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Abstract

Component natural remanent magnetizations derived from u-channel and 1-cm3 discrete samples from ODP Site 919 (Irminger
Basin) indicate the existence of four intervals of negative inclinations in the upper Brunhes Chronozone. According to the age
model based on planktic oxygen isotope data, these “excursional” intervals occur in sediments deposited during the following time
intervals: 32–34 ka, 39–41 ka, 180–188 ka and 205–225 ka. These time intervals correspond to polarity excursions detected
elsewhere, known as Mono Lake, Laschamp, Iceland Basin and Pringle Falls. The isotope-based age model is supported by the
normalized remanence (paleointensity) record that can be correlated to other calibrated paleointensity records for the 0–500 ka
interval, such as that from ODP Site 983. For the intervals associated with the Mono Lake and Laschamp excursions, virtual
geomagnetic poles (VGPs) reach equatorial latitudes and mid-southerly latitudes, respectively. For intervals associated with the
Iceland Basin and Pringle Falls excursions, repeated excursions of VGPs to high southerly latitudes indicate rapid directional
swings rather than a single short-lived polarity reversal. The directional instability associated with polarity excursions is not often
recorded, probably due to smoothing of the sedimentary record by the process of detrital remanence (DRM) acquisition.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A taxonomic distinction between polarity excursions
and polarity subchrons is appropriate in view of the
likelihood that the two phenomena have distinct
generation mechanisms related to the role of the inner
core [1], and the observation that the duration of polarity
reversals, as defined by the age range of transitional
magnetization directions, often exceeds the duration of
individual polarity excursions. We distinguish “polarity
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excursion (zone)” from “polarity subchron(ozone)”
using a dividing duration of 30 kyr. Although the
choice of duration limit (30 kyr) is fairly arbitrary, it is
large enough to be resolvable through astrochronology
and coincides with the duration limit between “crypto-
chrons” and “subchrons” in marine magnetic anomaly
(MMA) data [2], and therefore coincides with the
practical limit for recognition of polarity intervals in
MMA data. Ten years ago, only five “excursions” were
convincingly documented in the magnetostratigraphic
records of the Brunhes Chron: (1) The Mono Lake
Excursion at about 30 ka [3,4], (2) The Laschamp
Excursion at about 40 ka [5–7], (3) The Blake
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Excursion at about 120 ka [8–11], (4) The Pringle Falls
Excursion at about 220 ka [12,13] and (5) The Big Lost
Excursion at ∼565 ka [14,15].

In the last 10–15 yrs, one of the most important
developments in magnetic stratigraphy has been the
revelation of numerous polarity excursions within the
Brunhes and Matuyama Chrons. Following Champion
et al. [15] who made the case for 8 excursions within the
Brunhes Chron, the number of excursions in the
Brunhes Chron has proliferated to 12–15 [16–20]
with little agreement as to their age or labeling (see
Fig. 1 for 0–300 ka only). Lineated “tiny wiggles” in
MMA data, included as 54 cryptochrons in the Cenozoic
part of the timescale of Cande and Kent [2], may be
attributed to either brief polarity excursions or paleoin-
tensity fluctuations [21]. Only one of these 54
cryptochrons lies in the Brunhes Chron (at 500 ka)
and one in the Matuyama Chron (coincident with the so-
called Cobb Mt. Subchron at 1.2 Ma) [2].

Valet and Meynadier [22] pointed out that lows in
Brunhes paleointensity, in equatorial Pacific (ODP Leg
138) sediments, appear synchronized with directional
excursions detected elsewhere. The sedimentation rates
in Leg 138 sediments are, however, too low to record
brief geomagnetic excursions, and therefore a direct
correlation of excursions and paleointensity was not
possible in these cores. The direct correlation of
geomagnetic excursions to lows in relative paleointen-
Fig. 1. Ages of geomagnetic excursions for the last 300 kyr according to diff
Column 3: Lund et al. [19], Column 4: Selection of well-documented excur
sity has since been achieved for the Laschamp
Excursion [23–25] and for the Iceland Basin Excursion
[26–29], and for some excursions in the Matuyama
Chron [30–32]. Although the majority of proposed
excursions have not been recorded within the sedimen-
tary sections that have yielded paleointensity records,
minima in paleointensity records have been labeled after
coeval excursions recorded elsewhere (e.g. [33]).

