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demonstrate that, within a specified time interval constrained by magneto- and biostratigraphy, it is 
possible to interpret the pattern in terms of orbitally driven sedimentary cycles (Gilbert - or Milankovic 
cycles) with periodicities of around JOO and 20 Ka respectively. At present the method allows correlation 

of marine and terrestrial deposits with a time resolution of about 10 Ka. 

Some peaks have characteristic shapes and interference patterns that may be recognized over wide 
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and Denmark. December 20th, 1992. 
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Introduction 

The present study is concerned with the fluctu
ations in magnetic susceptibility of sediments of 
the latest Cretaceous time interval constrained by 
magnetostratigraphy as well as the biostrati
graphical Cretaceous-Tertiary boundary which, in 
the marine realm, is rather easy to establish. The 
_boundary between the normal magnetic interval 
30 and the reversed interval 29 lies below the K-T 
boundary. The duration of the reversed part of 
chrone 29 has been estimated at 869 Ka (Cande 
& Kent, 1992) or 600 Ka (Berggren et al. 1985). 
The K-T boundary has been found to lie in the 
reversed interval 29 with about½ earlier than the 
boundary and ½ occurring later than the bound
ary (Alvarez et al., 1977). 

We selected for our study sections where _the 
magnetostratigraphy was already established. 
However, in the Danish region no reliable mag
netostratigraphy has so far been established for 
the uppermost Cretaceous. 

Two short accounts of some results of the appli-

cation of the method described below was pub
lished by Hansen et al. (1992 a,b). 

Methods 

Samples have been measured for their magnetic 
susceptibility in a Kappa KLY-2 instrument. Dif
ferent measuring procedures were used depend
ing upon the sample type. Drilled plugs have 
been measured in a cylindrical perspex container 
while loose sediments were kept in medical pill 
containers with a diameter of 4 cm and filled to a 
level 4 cm above the bottom of the container. 
The active measuring volumen of our KLY-2 in
strument is a cylinder with diameter and height of 
4 cm. Various containers have been tried for their 
susceptibility properties. We found that the med
ical pill containers were the most constant and 
rather low in diamagnetism relative to other com
mercially available sample containers. 

The measuring sequence is particularly impor-
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tant for measurements in the diamagnetic range. 
The sequence applied in this investigation is: 4 
times empty container, 4 times one sample from 
the sequence followed by 10 different samples 
from the sequence (in random order), 4 times 
empty etc. 

This allows correction and repeated measuring 
of samples if instrumental drift should occur dur- 
ing the measuring process. The zero value for the 
empty container has been subtracted from the 
measurements. 

The sampling equidistance varies from one lo- 
cality to another. The spacing in some marine 
chalks is 1 cm whereas in other sediments 10 cm 
have turned out to yield sufficient resolution. 
Whatever sampling interval has been used, we 
always sampled a short interval in great detail in 
order to see if a substructure could be recog- 
nized. 

Sections sampled 

Nasilow, middle Vistula Valley, central Poland 

The Nasilow section is in the bank of the Vistula 
River facing the town of Kazimierz on Vistula. 
The section is well exposed in an abandoned 
quarry. 

The magnetostratigraphy of the section at Na- 
silow has been published recently (Hansen et al. 
1990). The boundary between 29R and 30N lies 
between 6.3 and 8.6 m below the biostratigraphic 
K-T boundary. 

The chalk is weakly bedded with a bedding 
thickness in the range of 1.5 to 2.5 m. The chalk, 
termed "opoka", is rather heavily impregnated 
with silica and has a lower carbonate content than 
the white chalk of Denmark. The locality and its 
macrofauna has been described by Radwanski 
(1965), Abdel-Gawad (1986) and Machalski & 
Walaszczyk (1987, 1988). 

The section was sampled by drilling 2.5 cm 
plugs at a spacing of 2.5 cm. This resulted in 
about 20 plugs per meter. 

Hor Zin, Israel 

In the early literature, the locality Hor Zin is 
termed Hor Hahar (Anomynous). It is situated 
ca. 60 km south of the town Beer Sheva in the 
Negev region. The section exposes rhythmic ma- 

rine sediments showing changes from darker 
shaly to more whitish carbonate-rich intervals. 
Part of the section has been described by Marga- 
ritz et al. (1985), Keller et al. (1990), Keller & 
Benjamini (1991) and Eshet et al. (1992). 

The section sampled in this study lies 1.5 km 
further east relative to that described earlier. The 
published section did not expose more than 4 m 
of Upper Cretaceous sediments. The more east- 
erly outcrop exposes additionally 11 m. The mag- 
netostratigraphy of the first section was published 
by Margaritz et al. (op. cit.) and that section 
terminated in the 29R interval without reaching 
the 30N interval. 

