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SUMMARY 
Palaeomagnetic investigations of two sediment cores recovered from RV Pafurstern 
near the eastern slope of the Yermak Plateau (sites PS 1533 and PS 2212) reveal 
convincing evidence for four polarity events of the Earth's magnetic field during the 
last 170Ka. A comprehensive rock magnetic study af the sediments proved that 
fine-grained magnetite is the principal carrier of the remanent magnetization. No 
changes in magneto-mineralogy across the polarity transitions in the sediments 
investigated were found. Calcareous nannofossil biostratigraphy, AMS-I4C (acceler- 
ated mass spectrometry) and oxygen isotope data, and "'Be and 23')Th stratigraphies 
yielded age ranges of 24-29Ka for the Mono Lake event, 34-43Ka for the 
Laschamp event, 72-86 Ka for the Norwegian-Greenland Sea event and 118- 
128Ka for the Blake event. Two reverse polarity samples at the base of core PS 
2212-3 KAL are interpreted as the termination of the Biwa I event (171-181 Ka). 
The events exhibit full inversion of inclination in both cores. The data suggest that 
the transition process of the Earth's magnetic field during such polarity events 
requires some 1 Ka. 

Key words: alternating field demagnetization, Brunhes Chron, magnetostrati- 
graphy, polarity events reversal process, Yermak Plateau. 

During the last 25 years a rising number of papers have 
reported short-term geomagnetic excursions and polarity 
events within the Brunhes Chron of normal polarity. 
Although contradictory results on sediments and volcanic 
rocks of the same age led to doubts about the reliability of 
postulated events (e.g. Verosub & Banerjee 1977; Hanna & 
Verosub 1989; Thouveny, Creer & Blunk 1990), recent 
reviews of formerly reported geomagnetic events and 
additional data have yielded an improved knowledge about 
these features of the geomagnetic field (Jacobs 1984; 
Champion, Lanphere & Kuntz 1988; Bleil & Gard 1989; 
bvl ie  1989; Nowaczyk & Baumann 1992). 

Investigations of short geomagnetic events recorded in 
sediments at high latitudes can provide important 

* Now at: GeoForschungsZentrum Potsdam, D-14473 Potsdam, 
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information about the stability and geometry of the 
geomagnetic field throughout the geologic past. The high 
intensity of the natural remanent magnetization allows a 
progressive demagnetization. Bioturbation affecting the 
sediments is very low or absent, which may preserve even 
thin layers of reversed magnetization directions. A detailed 
knowledge of the palaeomagnetic signature of geomagnetic 
events and the duration of the reversal process may lead to a 
better description and understanding of the processes 
generating the Earth's magnetic field (Bogue & Merril 
1992). 

In this paper we present high-resolution mag- 
netostratigraphies of late Quaternary deep-sea sediments 
recovered at the eastern slope of the Yermak Plateau from 
RV Polarstern during Arctic expeditions ARK IV/3 (Thiede 
et al. 1988; Krause, Meincke & Thiede 1989) and ARK 
VIII/3 'Arctic '91' (Fiitterer et al. 1992). Two cores, PS 
1533-3 SL and PS 2212-3 KAL (Fig. 1, Table l ) ,  were 
studied for records of short-term polarity events within the 
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correlation of the cores is provided by high-resolution 
magnetic susceptibility measurements. 

SAMPLING 

During the Arctic expeditions ARK IV/3 and ARK VIII/3, 
two different large-diameter coring tools for the recovery of 
long sediment sections were used: a gravity corer 
(Schwerelot-SL) with an internal diameter of 12cm, and a 
square-barrel Kastenlot corer (KAL) with an opening of 
30X 30cm (Table 1). The recovered sediments are 
composed of brownish, greenish and greyish hemipelagic 
muds of terrigenous origin (sandy silt to silty clay) with only 
few biogenic relicts. A detailed sedimentological description 
of core PS 1533-3 SL is provided by Spielhagen, Pfirman & 
Thiede (1988) and of core PS 2212-3 KAL in Futterer et al. 

The palaeomagnetic sampling was carried out using cubic 
plastic boxes with a volume of 6.2cm3. In general, the 
sampling interval was 5 cm for PS 1533-3 SL and 4 cm or less 
for PS 2212-3 KAL. A detailed description of the sampling 
technique is given by Nowaczyk & Baumann (1992). 

(1992). 

Figure 1. Location map of Polarstern sites PS 1533 (ARK IV/3) 
and PS 2212 (ARK VIII/3, Arctic'91). Depth intervals are in 
thousand mctres. Bathymetric data after Perry el al. (1986). 

Table 1. Location, water depth and length of the cores presented in 
this study. 

Core-number Type Latitude Longitude Water Depth Length 

PS 1533-3 SL 82" 1.9' N 15O10.7' E 2030m 485cm 
PS2212-3 KAL 82" 4.2' N 15O51.2' E 2550m 770cm 

SL - 'Schwerelot' : gravity corer (0 = 12 cm) 
KAL - 'Kastenlot' : square barrel Kastenlot corer (30 x 30 cm) 

Brunhes normal polarity Chron. Calcareous nannofossil 
(coccolith) biostratigraphies are available for core PS 1533-3 
SL (Nowaczyk & Baumann 1992) and core PS 2212-3 KAL 
(this study). Further age control for core PS 1533-3 SL 
(Table 2) is provided by a "'Be and 230Th stratigraphy (this 
study; see also Hentzschel 1992), a 6"O stratigraphy and 
AMS-I4C data by Kohler (1991). A detailed stratigraphic 

Table 2. AMS-I4C and 6"O ages for core PS 1533-3 SL (Kohler 
1991), and ages from *"Th/"'Be stratigraphy (Hentzschel 1992; this 
study). 

Depth(tnterva1) Age 
cm ka 

15-16 
32 
50 

84-85 
92-93 

1 10-1 1 1  
113 
120 
220 
230 
271 
275 
400 
420 

6 165 t 0 08 
12 
12 

17.87 i 0 18 
18 16tO 13 
22 79 t 0 20 

24 
24 
59 
59 
71 
71 
128 
128 

Dating Methods 

PALAEOMAGNETISM 

Measurements of the natural remanent magnetization 
(NRM) were carried out at the Fachbereich Geowis- 
senschaften, Universitat Bremen in Germany, using a 
three-axis cryogenic magnetometer (Cryogenics Consul- 
tants, Model GM 400) with a noise level of approximately 
10VS Am-'. For intensities below Am-', the re- 
manence is determined by a special procedure which stacks 
measurements taken along four different orientations 
relative to the magnetometer's coordinate system. Samples 
with intensities down to 3 x lO-'Am-' can be used for 
palaeomagnetic interpretation. 

Demagnetization was performed with single-axis alternat- 
ing field (AF) demagnetizers, Schoenstedt GSD-1 (core PS 
1533-3 SL) and 2G Enterprises (core PS 2212-3 KAL). In 
general, steps of 10, 20, 35, 50 and 65 mT were applied. If 
the maximum peak amplitude of 65 mT was not sufficient to 
isolate a single-component stable direction, additional steps 
of 80 and 100 mT or similar schemes (PS 2212-3 KAL up to 
200 mT) were applied. For determining the direction of the 
characteristic remanent magnetization (ChRM), the quality 
criteria and methods described by Nowaczyk & Baumann 
(1992) were used. 

