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Abstract

Piston core MD95-2024 from the Labrador Rise provides a continuous record of rapidly deposited detrital layers
denoting Laurentide ice sheet (LIS) instability. The core also provides a high-resolution record of geomagnetic
paleointensity, that is consistent with, but at higher temporal resolution than previous Labrador Sea records.
Correlation to the Greenland Summit ice cores (GRIP/GISP2) is achieved by assuming that Labrador Sea detrital
layers correspond to cold stadials in the ice cores. This allows a GISP2 official chronology to be placed on MD95-2024
which is consistent with the inverse correlation between paleointensity and the flux of cosmogenic isotopes (!°Be and
36Cl) in Greenland ice cores. Synchronous millennial scale variability observed from the MD95-2024 paleointensity
record and a North Atlantic paleointensity stack (NAPIS-75) [C. Laj et al., Philos. Trans. R. Soc. Ser. A 358 (2000)
1009-1025], independently placed on the GISP2 official chronology [C. Kissel et al., Earth Planet. Sci. Lett. 171 (1999)
489-502], further support the sediment to ice core correlation. High-resolution paleointensity and oxygen isotope
records from the North Atlantic, Mediterranean, Somali Basin, sub-Antarctic South Atlantic and the relative flux of
10Be in Vostok (Antarctic) ice core are used to derive a common chronostratigraphy that neither violates the regional
(millennial) or global (orbital) scale environmental stratigraphics. The resulting correlation circuit places the ice core
and marine records on a common GISP2 official chronology, which indicates discrepancies as high as 5 kyr between the
GISP2 and SPECMAP time scales. It further demonstrates that LIS instabilities in the Hudson Strait area are
synchronous with cooling in the Greenland Summit ice cores and warming in the sub-Antarctic South Atlantic and in
the Vostok ice core. Geomagnetic field intensity shows common global variance at millennial time scales which, in view
of the out-of-phase interhemispheric climate variability, cannot be attributed to climatic contamination of the
paleointensity records. © 2000 Elsevier Science B.V. All rights reserved.
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North Atlantic [1,5], the Mediterranean [6], the
Somali Basin [7], and the sub-Antarctic South
Atlantic [8] display high-frequency variability
that can be correlated to the millennial level
[1,3,8]. Long period (> 10 kyr) global variability
of the geomagnetic paleointensity record for the
last 200 kyr is now well established and tied to the
SPECMAP &'%0 record [9]. A new millennial
scale correlation of paleointensity records from
different ocean basins was developed for the 10—
75 ka interval using a high-resolution paleointen-
sity stack from North Atlantic (NAPIS-75) inde-
pendently tied to the Greenland Summit ice core
(GISP2) official chronology [1].

Here we report a new paleointensity record
from a Labrador Sea piston core, that clearly re-
cords high-frequency detrital layers derived from
Laurentide ice sheet (LIS) instabilities. The rela-
tive position of these LIS events provide an inde-
pendent tool for transferring the Labrador Sea
paleointensity record on to the GISP2 official
chronology. We assess the global resolution of
the paleointensity record through high-resolution
millennial scale paleoclimatic and environmental
stratigraphies, global scale orbital stratigraphies,
interhemispheric synchronization provided by
trapped gas within Arctic and Antarctic ice cores,
and the inverse relationship between geomagnetic
field intensity and the production of cosmogenic
isotopes.

2. Core MD95-2024 (Labrador Sea)

Labrador Sea core MD95-2024 (latitude/longi-
tude: 50°12.26N/45°41.14W, water depth 3448 m)
(Fig. 1) is a 27.34 m long piston core collected by
the R.V. Marion Dufresne II from the Labrador
Rise in a small channel east of Orphan Knoll near
the location of core HU91-045-094 (P-094)
[3,4,10]. Core P-094 provided a marine record of
LIS instability in the form of rapidly deposited
detrital layers intercalated in background hemipe-
lagic sediments [10,11]. Correlation of the Labra-
dor Sea paleointensity stack, which included P-
094, to the Sint-200 paleointensity composite [9],
allowed a SPECMAP consistent chronology to be
placed on the Labrador Sea sediments and an
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Fig. 1. Location map showing the position of paleointensity
records discussed in this study. MD95-2024 (this study),
MD95-2009 [1], ODP Site 983 [5], Mediterranean Stack
(MED) [6], Somali Basin Stack (Somali) [7] and TTN-057-
21-PC02 (21-PC02) [8].

unambiguous correlation of Labrador Sea detrital
layers to North Atlantic Heinrich and higher fre-
quency IRD events [4].

