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S U M M A R Y
A total of five sediment cores from three sites, the Arctic Ocean, the Fram Strait and the
Greenland Sea, yielded evidence for geomagnetic reversal excursions and associated strong
lows in relative palaeointensity during oxygen isotope stages 2 and 3. A general similarity
of the obtained relative palaeointensity curves to reference data can be observed. However,
in the very detail, results from this high-resolution study differ from published records in
a way that the prominent Laschamp excursion is clearly characterized by a significant field
recovery when reaching the steepest negative inclinations, whereas only the N–R and R–N
transitions are associated with the lowest values. Two subsequent excursions also reach nearly
reversed inclinations but without any field recovery at that state. A total of 41 accelerator mass
spectrometry (AMS) 14C ages appeared to allow a better age determination of these three
directional excursions and related relative palaeointensity variations. However, although the
three sites yielded more or less consistent chronological as well as palaeomagnetic results a
comparison to another site, PS2644 in the Iceland Sea, revealed significant divergences in the
ages of the geomagnetic field excursions of up to 4 ka even on basis of uncalibrated AMS 14C
ages. This shift to older 14C ages cannot be explained by a time-transgressive character of the
excursions, because the distance between the sites is small when compared with the size of
and the distance to the geodynamo in the Earth’s outer core. The most likely explanation is a
difference of reservoir ages and/or mixing with old 14C-depleted CO2 from glacier ice expelled
from Greenland at site PS2644.

Key words: AMS 14C dating, geomagnetic reversals, magnetostratigraphy, palaeointensity,
reversal excursions.

I N T RO D U C T I O N

Numerous magnetostratigraphic investigations on Arctic marine
sediments have yielded detailed records of several geomagnetic re-
versal excursions during the Brunhes Chron, especially for the time
interval of the last approximately 100 ka (Løvlie et al. 1986; Bleil
1989; Bleil & Gard 1989; Nowaczyk & Baumann 1992; Nowaczyk
et al. 1994; Schneider et al. 1996; Nowaczyk 1997; Nowaczyk &
Antonow 1997; Voelker et al. 1998; Nowaczyk & Frederichs 1999;
Knies et al. 2000; Laj et al. 2000; Nowaczyk & Knies 2000). One
of the best documented excursion now is the Laschamp reversal ex-
cursion at around 40 ka, calibrated BP, originally found in volcanics

∗Now at: Museum für Naturkunde, Theaterplatz 1, 09111 Chemnitz,
Germany.
†Now at: Geological Survey of Norway, 7491 Trondheim, Norway.

of the Massif Centrale in France (Bonhommet & Babkine 1967;
Gillot et al. 1979) and later also in sediments of Lac St Front (Vlag
et al. 1996) as well as in volcanics on Iceland (Levi et al. 1990) and
probably Hawaii (Laj et al. 2002).
In the Arctic realm, however, because of the widespread absence of
foraminifers in the water column for certain, often long time inter-
vals, precise dating of the respective sediments generally are difficult
to obtain. Only at some individual sites presented in this paper could
a sufficient amount of foraminifers be collected throughout major
sections of the cores in order to establish accelerator mass spec-
trometry (AMS) 14C chronologies. Magnetostratigraphic investiga-
tion on three cores from northern high latitudes Fig. 1), PS2138-1
(81.5◦N, Eastern Arctic Ocean Nowaczyk & Knies 2000), PS1535-8
(78.7◦N, Fram Strait, Nowaczyk & Baumann 1992) and PS1878-3
(73.3◦N, Greenland Basin, Nowaczyk 1997; Nowaczyk & Antonow
1997), yielded records of several short-term geomagnetic rever-
sal excursions, with the Laschamp excursion being the most
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Figure 1. Location map of investigated sites. Closed squares, cores pre-
sented in this paper; open squares, cores 2178/2180: Nowaczyk et al. (2001),
core 2644: Voelker et al. (1998), ODP site 983: Channell et al. (1997). As-
terisks denote documentations of the Laschamp excursion in volcanic rocks:
Laschamp (France), Bonhommet & Babkine (1967), Gillot et al. (1979);
Skalamælifell (Iceland), Levi et al. (1990).

pronounced one. In all three cores the Laschamp excursion is doc-
umented in a depth interval of approximately 25–45 cm thickness,
but with significantly different thicknesses of overlying sediments.
In particular, the first record published from Fram Strait suggested
a very long duration of 9 ka (34–43 ka) of the Laschamp excursion
when using the rough age estimate of Nowaczyk & Baumann (1992)
which was based on calcareous nanofossil and oxygen isotope strati-
graphies and the assumption of a continuous sedimentation. Since
publication of the palaeomagnetic results large efforts have been
made in order to evaluate absolute ages for the investigated cores.
Beside 11 already published results on AMS 14C dating (10 on
PS2138-1 and 1 on PS1878-3) we present here further detailed rock

Table 1. Locations of sediment cores from north to south. References for palaeomagnetic results are: (1) Nowaczyk & Knies (2000),
(2) Nowaczyk & Baumann (1992), (3) Nowaczyk (1997), (4) Nowaczyk & Antonow (1997).