The NRM intensities ranged between 1 x and 
3 X lo-' Am-', indicating a relatively strong magnetization 
with median destructive fields (MDF) of 10-30mT. The 
magnetostratigraphic results of core PS 1533-3 SL have 
already been presented by Nowaczyk & Baumann (1992). 
Because of the high northern latitudes of the coring sites 
(82"N), the vertical component of the geomagnetic field 
dominates and the demagnetization results of core PS 2212-3 
KAL are consequently discussed by the high-resolution 
downcore variations of the inclination only (Fig. 2a). In Fig. 
2(a) the left column gives the NRM inclination, followed by 
the inclinations after the first four demagnetization steps in 
the middle and the ChRM inclinations in the right column. 
Fig. 2(b) gives the corresponding inclination logs of the 
difference vectors of the first four demagnetization steps. 
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F i e  2. (a) Inclination data (I) for PS 2212-3 KAL showing the natural remanent magnetization, NRM (left), the first four demagnetization 
steps (middle), and the characteristic remanent magnetization, ChRM (right) as a function of suh-bottom depth; (b) the corresponding 
downcore variation of inclination of the difference vectors of the first four demagnetization steps displayed in (a) of the same core. 
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The demagnetization above 50 mT was carried out with 
different schemes: 70 and 100mT for normal polarity 
samples and 65, 80 and 100 mT for reverse polarity samples 
with additional steps of 130, 160 and 200mT where 
necessary in order to obtain a more detailed record of the 
directional variations in the course of the AF treatment. 

The NRM shows typical inclinations of +70" to +90", 
which correspond to a site latitude of 82"N. Only the 
intervals between 150 and 200cm and between 320 and 
410 cm exhibit shallow to negative NRM inclinations. 
However, during the AF treatment, four well-defined 
intervals of almost ideal reverse inclinations of -70" to -90" 
were revealed in the upper 400cm of the core. Within the 
lowermost 100 cm a few samples exhibit intermediate to 
reverse inclinations. Although the resultant vectors already 
show four intervals of intermediate to reverse inclinations 
after 20 m T  demagnetization, the difference vectors (e.g. the 
remanence components destroyed during these steps) 
exhibit steep positive inclinations (fdiff) throughout the 
whole core (Fig. 2b). It is interesting to note that 
1,,,(20-10mT) is in general much steeper than Id,ff(lO- 
OmT), even in intervals with a reverse ChRM inclination 
(right column in Fig. 2a). This is interpreted as being due to 
a randomly oriented post-sampling viscous overprint of the 
remanence component removed in the first demagnetization 
step, whereas the steep inclination of the remanence 
component removed by the second demagnetization step 
reflects the low coercive overprint by the recent normal 
polarity period of the geomagnetic field only. In addition, 
the steep positive inclinations of the first two difference 
vectors are strong indicators that each sample has been 
taken in a correct orientation. 

The next two demagnetization steps of 35 and 50mT 
cause only small directional changes in the resultant vectors, 
especially in the two reverse inclination intervals between 
265 and 390 cm (Fig. 2a). The corresponding inclination logs 
of the difference vectors Idi,(35-2O mT) and 1,,,(50-35 mT) 
in Fig. 2(b) clearly demonstrate that a high-coercive reverse 
remanence component is being removed. However, these 
logs in parts still show intermediate directions whereas the 
resultant vectors exhibit a full reversed inclination over 
several demagnetization steps. This means that the 
remaining remanence is still partially built up by a portion of 
the normal overprint. The AF treatment therefore had to be 
extended to at least 100mT in order to isolate a 
single-component ChRM separated from this overprint. 

The final result of the demagnetization study of core PS 
2212-3 KAL is given by the downcore variations of the 
ChRM inclinations in Fig. 2(a), which is an almost perfect 
rectangular function of the four polarity events documented 
in the upper half of the core. Most of the polarity reversals 
are completed within a depth interval covered only by two 
or three samples (4-8 cm). Similar results were obtained for 
late Quaternary sediments recovered in the Fram Strait 
(Nowaczyk 1991; Nowaczyk & Baumann 1992). 

In the lowermost part of the core two samples with 
shallow and steep negative inclinations separated by a 
normal polarity sample can be interpreted as the top of a 
fifth event followed by an excursion reaching only shallow 
positive inclinations between 660 and 690 cm sub-bottom 
depth. ChRM inclinations and declinations together with the 
NRM intensities of core PS 2212-3 KAL are given in Fig. 3. 

The ChRM declinations in the upper section of the core 
exhibit shifts of about 180" associated with polarity changes. 
However, the downcore variation of ChRM declinations of 
the whole core reflects the typical situation of the 
geomagnetic field at northern high latitudes. Because of the 
variable position of the magnetic North Pole, the 
declinations are widely scattered and reach southerly 
directions even during stable phases of normal polarity of 
the Earth's magnetic field. 

MAGNETIC SUSCEPTIBILITY 

Measurements of magnetic volume susceptibility were done 
with a Bartington M.S.2 instrument, applying two different 
sensors. The sensitivity depends on the integration time 
used for the measurement. In the fast but less precise mode, 
one reading can be taken in less than 1 s and the result is 
given in integer multiples of lo-' (SI, uncalibrated). In the 
slower, high-precision mode a measurement takes 10 s, and 
the result is given in multiples of 0.1 X lO-'(SI, 
uncalibrated). 

For core PS 1533-3 SL, the magnetic susceptibility was 
determined on the palaeomagnetic samples (V = 6.2 cm') 
using the Bartington M.S.2.B single-sample cavity in the 
high-precision mode at frequencies of 460 Hz and 4600 Hz. 
The values of the magnetic susceptibility given by the 
control unit were multiplied by a factor of 16.1 in order to 
correct for the smaller volume of the samples and to obtain 
multiples of 10- '. 

The susceptibility for core PS 2212-3 KAL was 
determined on u-channel subcores using the Bartington 
M.S.2.F probe. The spatial resolution along the core axis is 
about 12 mm (Nowaczyk, Mulitza & ThieBen, in prepara- 
tion). For the measurement, the sensor is lowered directly 
onto the sediment surface, which is covered with a thin 
plastic foil to prevent contamination of the sensor. The 
logging was done each 5mm in the fast (lower precision) 
mode at a frequency of 580 Hz. An empirically determined 
calibration factor of 18.1 was used to yield multiples of 

Figure 4 gives the downcore variation of magnetic 
susceptibility together with the ChRM inclinations of core 
PS 1533-3 SL (Nowaczyk & Baumann 1992) and core PS 
2212-3 KAL (this study). The discrete levels visible in the 
susceptibility log of core PS 2212-3 KAL are due to the low 
precision mode of the measurements where a scale value of 
one equals a step in susceptibility of 18.1 x The 
correlation lines are based on the two data sets displayed in 
Fig. 4 with additional information from the core descriptions 
and the variations of the sediment colour. High values of 
magnetic susceptibility in general are associated with 
brownish sediments composed of silty clay; intervals of low 
susceptibility represent dark greyish sandy silt. 

The most striking result in Fig. 4 is the enhancement of 
the spatial resolution of the magnetic susceptibility achieved 
by the Bartington M.S.2.F probe for core PS 2212-3 KAL 
(200 data points per metre) in comparison to the log based 
on the palaeomagnetic samples obtained with the M.S.2.B 
sensor for core PS 1533-3 SL (20 data points per metre). 
Nevertheless, the main features of the susceptibility logs are 
more or less the same. A more detailed discussion and 
interpretation of the correlation is given below. 

lo-' (SI). 



Magnetostratigraphy of late Quarternary sediments 457 

200 

E : 300 
f 

I C h R U  ("1 

???? 
2'- 

-90 -45 

100 O r -  s=__ 

E 
0 
c 

700 : 

3 

- 
~ 45 90 

DChRU ("> 

-90 0 90 180 270 

0 10 20 so 

0 10 20 30 

Figure 3. Core PS 2212-3 KAL: downcore variation of ChRM inclination, ChRM declination and NRM intensity. 