In view of the detailed work on P-094, an initial
stratigraphy for MD95-2024 is provided by the
correlation of common lithologic features between
the two cores. The lithologic ties are conveniently
recognized by comparison of magnetic parameters
such as low field volumetric magnetic susceptibil-
ity (k) (r=0.745) and karm/k (r=0.915), a mag-
netite grain size proxy (see [10]). The correlation
indicates that the mean sedimentation rate for
MD95-2024 (22 cm/kyr) is approximately twice
that of P-094. Post-cruise analysis suggests that
upper sections of several cores taken during the
1995 IMAGES campaign were stretched during
coring, however, the similarity between the P-
094 and MD95-2024 records indicate no apparent
distortion of the physical properties. Except for
two short intervals (1210-1252 and 1285-1330
cm) that could not be sampled due to sediment
deformation, caused by a crack in the core liner,
no other sediment disturbance has been observed
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although the integrity of the Holocene section in
this core has been questioned.

Planktic 8'%0 data from MD95-2024 were de-
rived from Neogloboquadrina pachyderma (sin.)
selected from the 125-250 pum size fraction
sampled at 5 cm intervals. CO, was extracted at
90°C using an ISOCARB device on-line with a
VG-PRISM mass spectrometer with an overall
analytical uncertainty of +0.05%0 (% 1o) at Uni-
versité de Québec a Montréal (see [12]). Note that
N. pachyderma (sin.) shells in the 125-250 um size
range show a —0.38 %o offset in their §'80 values
when compared with the 150-250 um size fraction
[12]. The paucity of benthos precluded a continu-
ous benthic isotope record, and the influence of
meltwater on the planktic §'80 compromises the
record for precise chronological determinations.
The SPECMAP consistent chronostratigraphy
for the Labrador Sea [4], based on paleointensity
correlations, has been transferred to MD95-2024
based on lithologic correlation to P-094 (EPSL
Online Background Dataset, Fig. 1' ).

3. Magnetic measurements
3.1. Sampling and measurement procedure

Magnetic data were acquired from u-channel
samples measured on a 2G Enterprises high-reso-
lution cryogenic magnetometer at Gif-sur-Yvette,
France [13]. U-channel samples are collected by
pushing rigid u-shaped plastic liners (2X2 cm
cross-section), up to 150 cm in length, into the
archive halves of core sections. Magnetic mea-
surements on u-channel samples were made at
I cm intervals, however, the width at half-height
of the response function of the magnetometer
pick-up coils (4.5 cm) [13] is such that adjacent
measurements at 1 cm spacing are not independ-
ent and the data are therefore smoothed. This
slight smoothing with respect to discrete sample
measurements (for core P-094) is partially offset
by the decrease in sediment deformation during u-

! http://www elsevier.nl/locate/espl, mirror site: http://www.
elsevier.com/locate.espl

channel sampling and the significantly greater
speed with which the measurements can be made.

The following magnetic measurements were
made at 1 cm intervals on u-channel samples
from MD95-2024. Natural remanent magnetiza-
tion (NRM) was measured and stepwise demag-
netized using peak alternating fields (AF) of 10,
25, 35 and 45 mT (Fig. 2). Anhysteretic remanent
magnetization (ARM) was then imposed using a
100 mT peak AF and a 0.05 mT direct current
(dc) biasing field. The ARM was measured after
AF demagnetization at peak fields of 25, 35 and
45 mT (Fig. 2). Isothermal remanent magnetiza-
tion (IRM) was produced in a steady dc field of
0.5 T and AF demagnetized at peak fields of 25,
35 and 45 mT (Fig. 2). Measurements of k were
made at 1 cm intervals using a vertical translation
system with a spatial resolution of approximately
5 cm (Fig. 2).

3.2. Directional magnetic data

NRM component directions were calculated (at
1 cm intervals) using the standard least squares
method [14] applied to the 10-45 mT demagneti-
zation interval. Component inclinations, declina-
tions and maximum angular deviation (MAD)
values are shown in Fig. 3. All MAD values are
below 10° and generally less than 3° indicating
that the magnetization components are well de-
fined. The inclination varies about mean values
close to the expected inclination (67°) for the
site latitude. The declinations are variable as ex-
pected at this high latitude, but also show some
clear deviations within detrital layers that may be
related to twisting of sediment during the coring
of these coarser grained layers.