The Norwegian–Greenland Sea and the Arctic
Ocean/Yermak Plateau, close to Svalbard (Spitsbergen),
has been fertile ground for magnetic excursions. Early
records of the late Brunhes Chron from the Norwegian–
Greenland Sea indicated several intervals of negative
inclination [34], that have also been observed in piston
cores from further north in the Fram Strait [35] and on
the Yermak Plateau [36]. Lack of well-defined δ18O
records from these cores led to uncertainty in the age of
the intervals of negative remanence inclination. Cores
from the Greenland Basin, north of Jan Mayen Island,
however, yielded negative remanence inclinations with
δ18O ages corresponding to the Mono Lake excursion
(∼27–28 ka), the Laschamp excursion (∼40 ka), and an
excursion at ∼188 ka, referred to as the Biwa I/Jamaica
excursion [37]. The label “Biwa 1/Jamaica” implies
correlation of this excursion with excursions from early
studies [38–40]. Nowaczyk and Kneis [41] found
several excursions in cores from close to the Yermak
Plateau, with age control from 14C and δ18O, that were
erent authors: Column 1: Langereis et al. [16], Column 2: Worm [17],
sions with good age control (see text for references).
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labeled: Mono Lake, Laschamp, Norwegian–Greenland
Sea and Blake (see Fig. 1). One of the cores documented
in this study (PS 2212-3 KAL) illustrates an anomaly
common to these high latitude cores. The cumulative
percentage thickness of reverse polarity zones in
sediment accumulated during the last few 100 kyr is
far greater than expected (∼50% for the top 4 m of
the section representing the last 120 kyr in PS2212-
3KAL). Fortuitous fluctuations in sedimentation rates,
not resolvable in the age models, appear to have
“amplified” the excursional records.

Apart from its manifestation in the Norwegian–
Greenland Sea and Arctic Ocean, the Mono Lake
excursion has been recorded in detail at several locations
in the Great Basin of western North America including
the “type” section at Mono Lake [3,4,42]. The age of the
Mono Lake excursion in its “type” area has been a recent
topic of debate. Kent et al. [43] have made the case that
the age uncertainty for the Mono Lake excursion is such
that its age is indistinguishable from the age of the
Laschamp Excursion (∼40 ka). This argument has been
countered by Benson et al. [44] who argue for an age
close to 32 ka, about 8 kyr younger than the age
attributed to the Laschamp Excursion. The inverse
relationship between paleointensity and cosmogenic
(36Cl) flux in the GRIP (Greenland) ice core provides
indirect evidence for paleointensity minima at ∼30 ka
and ∼41 ka, coincident with the predicted age of the
Mono Lake and Laschamp excursions [45]. Until a few
years ago, records of the Laschamp excursion were
restricted to volcanic records from France and Iceland
[5–7]. The excursion has now been observed in
sediment cores with robust age control dispersed over
a large part of the North Atlantic and Gulf of Mexico
[23,25,46], and in several cores from the South Atlantic
and Indian oceans [24,46]. The Blake excursion has
been recorded as a single reverse polarity zone [9], as
two reverse zones [10,47,48] and as three reverse
polarity zones [11,49]. The records have been derived
from the Mediterranean, western Atlantic and Chinese
loess. The excursion occurs in marine isotope stage
(MIS) 5, probably in marine isotope substages 5e/5d
[10]. The Iceland Basin excursion at ∼188 ka observed
in the Iceland Basin and Rockall Bank [29,50] is coeval
with excursions recorded elsewhere in the North
Atlantic [28,46,51] as well as in the Pacific [26,46,52]
and South Atlantic oceans [53], and in Lake Baikal [54].
This excursion has been documented over a large
portion of the globe, and can be correlated to the MIS 6/
7 boundary. The Pringle Falls excursion was first
documented in lacustrine sediments cropping out in
Oregon near Pringle Falls [12,13] and Summer Lake
[14], and subsequently at Long Valley, California [55].
Regional tephrochronology originally yielded age
estimates close to 220 ka [13,55]. McWilliams [56]
gave an 40Ar/39Ar age of 223±4 ka for this excursion
based on ages from the Mamaku ignimbrites in New
Zealand that carry excursional magnetization directions.
Singer et al. [57] recently reported 16 laser incremental
heating ages from plagioclase crystals derived from
Ash D (deposited during the onset of the excursion at
Pringle Falls) that define an 40Ar/39Ar isochron of
211 ka±13 ka. This age for the onset of the excursion
at Pringle Falls brings the age of the excursion within
∼20 kyr of the supposed age of the Iceland Basin
Excursion at ∼188 ka. Langereis et al. [16] considered
the Pringle Falls excursion to be synonymous with the
Jamaica excursion of Ryan and Flood [39] and gave an
age estimate of 205–215 ka (Fig. 1).