ROCK MAGNETIC INVESTIGATIONS 

Rock magnetic data were obtained from every second 
palaeomagnetic sample to provide information on con- 
centration and mineralogy of ferromagnetic minerals in the 
sediment. When there were strong deviations from one 
sample to the next, the sample between was also studied. 
65 samples of core PS 1533-3 SL and 110 samples of core PS 
2212-3 KAL were subjected to the following non-destructive 
magnetic measurements. 

(1) Low-field susceptibility logs K , ~  and frequency 
dependence of susceptibility K~~ were obtained with the 
Bartington susceptibility meter in connection with the single 
sample cavity (M.S.2.B). Two measurements at a low 
frequency of 460 Hz (Klf) and a high frequency of 4600 Hz 
( K ~ ~ )  lead to the ratio 

which indicates ferrimagnetic particles in the superparamag- 
netic/stable single-domain grain size range. 

(2) Anhysteretic remanent magnetization (ARM) was 
acquired in a peak alternating field of 100mT with a 
superimposed steady field of B,, = 0.04 mT (Earth's 
magnetic field). Anhysteretic susceptibility K~~~ is given by 
the ratio ARMIB,,. All magnetization measurements were 
done with a Molspin fluxgate magnetometer (noise level 
0.2 x Am-'). 

(3) Stepwise isothermal remanent magnetization (IRM) 

was acquired in fields up to 800mT. The maximum 
magnetization will be referred to as 'saturation' isothermal 
remanence (SIRM). It is quite obvious, however, that the 
anti-ferromagnetic components of the magnetic particles will 
not be completely saturated in this maximum field. 
Subsequently, the SIRM was progressively demagnetized in 
alternating fields of up to 150 mT (single-axis 2G Enterprises 
demagnetizer) to determine the median destructive field 
(MDF,,,,). The intersection point of the acquisition and 
demagnetization curve projected onto the field-axis (B,*,) 
approximates the remanent coercivity (Bcr) (Cisowski 1981). 

(4) In order to detect high-coercivity phases, the samples 
were magnetized again in a d.c. field of 800 mT followed by 
a backfield of 300 mT. The resulting positive component of 
the remanence should be due only to high-coercive 
anti-ferromagnetic minerals, because even the hardest 
ferrimagnetic particles would be remagnetized in a field of 
300 mT. These two remanence measurements were used to 
calculate 

- 1 ( - IRM-0.3T) 
SIRM ' 2 s-0.3-r - 

which describes the change from pure haematite (S-o.3T = 0) 
to pure magnetite (s-().3T = I), (Bloemendal et al. 1992). 

(5) Coercivity B, and the ratio of remanent saturation 
magnetization M,, to saturation magnetization M, were 
derived from hysteresis loop measurements performed on 11 
samples of core PS 1533-3 SL and 12 samples of core PS 
2212-3 KAL. Remanence coercivity B,, was determined 
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Figure 4. Correlation of cores PS 2212-3 KAL, and PS 1533-3 SL based on ChRM inclination, magnetic susceptibility, and core description. 
Variations of the susceptibility from the total mean value are shaded in black. Dashed lines indicate horizons of identical age. 

from backfield curves of the saturated samples. These 
measurements were done with a Micromag 2900 Alternating 
Gradient Field Magnetometer (AGFM) of Princeton 
Measurements Corporation with maximum fields of 1 T 
(sensitivity 1 pAm2). The hysteresis parameters give an 
indication of the domain status of ferrimagnetic particles. 

The results of the rock magnetic investigations are  
presented in Figs 5 and 6. SIRM intensities are in the range 
of 0.4-7.1 Am-'  for core PS 1533-3 SL and 0.9-10.9 Am-' 
for core PS 2212-3 KAL. Their downcore variations are 
similar to that of the low-field susceptibility K , ~  with values 
between 110 x lo-" and 488 x lo-' (SI) in core PS 1533-3 
SL and between 11 1 X and 514 x lo-' (SI) in core PS 
2212-3 KAL. IRM investigations revealed that in fields of up 
t o  300 mT most of the samples acquired a saturation of more 
than 95 per cent of the SIRM, indicating that magnetite is 
the principal magnetic mineral. An increase of remanence in 
stronger fields is caused by high-coercivity magnetic 
minerals like haematite or goethite. Normalized IRM 
acquisition and demagnetization curves of eight samples, 

four from each core, are presented in Fig. 7. We chose two 
samples with a normal ChRM polarity and two samples with 
a reversed ChRM polarity, one with lower and the other 
with higher coercivity for each core. 

We interpret the results in Fig. 7 to  indicate that recorded 
polarity events d o  not correlate with changes of rock 
magnetic properties of the samples. The normalized IRM 
curves of normal and reversed samples of the same 
'coercivity class' are nearly identical. Therefore, it can be 
assumed that normal and reversed ChRM polarity is carried 
by the same assemblage of magnetic grains. 

The ratio SIRM/K,, is largely independent of concentra- 
tion and is dependent on grain size or domain status, if 
magnetite is the dominant magnetic mineral (Thompson & 
Oldfield 1986). SIRMIx,, values from 4 to 28kAm-' 
(Tables 3 and 4) correspond to  fine-grained magnetite of an 
average grain size of 0.10 to  0 .22pm (Dunlop 1986). The 
ratio would increase and indicate smaller particles if the 
paramagnetic susceptibility of the clay fraction of the 
sediment were to be subtracted. 

The downcore variations of A R M  intensities are  mostly 
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Figure 7. Normalized IRM acquisition and alternating field demagnetization curves of four typical samples of (a) core PS 2212-3 KAL and (b) 
core PS 1533-3 SL. N denotes a normal and R a reversed ChRM polarity. 

similar to those of SIRM and K~~ (Figs 5 and 6) with low ratios represent coarse particles. K ~ ~ ~ / K ~ ~  was first 
intensities from about 5 to 250 mAm-‘. introduced by King et al. (1982) and it is frequently used for 

The ratio of anhysteretic susceptibility to low-field characterizing the grain size of assemblages of magnetite 
susceptibility K ~ ~ ~ / K , ~  is also indicative of grain size, particles (Hall & King 1989; Bloemendal et al. 1992). 
because the trend of each parameter is opposite with K ~ ~ ~ / K ~ ~  with values between about 1 and 20 (mean 9) 
increasing grain size. High ratios stand for fine particles and compare to magnetite grain sizes of about 0.1 pm 

Table 3. Rock magnetic parameters of representative samples of core PS 2212-3 KAL. 