3.3. Paleointensity determinations

The intensity of the NRM of a sediment de-
pends on the intensity of the geomagnetic field
and the mineralogy, grain size and concentration
of the magnetic remanence carriers. If the mag-
netic carrier is single domain or pseudo-single do-
main magnetite, then a laboratory induced mag-
netization such as IRM or ARM can be used to
normalize the NRM for changes in concentration
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Fig. 2. Volumetric low field magnetic susceptibility (k) and the intensity of NRM, ARM and IRM after AF demagnetization at
peak fields of 0, 25, 35 and 45 mT for u-channel samples from core MD95-2024. Shading represents detrital layers containing
coarser (MD) magnetite and correlative to North Atlantic Heinrich (H) events as labeled (see [4]).

of remanence carrying grains [15]. These normal-
ized NRM records provide proxies for relative
variations in the strength of the geomagnetic field.
A myriad of factors may affect the intensity of the
NRM and therefore the paleointensity proxy.
These include variations in magnetic and non-
magnetic mineralogy, sedimentation rate, environ-
ment of deposition, degree of bioturbation, dia-
genesis, compaction and coring or sampling in-
duced disturbance. Separation of geomagnetic
and environmental factors may be difficult, there-
fore, magnetic homogeneity has been considered a
requirement for the development of trustworthy
relative paleointensity records [16,17].

For core MD95-2024 sediments, we measured
three potential normalizers: k, ARM and IRM.
For efficient normalization, the coercivity of the
normalizer should closely mimic that of the NRM
[15]. The values of NRM/IRM are similar at dif-

ferent demagnetization levels, whereas for NRM/
ARM, the ratio increases with increasing demag-
netization level indicating that the NRM has a
higher coercivity than the ARM. These data sug-
gest that the IRM provides a better coercivity
match (than ARM) to the NRM (EPSL Online
Background Dataset, Fig. 2!).

Previous paleomagnetic studies from Labrador
Sea sediments including sediments from this loca-
tion (Core P-094) [3] have demonstrated that after
removal of detrital layers, which contain coarse
multidomain (MD) magnetite, these sediments
pass the criteria for reliable paleointensity esti-
mates [16,17]. Though the detrital layers are not
strictly suitable for paleointensity determinations,
they provide a detailed record of LIS instability
that are traceable into the North Atlantic and
therefore enhance the stratigraphic value of the
core. The challenge is to develop a reliable paleo-



J.S. Stoner et al. | Earth and Planetary Science Letters 183 (2000) 161-177 165

MAD (°)

500 =

1000 4

Depth (cm)

1500

2000 &

2500 ¢

O O o T T O o O 0 O o M e B |

Declination (°)

-180 -120 -60 0 60 120 180

90 -60 -30 0 30
Inclination (°)

90

Fig. 3. Component declination and inclination and the associated MAD values calculated for AF demagnetization at peak de-
magnetization fields of 10, 25, 35 and 45 mT for core MD95-2024. The vertical line indicates expected inclination (67°) for site
latitude. Coarse grained detrital layers are shaded, those correlative with North Atlantic Heinrich (H) events are labeled [4].

Dashed lines indicate core breaks.

intensity record without losing stratigraphic in-
tegrity.

Utilizing high-resolution magnetic hysteresis
data collected from P-094 [3,10], we can estimate
the value of karm/k that corresponds to the sub-
division of MD magnetite grains (not suitable for
paleointensity) and pseudo-single-domain (PSD)
grains (suitable for paleointensity) (EPSL Online
Background Dataset, Fig. 3'). Based on the PSD
to MD boundary determined from hysteresis data
[18], the corresponding karm/k cut-off value for
core P-094 (>5 for PSD grains) is transferred to
MD95-2024 on the basis of the karm/k correla-
tion of the two cores. Values of karm/k of 5 in P-
094 correspond to karm/k of 3.5 in MD95-2024.
The discrepancy may be attributed to the differing
efficiency of ARM acquisition in u-channel

(MD95-2024) and discrete samples (P-094). The
shading shown in Figs. 2 and 3 correspond to
the sediment where the karm/k values are <3.5.
Fig. 4 shows a plot of karm versus k with di-
fferent symbols indicating different grain size
populations. Values of karm/k > 5.5 (rather than
3.5) represents a more restricted grain size
cut-off, with the remaining data providing a uni-
form grain size for paleointensity determinations
(Fig. 4).