Core number Latitude Longitude Water depth Length Area Reference

PS2138-1 81◦ 32.1′ N 30◦ 35.6′ E 995 m 635 cm Eastern Arctic Ocean (1)
PS1535-6 78◦ 45.4′ N 1◦ 49.5′ E 2555 m 390 cm Fram strait This study
PS1535-8 78◦ 44.8′ N 1◦ 52.8′ E 2557 m 496 cm Fram strait (2)
PS1535-10 78◦ 43.6′ N 1◦ 57.0′ E 2554 m 814 cm Fram strait (2)
PS1878-3 73◦ 15.3′ N 9◦ 00.7′ W 3048 m 469 cm Greenland Basin (3), (4)

magnetic analyses and 33 new AMS 14C ages (see Table 2 below)
yielding more detailed information concerning the timing of the
geomagnetic field variation documented within the magnetizations
of the cores, especially geomagnetic excursions and related relative
palaeointensity variations.

M AT E R I A L A N D M E T H O D S

Palaeomagnetic and rock magnetic investigations on core PS2138-1,
eastern Arctic Ocean, cores PS1535-8 and -10, Fram Strait, and
core PS1878-1, Greenland Basin, have been published in some
detail as referenced in Table 1. Core PS1535-6, Fram Strait, was
chosen for this paper in order to investigate the palaeomagnetism
and rock magnetism of Fram Strait sediments in more detail. Fol-
lowing the techniques described by, for example, Nowaczyk &
Baumann (1992), Nowaczyk & Antonow (1997) and Nowaczyk
& Knies (2000), the samples were subjected to progressive alter-
nating field demagnetization of the natural remnant magnetization
(NRM) with subsequent vectorial analysis by principal component
analysis (Kirschvink 1980), and acquisition/demagnetization exper-
iments of anhysteretic and isothermal remnant magnetization (ARM
and IRM). ARMs were produced with 100 mT alternating field (AF)
amplitude and a static field of 50 µT. IRMs acquired at 1.5 T are re-
ferred to as saturated IRM (SIRM). For determination of the S-ratio
the samples were subjected after SIRM acquisition to a field of 0.3 T
in the opposite direction. In order to exclude the theoretical possibil-
ity that non-normal palaeomagnetic directions are associated with
an anomalous (magnetic) fabric, the samples from core PS1535-6
were also used for analysis of the anisotropy of magnetic suscepti-
bility using an AGICO KLY-3S Kappabridge, that is, susceptibility
is measured numerous times while the sample is rotating around the
x-, y- and z-axes, respectively. Measurements from the three orthog-
onal planes are combined with one bulk measurement in order to
calculate the complete anisotropy tensor (with AGICO software),
represented by the general susceptibilities Kmax, (maximum), K int

(intermediate) and Kmin (minimum), and their respective orientation
angles, declination and inclination. The orientation angles are given
with respect to sample coordinates because the azimuth of the core
is unknown.

17 samples from the lower section of core PS1878-3, 10 sam-
ples from the upper section of PS1535-6 and 40 samples more or
less equally distributed along the core axis of core PS2138-1 were
used for low-temperature measurements of magnetic susceptibil-
ity using the CS-L furnace of the KLY-3 Kappabridge in order to
provide further information concerning the mineralogy of the re-
manence carriers for all three investigated sites. After subtracting
the furnace background the ferrimagnetic susceptibility was sepa-
rated from the paramagnetic contribution by subtracting a hyperbola
from the furnace-corrected data using the CUREVAL 5.0 program
supplied with the Kappabridge. The hyperbola was fitted between
−140 and −70 ◦C (see also Nowaczyk et al. 2002).
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Table 2. AMS 14C and calibrated ages from cores discussed in this paper. (1) Knies et al. (2000); (2) Nowaczyk & Antonow (1997);
(3) mean value of CALIB4.3 program results. N.p. Neogloboquadrina pachyderma (sin.); b.F., benthic forams; P., Pyrgo.

Core Depth AMS 14C Age 440 yr reservoir Calibrated age Material Reference
(cm) (ka) corrected (ka) (ka, BP)

PS 2138-1 50 13.46 ± 0.11 13.02 15.55 (1)
PS 2138-1 65 13.43 ± 0.07 12.99 15.52 N.p. This study
PS 2138-1 80 13.04 ± 0.14 12.60 14.733) (1)
PS 2138-1 110 14.03 ± 0.08 13.59 16.21 (1)
PS 2138-1 130 15.85 ± 0.13 15.41 18.30 (1)
PS 2138-1 160 16.67 ± 0.21 16.23 19.24 (1)
PS 2138-1 200 17.32 ± 0.13 16.88 19.99 (1)
PS 2138-1 230 19.23 ± 0.14 18.79 22.19 N.p. This study
PS 2138-1 244 19.71 ± 0.13 19.27 22.74 N.p. This study
PS 2138-1 260 20.42 ± 0.13 19.98 23.56 N.p. This study
PS 2138-1 275 20.70 ± 0.13 20.26 23.88 N.p. This study
PS 2138-1 300 20.48 ± 0.33 20.04 23.63 (1)
PS 2138-1 316 22.47 ± 0.16 22.03 25.83 N.p. This study
PS 2138-1 331 23.54 ± 0.24 23.10 26.98 (1)
PS 2138-1 345 24.91 ± 0.20 24.47 28.47 N.p. This study
PS 2138-1 360 26.24 ± 0.28 25.80 29.88 (1)
PS 2138-1 366 26.26 ± 0.23 25.82 29.90 N.p. This study
PS 2138-1 372 30.29 ± 0.36 29.85 33.65 b.F., N.p. This study
PS 2138-1 375 >45.19 >46.55 b.F., N.p. P This study
PS 2138-1 380 35.34 ± 1.57 34.90 38.50 (1)
PS 2138-1 382 29.62 ± 0.20 29.18 33.10 N.p. This study
PS 2138-1 (a) 385 30.24 ± 0.38 29.80 33.60 N.p. This study
PS 2138-1 (b) 385 30.81 ± 0.21 30.37 34.13 N.p. This study
PS 2138-1 387 31.67 ± 0.24 31.23 34.87 N.p. This study