Depth Klf ARM SIRM ARM/ IRM/ ARM/ ‘Cfd ‘CARM/ S - 0 . 3 ~  MDF~R, Bcr* B,, B, 

Klf ‘Clf IRM ‘clf 

[crn] [10-6S1] [Am-’] [rnAm-’] [kAm-’] [kAm-’] ImTI h T 1  [mTl [mTl 
11 340 143 5.1 0.42 14.9 0.03 0.07 13 0.96 29.0 40.5 48.4 17.8 
56 171 9 1.1 0.05 6.2 0.01 0.01 2 0.86 39.5 52.5 45.4 11.6 

115 166 21 1.1 0.13 6.3 0.02 0.03 4 0.86 30.0 44.5 50.4 15.4 
180 314 94 5.8 0.30 18.5 0.02 0.08 9 0.97 33.5 51.0 62.9 25.0 
252 153 40 1.1 0.26 7.4 0.04 0.04 8 0.95 22.5 35.0 47.0 19.3 
271 349 108 4.5 0.31 12.9 0.02 0.03 10 0.98 19.0 32.0 36.3 16.3 
358 403 188 7.5 0.47 18.6 0.03 0.06 15 0.97 33.0 47.0 55.0 23.7 
437 135 14 0.9 0.10 6.4 0.02 0.01 3 0.92 31.5 44.5 38.4 15.0 
486 438 131 5.5 0.30 12.6 0.02 0.03 9 0.98 19.5 31.0 34.7 15.6 
550 209 40 1.8 0.19 8.4 0.02 0.03 6 0.92 19.5 31.5 38.1 15.4 
644 409 116 4.7 0.28 11.5 0.02 0.02 9 0.97 19.5 31.5 35.7 15.4 
724 364 97 7.3 0.27 20.0 0.01 0.02 8 0.99 30.0 46.0 36.6 15.9 

BcrJB, 

2.719 
3.914 
3.273 
2.51 6 
2.435 
2.227 
2.321 
2.560 
2.224 
2.474 
2.31 8 
2.302 

Mrs/Ms 

0.233 
0.160 
0.186 
0.286 
0.189 
0.200 
0.304 
0.174 
0.184 
0.187 
0.172 
0.184 

Depth: Sub-bottom depth of sample. 
K , ~ :  Low-field susceptibility at 460 Hz. 
K,,,: = ( K ~ ~  - K , , ~ ) / K , ~ :  Frequency-dependent susceptibility; low frequency 460 Hz,  high frequency 4600 Hz. 
K ~ ~ ~ :  Anhysteretic susceptibility: A R M  divided by the strength of d.c. field. 
ARM: Anhysteretic remanent magnetization; peak A F  field 100 mT, d.c. field 0.04 mT. 
SIRM: Isothermal saturation remanent magnetization; d.c. field 800 mT. 
S.  
MDF,,,,: Median destructive field of SIRM acquired in a steady field of 800 mT. 
B:r: Remanent coercivity determined after Cisowski (1981). 
Bcr: Remanent coercivity determined by backfield method. 
B,: Coercivity determined by hysteresis experiments, corrected for high-coercive constituents. 
Mrs/Ms:  Ratio of saturation remanent magnetization and saturation magnetization, determined by hysteresis experiments, maximum d.c. field 
1 T, corrected for high-coercive constituents. 

= :(I - [ IRM~Il .2 , - /SIRM]);  IRM.,lT,.; magnetization after demagnetizing SIRM by a reversed field of 300mT. 
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Table 4. Rock magnetic parameters of representative samples of core PS 1533-3 SL. For further explanation, see Table 3. 

Depth Klf ARM SIRM ARM/ IRM/ ARM/ Kfd KARM/ S - 0 . 3 ~  MDF~RM B,,* B,, B, B,JB, M,/M, .- 
Klf Klf 'RM 

[crn] [10-6S1] [Am-'] [rnArn-'] [kAm-'] [kArn-'] 
12 338 139 5.7 0.41 16.9 0.02 0.05 
45 109 5 0.4 0.05 4.0 0.01 0.06 
51 394 50 3.7 0.13 9.5 0.01 0.02 
84 119 26 0.9 0.22 7.4 0.03 0.04 

160 232 88 6.5 0.38 28.2 0.01 0.05 
165 258 81 5.5 0.31 21.2 0.01 0.03 
185 375 129 4.8 0.34 12.9 0.03 0.03 
240 127 16 0.7 0.13 5.5 0.02 0.05 
385 459 204 6.3 0.44 13.6 0.03 0.04 
411 180 30 1.5 0.17 8.4 0.02 0.04 
470 488 130 5.4 0.27 11.1 0.02 0.04 

(Bloemendal et al. 1992). For calculation of K * ~ , / K , ~ ,  the 
paramagnetic fraction is of great importance, because it 
lowers the value of K ~ ~ ~ / K , ~ .  The correction for the 
paramagnetic constituents results in inferred smaller particle 
sizes. The small grain sizes are in accordance with results 
from the Alpha Ridge (Bloemendal ef al. 1992) and with 
those for synthetic submicron magnetite (Maher 1988). 

The median destructive fields determined from SIRM 
demagnetization MDF,,,, range from 15 to 40mT. They 
are in good agreement with data of fine-grained magnetite 
(Maher 1988). 

The concentration of high-coercivity anti-ferromagnetic 
phases could be estimated by S-0,3T. The average for 
both curves is about 0.96 (Figs 5 and 6; Tables 3 and 4) 
indicating an amount of up to 50 per cent haematite 
(Bloemendal et al. 1992). Owing to their low saturation 
magnetization and the high saturating fields, the anti- 
ferromagnetic constituents carry only 5 per cent of the 
SIRM, as can be seen from the SIRM demagnetization 
curves (Fig. 7). Only in a few samples do anti-ferromagnetic 
minerals contribute to SIRM by up to 15 per cent. 

Other rock magnetic parameters as derived from 
hysteresis loop and backfield curve measurements as well as 
the determination of B,*, give evidence that small 
titanomagnetite particles dominate the remanence in the 
sediments studied. 

In summary, at both sites the rock magnetic parameters 
are very similar, indicating an identical magnetomineralogy 
with fine-grained titanomagnetite as the carrier mineral. 

-. 

DATING OF THE CORES 

There are several different datings available for the cores 
discussed in this paper. AMS-I4C datings of four depth 
levels and a 6"O stratigraphy for core PS 1533-3 SL are 
given by Kohler (1991, Table 2). Unfortunately the oxygen 
isotope data are incomplete due to the lack of foraminifera. 
However, additional geochronologic information for this 
core is provided by a "'Be and 23(Th stratigraphy in this 
study (see also Hentzschel 1992). Both cores have been 
investigated for calcareous nannofossils. The nannofossil 
data of core PS 1533-3 SL have already been published by 
Nowaczyk & Baumann (1992). The new core from the 

Klf 

13 0.96 
2 0.85 
4 0.98 
7 0.97 
12 0.97 
10 0.97 
11 0.97 
4 0.90 
14 0.98 
5 0.94 
8 0.99 

[mTl [mTI 
30.0 42.0 
31.5 43.5 
15.0 25.5 
22.0 34.0 
36.0 53.0 
34.0 57.0 
21.0 32.0 
28.5 41.0 
21.5 32.0 
22.5 34.0 
19.5 31.5 

Lrn7-1 [mTI 
48.6 14.7 
48.3 13.2 
28.8 10.7 
39.3 16.8 
65.2 25.6 
65.7 26.4 
35.8 15.5 
53.7 20.0 
36.4 16.2 
39.6 14.3 
35.5 15.4 

2.467 
3.659 
2.692 
2.339 
2.547 
2.489 
2.310 
2.685 
2.247 
2.769 
2.305 

0.281 
0.142 
0.128 
0.167 
0.248 
0.254 
0.192 
0.222 
0.210 
0.157 
0.172 

Yermak Plateau, PS 2212-3 KAL, has been analysed for 
calcareous nannofossils in this study. We discuss the new 
"'Be and 23'Th stratigraphy of core PS 1533-3 SL and the 
nannofossil data of core PS 2212-3 KAL. 

''Be and ' T h  measurements of core PS 1533-3 SL 

Sampling of core PS 1533-3 S L  for "'Be measurements was 
done integrating over l0cm intervals and for "()Th 
measurements integrating over 5 cm intervals. The chemical 
preparation of these samples follows the procedure 
described by Henken-Mellies et al. (1990) and Anderson 
(1982). The "'Be measurements were performed at the 
AMS (accelerated mass spectrometry) facility at the ETH 
Zurich, Switzerland. The "''Th measurements were 
performed at the Institut fur Umweltphysik in Heidelberg, 
Germany. 