With this reduced data set, restricted to karm/
k>5.5, four different paleointensity proxies were
derived in order to minimize biases from any
one method: NRMjs n7/IRMjs i, NRMos it/
ARMjsmt,  NRMjs r—NRMjs 7/IRMospr—
IRM35 mT> and NRM25 mT—NRM35 mT/
ARMjs nT—ARM3s 7. The paleointensity prox-
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ies were synchronized to a common low value at
1145 cm, then normalized by the mean value of
each record and a four point running mean was
calculated (Fig. 5a). This represents our most re-
strictive paleointensity proxy for these sediments,
however, much of the stratigraphic continuity is
lost. In Fig. 5b, we use the same four paleointen-
sity proxies but no sediment is removed from the
record. In Fig. 5c the arithmetic means, of the
four paleointensity proxies shown in Fig. S5a,b,
are calculated and the *1c error estimates are
shown. Very little difference is observed between
the grain size restricted paleointensity proxy and
that derived from the complete record (Fig. 5c),
suggesting that a reliable record of geomagnetic
field strength is preserved in these sediments, not-
withstanding the heterogeneity in magnetite grain
size. This surprising finding can be explained by
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looking at a plot of ARM versus IRM (Fig. 6)
which show that these are linearly related to each
other. Comparison of Fig. 6 with Fig. 4 indicates
that susceptibility (k) is picking up most of the
grain size changes, while remanent magnetiza-
tions, ARM and IRM, are relatively insensitive
to these changes (see EPSL Online Background
Dataset! for the down-core IRM/ARM record,
Fig. 4). The shading in Fig. 7 and in subsequent
figures mark the position of the detrital layers
containing MD magnetite as defined by karm/
k<3.5. Although these layers do not appear to
distort the paleointensity record, caution should
be used with these intervals. In general, the u-
channel paleointensity data for core MD95-2024
compare favorably with discrete sample data from
the other Labrador Sea cores (P-094 and P-012
and P-013) [3,4] (EPSL Online Background Data-
set, Fig. 11).

4. Correlation of Labrador Sea sediments to
Greenland ice cores

Remarkable climatic variations are preserved at
millennial time scales in the Greenland Summit
ice cores (GRIP/GISP2) [19,20]. Bond et al. [21]
found that a North Atlantic sea surface temper-
ature (SST) proxy mimics the pattern of rapid
variations in air temperature proxies found in
the Greenland Summit ice cores. Because these
sediment cores contained Heinrich layers, by as-

P
Fig. 5. (a) NRM/ARM and NRM/IRM for sediment con-
forming to the uniform grain size criteria (based on the pa-
rameter karm/k) after demagnetization at peak fields of 25
mT, and difference vector for NRM/ARM and NRM/IRM
in the 25-35 mT demagnetization interval. (b) NRM/ARM
and NRM/IRM for all sediment after demagnetization at
peak fields of 25 mT, and difference vector for NRM/ARM
and NRM/IRM in the 25-35 mT demagnetization interval.
Legend the same as in (a). (c) The arithmetic means of the
four paleointensity proxies, for all sediment (see b) (small
closed circles) and for sediment conforming to the uniform
grain size criteria (see a) (larger open diamonds). The *lc
error estimates are shown as horizontal lines. Coarse grained
detrital layers are shaded, those correlative with North At-
lantic Heinrich (H) events are labeled [4]. Dashed lines indi-
cate section breaks.
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Fig. 6. ARM plotted against IRM after demagnetization at
peak fields of 25, 35 and 45 mT for core MD95-2024.

suming that the SST and air temperature proxies
were in phase, it became possible to transfer the
stratigraphic position of the Heinrich layers to
their equivalent position within the ice core.
Based on similar logic this correlation was ex-
tended into isotopic stage 5 [22]. The development
of a robust Labrador Sea chronostratigraphy and
the assumed correlation of Labrador Sea detrital
layers to North Atlantic Heinrich layers [4] pro-
vides a means of placing Labrador Sea sediments
on a common temporal framework with the
Greenland Summit ice cores (GRIP/GISP2) (Fig.
7). This is further constrained by the position of
ash layer 2 found in both the Labrador Sea [4]
and the GISP2 ice core [23].