In the more easterly section a preliminary col- 
lection of samples for magnetostratigraphy was 
made. We did, however, only succeed in finding 
specimens with normal magnetization. By com- 
bining the two sections we may preliminarily 
place the 29R-30N boundary within the depth 
interval from 1095 to 1140 cm in our susceptibility 
plot. 

Samples for susceptibility measurements were 
collected as pieces from excavated trenches. The 
sample equidistance was around 5 cm. Specimens 
for paleomagnetic measurements,were oriented 
samples, which were later prepared in the lab- 
oratory. 

Aix-en-Provence, south France 

The continental Upper Cretaceous redbeds crop 
out east of the town Aix-en-Provence. The pre- 
liminary magnetostratigraphy has been described 
by Hansen et al. (1989). These authors suggested 
a position of the 29R-30N to be about 26 m 
below the conglomerate Poudingue-de-Galante. 

The section studied is the locality "Carriere" a 
Iittle outside the village Puyloubier. The locality 
exposes 41.5 m sediments. An interval of 2.2 m 
situated around the 14 m level in the profile is 
characterized by a dark purple colouration which 
we found was due to a content of elementary 
carbon as well as sub- millimetre pieces of char- 
coal as seen in palynofacies preparations. The 
section was sampled with an equidistance of 10 
cm. 
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Fig. I. Magnetic susceptihility versus stratigraphic depth from Nasilow, central Poland. Upper figure is the unfiltered data while the 
lower figure is filtered fpoint square. In this and the following figures the KIT boundary is found at the zero level on the x-axis. The 
interval shown in the figures roughly corresponds to the Cretaceous part of magnetochrone 29R. 

Datong, Nanxiong Basin, south China 

The locality Datong is situated 25 km NE of the 
town of Nanxiong, which again is found 250 km 
NNE of Guangzhou (formerly Canton). The Up- 
per Cretaceous sediments exposed at Datong in 
the Nanxiong Basin exposes continental redbeds 
with a very clear rhythmic development. At regu- 
lar intervals hardened beds occur throughout the 
section. 

The magnetostratigraphy indicates that the 
change from 29R to 30N is found between 38 and 
42 m below the boundary between the Nanxiong 
Formation and the overlying Shanghu Formation 
(Liu et al. 1992). 

The sampling equidistance was 23 cm in the 
interval from the formational boundary down- 
wards to a depth of 44 m in the uppermost part of 
the Nanxiong Formation. The lowermost 6 m of 
the overlying Shanghu Formation were sampled 

with an equidistance of 13 cm, while the over- 
lying 3 m were sampled in steps of 10 cm. 

Rodvig, Stevns Klint, Denmark 

The uppermost Maastrichtian white chalk with a 
grey colouration caused by elementary carbon 
(Hansen et al. 1987) crops out in the southern- 
most part of the Stevns Klint exposure. It is dis- 
tinctly bedded and consists of 6 beds. The white 
chalk - grey chalk incipient hardground is found 
in the 7th bed below the Fish Clay which marks 
the Cretaceous-Tertiary boundary. 

The uppermost 4 beds were collected in blocks 
that were cut in the laboratory into 8 mm slices 
using a rock saw. The saw-cut obliterated 2 mm 
of rock. The single slab was washed and burrows 
of Thalassinoides type were marked with pencil 
and carefully avoided when the dried slabs later 
were crushed and filled into pil1 containers. Our 
experience shows that Thalassinoides burrows 
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were omitted. 
are particuiarly descructive of the signal resoiu- We have made ane attempt to establish a mag- 
tion by contrast to most other burrow types. netostratigraphy for this section, but as at Stevns 

We have made 3 attempts to establish a magne- the attempt was unsuccessful for the same rea- 
tostratigraphy for the Stevns Klint section. AI1 3 son. 
have failed because of extremely low signal. 

Nye Klov, Denmark 
Observations 

The section at Nye Klov in northern Jylland ex- 
poses the Cretaceous-Tertiary boundary marked 
by a lateral equivalent of the Fish Clay from 
Stevns Klint. It is , however, a tectonic breccia 
containing sharp clasts of white chalk and the 
overlying "dead layer". 

The white chalk beneath this is bedded with a 
thickness of the individual beds around 20 cm. 
From the Cretaceous-Tertiary boundary down- 
section a series of coherent blocks were sampled. 
In the laboratory these were cut into 8 mm slices 
using a rock saw. Again 2 mm was lost by the 
saw-cut. The slices were washed and burrows of 
the Thalassinoides type were marked with pencil. 

The magnetic susceptibility values plotted against 
stratigraphical height for the Cretaceous part of 
magnetochron 29R are shown in fig. 1. 