The '('Be and decay corrected 230'Thcx concentrations of 
core PS 1533-3 SL are presented as a function of sub-bottom 
depth (Fig. 8). The main purpose of the "'Be and '"Th data 
in this study is for stratigraphic dating of core PS 1533-3 SL 
only. A more detailed description of these measurements 
and interpretation of the results will be presented elsewhere 
(Eisenhauer et af., 1994). 

In previous publications, comparison of high-resolution 
"'Be and 23'Th data to the corresponding 6"O records 
showed that there is a link between "'Be and 23(Th 
concentrations and palaeoclimate. High '"Be concentrations 
in sediments from high latitudes are attributed to interglacial 
periods and low '"Be concentrations are attributed to glacial 
stages. Climatic transitions in these cores are marked by 
drastic changes of isotope concentrations (Eisenhauer et al. 
1990, 1991). Similar to the 6"O stratigraphy, this '"'Be and 
23')Th stratigraphy' can be used as an independent 
stratigraphic tool for dating sediment cores from northern 
high latitudes. In particular, the application of this method 
is of special interest for such sediment cores where the 
application of the 6lXO method is restricted due to small 
amounts or the complete lack of carbonate (foraminiferas) 
as well as the influence of isotopically light meltwater. 

Here we present the chronology of core PS 1533-3 SL 
which is based on the "'Be and '"Th stratigraphy and on 
6"O stratigraphy (Kohler 1991). In Fig. 8, horizontal 



462 N .  R.  Nowaczyk et al. 

:zoo 

0 2 4 6 8 10 
0 

100 

C .- 
f 200 
a 

E 

0 n 
I n 
3 
v) 

m 
U 

300 

400 

500 
0.0 1 .o 2.0 

E 
5300 

delta " 0  in "/oo 

i 
7 I I 500 

4 3 

Be in 1Ooat/g 10 

Figure 8. Core PS 1533-3 SL: downcore variations of "'Be (-m-) 
and decay corrected '-"Vh,, concentrations (- - - -) and blHO 
stratigraphy by Kohler (1991). Numbers along the right margins of 
each plot denote oxygen isotope stages 1 through 6 with their 
boundaries indicated by horizontal dashed lines. 

dashed lines indicate drastic changes of the "'Be and *"Th 
concentrations attributed to climatic transitions according to 
the SPECMAP time scale (Imbrie et ul. 1984). For 
comparison in the 6"O record, we also marked those 
sub-bottom depths where climatic transitions occurred 
according to the 6lXO record of this core. As seen from Fig. 
8, both stratigraphic dating methods gave comparable 
results. However, a detailed inspection of Fig. 8 shows that 
the transitions of termination I and I1 as determined from 
the "'Be and '?h stratigraphy are shifted upwards by 
about 2Ocm relative to the 6lXO record. This may reflect 
the input of isotopically light meltwater during the transition 
from a glacial to an interglacial period which superimposed 
the 'climatic' signal of the 6"O record of this core. In 
addition, the 6"O record is partially incomplete; in 
particular, in the depth range of termination I too few 
foraminifera were available for 6 "0 measurements. 
Therefore we argue that the '"Be and 23')Th stratigraphy 
provides a more precise determination of this climatic 
transition than the 6"O record of core PS 1533-3 SL. 
However, the good agreement of these independent 
methods provides a refined determination of sedimentation 
rates and hence a precise chronology for core PS 1533-3 SL. 

Calcareous nannofossil biostratigraphy 

Core PS 2212-3 K A L  

The topmost 732cm of core PS 2212-3 KAL was sampled 
for calcareous nannofossils (coccoliths) at about 5-10 cm 
intervals. Smear slides were prepared from the raw sediment 
and studied in a light microscope at 1250 X magnification. 
The numbers of different taxa of nannofossils in 20 fields of 
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Figure 9. Core PS 2212-3 KAL: abundances of small placoliths, 
Erniliania huxleyi and Gephyrocapsa spp. (solid line), and 
Coccolithus pelagicus (black) and approximate levels of oxygen 
isotope stages 1 through 6. 

view were recorded. The abundance is expressed as 
numbers of specimens per mm2 in the smear slides-a 
technique described by Backman & Shackleton (1983). 

The numbers of nannofossils vary strongly at different 
levels of core PS 2212-3 KAL and nannofossils are totally 
absent at some levels (Fig. 9). The assemblage is dominated 
by small placoliths: Geophyrocapsa spp. and Emiliania 
huxleyi (Lohmann) Hay & Mohler. Also common are 
Coccolithus pelagicus (Wallich) Schiller and Culcidiscus 
leptoporus (Murray & Blackman) Loeblich & Tappan, and 
specimens of Helicosphaera carteri (Wallich) Kamptner and 
Syracosphaeru pulchra Lohmann are occasionally present. 
In addition, obviously reworked Cretaceous and Tertiary 
specimens are observed in many samples. This assemblage is 
typical for relatively warm intervals of the late Quaternary 
European Arctic (Nowaczyk & Baumann 1992; Gard 1993). 

Total abundances and relative abundances between 
different species closely follow the nannofossil biozonation 
scheme for the European high latitudes by Gard (1988). 
This biozonation scheme correlates typical nannofossil 
assemblages in the Norwegian and Greenland seas to the 
oxygen isotope stratigraphy for the last 500 000 years. Little 
is known about the time-transgressive differences of the 
nannofossil assemblages between the cores dated by oxygen 
isotope stratigraphy in the Norwegian and Greenland seas 
and cores collected from the Yermak Plateau. The presence 
of a specific nannofossil assemblage in sediments from the 
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Yermak Plateau is a mere indication of the period 
(interglacial oxygen isotope stages) in which the sediment 
was desposited. It does not represent an absolute age within 
each oxygen isotope stage and does not delimit the extent 
of the isotope stage. However, because the nannotloras of 
the Yermak Plateau are brought in from the Norwegian and 
Greenland seas by the Norwegian-West Spitsbergen current 
system, it is possible to  accurately recognize certain oxygen 
isotope stages through their typical nannofloral assemblage. 

The topmost nannofossil-rich interval in core PS 2212-3 
KAL. down to 20cm depth. is deposited within isotope 
stage 1 (Fig. 9). This is indicated by the high abundances of 
E. huxleyi and C. pelagicus. Barren ,samples and low 
abundances of nannofossils between 25 and 267 cm 
represent the relatively colder interval of oxygen isotope 
stages 2-4. Possibly, nannofossils present around the 
100-200 cm interval indicate temporary warm-water incur- 
sions during isotope stage 3. High abundances of 
nannofossils, dominated by Gephyrocapsa spp., occur 
between 272 and 360 cm depths. This interval approximates 
the relatively warm oxygen isotope stage 5.  Coccolithus 
pelagicur forms a secondary abundance peak around 296 cm 
depth, which is indicative of substage 5a. Increased 
abundances of C. leptoporus are noted in the samples from 
351 and 360cm depths, showing substage 5e. Supporting 
evidence is that total abundances of nannofossils are higher 
in substage 5a than in substage 5e, which is typical (Gard 
1988). The samples analysed below 360 cm are mostly 
barren of nannofossils or contain only very few, poorly 
preserved specimens. They probably represent the glacial 
conditions of isotope stage 6, when coccolithophorids were 
hardly able to live in the area. In the Norwegian and 
Greenland seas, high abundances of nannofossils are not 
encountered until sediments deposited during oxygen 
isotope stages 9 or 11 (Bleil & Gard 1989) and it is not 
known if these ever reached the Yermak Plateau. Thus it is 
not possible to delimit the maximum age of core PS 2212-3 
KAL by calcareous nannofossils. 