PS 1535-8 35 16.65 ± 0.17 16.21 19.22 N.p. This study
PS 1535-8 45 18.15 ± 0.25 17.71 20.95 N.p. This study
PS 1535-8 55.5 19.05 ± 0.17 18.61 21.98 N.p. This study
PS 1535-8 61.5 20.62 ± 0.19 20.18 23.79 N.p. This study
PS 1535-8 75 24.55 ± 0.30 24.11 28.07 N.p. This study
PS 1535-8 83.5 29.34 ± 0.41 28.90 32.86 N.p. This study
PS 1535-8 89 29.80 ± 0.28 29.36 33.24 N.p. This study
PS 1535-8 97 31.90 ± 0.26 31.46 35.10 N.p. This study
PS 1535-8 109 33.45 ± 0.45 33.01 36.65 N.p. This study

PS 1878-3 100 16.44 ± 0.12 16.00 18.98 N.p. This study
PS 1878-3 145 19.37 ± 0.15 18.93 22.35 N.p. This study
PS 1878-3 250 24.21 ± 0.15 23.77 27.69 N.p. This study
PS 1878-3 270 28.35 ± 0.19 27.91 31.95 N.p. This study
PS 1878-3 280 28.53 ± 0.33 28.09 32.13 N.p. (2)
PS 1878-3 300 28.63 ± 0.18 28.19 32.23 N.p. This study
PS 1878-3 340 30.90 ± 0.49 30.46 34.14 N.p. This study
PS 1878-3 370 23.47 ± 0.22 23.04 26.92 N.p. This study
PS 1878-3 380 30.74 ± 0.23 30.30 34.06 N.p. This study
PS 1878-3 390 33.78 ± 0.67 33.34 36.98 N.p. This study
PS 1878-3 410 40.80 ± 0.65 40.36 43.36 N.p. This study

In general, 1200–1600 specimens of the planktic foraminifera
Neogloboquadrina pachyderma sin. were selected from the 125–
250 µm grain size fraction for each sample for the AMS 14C
measurements. Partly, other forms were used, as indicated in
Table 2. All dating were performed at the AMS facility of
the Leibniz–Labor für Altersbestimmung und Isotopenforschung
of the Christian-Albrechts-Universität Kiel, Germany. Radiocar-
bon ages <20.3 ka were calibrated by the CALIB4.3 program
(Stuiver & Reimer 1993) with the data set from Stuiver et al. (1998).
For radiocarbon ages >20.3 kyr, age shifts were obtained from
Voelker et al. (1998). At 20.3 ka, the offset of both methods is
<200 yr.

R E S U LT S

Palaeomagnetism

Fig. 2 compiles vector endpoint diagrams of a total of 13 samples
from sediments deposited during the Laschamp excursion at the
three sites discussed in this paper. The clearly upward directed
ChRM directions are all superimposed by a more or less large
downward directed overprint, that is, a viscous component parallel
to the recent field. This overprint persists until demagnetization
amplitudes of 35–50 mT. Therefore, for samples such as in Fig. 2,
demagnetization results below this level were not included in the
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Figure 2. Orthogonal projections, vector endpoint diagrams, of demagnetization results from cores PS1878-3, PS1535-6 and PS2138-1. Sediments related to
the 13 samples were deposited during the Laschamp reversal excursion. Solid (open) symbols denote the horizontal (vertical) plane. Demagnetization steps are
0, [5], 10, [15], 20, 35, 50, 65, 80, [95 or 100] mT. The tick spacing is equivalent to 1.0 mA m−1.

determination of ChRM directions. Down-core plots of ChRM in-
clinations of all three cores are presented in Figs 3(a) and (b),
showing the pronounced Laschamp reversal excursion (indicated
by ‘La’) in all three cores. Where present, oxygen isotope stage 5 is
marked by horizontal dashed lines and the ages of the core bases are
also indicated, according to the respective age models (PS1878-3:

Nowaczyk & Antonow 1997; PS1535-8, parallel to PS1535-6:
Nowaczyk & Baumann 1992; Matthiessen et al. 2001; PS2138-1:
Nowaczyk & Knies 2000; Matthiessen et al. 2001). It is interest-
ing to note that the Laschamp excursion is documented in all three
cores within an interval of 25–45 cm thickness but with a highly
variable thickness for the overlying sediments that were deposited
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Figure 3. (a) Rock and palaeomagnetic data from cores PS1878-3 and PS1535-6: down-core variations of parameters related to magnetic concentration,
magnetic grain size and coercivity together with inclinations of characteristic remnant magnetization (InclChRM) and palaeointensity estimate. JARM, intensity
of anhysteretic remnant magnetization (Bstat = 50 µT, BAF = 100 mT); J SIRM, intensity of saturated isothermal remnant magnetization (B = 1.5 T); MDFARM,
median destructive field of ARM. Crosses indicate positions of samples used for low-temperature measurements of magnetic susceptibility (see Fig. 7). (b)
Rock and palaeomagnetic data from core PS2138-1.