The resulting ice core/sediment correlation is
supported by the inverse match of the MD95-
2024 paleointensity record to the flux of 3¢Cl
[24] and 'Be [25] measured in the GRIP and
GISP2 ice cores, respectively. Geomagnetic shield-
ing as primary control on the long period flux of
cosmic rays to the upper atmosphere has previ-
ously been demonstrated for °Be data from Vos-
tok [26] and 3°Cl data in GRIP [24]. In Fig. 7, for
the 30-90 ka interval, we have recalculated 3°Cl
flux in the GRIP ice core using the GISP2 official
chronology transferred to the GRIP ice core
based on the correlation of the §'%0;. from the
two cores. In the upper part of the record we
splice in the '°Be flux from the GISP2 ice core
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Fig. 7. Correlation of Labrador Sea sediment to Greenland Summit ice cores. (a) GISP2 &80 [20] placed on the GISP2 official
chronology [31,32]. (b) The N. pachyderma (sin.) derived planktic 8'%0 from core MD95-2024 [12] on a chronology resulting
from (c). (c) karm/k from core MD95-2024 correlated to GISP2 §'80O by association of detrital layers (low values of karm/k) to
cold stadials (high values of §'30). (d) 3°Cl flux in the GRIP ice core (from [24]) that was smoothed using a 3000 yr low pass fil-
ter placed on the GISP2 chronology [31,32]. '"Be flux from the GISP2 ice core [25] smoothed with a five point running mean on
the GISP2 official chronology [31,32]. () Geomagnetic paleointensity for Labrador Sea core MD95-2024 as in Fig. 5c. The chro-
nology derived as in (c). Shading represents detrital layers containing coarser (MD) magnetite. YD =younger Dryas, H=num-
bered Heinrich events, C =numbered marine polar episodes (after [22]). Numbers correspond to numbered ~ 1500 yr cycle (after
[48]). Vertical arrow indicates stratigraphic position of ash layer 2 [4,23].

[25] for the interval from 15-40 ka. Above this
level environmental changes are too large to be
accounted for by a simple flux calculation (see
[25]) therefore these values are not used. The cor-
relation between paleointensity records and cos-
mogenic isotopes observed here is consistent
with those previously proposed [1,24,26]. Here
we provide confirmation that high-frequency var-
iations in geomagnetic field intensity also result in
cosmogenic isotope flux changes [27] (Fig. 7).
Independently correlated to the GISP2 ice core,
the NAPIS-75 paleointensity stack [1] comprises
six relative paleointensity records from the North
Atlantic distributed from 34°N to 68°N (Fig. 8).
The chronology for NAPIS-75, during marine iso-
tope stage (MIS) 3 [2], is based on the correlation

of the planktic 8'80 record of core PS2644 [28]
(one of the cores comprising the NAPIS stack) to
the GISP2 §'%0;.. Below MIS 3, the isotopic
stage boundaries are used for age determinations.
Correlation among the NAPIS cores was initially
determined using isotopic stage boundaries with a
second step matching magnetic susceptibility
cycles [2]. These striking cycles are observed in
locations strongly influenced by bottom current
circulation within the Nordic Seas and the North
Atlantic [2,29]. Kissel et al. [2] have established
that these cycles are a response to reorganizations
of the thermohaline circulation system and are
coeval with the rapid temperature oscillations ob-
served in the Greenland Summit ice cores during
MIS 3. Placed on their independent age models,
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Fig. 8. Geomagnetic paleointensity for Labrador Sea core
MD95-2024, time scale as in Fig. 7, compared with NAPIS-
75 North Atlantic paleointensity stack [1] on its own time
scale (see [2]). Stippled lines indicate + 20 incertitude derived
from the bootstrap calculation.

the MD95-2024 paleointensity record compares
favorably with NAPIS-75 (Fig. 8) indicating that
both methods of marine to ice core correlation are
compatible for the last 60 kyr. A chronological
offset is, however, apparent at the paleointensity
high at 65 ka and the subsequent low at 62 ka
(Fig. 8). To see if the NAPIS-75 chronology could
be modified without violating the linkage to the

Table 1
Correlation coefficients (r)

169

ice core, we adjusted the chronology of a single
core within the NAPIS stack (MD95-2009) to bet-
ter conform to that of MD95-2024. Fig. 9 illus-
trates that this can be accomplished without vio-
lating the linkage between magnetic susceptibility
cycles and GISP2 §'%0;. record, while also im-
proving the agreement between MD95-2009 pa-
leointensity and the ice core cosmogenic isotope
records.