2. ODP Site 919

ODP Site 919 (62.67°N, 37.46°W) is located in the
Irminger Basin on the path of the East Greenland
(surface) Current, and Denmark Strait overflow that
forms a major component of North Atlantic Deep Water
(NADW) (Fig. 2). The site is sensitive to millennial-
scale instabilities of coastal ice sheets of the East
Greenland/Icelandic area, and influenced by instabilities
of the Laurentide Ice Sheet (Heinrich Events). The
position of the site in the deeper part of the Irminger
Basin at 2088 m water depth minimizes the influence of
turbidites shedding off the Greenland continental slope
[58].

Core SU90-24 (62.67°N, 37.37°W), located close to
Site 919, is well documented but only 8.6 m long. AMS
14C and planktic δ18O indicate that its base has an age of
∼59 ka [59] indicating a mean sedimentation rate of
∼15 cm/kyr. Light planktic δ18O and IRD (based on
lithic counts) have been correlated to Heinrich events
H1–H4, and the distinctive detrital carbonate signature
of these events has been documented [60]. Magnetic
susceptibility cycles mimic the Dansgaard/Oeschgar (D/
O) temperature oscillations in the Greenland ice cores
during MIS 3, and are a response to changes in deep
water circulation [61]. The fidelity of the magnetite
magnetization, and the absence of high coercivity
remanence carriers has been established in SU90-24
by observation of rock magnetic characteristics [61], by
the recognition of the Laschamp Excursion, and by the
paleointensity record that can be correlated to other
records in the region [23].

Two holes were drilled at Site 919 during ODP Leg
152 (Sept.–Nov. 1993). Hole 919A penetrated 93 mbsf



Fig. 2. Location of ODP Site 919 showing North Atlantic Deep Water (NADW) currents. Solid arrows indicate path of Denmark Strait Overflow
Water (DSOW) and Iceland Scotland Overflow Water (ISOW), open arrows indicate path of Labrador Sea Water (LSW) (modified after [58]).
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(meters below seafloor) and was then abandoned due to
core barrel malfunction. Hole 919B was washed down
from 18 mbsf to 90.0 mbsf, and coring was continued
from 90 to 147mbsf. At this depth, drillingwas halted due
to severe weather conditions. The recovery of gray silty
clay and clayey silt was close to 100% at both holes [62].
Shipboard pass-through magnetometer data indicate that
the Matuyama/Brunhes boundary lies at 122 mbsf [63]
giving a mean Brunhes sedimentation rate of 15.6 cm/kyr.
In the shipboard magnetic data, several intervals of low
and negative remanence inclinations are apparent within
the Brunhes Chronozone that may correspond to
geomagnetic excursions, and it was these shipboard data
that prompted this more detailed study.