during the last approximately 40 ka. Their thicknesses range from
380 cm (PS2138-1, Laschamp: 25 cm) to only 95 cm (PS1535-6,
Laschamp: 45 cm). At two coring sites further north, at 88◦N and
155◦E (PS2178 and PS2180, Fig. 1), an approximately 30 cm thick
layer documenting the Laschamp excursion is covered by only 40 cm
of sediments (Nowaczyk et al. 2001). The fairly constant thickness
of the Laschamp excursion in an area spanning from the Greenland
Sea to the central Arctic Ocean, on the one hand, and the extreme
differences in the overlying sediments, on the other hand, in gen-
eral, indicate a highly variable sedimentation both in time and space
within the Arctic, but a high deposition rate with little spatial vari-
ability contemporary to the Laschamp excursion. This gives a quite
interesting palaeoceanographic as well as palaeoclimatic aspect, but
this shall not be the main topic of this paper.

Rock magnetism

Some basic rock magnetic parameters, the intensity of anhysteretic
remnant magnetization (JARM), the ratio of JARM to the intensity of

saturated isothermal remnant magnetization (JSIRM), and the me-
dian destructive field of the ARM (MDFARM) are also displayed in
Figs 3(a) and (b). Variations in concentration of magnetic minerals as
measured by ARM intensities (JARM) are in the range of an order of
magnitude in all three cores. Ratios of ARM intensity to SIRM inten-
sity (JARM/JSIRM), as estimates of magnetic grain size and median
destructive fields of ARM (MDFARM), as a measure of coercivity, are
fairly constant in the upper half of core PS1535-6, but with a higher
variability and a general trend to more fine-grained material in the
lower half of the core (oxygen isotope stage 5). In core PS1878-3
ARM/SIRM ratios MDFARM values are also quite constant but with
tephra layers (see the lithology column in Fig. 3a) showing signif-
icantly lower ARM/SIRM ratios and MDFARM, respectively. Core
PS2138-1 is also characterized by quite constant magnetic concen-
tration and grain size parameters, except for the Holocene in the top
and stage 5 sediments near the bottom, which both deviate from the
general trend with generally higher ARM/SIRM ratios and higher
MDFARM values. Further rock magnetic data for core PS1878-3 are
given in Nowaczyk (1997) and for core PS2138-1 in Nowaczyk &
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Figure 3. (Continued.)

Figure 4. Different estimates of relative palaeointensity for core PS1535-6: (a) as indicated by the three formulae in the figure and bi-plots of concentration-
related parameters with magnetic susceptibility (κLF) versus ARM intensity JARM (b) and SIRM intensity JSIRM (c), coercivity/mineralogy (S-ratio) versus
magnetic grain size (d), and palaeointensity estimate versus magnetic grain size (e). S-ratio = 0.5 × [1 − (IRM−0.3T/SIRM1.5T)]; JNRM, intensity of natural
remnant magnetization; κARM, anhysteretic susceptibility.

C© 2003 RAS, GJI, 155, 1065–1080



AMS 14C-Laschamp excursion 1071

Knies (2000). Core PS1535-6 shall be discussed in further detail
here.

Palaeointensity estimates for all three cores based on the ratio of
the intensity of the natural remnant magnetization (JNRM) to JARM,
both determined after alternating field demagnetization with 50 mT
are displayed in the right-hand columns of Figs 3(a) and (b). In core
PS1878-3 tephra layers (Nowaczyk 1997) and in core PS2138-1
the Holocene and the stage 5 sediments (Nowaczyk & Knies 2000)
were not included for palaeointensity determinations. Because of the
overall little to only moderate variations in concentration and grain
size, sediments in core PS1535-6 are also an appropriate material for
palaeointensity estimations (e.g. Tauxe 1993). Fig. 4(a) shows the
three different palaeointensity estimates, J NRM/κLF, J NRM/J ARM

and JNRM/JSIRM for core PS1535-6 based on the 50 mT NRM mea-
surement. The three average-normalized curves are of a similar mor-
phology, that is the same succession of peaks and troughs is present
in all three curves with often even the same amplitude. Since samples
from the parallel cores, PS1535-8 and -10 have been used up in the

Figure 5. Behaviour of the relative palaeointensity estimate (here JNRM/JARM), inclinations of resultant vectors as well as difference vectors as a function of
depth and alternating field demagnetization amplitude, together with ChRM inclinations for the upper 2 m in core PS1535-6. The data clearly indicate that an
AF amplitude of 50 mT is necessary in order to completely remove the influences of the normal overprint.

meantime for other investigations, we use susceptibility-normalized
palaeointensity estimates for all cores from site PS1535 instead of
the preferred ARM normalization. This seems to also be justified
because of a fairly linear relationship between magnetic susceptibil-
ity and ARM and SIRM intensity, respectively (Figs 4b and c). The
small variations in the relatively high S-ratios (Fig. 4d) of 0.95 to
0.97 in core PS1535-6 (with only a few values going down to 0.92
in the lowermost part of the core equivalent to late stage 6) seem to
reflect mainly grain size variations because of a rough linear cor-
relation to log (κARM/κLF), used as a grain size indicator. Finally,
estimation of the relative palaeointensity (J NRM (50 mT)/κLF) does
not show any dependence on the magnetic grain size as measured
by the ratio JARM/JSIRM (Fig. 4e).