Core PS 1533-3 SL 

A combined high-resolution magnetostratigraphy and 
nannofossil biostratigraphy of core PS 1533-3 SL (Nowaczyk 
& Baumann 1992) yielded an age of about 170Ka (lower 
oxygen isotope stage 6) for the end of this core. 
Sedimentation of Coccolithus pelagicus indicate Holocene 
age (<10Ka) for the upper 20cm. The dominance of the 
flora by Cephyrocapsa spp. between 285 and 360cm 
represent sedimentation within stage 5.  The abundance of 
Emiliania huxleyi from 60 to  120cm is interpreted by 
Nowaczyk & Baumann (1992) to  represent stage 3 
sediments. 

CHRONO-MAGNETOSTRATIGRAPHIC 
RESULTS 

The chronostratigraphic time-frame provided by AMS-I4C, 
d''0, and 'oBe/23''Th data available for core PS 1533-3 S L  is 
summarized in Table 2. From these data and the correlation 
given in Fig. 4, it can be concluded that the sediments 
recovered at sites PS 1533 and PS 2212 are not older than 
about 170 Ka. Intervals of negative inclination therefore are 

interpreted as records of geomagnetic polarity events within 
the Brunhes Chron. A compilation of published palaeomag- 
netic excursions with inferred ages of less than 500Ka is 
shown in Table 5.  

The chronostratigraphic interpretation of core PS 1533-3 
SL previously presented by Nowaczyk & Baumann (1992) 
has to be revised for the upper 200cm (Table 2). In this 
core, four major intervals of negative inclinations are 
documented (Fig. 4). Nowaczyk & Baumann (1992) related 
the complex inclination variations between 115 and 195 cm 
to the Laschamp event (Bonhommet & Babkine 1967; Table 
5). From the AMS-'"C age of 22.8 Ka at 110-1 I 1  cm almost 
directly above this depth interval (Table 2). and the 
correlation with core PS 2212-3 KAL (Fig. 4), it is now 
proposed that this interval includes both the Mono Lake 
event (Denham & Cox 1971; Table 5) and the Laschamp 
event. The short documentation of the quite long Laschamp 
event compared to data from the Fram Strait area 
(Nowaczyk & Baumann 1992) at site PS 1533 is possibly due 
to lower sedimentation rates. There is no evidence for any 
hiatus cutting off the upper part of the Laschamp event. 
Using the age range o f  34-43 Ka for the Laschamp event 
given by Nowaczyk & Baumann (1002) and the AMS-'"C 
dating, an age range of 24-29 Ka can be calculated by linear 
interpolation for the Mono Lake event. This age 
determination is also consistent with the coccolith data of PS 
2212-3 KAL which positions these two events within the 
time interval of oxygen isotope stages 2-4 (cf: Figs 3 and 

In  both cores, two polarity events with negative 
inclinations are documented in stage 5 sediments (cf. Figs 4, 
9 and 10): The Norwegian-Greenland Sea event (Bleil & 
Gard 1989, Table 5 )  within the late oxygen isotope stage 5 ,  
and the Blake event (Smith & Foster 1969; Table 5 )  within 
the early stage 5. The ages of these two events were 
determined by linear interpolation between the beginning 
and end of oxygen isotope stage 5 and the corresponding 
depth levels in core PS 1533-3 SL, averaging the 'i'Be/2"'.CTh 
and the 6 '*0 dating for oxygen isotope stage boundary 4/5 
and using only the "'Be/23''.CTh dating for boundary 5/6 since 
the light 1-3~~0 peak around 410cm is interpreted as a 
meltwater signal at the end of stage 6 (Eisenhauer et al. 
1994). The age ranges derived in this way are 72-86Ka for 
the Norwegian-Greenland Sea event and 118-128 Ka for 
the Blake event which accord with the age ranges compiled 
in Table 5. 

By comparing the lithologies of both cores it can be 
concluded that a greyish sediment layer in core PS 1533-3 
SL, which was deposited during the middle stage 5 
(estimated age range, 85-115 Ka) is completely missing in 
core PS 2212-3 KAL. 

The termination of a polarity event in the lowermost part 
of PS 2212-3 KAL can be related to the Biwa I event with 
an age range of 171-181 Ka given by Nowaczyk & Baumann 
(1992) based on palaeomagnetic and 'oBe/2Ji!Th data for 
Fram Strait cores. The excursion-like shallow positive 
inclinations between 660 and 690 cm sub-bottom depth can 
then be related to  an event around 150-160 Ka reported for 
the Baffin Bay, Alaska and Fram Strait (Table 5 ) .  

The complete age-depth relationships for core PS 1533-3 
SL and core PS 2212-3 KAL are displayed in Fig. 10. The 
exact values of age versus depth together with the 

10). 



464 N .  R. Nowaczyk et al. 

Table 5. Ages of geomagnetic events during the last 500 Ka reported in literature. Ages in brackets [ 1 have been revised later. 
Age in Ka Reference 
Postulated events younger than 20 Ka 
12.5- 17.0 Clark & Kennett (1973) 
18.0 Yaskawa er al. (1973) 
17.0 f 1.5 Freed & Healy (1974) 
17.0-18.0 Noltimer & Colinvaux (1976) 
18.0 Thouveny (1988) 
Mono Lake 
24.0-24.6 Denham & Cox (1971) 
24.0 Denham (1974) 
24.0-25.0 Liddicoat & Coe (1979) 
24.9-28.9 Negrini et al. (1984) 
>20.0 Lovlie et al. (1986) 
<30.0 L@vlie & Sandnes (1987) 
24.0 Thouveny (1988) 
25.0-31.0 Bleil & Gard (1989) 
23.0 Levi & Karlin (1989) 
26.0-25, .0 Levi & Karlin (1989) 
23 .O-25 .0 Nowaczyk (1991) 
27.0-29 .0 Liddicoat (1992) 
23 .O-25 .0 Nowaczyk & Baumann (1992) 
Lake Mungo (see Roperch, Bohommet & Levi 1988) 
25.0-30.0 Barbetti & McElhinny (1972) 
35.0 f 4.3 
New Zealand (Mono Lake, Laschamp ?) 

Huxtable & Aitken (1977) 

25.0-50.0 
Laschamp 
- 
[>8.0] 
[8.0-20.01 
- 
49.0 
32.0 f 1.5 
39.0 f 6.0 
45.4 f 2.5 
25.8 f 2.2 
35.0 f 4.0 
25.8 f 2.2 (Lit.) 
42.0 f 5.0 
32.5 f 3.2 
37.0 f 3.5 
[ -20.01 
40 .O-46.0 
6 0 . 0  
<56.0 
[ 10.0-30.0(Lit.)~ 
33.5-50.0 (Lit.) 
38.0-49.0 
41.7f3.9 
38.0-43.0 
49.0-51 .O 
42.7 f 7.8 
34.0-43.0 

Shibuya et al. (1992) 

