-bioturbated KT sequences: El Kef (Tunisia), Caravaca and Agosta (Spain).
Previous studies have shown that these boundary successions are also character-
ized by deposition of a detrital clay (mainly smectite) layer on top of a mm thin red
layer similar to IIIA. This smectite is inherited from the erosion of soils of the
nearby areas and/or are derived from an alteration of volcanoclastic rocks.62
Detrital smectites in marine sedimentary rocks, especially those from the late Creta-
ceous (e.g. the I1IB smectite), originated mainly from the weathering of terristrial
soils/rocks.93 These smectites are the most ubiquitous clay minerals encountered
in ancient carbonaceous sedimentary rocks of marine origin (e.g. IIIB marl), com-
monly forming 50-80 % of the clay assemblage. Abundant volcanogenic smectite
in ancient sedimentary rocks of marine origin usually reflects the close proximity
of'an exposed volcanic area. The composition of the smectites formed from similar
volcanic materials can be quite uniform over fairly large areas (e.g. the KT deposits
of the Danish basin).

It the scenario of redeposition is accepted as a reasonable working hypothesis,
it follows that the lateral transport of IIIB smectite occurred a long time after the
settling of the volcanic glasses on the seafloor of the original site as their diagenetic
alteration into smectite should have lasted over a 105-10¢ y timescale.®4 Conse-
quently, probably about 105-10° y elapsed between the settling of the volcanic
glasses at the original site and the redeposition of I1IB smectite to FK. The forma-
tion of this smectite from the volcanic glasses could, therefore, have been com-
pleted before the KT boundary event at about the time of the Chicxulub impact.
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Thus, the setting of the volcanic glasses at the original site and the redeposition
IIIB smectite to the FK site probably represent two sedimentary events separated
by a time interval long enough for the diagenetic transformation of these glasses
into smectite.

The smectite content of FK sharply increaases, reaching its maximum in [ITIA
and then gradually declining through I1IB and IV. As pointed out before, the under-
lying late Maastrichtian (I) and overlying early Danian (V/VI) layers contain
smectite which is indistinguishable from IIIB smectite but in smaller amounts.
This implies that the influx of clays into the FK deposition basin probably began at
some time during the late Maastrichtian and persisted during the early Danian, but
at a lower level. This is compatible with a suggestion of Schmitz* that the smectite
within the FK succession represents a detritus swept into the seawater at Stevns
Klint during the major seawater regressive events of the late Cretaceous.

Several studies have suggested that the beds of the impact glasses in Haiti
were probably produced by the Chicxulub impact, thus about 3x10° y prior to the
KT boundary (Keller ef al.%5 and references therein). If IIIA contains the impact
spherule glasses similar to those from Haiti, in the sense of Balauz et al.,!! the di-
rect settling of these spherules on the nearshore seafloor of Stevns Klint must
therefore have, predated the KT boundary by, say, ca. 3 x 103 y. In view of this it is
suggested that the formation of I1IB smectite at its original site probably occurred
during the latest Maastrichtian or the earliest Danian.

The redeposition of IlIB: the sea-level fall vs. impact

FK contains a very condensed and incomplete KT succession and belongs to
the PO foraminiferal zone of the earliest Danian.66:67 As pointed out earlier, the
biostratigraphic section at Stevns Klint indicates a sharp fall of the sea-level at the
KT boundary.68 It is possible that the redeposition of IIIB smectite from its original
site to the present FK location took place during or shortly after the KT boundary,
i.e., during the sea-level lowstand at the KT boundary. Thus, FK may represent a
short period of rapid erosion related to the KT impact during this sea-level fall.
This fall could also have caused the simultaneous lateral transport of humics (en-
riched with Cu-porphyrins/Ir) from the nearby soil to the FK site. An alternative is
that the impact at the KT boundary triggered some turbulence of the local terri-
strial/marine environments of Stevns Klint, instigating simultaneously the redepo-
sition of IIIB smectite and the transport of these humics to the FK location.

In contrast to FK, Nye Klov shows every indicattion of being temporarily a
complete KT section characterized by a complete set of biostratigraphic zones.%0
This boundary is also marked by a few centimeters thick marl enriched with
cheto-smectite. Recently, Premovi¢®® showed that this (biostratigraphically true)
KT boundary could have been formed by the coeval redeposition of smectite and
humics (enriched with Cu2* porphyrins) from their original sites in the eastern part
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of the Danish Basin. Consequently, an erosion induced either by a sharp sea-level
fall or an impact-induced turbulence could readily translocate these materials even
to the Nye Klov site. In general, while sediments (e.g. FK) are eroded in shallow ar-
cas during sea-level falls, the eroded sedimentary material should collect in adja-
cent deeper portions of the basins (e.g. Nye Klov). If the second possibility is cor-
rect then the impact that created this turbulence was either a relatively small impact
that occurred in the close vicinity of Stevns Klint or a distant, but large impact one.
The fact that the KT boundary event is worldwide marked by an Ir anomaly (and
with other extraterrestrial signals) supports the large impact.