Besides a fairly constant magneto-mineralogy and the normal-
ization procedure, for sediments that document reversal excursions,
the correct choice of the appropriate demagnetization level is also
of basic importance (Nowaczyk 1997). As mentioned earlier, sed-
iments that carry a reversed ChRM are generally overprinted by
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an antiparallel viscous component of normal polarity that had to
be eliminated with up to 50 mT AF amplitude. Fig. 5 illustrates
how the palaeointensity estimate (here ARM normalized) and the
inclinations of resultant and difference vectors, the remanence com-
ponent destroyed between two successive demagnetization steps, are
changing during the demagnetization process in the upper 200 cm
of core PS1535-6. At least for the Laschamp excursion between 140
and 90 cm, at first sight, a demagnetization level of 20 mT, as often
used in palaeointensity studies on sediments, seems to be sufficient.
However, looking at the difference vectors, it becomes obvious that
solely a low-coercivity laboratory-acquired viscous component (0–
10 mT), with scattered inclinations, and the normal overprint due

Figure 6. Results from determinations of the anisotropy of magnetic susceptibility performed on all samples (n = 71) from core PS 1535-6. (a) Orientations of
the principal axes Kmax, K int and Kmin; (b) Kmin inclination versus ChRM inclination, down-core plots of principal axes (c), degree of anisotropy (d), and shape
of anisotropy ellipsoid (e) compared with ChRM inclination (f), degree of anisotropy versus shape of anisotropy (g), magnetic grain size (h) and coercivity (i).

to the recent field at the coring site (10–20 mT), with steep inclina-
tions, are being demagnetized. Only a single sample at 115 cm is al-
ready characterized by a reversed NRM inclination. At higher levels
(20–35 and 35–50 mT) the difference vector inclinations are char-
acterized by overlapping coercivities of the normal overprint and
the more AF-resistant reversed ChRM component, respectively. Fi-
nally, at higher levels the difference vectors approach the inclination
values of the resultant vectors. Parallel to this, the morphologies of
the palaeointensity estimates change significantly. In particular, in
the interval of the Laschamp excursion, due to the progressive elim-
ination of soft antiparallel normal overprints, the relative palaeoin-
tensity increases with higher demagnetization levels until 50 mT AF
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level. Consequently, as in previous studies, we used this demagne-
tization level of the NRM for estimation of relative palaeointensity
variations.

Results from determination of the anisotropy of the magnetic
susceptibility (Fig. 6) indicate that, in most cases, the investigated
sediments are characterized by an oblate ellipsoid (K max ×
K min/K 2

int < 1) with the ellipsoid being flatter when anisotropy
is high (Fig. 6g). The degree of anisotropy (100 × (K max −
K min)/K max) is relatively low (Fig. 6d), ranging only between 2 and
4 per cent. The small principal axis Kmin is oriented perpendicular
to the bedding plane (Figs 6a, c and e) with Kmin inclinations mainly
between 80◦ and 90◦. Principal axes K int and Kmax are nearly of the
same length: mean K int ≈ 1.005, mean K max ≈ 1.010, with mean
K min ≈ 0.980 (Nowaczyk 2003; Fig. 3a). K int and Kmax are oriented
horizontally (Fig. 6a) with an apparent alignment parallel to the x-
axis = 0◦/180◦(Kmax) and the y-axis = 90◦/270◦(K int). However,
the centres of their distributions are rotated by approximately −10◦.
The difference between K int and Kmax is just 0.5 per cent. The mean
bulk susceptibility is approximately 300 × 10−6, so that the differ-
ence between K int and Kmax is just 1.5 × 10−6 in absolute values. We
therefore suspect that the preferred alignment of K int and Kmax could

Figure 7. Ferrimagnetic susceptibility during low-temperature measurements of samples from cores PS1878-3 (six out of 17), PS1535-6 (six out of 10) and
PS2138-1 (12 out of 40). The data are shown after separation of ferrimagnetic from paramagnetic susceptibility with the procedure as described in the text (see
also Nowaczyk et al. 2002).

be a numerical artefact of the applied software, especially because
other cores with higher degrees of anisotropy do not show a preferred
alignment such as in core PS1535-6 (Nowaczyk 2003). Anisotropy
parameters of core PS1535-6 are quite constant over the whole core,
and ChRM inclinations (Fig. 6f) neither show any relationship to the
orientation of the principal axes of the anisotropy ellipsoid (Figs 6b
and c), nor to the degree (Fig. 6d), nor to the shape of the anisotropy
ellipsoid (Fig. 6e). The degree of anisotropy is also independent of
the magnetic grain size (Fig. 6h), as measured by the susceptibility
ratio κARM/κLF, and independent of coercivity (Fig. 6i), as measured
by the median destructive field of the ARM (MDFARM). In summary,
it can be concluded that reversed inclinations at site PS1535-6 are
expressions of geomagnetic field variations and not artefacts, be-
cause, both bulk rock magnetic parameters as well as the magnetic
fabric do not change across the boundaries of directional variations
(Figs 3–6).