At ODP Site 919, a planktic δ18O record has been
obtained from N. pachyderma (sin.) indicating that the
base of the recovered section corresponds to MIS 25
[64]. This planktic δ18O record has since been
augmented by St. John et al. [65] who generated an
age model based on the correlation of the Site 919
planktic record to the benthic δ18O records from Core
V19–30 and ODP Site 677 [66,67] as revised by
Shackleton [68]. Here, we adopt the age model of St.
John et al. [65] and compare their δ18O record (placed
on their age model) with the benthic composite δ18O
stack of Lisiecki and Raymo [69] from 57 globally
distributed records (Fig. 3). The Site 919 planktic δ18O
record is strongly affected by meltwater that hinder a
precise correlation to the benthic δ18O (ice volume)
record. The paucity of benthos precluded a benthic δ18O
record at this site. The younger part of the age model is
supported by the presence of Ash Layer 2 at 11.19 mcd
[65] corresponding to 56 ka (close to the generally
adopted age of 55 ka for this prominent ash layer). The
tie-points used to peg the age model, and the resulting
mean sedimentation rates, are indicated in Fig. 4. Low
sedimentation rates are associated with interglacial
isotopic stages. Mean sedimentation rates appear to
exceed 20 cm/kyr for MIS 3, and are generally enhanced
for glacial stages (Fig. 4).

3. Sampling and methods

Continuous u-channel samples were collected from
the archive half of Hole 919A. U-channel samples are
enclosed in a plastic container that has the same length
as the core section (usually 150 cm) and has a 2×2 cm
square cross-section. One of the sides comprises a clip-
on plastic lid that allows the sample to be sealed to
inhibit dehydration and other chemical/physical
changes. The meters composite depth (mcd) scale
follows St. John et al. [65], and was based on splicing
Holes 919A and 919B using the shipboard magnetic
susceptibility record.

Natural remanent magnetization (NRM) of u-channel
samples was measured at 1-cm spacing before



Fig. 3. ODP Site 919 planktic δ18O record (closed symbols) from N. pachyderma (sin) [64,65] compared with the benthic δ18O target (open symbols)
[69].
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demagnetization and at 14 demagnetization steps in the
10–100 mT peak field range, using a 2G Enterprises
cryogenic magnetometer designed to measure u-channel
samples. The response functions of the magnetometer
pick-up coils have a width at half-height of ∼4.5 cm
[70], therefore, measurements at 1-cm spacing are not
independent from one another. Deconvolution of the u-
channel data [70,71] has been carried out on parts of the
NRM record in order to improve the resolution of the
measurements. Component magnetization directions
were computed for all NRM data, as well as for
deconvolved data, using the standard “principal com-
ponent”method [72]. The demagnetization interval used
Fig. 4. Depth–age and sedimentation rates for ODP Site 919 according
to the age model of St. John et al. [65].
to compute the characteristic magnetization component
was generally 20–80 mT. The maximum angular
deviation (MAD) values provide a means of monitoring
the uncertainty associated with the component magne-
tization directions.

Susceptibility measurements of u-channel samples
were carried out using a susceptibility track with a pick-
up loop that has a response function similar to that of the
u-channel magnetometer used for remanence measure-
ments [73]. Anhysteretic remanent magnetization
(ARM) was acquired in a peak alternating field of
100 mT and a 50 nT DC bias field. ARM was measured
prior to demagnetization and then after demagnetization
at the same demagnetization steps used for NRM.
Isothermal remanent magnetization (IRM) was acquired
in a DC field of 500 mT, and was also demagnetized in
the same steps applied to the NRM and ARM.

Back-to-back 1-cm3 cubic discrete samples were
collected alongside the u-channel trough across intervals
where polarity excursions have been observed in the u-
channel data. These discrete samples were demagne-
tized at 14 steps in the 10–100 mT peak field range and
component magnetizations were then calculated using
the standard method [72].