Very recently, Keller et al.®5 presented evidence for multiple impacts during
the KT transition. The first impact (with no Ir anomaly) occurred at Chicxulub in
the late Maastrichtian (ca. 65.3 Ma). This impact coincided with major Deccan
volcanism. The second impact event (with Ir anomaly) occurred at the KT bound-
ary (65 Ma) and the third one in the early Danian about 100 ky after the KT bound-
ary. It is also possible that the Ir anomaly in IIIB represents a second early Danian
impact event.%> Consequently, the anomalous Ir in I1IB is related to the second KT
impact at the KT boundary. This would suggest that the source of IIIB smectite and
the source of Ir and Ni in IIIB must be different. Thus, if the Ni in this clay arose
from the impact fallout, as does its anomalous Ir, then it is likely that their incorpo-
ration into I1IB smectite occurred at the KT boundary. The same is true for the asso-
ciation of Ir, Cu, Cu?-porphyrins and soot with IIIB kerogen,® i.e., with humics in
the nearby soil of Stevns Klint.

CONCLUSIONS

1. The main carriers of Ni in the IIIB black marl are biogenic calcite and
cheto-smectite.

2. Most of Ni within IIIB smectite ultimately came from a nearby oxic soil.

3. The impact-derived fallout on the elevated land around Stevns Klint was
probably an important source of Ni.

4. Marine calcareous planktic biota could have been vulnerable to the abrupt
injection of high amounst of Ni into the surface KT seawater of Stevns Klint.

5. The geochemistry of I1IB smectite and the associated Ni indicates that this
clay is strictly detrital in character, having been redeposited from the nearby ma-
rine site of its formation to its present site.

6. Both the redeposition of smectite IIIB and the incorporation of Ni into
IITA/B smectite occurred before the early Danian, i.e., before the KT boundary
event.
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U3BOJ

T'EOXEMMIJA Ni Y KPEJA-TEPLHMJAP HAJTASUIITY FISKELER (FISH CLAY) 13
STEVENS KLINT-a (TAHCKA): CHETO-CMEKTHUT HPHOT JIATIOPIIA

MABJIE M. IPEMOBHUR!, BPATUCITAB K. TOJIOPOBUR?, HUKOIIA JI. HUKOITUR |, MUPJAHA C.
MABJIOBUR>, IPATAH M. BOPBEBUR! 1 IEJAH T. IYTAHOBUR!

I./Ia&opazﬁopuja 3a zeoxemujy, KOCMoxemujz'y u actupoxemujy, IIpupoono-maitiemattiuuxu gpaxyitieit,
Yuusepauitiewi y Huwy, ai. iip. 91, 18000 Huw, “Jlabopaitiopuja 3a oiiwitty xemujy, Texnoaowiku ghaxyaiteid,
Ynueepauitieini y Huwy, i. ip. 79, 16000 Jleckosay, u > Mucitiuitiyi 3a HyKkaeapHe Hayke Bunua, i. ip. 522, 11000
Beozpao

I'pannunu cioj kpepa-repuujapa (KT) Fiskeler u3 Stevns Klint-a (Hejerup Hanasuimre),
€acTOoju ce Off TAHKOT IIPBEHOT [NIMHEHOT CJ10ja IPEKPUBEHOr TaHKUM LIpHUM JanopueM. Opa
7iBa cj10ja ce BehuHoOM cacroje off cheto-Tuna cMeKTUTa 1 OMOreHor Kanuura. Lipau nanopart
noka3syje nosehany KonueHTpanyjy Ni (655 ppm) y CMEKTUTHO] ppakiuju. Y3 TO, U HeroBa
kapOoHaTHa (pakuyja nokasyje nosehany konnenrpanujy Ni (245 ppm). Cmatpa ce ja je
0BO nosehame HacTano 360r HArJIOr U OpP30r NPUINBA BeIUKE KONUuuHE Ni y MOPCKY BOfly
kacue kpepe Stevns Klint-a. OcHoBHE 3BOp Ni 1 y KapOOHATHO] M Yy CMEKTUTHO] (ppakuuju
L[PHOT JIallopla je, BepoBaTHO, MaTepujall, HacTao KT acTepoMAHUM y[apoM, CTalOKeH y
OKOITHOM 3eMJBHIITY I1a MCIpaH (KUCEeINM) NOBPIIMHCKIM BoaMa. I'eoxemuja Ni moTspbyje
MPETHOCTABKY Jla jé CMEKTHT OBOT Janopiia BehnHOM JOKamHOT (MOPCKOT MM KOITHEHOT)
IIOpeKJIa U [la je BEpOBaTHO NMIOHOBO CTAJIOXKEH IOCNE HEeroBor (hopMupama, ca H3BOPHOT
MeCTa Ha BeroBy cajialmy Jokanujy KT rpaHudHOr ci1oja.

(IMpumsbeno 26. maja 2005)
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