In core PS1535-6, S-ratios mainly between 0.95 and 0.97
(Fig. 4d), indicate that (titano-)magnetite should be the domi-
nant magnetic mineral. In order to further clarify this point, 67
low-temperature measurements of magnetic susceptibility were per-
formed. The results from 24 representative samples, six (out of 17)
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from core PS1878-3, Greenland Sea, six (out of 10) from core
PS1535-6, Fram Strait and 12 (out of 40) from core PS2138-1,
Eastern Arctic Ocean, after separation of the ferrimagnetic suscep-
tibility, are shown in Fig. 7. The positions of all measured samples are
marked by small crosses between the ChRM inclination records and
the palaeointensity estimates shown in Figs 3(a) and (b). The fre-
quent presence of the Verwey transition, that is, a significant increase
of magnetic susceptibility until −150 ◦C and a subsequent plateau
during warming up of the samples indicates that even pure magnetite
is the dominant magnetic mineral in nearly all investigated samples
of the three sites. This is supported by further rock magnetic inves-
tigations of core PS1535-8 (Frederichs 1995).

Dating

Complete age–depth relationships for the three investigated cores
are shown in Fig. 8. Age determinations were derived from
nanofossil biostratigraphy (PS1535-8), dinoflagellate cyst stratigra-
phy (PS1535-8, PS2138-1), oxygen isotope stratigraphy (PS1535-8,
PS1878-3, PS2138-1), and correlation to palaeointensity reference
curves (PS1535stack, PS2138-1), respectively. In addition, a total
of 44 AMS 14C ages (Table 2) are now available for the three cores
which, in general, confirm the older age models.

Based on a correlation using magnetic susceptibility, ChRM incli-
nation, and relative palaeointensity data from the three Fram Strait
cores 1535-6, -8, and -10 a composite record for site PS1535 with
respect to the depth scale of core PS1535-8 for the upper 300 cm
was created. The data sets, ChRM inclination and relative palaeoin-
tensity, were recalculated (interpolated) to 1 cm intervals and then
stacked. In this stack, between 200 and 300 cm composite depth,
approximately equivalent to the younger part of oxygen isotope
stage 5 (back to 105 ka), two older excursions at approximately
72 ka, ‘Norwegian–Greenland Sea’ and 98 ka, ‘Fram Strait’, are
visible (Fig. 3a). They have already been discussed in detail by
Nowaczyk & Baumann (1992). A similar stack of palaeomagnetic
data has been created for the Greenland Sea sites PS1707-2, PS1878-
3, PS1882-2 and PS1892-3, with data from Nowaczyk & Antonow
(1997) and Nowaczyk (1997). The palaeointensity stacks from the
Greenland Sea and the Fram Strait, together with palaeointensity
data from site PS2138-1 are compared with data from ODP site 983
(Channell et al. 1997, fig. 1), Iceland Sea in Fig. 9. Dotted lines mark
the positions of excursions younger than 50 ka. There is a general
agreement between the four curves in the way that the documented
excursions are dated at similar ages and that they all are clearly asso-
ciated with lows in relative palaeointensity. However, the database
is quite heterogeneous in terms of variable data density. This differ-
ent temporal resolution is caused by different sedimentation rates
(Fig. 8), but also by different sample spacing (centre-to-centre: 2–
3 cm in PS2138-1 and 5 cm at sites PS1535 and PS1878).

Fig. 10(a) focuses on the time interval from approximately 15 ka
back to shortly before the Laschamp reversal excursion, showing
palaeomagnetic results, ChRM inclinations and relative palaeoin-
tensities, dated by accelerator mass spectrometry 14C dating. Dashed
curves in plots for site PS1535 mark the maximum and minimum
deviation of the individual records from the respective stacks. In
Fig. 10(b), which gives a more detailed image of the results, focus-
ing further only on the Laschamp excursion, the individual data are
plotted together with the stacks from site PS1535.

D I S C U S S I O N

In order to check whether the three sites yielded consistent AMS
14C results at all, and in order to avoid artificial biases by tuning

Figure 8. Age–depth relationships for the cores PS1535-8/stack and
PS2138-1 (a) and PS1878-3 (b) with age models referenced in the legend.
The lower graph displays the age models with expanded axes for the time
window covered by accelerator mass spectrometry (AMS) 14C age determi-
nations (c).
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Figure 9. Relative palaeointensities from Greenland Sea, Fram Strait and Yermak Plateau compared with the Iceland Sea record from ODP site 983 (Channell
et al. 1997).

the records to other non-palaeomagnetic records, we discuss the
obtained dating on the basis of uncalibrated ages. However, we also
gave the calibrated ages in Table 2.

At all three sites the termination of the Laschamp excursion
is quite consistently dated to be at 30–31 ka (uncalibrated AMS
14C), probably with the most unproblematic dating results in core
PS1535-8. Generally, there are some problems in the obtained age
data marked by question marks. In core PS2138-1, three samples,
372, 375 and 380 cm, from sediments deposited after the termina-
tion of the Laschamp excursion at 381 cm yielded AMS 14C ages
older than the termination of the excursion, whereas two samples
from core PS1878-3, 370 and 380 cm, from within the Laschamp
excursion yielded ages younger than the termination of the excur-
sion at 350 cm. Nevertheless, the onset of the excursion seems to

be reliably dated in core PS1878-3 to be at approximately 34 ka.
Taking all three cores together, a total duration of 3–4 ka on the
uncalibrated 14C timescale can be estimated.