Bonhommet & Babkine (1966) 
Bonhommet & Babkine (1967) 
Bonhommet & Zahringer (1969) 
Whitney et al. (1971) 
Yaskawa et al. (1973) 
Freed & Healy (1974) 
Condomines (1978) 
Hall & York (1978) 
Huxtable ef al. (1978) 
Gillot et al. (1979) 
Barbetti & Flude (1979) 
Gillot et al. (1979) 
Gutrin & Valladas (1980) 
GuCrin & Valladas (1980) 
Kristjansson & Gudmundsson (1980) 
GuCrin (1983) 
Lovlie et al. (1986) 
Lovlie & Sandnes (1987) 
Marshal, Chauvin & Bonhommet (1988) 
Roperch et al. (1988) 
Bleil & Gard (1989) 
Chauvin et al. (1989) 
Griinig (1991) 
Levi & Karlin (1989) 
Levi er af. (1990) 
Nowaczyk & Baumann (1992) 

Norwegian-Greenland Sea 
70.0-77.0 Bleil & Gard (1989) 
74.0-82.0 Griinig (1991) 
65.0-77.0 Nowaczyk & Baumann (1992) 
Fram Strait 
95, 104 
98- 102 
Blake 
108.0-1 14.0 
100.0-120.0 Wollin et al. (1971) 
104.0-117.0 Kawai ef al. (1972) 
108.0-114.0(Lit.) Kukla & Koci (1972) 

Thouveny ef al. (1990) 
Nowaczyk & Baumann (1992) 

Smith & Foster (1969) 

Location 

Gulf of Mexico 
Lake Biwa, Japan 
Gulf of Mexico 
lmuruk Lake, Alaska 
Baffin Bay 

Mono Lake, USA 
Mono Lake, USA 
Mono Lake, USA 
Summer Lake, USA 
Yermak Plateau, Arctic Ocean 
Western Norway 
Baffin Bay 
Norwegian-Greenland Sea 
Gulf of California 
Gulf of California 
Fram Strait 
California, Nevada, USA 
Fram Strait 

Lake Mungo, Australia 
Lake Mungo, Australia 

Auckland Field, New Zealand 

Royat, France 
Laschamp, France 
Laschamp, France 
Laschamp/Olby, France 
Lake Biwa, Japan 
Gulf of Mexico 
Olby, France 
Laschanip/Olby, France 
Royat, France 
Laschamp, France 
Royat, France 
Olby, France 
Laschamp, France 
Olby, France 
SW Iceland 
Louchadiere, France 
Yermak Plateau, Arctic Ocean 
Western Norway 
Skalamaelifell, SW Iceland 
Laschamp/Olby, France 
Norwegian-Greenland Sea 
Louchadikre, France 
Weddell Sea, Antarctica 
Gulf of California 
Skalamaelifell, SW Iceland 
Fram Strait; Yermak Plateau, Arctic Ocean 

Norwegian-Greenland Sea 
Weddell Sea, Antarctica 
Fram Strait; Yermak Plateau, Arctic Ocean 

Lac du Bouchet, France 
Fram Strait 

Caribbean; Indian Ocean; NW Atlantic 
Caribbean; NW Pacific 
Lake Biwa, Japan 
Czechoslovakia 
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Table 5. (Continued.) 
100.0 < f < 125.0 Denham (1976) NW Atlantic 
100.0 < I  < 125.0 NW Atlantic 
-100.0 Manabe (1977) NE Japan 
l05.0(-l55.0] Creer, Readrnan & Jacobs (1980) Mediterranean Sea 
100.0-130.0 Sasajima, Nishimura & Hirooka (1984) Japan, Indonesia 
112.0-117.0 Tucholka el al. (1987) Mediterranean Sea 
128.0 f 33.0 Champion et al. (1988) New Mexico, USA 
13 1 .O- 138.0 Bleil & Gard (1989) Norwegian-Greenland Sea 
105.0-114.0 Herrero-Bevera et al. (1989) Oregon, USA 
107.0-120.0 Griinig (1991) Weddell Sea, Antarctica 
104.0-1 16.0 Tric el al. (1991b) Mediterranean Sea 
115.0-123.0 Nowaczyk & Baumann (1YY2) 

Baffin Bay 
129.0-161.0 Aksu (1983) Baffin Bay, Davis Strait 
[loo. 0- 120.0]" Westgate el al. (1985) Alaska 
149.0f 13.0 Westgate (1988) Alaska 
149.0 k 13.0(Lit.) Gillen & Evans (1989) Alaska 
152.0-160.0 Nowaczyk & Baumann (1992) Fram Strait 

Biwa I 
17.5 .O- 190.0 Wollin el al. (1971) NW Pacific 
176.0-186.0 Kawai et al. (1972) Lake Biwa, Japan 
200.0-2 15.0 Ryan (1972) Mediterranean Sea 
175.0- 185.0 Bleil & Gard (1989) Norwegian-Greenland Sea 
155.0 + 47.0 Geissman er al. (1989) New Mexico, USA 
160.0- 180.0 Liddicoat (1990) California, USA 
171 .O- 181 .0 Nowaczyk & Baumann (1992) Fram Strait 

Biwa 11 
280.0 Wollin ct al. (1971) NW Pacific 
292.0-298.0 Kawai ct at. (1972) Lake Biwa, Japan 
295.0-305 .O Ryan (1972) Mediterranean Sea 
260.0 Creer el al. (1980) Mediterranean Sea 
330.0-344.0 Bleil & Gard, (1989) Norwegian-Greenland Sea 
290.0 Griinig (1991) Weddell Sea, Antarctica 
(280.01 Liddicoat & Bailey (1989) California, USA 
292.0-298.0(Lit.) Nowaczyk (1991) Fram Strait 
(252.0-262.01" Nowaczyk & Baumann (1992) Fram Strait 

Biwa 111 
400.0 Wollin ef al. (1971) N W Pacific 
350.0 Kawai et al. (1972) Lake Biwa, Japan 

Lake Biwa, Japan 
400.0 Creer e/ LJI. ( 1980) Mediterranean Sea 
400.0 (Lit.) Nowaczyk (1991) Frarn Strait 

Emperor 
460.0 Ryan (1972) Caribbean 
490.0 f 50.0 Wilson & Hey (1981) East Pacific 
[460.0 f 50.01'' Champion, Dalrymple& Kuntz (1981) Idaho, USA 
474.0-483.0 Bled & Gard (1989) Norwegian-Greenland Sea 
(Lit.) indicates that the age given in a paper is taken from literature and not determined for the material presented in the respective 
paper. 
" See Levi et al. (1990). 
'See Westgate (1988). 

See Nowaczyk (1991). 
See Champion et af. (1988). 

Denham, Anderson & Bacon (1977) 

Fram Strait; Yermak Plateau, Arctic Ocean 

Kawai el al. (1975) 

sedimentation rates derived from them are summarized in 
Table 6. The significant differences in the sedimentation 
rates between the sites during the same time intervals can be 
explained by bathymetric variations between the two nearby 
sites. The distance between the two sites is about 11 km 
(Table 1) and while core PS 1533-3 SL was recovered from 
the top of a little seamount at a water depth of 2030 m, core 
PS 2212-3 KAL was taken beside this seamount at a 
considerably deeper water depth of 2550 m. Therefore water 

currents, which should be stronger at the top of the 
seamount, possibly caused reduced sedimentation rates at 
site PS 1533. 

The average sedimentation rates ranging from about 2 to 
3 cm Ka-' at site PS 1533 and 3 to 8 Ka-' at site PS 2212 
agree with previous results for the Eurasian Basin of Sejrup 
et al. (1984), Zahn, Markussen & Thiede (1985), L@vlie et 
al. (1986), Baumann (1990) and Nowaczyk & Baumann 
(1992). The calculated rates give further evidence for a late 
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Figure 10. Age-depth relationships for cores PS 2212-3 KAL and PS 1533-3 SL derived from this study according to Table 6.  For the 
discussion of the hiatus in core PS 2212-3 KAL. see text. 