5. Global correlation of paleointensity and
cosmogenic isotope records

The observation of synchronous high-frequency
(103 yr) variations in both the filter (proxy records
of geomagnetic paleointensity) and the filtrate
(cosmogenic isotope flux) suggests that these var-
iations are due to global scale geomagnetic field
changes (e.g. [1,26,24]). Using all available strati-
graphic constraints we attempt to assess the val-
idity of the assumption of global millennial scale
variability of the paleointensity record. Fig. 10
shows “Be from GISP2 [25], **Cl from GRIP
[24], the relative '"Be flux from Vostok [26,30]
and various high-resolution geomagnetic paleoin-
tensity records, all placed on the GISP2 official
chronology [31,32]. The adjustment of the original

Paleointensity cosmogenic isotope records

MD95-2024 paleointensity

GISP2 ice core

880 gas 8'80 records
0-110 ka 20-110 ka 0-110 ka

MD95-2024 0.655 MD95-2024
MD95-2009 (9-70 ka) 0.53 0.595
Site 983 0.526 0.556 0.566 Site 983
Mediterranean (8-83 ka) 0.656 0.782 0.685 KET-8004
Somali Basin 0.687 0.8 Somali Basin
21-PC02 0.555 0.655 0.75 21-PC02
Sint200 0.289 0.576 0.888 SPECMAP
GRIP *Cl (28-96 ka) 0.581
GISP2 '"Be (1540 ka) 0.523
Vostok °Be 0.057 0.146 0.928 Vostok §'30 gas

Chronology used to determine correlation coefficients the same as in Figs. 7, 9, 10 and 13. Correlation coefficients (r) calculated
using Analyseries software [50]. Paleointensity records: MD95-2024 (this study), MD95-2009 [1], Site 983 [5], Mediterranean [6],
Somali Basin [7], sub-Antarctic South Atlantic 21-PC02 [8], Sint-200 [9]. Cosmogenic isotope records: **Cl GRIP ice core [24],
10Be GISP ice core [25], '"Be Vostok ice core [26,30], 8'0 records: GISP2 [35], MD95-2024 N. pachyderma (sin.) [12], Site 983
C. wuellerstorfi [5], KET-8004 G. bulloides [43], Somali Basin bulk sediment [41], 21-PC02 C. wuerllerstorfi [8,42], SPECMAP [3§],

Vostok [35,40].
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Fig. 9. Correlation of MD95-2009 to MD95-2024 and GISP2 ice core. (a) GISP2 §'%0 [20] placed on the GISP2 official chronol-
ogy [31,32]. (b) Magnetic susceptibility (k) from core MD95-2009 [2]. The chronology for MD95-2009 is based on the Kissel et
al. [2] chronology from 10-48 ka and is adjusted for ages >48 ka to derive a more pleasing match between the paleointensity re-
cords from MD95-2009 (d) and MD95-2024 (e). (c) **Cl flux in the GRIP ice core (from [24]) smoothed using a 3000 yr low
pass filter placed on the GISP2 official chronology [31,32]. °Be flux from the GISP2 ice core [25] smoothed with a five point
running mean and placed on the GISP2 official chronology [31,32]. (d) Geomagnetic paleointensity for Norwegian Sea core
MD95-2009 [1]. The chronology for MD95-2009 is as stated above. (¢) Geomagnetic paleointensity for Labrador Sea core
MD95-2024. The chronology for MD95-2024 is as derived in Fig. 7. Shading represents stratigraphic position of detrital layers in
MD95-2024 (see Fig. 7). YD =younger Dryas, H=numbered Heinrich events, C =numbered marine polar episodes (after [22]).
Numbers correspond to numbered ~ 1500 yr cycles (after [48]). Vertical arrow indicates stratigraphic position of ash layer 2
[2,4,23].

chronology of each record to the GISP2 official (2) Synchronization of the Vostok 8Dj. chronol-

chronology is based on the following procedure: ogy to the GRIP 8'30;. chronology between 10
(1) synchronization of paleointensity lows and and 50 ka based on correlation of methane in
cosmogenic isotope spikes at ~40 and ~61 ka. trapped gas [33]. Note that the chronology for