One very short excursion is centred at 20 ka (uncalibrated) in
core PS2138-1 (Nowaczyk & Knies 2000) and in all three cores
from site PS1535 (Figs 9 and 10). This excursion in cores from
site PS1535 first was related to the Mono Lake excursion (Denham
& Cox 1971; Liddicoat & Coe 1979) by Nowaczyk & Baumann
(1992), but obviously it is clearly younger than that. So, according
to Nowaczyk & Knies (2000), this should be looked upon as an addi-
tional excursion. Evidence for two subsequent excursions following
the Laschamp excursion may also come from volcanic rocks drilled
on Hawaii (Laj et al. 2002). Between this short-term feature and the
Laschamp excursion an excursion is documented at around 23 ka in
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Figure 10. (a) Compilation of ChRM inclinations, relative palaeointensity estimates and accelerator mass spectrometry (AMS) 14C ages, uncalibrated
(filled diamonds) as well as calibrated (open diamonds) for the three high-latitude sites discussed in this paper. Question marks indicate uncertainties in age
determinations. The simplified lithology log of PS1878-3 indicate positions of tephra layers (see Nowaczyk 1997). Question marks indicate problematic dating
results. (b) Same as (a) but with a focus on the Laschamp event. Filled diamonds in the stacked palaeomagnetic records of site PS1535 mark the results of the
three individual cores used for the stack. Dotted lines indicate clear age assignments, whereas (widely) dashed lines indicate less certain (questionable) age
assignments.

core PS2138-1 and at around 25 ka in core PS1878-3, respectively,
which is thus more probably a documentation of the Mono Lake
excursion.

Both, onset and termination of the Laschamp excursion, as well as
the two subsequent excursions, are linked with the lowest palaeoin-
tensity estimates. However, unlike in other published records, e.g.
Channell et al. (1997), Laj et al. (2000), a significant field recovery
during the reversed state of the Laschamp excursion, approximately

threefold when compared with the minima of the N–R and R–N
transitions, is documented in this high-resolution study, with a thick-
ness of sediments with excursional directions of up to 45 cm. This
small but significant field recovery makes the Laschamp excursion
appear a little bit like a real reversal event, e.g. such as the Jaramillo
event within the Matuyama Chron, but with a much shorter duration.
The missing of this field recovery in other studies might be due to
the applied u-channel technique (e.g. Channell et al. 2000; Laj et al.
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Figure 10. (Continued.)

2000) which generally suffer more or less from smoothing due to
the broad sensor characteristics of the whole-core magnetometers.
In addition, palaeointensity estimates are frequently determined on
demagnetization levels of 20–30 mT. This is, at least in the case of
Arctic marine sediments, definitely too low in order to really resolve
the palaeointensity variations in very great detail, that is, completely
eliminate the often antiparallel viscous overprints of normal polar-
ity from the stable reversed directions (see Fig. 5 and Nowaczyk &
Antonow 1997).

Probably the palaeomagnetic records from site PS1535 (Figs 10a
and b) with the best temporal resolution indicate a three-phase struc-
ture of the Laschamp excursion at northern high latitudes. The sec-
ond (middle) phase is associated with the highest relative palaeoin-
tensities and the steepest negative inclinations of −80◦ to −90◦,
whereas the first and third phases, including the N–R and R–N transi-
tions, respectively, are characterized by the lowest relative palaeoin-
tensities across the excursion. In addition, the first phase is linked

with significantly lower ChRM inclinations, mostly between −50◦

and −80◦. A similar structure, but less well established, is also visi-
ble in the records of cores PS2138-1 and PS1878-3 (Fig. 10b). The
maximum of the field recovery is dated at approximately 31.5 ka at
site PS1535, so that approximately the second half of the excursion
would have a duration of approximately 1.5 ka on an uncalibrated
14C timescale. Unfortunately, paleomagnetic data and AMS 14C ages
from PS1878-3 are too sparse to cross-check these findings.
The generally low field intensities associated with the Laschamp
reversal excursion caused a largely increased production of cosmo-
genic isotopes, such as 10Be (McHargue et al. 1995, 2000), 36Cl
(Wagner et al. 2000), and of course 14C (Voelker et al. 1998). In
general, this complicates the interpretation of AMS 14C ages, since
the calibration to calendar ages is then not straightforward. Voelker
et al. (1998) attempted to obtain a solution of this problem from
another site in the Iceland Sea. A relative large number of AMS
14C datings (Fig. 11) was performed on core PS2644-5 from 67.9◦N
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Figure 11. ChRM inclination, relative palaeointensity and AMS 14C ages from core PS2644-5, Iceland Sea Greenland (after Voelker et al. 1998).

(Fig. 1), reaching back to approximately 50 ka (uncalibrated). How-
ever, magneto-chronostratigraphic results from this core (Voelker
et al. 1998) are in some contrast to the quite consistent results from
the three sites from 73.3◦N to 81.5◦N. When comparing the polar-
ity patterns derived from the cores of this study to core PS2644-5
(Fig. 12) there seems to be an offset for both the Laschamp and the
Mono Lake excursion to younger ages by approximately 4 ka.