Table 6. Age-depth model and sedimentation rates for cores PS 

2212-3 KAL and PS 1533-3 SL used in this study. 

Depth Age Sedimenlatlon Depth Age Sedimentation 

rate rate 
cm Ka cn K a - l  cm Ka cn Ka- '  

0 
72 
103 
135 
200 
252 
265 
315 

.-.. 

31 5 
322 
393 
440 
522 
573 
610 
730 

0 
24 
29 
34 
43 

63.5 
71 
86 

hialus ---. 
117 
118 
128 
134 

144.5 
151 
155 
171 

3.0 
6.2 
6.4 
7.2 
2 6  
1.7 
3.3 

0.0 

6.6 
7.1 
7.8 
7.8 
7.8 
7.8 
7.8 

0 
15.5 
32 

84.5 
92.5 
110.5 
118 
165 
175 
198 
220 
240 
273 
400 
420 
460 
480 

0 
6.165 

12 
17.87 
18.16 
22.79 

24 
29 
34 
43 
59 

63.5 
71 
128 
133 
151 
155 

2.5 
2.8 
8.9 
27 6 
3.9 
6.2 
9.4 
2.0 
2.6 
1.4 
4.4 
4.4 
2.2 
4.0 
2.2 
5.0 

Quaternary high-deposition sedimentation environment in 
the Eastern Arctic Ocean. The results contrast with the low 
sedimentation rates in the range of only 1-2 mm Ka-l 
derived for the Amerasian Basin (Steuerwald, Clark & 
Andrew 1968; Worsley & Herman 1980; Aksu & Mudie 
1985; Morris, Clark & Blasco 1985; Clark et al. 1986; Macko 
& Aksu 1986; Morris 1988; Witte & Kent 1988). 

In Fig. 11 the magnetostratigraphic and susceptibility data 
of Fig. 4 are plotted as a function of time according to the 
age-depth relationships of Table 6 and Fig. 10. The gap in 
the inclination and susceptibility data of core PS 2212-3 

KAL reflects the hiatus discussed above. The time- 
dependent assessment of the remanence and rock magnetic 
data reveals the synchroneity of the documented geomag- 
netic field variations (Fig. 11). Differences in older sections 
of the cores are due to the much higher time resolution in 
core PS 2212-3 KAL caused by higher sedimentation rates at 
this site. 

In both cores four geomagnetic polarity events are clearly 
documented with full reversals of the ChRM inclinations. 
The amplitude of the inclination variations throughout the 
polarity events are comparable with the normal intervals of 
the Brunhes Chron documented in the cores (Fig. l l ) ,  
except for the boundaries of the Mono Lake event and the 
termination of the Laschamp event documented in core PS 
2212-3 KAL. Shallow negative inclinations might be 
associated with multipolar geometries as discussed by 
Chauvin, Roperch & Duncan (1990) and Clement (1991) as 
well as with dipolar transitional fields as discussed by Laj et 
al. (1991), Tric et af. (1991a) and Valet et al. (1992). 
Unfortunately, palaeo pole positions are not obtainable to 
test the different theories as the cores are not oriented in 
azimuth. The large scatter of declination at high latitudes 
does not allow the use of the mean ChRM declination as 
azimuth to re-orient the core. On the other hand, the 
high-resolution recording of the inferred Mono Lake event 
in core PS 1533-3 SL is characterized by negative 
inclinations typical for a dipolar direction at 82"N in the 
main part bounded by one normal and one full reverse 
sample (Figs 4 and 11). The shallow negative inclinations in  
core PS 2212-3 KAL therefore can also be explained by a 
superposition of positive and negative inclinations within 
one sample of the corresponding depth intervals. 
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Figwe 11. Magnetic susceptibility and ChRM inclination of cores PS 2212-3 KAL and PS 1533-3 SL with respect to interpreted geologic age. 
The data displayed in Fig. 4 have been converted into time series using the age-depth relationships of the cores given in Table h and Fig. 10. 
Display of the susceptibility data analogous to Fig. 4. 

As noted, polarity transitions, especially documented by 
the high-quality data of core PS 2212-3 KAL, are often 
identified over a depth interval covered by only two or three 
samples, which equals 4-8cm. This implies a time interval 
for the reversal process of only 0.5 to 1 Ka applying the 
inferred maximum sedimentation rate of 8 cm Ka- ' at site 
PS 2212. Comparable results were found for sites in the 
Fram Strait (Nowaczyk & Baumann 1992). The total 
duration of major polarity reversals derived in other studies 
(e.g. Opdyke, Kent & Lowrie 1973; Hillhouse & Cox 1976; 
Mankinen el al. 1985; PrCvot et al. 1985; Clement & Kent 
1991; Tric et al. 1991a) ranges from 5 to 10 Ka with polarity 
rebounds taking a time of 1 Ka. The polarity events within 
the Brunhes Chron recorded in the sediments of the 
Yermak Plateau and other sites (see Table 5) therefore 
might be aborted attempts of the Earth's magnetic field to 
reverse polarity. 

CONCLUSIONS 

High-quality magnetostratigraphic data were obtained for 
core PS 1533-3 SL and core PS 2212-3 KAL recovered from 

the eastern slope of the Yermak Plateau. A detailed 
correlation of the cores is provided by high-resolution 
magnetic susceptibility data. In the downcore variations of 
the inclination of both cores, four geomagnetic events with 
full reversed polarity are documented. Several different 
dating methods based on AMS-I4C, 6 " 0 ,  l"Be/*"'Th and 
nannofossil data consistently yielded age ranges of 24-29 Ka 
for the Mono Lake event, 34-43Ka for the Laschamp 
event, 72-86 Ka for the Norwegian-Greenland Sea event 
and 118-128 Ka for the Blake event. The termination of the 
Biwa I event (171-181 Ka) is inferred to lie at the bottom of 
core PS 2212-3 KAL. 

Rock magnetic studies revealed that fine-grained 
titanomagnetite/titanomaghemite is the dominant magnetic 
phase. High-coercivity minerals (haematite/goethite) con- 
tribute to the saturation remanent magnetization usually 
only in the order of 5 per cent. The rock magnetic 
parameters indicate comparable magnetomineralogies at 
both sites. Downcore variations of rock magnetic param- 
eters do not coincide with polarity changes of the ChRM. 

Progressive demagnetization of core PS 2212-3 KAL 
samples demonstrates that events residing in the Yermak 
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Plateau sediments are largely affected by a normal polarity 
overprint, removed by alternating field demagnetization 
with peak amplitudes of more than 50mT, until a 
high-coercivity single-component reverse polarity re- 
manence is then isolated. However, this normal polarity 
overprint proves the reliability of the results, because a lot 
of processes can destroy the original magnetization of 
sediments but no conceivable post-depositional process can 
systematically produce a high-coercive remanence direction 
anti-parallel to the geomagnetic field leaving the low-coercive 
normal component untouched. The high-quality palaeomag- 
netic and chronostratigraphic data obtained in this study, as 
well as literature data compiled in Table 5, leave no doubt 
that the normal polarity of the Earth’s magnetic field has 
been interrupted by at least four short-lived reverse polarity 
events during the last 170 Ka. 

The duration of the transition process derived from the 
Yermak Plateau data can be estimated to be in the range of 
only 1 Ka, considerably shorter than derived for major 
reversals like the Matuyama-Brunhes transition, interpreted 
to last about 5-10Ka. This is again equivalent to the 
average duration determined for the individual Brunhes 
Chron polarity events, so they possibly are complete but 
unstable reversals of the geomagnetic field. 
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