4. Magnetic properties and environmental
magnetism

Magnetic concentration parameters, volume suscep-
tibility and ARM intensity (Fig. 5), vary by less than an
order of magnitude with a tendency for lower values
during interglacial stages and glacial terminations. The
parameter known as anhysteretic susceptibility (karm) is



Fig. 5. ODP Site 919: planktic δ18O record (closed symbols) [64,65] compared with the benthic δ18O target (open symbols) [69] (as in Fig. 3)
compared to volume susceptibility, ARM intensity after demagnetization at peak fields of 35 mTand the ratio of anhysteretic susceptibility to volume
susceptibility (magnetite grain size proxy).
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computed by normalizing ARM35 mT by the DC bias
field used to apply the ARM. The ratio karm/k,
anhysteretic susceptibility divided by volume suscepti-
bility (k), is often used as a grain-size proxy for
magnetite (e.g. [74,75]). Higher values of the ratio imply
finer magnetite grain sizes that occur preferentially
during interglacial isotopic stages at Site 919 (Fig. 5).
Following the calibration of karm/k by King et al. [74],
the mean magnetite grain size at Site 919 is about 5 μm,
and the grain size range appears to be restricted to a
narrow (1–10 μm) range (Fig. 6).
For the last 100 kyr, for which Greenland ice-core
δ18O data are available [76,77], susceptibility at Site 919
appears to mimic the so-called “Dansgaard–Oeschger”
(D–O) variability with low values of this and other
magnetic concentration parameters coinciding with cold
stadials (and hence Heinrich layers) in the ice core
record (Fig. 7). We might expect the prominent
interstadials (IS19–21) to correlate with highs in
susceptibility, and the apparent mismatch in Fig. 7
may indicate either discrepancies in the Site 919 age
model or a different relationship between magnetic



Fig. 6. ODP Site 919: Anhysteretic susceptibility (karm) plotted against
susceptibility (k) indicative of a restricted magnetite grain-size range.
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concentration parameters, such as susceptibility, and the
temperature regime over Greenland during MIS 5 and
MIS 3. As mentioned above, the observation of Ash
Layer 2 at a level coinciding with the expected age
Fig. 7. Greenland ice-core δ18O data [76,77] compared to ODP Site 919 suscep
O) variability with relatively low values of magnetic susceptibility coinciding
record. The expected correlation of interstadials (IS) 19–21 to highs in the su
919 age model. The location of Ash Layer 2 anchors the age model at ∼55
(55 ka) anchors the age model in this part of the record.
Susceptibility data from MIS 3 in Core SU90-24 [61],
located close to Site 919, was used to correlate among
North Atlantic cores, and variations were attributed to
changes in bottom current activity that are apparently in
phase with air temperature changes over Greenland as
recorded by ice core δ18O data. Note that the adopted Site
919 age model [65] has not been adjusted to improve the
correlation of magnetic parameters to the ice core record,
and the age model as it stands is not over-defined by a
proliferation of age tie points (Fig. 4).

5. Natural remanent magnetization

Component declinations and inclinations (Fig. 8)
were determined for u-channel samples by applying the
standard method [72] each 1-cm down-core, utilizing
demagnetization data in the 20–80 mT peak field range,
with the origin of orthogonal projections not used in the
computation. Maximum angular deviation (MAD)
values are generally less than 5° indicating that the
components are usually well defined. Higher MAD
values are observed in the 30–40 ka and 180–220 ka
tibility that appears to mimic the so-called “Dansgaard–Oeschger” (D–
with cold stadials (and hence Heinrich layers, H0–H6) in the ice core

sceptibility record is offset possibly signifying discrepancies in the Site
ka.



Fig. 8. ODP Site 919: Component declination and inclination and accompanying maximum angular deviation (MAD) values from u-channel data
computed for the 20–80 mT demagnetization interval (without anchoring to the origin of orthogonal projections), and for each 1-cm down-core.
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intervals (Fig. 8) reflecting more complex magnetiza-
tions, including abrupt changes in magnetization direc-
tions and/or superimposition of magnetization
components, in these two intervals recording polarity
excursions. In these two intervals, we collected 1-cm3

discrete samples, back-to-back alongside the u-channel
trough. The NRM of these discrete samples was
stepwise demagnetized in order to compare the discrete
sample data with the u-channel data, and with the u-
channel data after deconvolution. The u-channel data are
smoothed by the shape of the response function and
possibly perturbed by end-effects and interference
between orthogonal magnetometer pick-up coils.
Deconvolution is designed to mitigate these problems
although deconvolution introduces (other) additional
noise. Discrete samples, particularly 1-cm3 discrete
samples, are affected by deformation of sediment close
to the walls of the sample container. The MAD values
computed for u-channel data, deconvolved u-channel
data (deconvolution is carried out for each demagneti-
zation step), and discrete samples, give a measure of the
uncertainty in component magnetization directions for
each dataset (Fig. 9).