Fig. 10. Geomagnetic paleointensity records and cosmogenic isotope records. All placed on the GISP2 official chronology.
(a) ""Be flux from the GISP2 ice core (latitude/longitude: 72°36N/38°30W) [25] and °Cl flux from the GRIP ice core (latitude/
longitude: 72°34N/37°37W) [24]. Geomagnetic paleointensity records: (b) MD95-2024 (latitude/longitude: 50°12.N/45°41.W).
(c) MD95-2009 (latitude/longitude: 62°44.N/3°59.W) [1]. (d) North Atlantic ODP Site 983 [5] (latitude/longitude: 60°24N/
23°38.W). (e) Mediterranean stack [6] (latitude/longitude: 39°41N/13°35 E). (f) Somali Basin stack [7] (latitude/longitude:
1°0S/46°02 E). (g) Sub-Antarctic South Atlantic core 21-PC02 [8] (latitude/longitude: 41°08S/7°48E). (h) Relative 'Be flux from
the Vostok ice core [26,30] (latitude/longitude: 78°28S/106°48E). (i) Sint-200 global paleointensity composite [9]. Shading repre-
sents stratigraphic position of detrital layers in MD95-2024 (see Fig. 7). YD =younger Dryas, H=numbered Heinrich events,
C =numbered marine polar episodes (after [22]). Numbers correspond to numbered ~ 1500 yr cycles (after [48]). Vertical arrow
indicates stratigraphic position of ash layer 2 [2,4,23].
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GRIP has been adjusted to conform to the GISP2 the cosmogenic isotope spike at ~40 ka. (3) For
official chronology [31,32] from the original chro- the older part of our Vostok chronology we have
nology [34] used by Blunier et al. [33]. This syn- linearly interpolated between tie points based on
chronization is consistent with the synchroneity of 8180y, in GISP2 and Vostok [35]. To derive the
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Fig. 11. Age differences between published age models and
GISP2 chronostratigraphy (this paper) versus the GISP2 offi-
cial chronology [31,32]: ODP Site 983 [5], core 21-PCO03 [8],
Mediterranean stack [6,43]; Somali Basin stack [7,41]; SPEC-
MAP [38]; Sint-200 [9] and Vostok ice core [42]. Positive
(negative) age differences indicate that the original published
age models are older (younger) than the GISP2 age.

ODj.. age, we used the Petit et al. [36] continuous
Aages (gas age—ice age difference) based on the
model of Barnola et al. [37]. (4) Based on our
assumption that the paleointensity record from
MD95-2024 (placed on the GISP2 chronology)
is representative of global geomagnetic field vari-
ability, the chronologies of the other paleointen-
sity records are adjusted to achieve optimal corre-
lation (Table 1). The resulting GISP2 chronology
yields age offsets up to ~5 kyr relative to the
original (published) chronologies for each record
similar to the offset reported in [1] (Fig. 11). This
age offset is within the stated uncertainty of
SPECMAP time scale [38] but slightly larger
than the stated uncertainties within the GISP2
official chronology (see [31,32]).

6. A new global chronostratigraphy

An initial test of the validity of the paleointen-
sity correlation shown in Fig. 10 is provided by
correlation of the ‘global’ component of the asso-
ciated 8'80 records (Fig. 12). The stacking proce-
dure used to derive the Sint-200 paleointensity
stack [9] was based on re-correlation of each as-
sociated 8'80 record to the SPECMAP §'30 stack
[38]. Therefore, the adjustment of the Sint-200
time scale to the GISP2 official chronology based

on paleointensity constraints (Fig. 10), must be
balanced by an equivalent adjustment of the
time scale of the SPECMAP &'%0 record (Fig.
12). If 880y, in GISP2 and Vostok reflects
changes in mean 880 of the ocean [35,39,40],
then the chronostratigraphic adjustments made
to Sint-200 (Fig. 10) and by association SPEC-
MAP (Fig. 12), should result in a satisfying cor-
relation of the SPECMAP §'30 record to the
8180y, records from GISP2 and Vostok, as well
as the associated benthic 8'%0 records (Fig. 12),
also placed on a GISP2 chronology. It should be
noted that the correlation between GISP2 880,
and SPECMAP §'%0 is improved using the new
chronology (from r=0.855 to 0.888). In general
the match is very good, especially for §'¥Og,; in
GISP2, the bulk sediment §'%O from the Somali
Basin [41] and the benthic §'80 record of 21-PC02
[8,42] (Fig. 12) (Table 1). Slightly poorer correla-
tion is found for the Vostok 880y, record (Fig.
12), which may result from the large uncertainty
in Aage of this low accumulation rate ice core
[36,37]. Discrepancies from the global signal are
observed in Labrador Sea core MD95-2024, Med-
iterranean core KET-8004 [43], and North Atlan-
tic ODP Site 983 [5] (Fig. 12). The first two are
planktic records where local deviations are to be
expected. The Site 983 isotope record is a benthic
record and, therefore, these deviations, which are
similar to those in the MID95-2024 planktic record
(Fig. 12), may result from local millennial scale
variability penetrating to intermediate water
depths (1983 m) at this location.