It appears that two pronounced periodicities 
are present. The larger peaks correspond to 
roughly 100 Ka while the smaller ones corre- 
spond to ca. 20 Ka. We suggest that the pulses 
correspond to the ellipse-precessional complex in 
the Milankovitch band (see e.g. Fisher and 
Bottjer, 1991), or alternatively the obliquity cy- 
cles complex as suggested by Liu (1992). 

We made instrumental neutron activation anly- 
sis of samples from pulse C2 (fig. 2). A compari- 

Table I .  Results of instrumental neutron activation analysis of samples from Nasilow, Central Poland in the interval C2 (compare fig. 3). 

Siirn- 

ple Na Ca Sc Cr Fe CO Zn As BI Rb Sr Sb Cs Ba La Ce Nd Sm Eu Tb Yb Lu Hf Ta Th 
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son between two samples illustrates the differ- 
ence between trace elements from a peak and the 
corresponding trough. Table 1 lists the values 
obtained by instrumintal neutron activation anal- 
ysis. The ratio in trace elements between the 
highest and lowest susceptibility signals is shown 
in fig. 3. All elements analysed with the excep- 
tion of Ca and Sr show enrichment in the sample 
with peak susceptibility. We interpret the differ- 
ence in trace elements as caused by variations in 
precipitation, leading to greater or lesser influx of 
terrigenous material in the chalk. 

The susceptibility curve (fig. 1) exhibits some 
characteristic features. To ease the interpretation 
we have tentatively numbered what we believe to 
be the 100 Ka cycles. Peak C2 interferes with the 
short periodicity signal resulting in a major peak 
with two shoulders. Peak C4 is followed by a 
"long" slope with two minor pulses. 

Israel 

The corresponding interval from Israel (fig. 4) 
shows the same characteristic development of 
pulse order and shape as in Poland. It does, how- 
ever, also demonstrate a pronouced change in 
sedimentation rate from C4 to Cl .  

Below C4 is a remarkable period showing 
strongly fluctuating signal superimposed upon a 
precessional signal. 

France 

To our astonishment we found patterns in the 
terrestrial redbeds in France similar to those of 
the marine sections in Poland and Israel (fig. 5). 
C2 with two shoulders may be recognized as well 
as the characteristic "long slope" following C4. 
What is further remarkable is the presence, at the 
interval of absolute minimum susceptibility 
around 14 m, of an interval coloured by ele- 
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Fig. 5. Magnetic susceptibility versus stratigraphic depth from Aix-en-Provence, south France. Upper figure is the unfiltered data 
while the lower figure is filtered 3-point square. 

mental carbon and charcoal. It indicates a period 
of pronounced forest fires. This supports our sug- 
gestion that the variation in signal may be related 
to precipitation. 

China 

The Chinese series is less clear in its pattern (fig. 
6). The major pulses which we interpret in terms 
of maximum precipitation are marked by hard- 
ened beds that occur at regular intervals. One of 
them we interpret as a mudflow and a few contain 
a sandstone bed with Ophiomorpha. Samples 
drilled from the hardened beds for magnetostra- 
tigraphy (Liu et al. 1992) were measured for their 
magnetic susceptibility. The values correspond to 
the surrounding sediments. However, thin sec- 
tions of the hardened beds showed a quartz con- 
tent of at least 50%. If the sample weight is 
corrected for the high quartz content, the hard- 
ened beds would indeed represent rather high 
susceptibility peaks. 

The suggested C4 is followed by an interval 
with strongly fluctuating signal. 

An interval (fig. 6 from +3 to +2 m) was 
sampled so that each sample covered 10 cm pro- 
file thickness. Homogenized aliquots were mea- 
sured for their magnetic susceptibility and were 
subjected to instrumental neutron activation 
analysis. The resulting values are recorded in fig. 
7 and table 2. It appears that the susceptibility 
signal is strongly correlated with iron and side- 
rophile elements. 

The two samples with highest and lowest sus- 
ceptibility signal respectively were analyzed by 
Mossbauer spectroscopy at the Niels Bohr In- 
stitute in an attempt to find magnetite. No trace 
of magnetite was found. 

Stevns Klint 

It was suggested by Hansen et al. (1986) that the 
uppermost Maastrichtian sequence at Stevns 
Klint is incomplete. The suggestion was based on 
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Fig. 6. Magnetic susceptibility versus stratigraphic depth from Nanxiong, China. Upper figure is unfiltered data while the lower figure 
is filtered 3-point square. 

the find in northern Jylland of a negative carbon 
isotope anomaly in the material of dinoflagellate 
cysts occurring 15 cm below the WT boundary. 
The corresponding anomaly also found in dino- 
flagellate cysts a t  Stevns Klint occurs at the base 

of the Fish Clay. Thus at  Stevns Klint sediments 
are lacking that correspond to 15 cm white chalk 
at Nye KlØv. In spite of an unsatisfactory stra- 
tigraphic resolution from the latter locality, the 
interval missing at Stevns Klint can be estimated 
to around 100 Ka (or one bed). 