Orthogonal projections of u-channel, deconvolved u-
channel data, and 1-cm3 discrete samples are compared
for five depths (ages) corresponding to intervals of
negative inclination components (Fig. 10). Magnetiza-
tions directions derived from u-channels occasionally



Fig. 9. ODP Site 919: Component declination and inclination, and accompanying maximum angular deviation (MAD) values, for u-channel data
(dark/green closed symbols connected by line), deconvolved u-channel data (closed gray/blue symbols connected by dashed line) and data from 1-
cm3 discrete samples (open/red squares without connecting line).
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differ substantially before and after deconvolution (see
Laschamp and Pringle Falls II in Fig. 10), particularly in
intervals of rapid directional change as would be
expected. Discrete sample directions occasionally differ
from u-channel directions (see Iceland Basin in Fig. 10).
These differences may be attributed to smoothing in the
u-channel data due to the magnetometer response
function, sediment deformation associated with 1-cm3

discrete sampling, or imprecise mm-scale depth corre-
lation of u-channels and discrete samples, exacerbated
by the fact that these two sample types were collected
during separate visits to the core repository. We note that
the deconvolved u-channel data displayed in Fig. 9 are
generally more consistent with the 1-cm3 discrete



Fig. 10. Orthogonal projections of demagnetization data for representative samples from five intervals of ODP Site 919 displaying negative
inclinations for three data-types from the same depth (age): u-channel data (without deconvolution), u-channel data with deconvolution, and discrete
(1-cm3) samples. Open (closed) symbols represent vector end points projected on the vertical (horizontal) plane, respectively. (one division on the
intensity scales corresponds to 0.01 A/m).
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sample data than with the u-channel data prior to
deconvolution. For the 205–225 ka interval, the
deconvolved u-channel data are particularly erratic and
associated with MAD values >10° (Fig. 9), possibly due
to “noise” introduced into the deconvolved data by
abrupt changes in magnetization direction.

It has already been demonstrated by susceptibility
and ARM data that the magnetite grain size is restricted
to a narrow range throughout the section (Fig. 6). In
order to monitor magnetic mineralogy and magnetite
grain size changes in the vicinity of the directional
excursions, including the transitions in and out of the
excursions, we measured magnetic hysteresis para-
meters on 82 samples using a Princeton Measurements
Corp. (Model 3900) vibrating sample magnetometer
(VSM). Samples were collected at about 2-cm spacing
across intervals characterized by negative or low
inclinations. For all measured samples, saturation
magnetization was acquired in 200–300 mT applied
fields, and hysteresis ratios are tightly grouped in the
pseudo-single domain (PSD) field in the Day plot [78]
(Fig. 11), precluding the possibility that changes in
magnetization direction are lithologically controlled.
Table 1 (EPSL Background Dataset) gives the depth
(mcd) and age and the hysteresis parameters for each
interval: Mono Lake interval (20 samples), Laschamp
interval (8 samples), Iceland Basin interval (29 samples)
and Pringle Falls interval (25 samples).