Fig. 13 illustrates that distinct regional patterns
in millennial scale climate are also preserved with-
in this chronostratigraphy. Charles et al. [44] ar-
gued that within sediment cores from the sub-
Antarctic South Atlantic, the planktic (8'%0)
and benthic (8'3C) isotopes provide proxy records
of millennial scale climate characteristic of the
southern and northern hemispheres, respectively.
Benthic 8'*C was interpreted to reflect changes in
the flux of North Atlantic deep water which are in
phase with warming in Greenland, while planktic
8'80 was interpreted to represent changes in SSTs
and that warming of the sub-Antarctic South At-
lantic leads that observed in the Greenland Sum-
mit ice cores by approximately 1500 yr [43,42].
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Fig. 12. Ice core and marine isotope records on a common GISP2 age model. (a) SPECMAP 880 [38]. (b) 8'80y,s from the
GISP2 ice core [35]. (c) Labrador Sea MD95-2024 planktic 8'%0 from N. pachyderma (sin.) [12]. (d) North Atlantic ODP Site
983 benthic 8'*0 from Cibicidoides wuellerstorfi [5]. () Mediterranean core KET 8004 planktic §'*0 from Globigerina bulloides
[43]. (f) Somali Basin bulk sediment §'0 [41]. (g) Sub-Antarctic South Atlantic core 21-PC02 benthic 8'80 from C. wuellerstorfi
[8,42]. (h) 8'80y,, from the Vostok ice core [5,40]. Shading represents stratigraphic position of detrital layers in MID95-2024 (see
Fig. 7). YD =younger Dryas, H=numbered Heinrich events, C=numbered marine polar episodes (after [22]). Numbers corre-
spond to numbered ~ 1500 yr cycles (after [48]). Vertical arrow indicates stratigraphic position of ash layer 2 [2,4,23].
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Fig. 13. Ice core and marine isotope records on a common GISP2 age model. (a) GISP2 §'80 [20]. (b) Norwegian Sea core
MD95-2009 magnetic susceptibility data [2]. (c) Sub-Antarctic South Atlantic core 21-PC02 benthic §°C from C. wuellerstorfi
[8,42]. (d) Labrador Sea MD95-2024 planktic 8'%0 from N. pachyderma (sin.) [12]. (e) Sub-Antarctic South Atlantic core 21-
PC02 planktic 8'%0 from G. bulloides [8,42]. (f) Vostok 8D [49]. Shading represents stratigraphic position of detrital layers in
MD95-2024 (see Fig. 7). YD =younger Dryas, H=numbered Heinrich events, C =numbered marine polar episodes (after [22]).
Numbers correspond to numbered ~ 1500 yr cycles (after [48]). Vertical arrow indicates stratigraphic position of ash layer 2

[2,4,23].

This apparent out of phase behavior between the
northern and southern hemispheres has been
found in several subsequent studies in marine
sediments [45,46] and ice cores [33], and has
been inferred from modeling results (e.g. [47]).

The chronostratigraphy in Fig. 13 preserves this
relationship for sub-Antarctic South Atlantic core
21-PC02. In addition, LIS instability, recorded in
MD95-2024 by planktic 880 spikes denoting
meltwater dilution and by karm/k denoting dis-
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tinct detrital layers, is synchronous with warming
in the sub-Antarctic South Atlantic and at Vostok
(Fig. 13). This supports the linkage between fresh
water flux to the North Atlantic, thermohaline
circulation change, cooling of North Atlantic re-
gions air temperature and SSTs and warming of
sub-Antarctic South Atlantic SSTs and the air
over Vostok. Because we are able to pull out an
expected, but not independently demonstrated,
global chain of events strongly supports the mer-
its of this stratigraphy. Based on these results, we
suggest that all records are on a common tempo-
ral framework that is tied to the GISP2 official
chronology. We want to make clear that the age
adjustment of SPECMAP is a stratigraphic ad-
justment and not an indication that the SPEC-
MAP chronology is necessarily incorrect. How-
ever, it does appear that there are clear
discrepancies between GISP2 and SPECMAP
(Fig. 12) even in the interval where they are sup-
posedly synchronized [32].

Fig. 10 demonstrates that the time scale of var-
iability of global scale geomagnetic field is less
than a few thousand years, and that these high-
frequency changes are reflected in the flux of cos-
mogenic isotopes recorded in ice cores. Even
though there is a strong global similarity for the
various paleointensity records, amplitude differen-
ces are commonly observed among correlative
features (Fig. 10). Some of these amplitude
changes may be regional, however, too few rec-
ords exist to determine if these are geomagnetic
or environmental in origin. Because the high-res-
olution paleointensity records are derived from
sediments that show both in-phase and out-of-
phase climate relationships at millennial and orbi-
tal scales, the synchronization of the paleointen-
sity records cannot be a product of climate vari-
ability.
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