The susceptibility series from Stevns Klint is 
shown in fig. 8. We suggest that the series be 
interpreted with the uppermost 100 Ka missing. 
The geiieral trend in the uppermost 3 beds is one 
of general decrease in signal level, as in Poland. 
The C 4  - C5 interval is very noisy, like the corre- 
sponding intervals in Israel and China. 

Nye Kl0v 

From the measured sequence at Nye Klov (fig. 9) 
-s Susceptibility -*c Fe % it appears quite evident that the bedding ob- 

Fig. 7. Magnetic susceptibility versus iron conten, in 9 conse- served in the field corresponds well with the max- 
quetive samples from Nanxiong, China. ima in the susceptibility plot. It is, however, also 
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Table 2. Results of instrumental neutron activation analysis of 9 samples from Nanxiong, China (compare fig. 7). 

Sam- 
ple Heighc Na Ca Sc Cr Fe CO Zn As Se R b  Sr Sb Cs Ba La Ce Nd Sm Eu Tb Y b  Lu Hf Ta Th 

rather evident that the stratigraphical resolution we are still able to record some presumed preces- 
is much too low to allow detailed interpretation. sional cycles in addition to the supposed ellipse 
We only wish to point out that the 15 cm top signal. 
interval roughly corresponds to 100 Ka. 

We are well aware of the fact that our stra- 
tigraphical resolution is smaller than desired for Discussion and conclusions 
the Nye Klov section. A new sectioning tech- 
nique is being developed which will allow a 5 mm From the above obsemations it is possible to 
resolution. In spite of the insufficient resolution make correlation between marine and terrestrial 
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Fig. 8. Magnetic susceptibility versus stratigraphic depth from Rodvig, Stevns Klint, Denmark. Upper figure is the unfiltered data 
while the lower figure is filtered 3-point square. Note that the susceptibility is in the diamagnetic range. 
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Fig. 9. Magnetic susceptibility versus stratigraphic depth from Nye Klov, north Jylland, Denmark. Upper figure is unfiltered data 
while the lower figure is filtered Zpoint square. 

deposits by their magnetic susceptibility with a 
resolution around half a precessional cycle or 
around 10,000 years. It is thereby supenor as 
compared to most other correlation methods. 

Hansen et al. (1987) used the position of the 
KjØlby Gaard Marl to compare accumulation 
rates across the Danish Basin in Upper Cretace- 
ous time. The position of the KjØlby Gaard Marl 
in the Stevns region is around 10 m below the 
Fish Clay while the corresponding level at Nye 
Klov is around 7 m below the K-T boundary. This 
agrees well with the difference in bed thickness 
between the two Iocalities. 

The observed cyclicity can be explained in 
terms of variations in precipitation. In the marine 
realm this would result in changes in runoff from 
land and thereby variations in terrestrial input 
registered both in productivity changes and sys- 
tematic variations in trace element content. In 
the terrestrial realm under arid to semiarid condi- 
tions, a systematic variation is found in the con- 

tent of iron covarying with the susceptibility sig- 
nal. 

It has recently been shown by Knox (1993) and 
Taylor et al. (1993) that the climatic system can 
indeed respond to the minute forcing of the pre- 
cessional and elliptical variations. Our findings 
support this suggestion. 
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Dansk sammendrag 
Ved at mile den magnetiske susceptibilitet af tætte proveserier 
af sedimenter fra både land- og havaflejnnger fra den aller- 
sidste del af kridttiden i en række, geografisk set, vidt adskilte 
lokaliteter (Sydkina, Sydfrankrig, Israel, Centralpolen og Dan- 
mark) er det lykkedes at finde karakteristiske, og hermed gen- 
kendelige m0nstre. Da det studerede tidsintervals længde kan 
fastlægges med en vis nojagtighed på gmndiag af paleomagne- 
tisk stratigrafi kan menstrene fortolkes som korresponderende 
til jordklodens præcession og det elliptiske omlob om solen. 
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Kemiske analyser af sedimenterne antyder kraftigt, at var- 
iationen i signalet skyldes forskelle i nedbersm0nstret. Dette 
kan igen relateres til variation i indstråling af energi fra solen til 
jorden og hænger sammen med de 0vrige planeters træk i 
jorden og dermed deformation af jordens bane om solen. 

De store baneafvigelser finder sted med en periodicitet på 
omkring 100.000 år mens de mindre udslag har en periode på 
ca. 20.000 år. Den bankning man iagttager i skrivekridtet re- 
præsenterer 100.000 års fasen. 
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