6. Paleointensity proxies

Concentration parameters such as susceptibility (k)
and ARM35 mT vary by less than an order of magnitude
(Fig. 5) and, together with the grain size uniformity



Fig. 11. Plot of hysteresis ratios with single domain (SD), pseudo-single domain (PSD) and multidomain (MD) fields for magnetite after [78].
Samples collected at ∼2 cm intervals across intervals characterized by negative or low inclinations associated with the Mono Lake excursion (open
squares), the Laschamp excursion (open circles), the Iceland Basin excursion (closed squares) and the Pringle Falls excursion (closed circles). Table 1
(EPSL Background Dataset) gives the depth (mcd), age, and hysteresis parameters for each interval: Mono Lake interval (20 samples), Laschamp
interval (8 samples), Iceland Basin interval (29 samples) and Pringle Falls interval (25 samples).
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(Figs. 6 and 11), these characteristics bode well for the
determination of paleointensity proxies, that are only
likely to be useful if the magnetite concentration and
grain size are restricted to a narrow range (see [75]). The
paleointensity proxies are calculated as the mean of
NRM/ARM and the mean of NRM/IRM, both calculat-
ed over the 30–70 mT demagnetization range. The
pattern of variability for the two Site 919 paleointensity
proxies (Fig. 12a) is similar although mean NRM/IRM
values are more variable than mean NRM/ARM values,
with extreme high and low values. The standard
deviation of the mean is generally greater for mean
NRM/IRM than for NRM/ARM. Comparison of the
NRM/ARM paleointensity proxy with the calibrated
paleointensity record from northern Gardar Drift at ODP
Site 983 [27,29] and with the Sint-800 paleointensity
stack [79] supports the Site 919 age model and indicates
that the Site 919 paleointensity pattern is quite typical, at
least for the North Atlantic (Fig. 12b). Discrepancies in
the match of paleointensity records between Site 919
and Site 983 in the 250–350 ka interval may indicate
problems in the Site 919 age model in MIS 8–9 interval
where the planktic oxygen isotope record is a poor
match to the target curve (Fig. 3). The Sint-800
paleointensity stack [79] is highly smoothed relative to
the records from ODP Sites 983 and 919, because the
Sint-800 stack was derived from a stack of records with
relatively low sedimentation rates. Table 2 (EPSL
Background Dataset) provides the Site 919 mean
NRM/ARM dataset as a function of age.
7. Conclusions

The excursional NRM directions at Site 919 occur
during intervals of low relative paleointensity centered
on 34 ka and 40 ka, and in the extended period of low
paleointensity in the 180–225 ka interval (Fig. 12).
Assuming that the ODP Site 919 age model is reliable,
the excursion at 34 ka coincides with the so-called
Mono Lake excursion of the same age recorded at
several locations in the Great Basin of western North
America including the “type” section at Mono Lake
[3,4,42]. The age of the Mono Lake excursion in
California is controversial. The age uncertainty makes it
problematic to differentiate it from the age of the
Laschamp excursion at ∼40 ka [43]. Adding to the
uncertainty, the Mono Lake excursion has not (until
now) been unequivocally recorded outside the western
USA. On the other hand, two maxima in flux of 36Cl in
Greenland ice [45], implying minima in geomagnetic
field strength, and coincident with dual minima in
marine relative paleointensity records (e.g. [23]) are
consistent with a directional excursion about 6 kyr
younger than the Laschamp excursion. The Laschamp
excursion is now well established and has been firmly
correlated to isotopic and ice-core age models [23–
25,46] at 40–41 ka. The older of the two excursions
featured in Fig. 9a is correlated to the Laschamp
excursion.

The Iceland Basin excursion is correlated to the MIS
6/7 boundary and has been dated at 186–189 ka, with a



Fig. 12. (a) Site 919: Mean NRM/ARM (black points joined by continuous line) compared to mean NRM/IRM (gray/blue points joined by gray
dashed line). (b) Site 919 mean NRM/ARM (black points joined by continuous line) compared with the paleointensity proxy (NRM/IRM) from ODP
Site 983 [27,29] (gray/blue points joined by gray dashed line) and with the Sint-800 paleointensity stack [79] (thick red line without points).
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estimated duration of 3 kyr [29]. The excursion has
been detected in the North Atlantic [27–29,46], South
Atlantic [53] and Pacific [26,46] oceans, and in Lake
Baikal [54]. The younger of the two excursions
featured in Fig. 9b is believed to be the Iceland Basin
excursion. The u-channel data, the deconvolved u-
channel data, and the 1-cm3 discrete sample, all
indicate that this record of the Iceland Basin excursion
is more complex than other records of the same
excursion, with several swings in inclination from
high positive to high negative values. The onset of the
excursional directions at 188 ka and the cessation of
the excursional directions at 180 ka yields a duration
of 8 kyr according to the (imperfect) Site 919 age
model.
At 209–207 ka (Fig. 9b), there is an excursion to high
negative inclinations, with an interval of apparent
instability of the geomagnetic field preceding it that
extends back to 225 ka. We tentatively associate this
excursion, and the instability that precedes it, with the
Pringle Falls excursion. As explained above, the Pringle
Falls excursion has been recorded in California and
Oregon [12–14,55] and its onset has been assigned an
age of∼211 ka [57]. Langereis et al. [16] considered the
Pringle Falls excursion to be synonymous with the
Jamaica excursion of Ryan and Flood [39] and gave an
age estimate for this excursion of 205–215 ka.