All four sites spread over a distance of roughly 2000 km (Fig. 1).
The distance between sites PS2644 and PS1878, with diverging

Figure 12. Polarity patterns of the four cores shown in Figs 10(a) and (b), and Fig. 11 as a function of uncalibrated AMS 14C age, with black indicating normal
and white indicating reversed polarity. Question marks and inclined boundaries of the white fields indicate uncertain ages of the boundaries of the excursions.

ages, is approximately 550 km. This is quite small when compared
with the distance from (≥3000 km) and to the diameter of the geo-
dynamo (approximately 7000 km), the source of the geomagnetic
field within the Earth’s outer core. Moreover, data from sites PS1878,
PS1535 and PS2138, which span across a distance of approximately
1500 km, are relatively consistent both in terms of dating and pale-
omagnetic results. Thus, it can be excluded that time transgressive
processes associated with the excursional process could be respon-
sible for the apparently different timing of the Laschamp excursion
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at the southernmost site, when compared with the other three sites
further north. An explanation of the divergences by different lock-in
times related to a post-depositional DRM, which then must be of
the order of 5000 yr, is unrealistic, because at least at sites PS2644,
PS1878 and PS2138 sedimentation rates are of the same magnitude
and sediments at all of these sites are characterized by a similar
lithology. Largely differing pDRM processes thus can also be ex-
cluded as an explanation.

All four cores have been dated in the same AMS facility (Kiel,
Germany) using similar material (in general foraminiferes of the
same species). Systematic errors in dating between the four cores
yielding significant age shifts can be excluded (Grootes, AMS facil-
ities Kiel, pers. comm. 2002) The different paleomagnetic process-
ing techniques (Voelker et al. 1998, u-channels; this study, discrete
samples) should not play a major role since this should normally
result just in a different frequency content of the data but not in
time-shifts.

One more likely explanation might be that different reservoir
ages are responsible for the dating divergences. Sedimentation at
sites PS1878, PS1535 and PS2138 was more influenced by open
water conditions than at site PS2644. In particular, site PS2138
was obviously influenced by a Polynia, open water conditions due
to strong winds keeping the sea water free from ice (Nowaczyk
& Knies 2000). This enabled growth of foraminifers and, much
more importantly, a more or less direct exchange of atmospheric
gases with sea water, that is, the ocean and the atmosphere were
in equilibrium. In contrast to this, site PS2644 is more influenced
by conditions characterized by more or less severe ice covering,
inhibiting a direct gas exchange between the atmosphere and the sea
water. This in turn should have resulted in much higher reservoir ages
(Grootes, AMS facilities Kiel, pers. comm. 2002). An additional, or
possibly alternative explanation could be that at site PS2644 much
more continental glacier ice from Greenland is expelled to the sea,
e.g. through the Scoresby Sound, when compared with the sites
further north and further offshore from Greenland. This old glacial
ice should carry a lot of old CO2 depleted in 14C. After melting of the
icebergs and mixing with sea water, the 14C content of the water is
lower than the 14C content of the atmosphere. The old CO2 was then
incorporated by the foraminifers, yielding apparently older ages.

In summary, all available chronological information, although of
high quality in terms of technical precision, do not yield a consis-
tent image of the geomagnetic variations throughout the last 50 ka.
Differences in ‘absolute’ dating of the geomagnetic features by the
accelerator mass spectrometry technique of sediments from the four
sites must be due to different reservoir ages and/or mixing with old
CO2 from glaciers. Unfortunately up to now, no other records have
been available which could supply both high-quality palaeomag-
netic data and a sufficient number of AMS 14C datings that could
help in resolving the problems in precisely dating the three youngest
excursions of the geomagnetic field.

C O N C L U S I O N S

During the last 50 ka the geomagnetic field very likely went into
three crises which were characterized by pronounced decreases of
its intensity by more than an order of magnitude compared with the
field maximum at around 50 ka. These decays in intensity were asso-
ciated with a complete geomagnetic reversal at least of the regional
field vector in the area of the Norwegian–Greenland Sea and the
eastern Arctic Ocean. The most pronounced geomagnetic feature in
this time window is the Laschamp excursion which exhibits features
such as longer polarity events, that is, lowest relative palaeointen-

sities were found at the N–R and R–N transitions with a signifi-
cant field recovery for a short time between the transitions. This
behaviour was found at all three sites investigated. The Laschamp
excursion was followed by the Mono Lake excursion and probably
a second even shorter excursion. However, absolute dating of these
three excursions is still a problem. AMS 14C dating performed on
the same type of material (foraminifers) processed at the same AMS
facility (Kiel, Germany) still yielded diverging results when includ-
ing additional data from literature for a fourth site further to the
southwest (PS2644-5). Ages for the Laschamp and Mono Lake ex-
cursion, respectively, are older by approximately 4 ka here. Possibly,
these diverging ages could be explained by a strong reservoir effect
due to a larger ice cover, when compared with the other sites, and/or
by a mixing of old 14C-depleted CO2 from glaciers with sea wa-
ter. Thus there is a need for more detailed investigations focusing
both on AMS 14C dating, including a precise estimation of reservoir
ages and ‘contamination’ with old CO2, and exact determination
of palaeomagnetic directions and relative palaeointensities. In addi-
tion, other independent stratigraphic tools must be applied in order
to synchronize palaeomagnetic data and AMS 14C chronologies.
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