In Fig. 13, we use virtual geomagnetic polar (VGP)
plots as a means of displaying component magneti-
zation directions, without implying that excursional



Fig. 13. Virtual geomagnetic poles (VGPs) for u-channel data, spaced at 1-cm, from the Mono Lake and Laschamp interval (30–43 ka), from the
Iceland Basin interval (171–194 ka) and from the Pringle Falls interval (201–245 ka). Corresponding declination and inclination data are displayed in
Fig. 9.
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geomagnetic fields were necessarily dipolar. VGPs for
the excursion recorded in the 39–41 ka interval at Site
919 (Fig. 9a), interpreted as the Laschamp excursion,
describe a clockwise loop over the Pacific and SE Asia
(Fig. 13). A clockwise VGP loop, centered on the Indian
Ocean, has been found for the Laschamp excursion from
widely dispersed sites (see [23,25,46]). The subsequent
anticlockwise VGP loop, also over the Pacific (Fig. 13),
corresponds to the excursion recorded at 32–34 ka (Fig.
9a) coeval with the Mono Lake excursion.

The excursion recorded in the 180–188 ka interval at
Site 919 (Fig. 9b) is interpreted as the Iceland Basin
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excursion. The VGP path for the 171–194 ka interval
features two loops to high southerly latitudes (Loop 1
and Loop 2 in Fig. 13) followed by a complex group of
VGPs at low latitudes over western Africa. This pattern
of clockwise loops is different from the anticlockwise
loops for this excursion found by others [29,46].

The excursion recorded in the 205–225 ka interval at
Site 919 (Fig. 9b) describes a complex series of loops
over the Pacific, South America and Africa, followed by
a clockwise loop to high southerly latitudes (labeled
Pringle Falls in Fig. 13). The final VGP loop is not
dissimilar to the VGP loop recorded at the type section
for the Pringle Falls excursion [13] and in the excursion
recorded at ODP Sites 883 and 884 in the North Pacific
[26,46]. We interpret the excursion recorded in the 205–
225 ka interval at Site 919 as the Pringle Falls excursion.

We conclude that directional instability is a charac-
teristic of the geomagnetic field at times of polarity
excursions. Polarity excursions are observed at time of
low paleointensity (Fig. 12) when the strength of the
axial dipole is reduced by a factor of about 5, and
reduced relative to the non-axial dipole (NAD) field.
Zhang and Gubbins [80] have shown that the critical
Reynolds number (Rc) for the onset of core convection is
very sensitive to the poloidal field, and the strength of
core convection varies wildly in response changes in
magnetic field strength particularly during intensity
minima. Geomagnetic field instability with rapid
changes in magnetization directions is to be expected
at times of low geomagnetic field intensity. Depositional
and diagenetic processes always influence, to a greater
or lesser extent, sedimentary records of excursions,
however, the continuity of sedimentary records usually
gives them a clear advantage over the inevitably
discontinuous records from volcanic rocks. Although
some sedimentary records of excursions indicate
repetition of excursional directional features [11,13,
25,54], as observed at ODP Site 919, all excursional
records in sediments are, to a greater or lesser extent,
smoothed and hence perturbed by the remanence
acquisition process.
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