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Abstract
Two long Holocene piston cores (MD99-2220 and MD99-2221) were raised from the St. Lawrence Estuary, eastern
Canada because of the expanded Holocene sediment sequence this location provides. A u-channel-based
paleomagnetic study, supported by an accelerator mass spectrometry (AMS) 14 C chronology, rock-magnetic and
sedimentological data, indicates that these sediments provide a paleomagnetic directional secular variation (PSV) and
relative paleointensity (RPI) proxy records for the last V8500 cal BP. Sedimentation rates vary from V1.2 to 4.2 m/
kyr. Comparison of inclination and declination features with other North American Holocene PSV records are
generally consistent and temporal offsets are within chronological uncertainties. The normalized natural remanent
magnetization intensity record, a RPI proxy, from the postglacial sediments of core 2220 compares favorably with
North American and European Holocene RPI records at millennial and even some centennial timescales.
Comparisons between core 2220 RPI proxy and the 10 Be flux record from the Greenland Summit (GISP2) ice core
[Finkel and Nishiizumi, J. Geophys. Res. 102 (1997) 26699^26706] and a 14 C production rate record [Bond et al.,
Science 294 (2001) 2130^2136] suggest that geomagnetic modulation may control the millennial- and even some
centennial-scale variability within cosmogenic isotope records. This implies that the core 2220 RPI record reflects
changes in global-scale geomagnetic field at these timescales.
B 2003 Elsevier Science B.V. All rights reserved.
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It has long been known that the magnetic remanence preserved within geological and archeological materials provides the only archive from
which observations on the past behavior of the
Earth’s magnetic ¢eld can be made beyond historical times (e.g., [1] and references therein). Our
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knowledge and understanding of the temporal
characteristics of the geodynamo, the source of
most of the Earth’s magnetic ¢eld, is based on
these observations constrained by detailed knowledge of the historical ¢eld (e.g., [2]). Though dating has always been problematic, it is clear that
patterns of Holocene directional variability determined from continuously deposited sediments
show variability with periods of 1^2 kyr that display regionally consistent secular variation patterns, but with distinct departures between regions
[3]. In contrast, our knowledge of geomagnetic
intensity during the Holocene (paleointensity) is
less well constrained, regional variability is not
expressly known, and archeomagnetically derived
estimates of the global dipole moment (e.g., [4^6]
indicate variability with much longer periods than
observed from the directional record. However,
recent relative paleointensity (RPI) studies from
Pleistocene sediments suggest that global variations may occur at millennial timescales [7].
It is well established that the geomagnetic ¢eld
shields the Earth from cosmic rays, and that variation in its strength is one of the controls on the
production rate of cosmogenic isotopes such as
10
Be, 14 C and 36 Cl [8^11]. Cosmogenic isotope
records have been used to infer solar [12^14]
and thermohaline circulation variability [15],
based on the assumption that the geomagnetic
¢eld only a¡ects the low-frequency part of the
record. Yet, as our understanding of the geomagnetic ¢eld behavior is incomplete, the inferences
drawn from these cosmogenic isotope studies
could be misleading. In fact, the frequency at
which the geomagnetic ¢eld intensity stops a¡ecting the production rate of cosmogenic isotopes
has never been documented and is therefore an
open question for debate.
Here we address some of these issues using a
pair of new high-resolution Holocene sediment
records from the St. Lawrence Estuary. Located
at the transition from the St. Lawrence River to
the Gulf of St. Lawrence (Fig. 1), the St. Lawrence Estuary o¡ers a unique archive for paleoreconstructions from eastern Canada as recent
sedimentation rates vary from about 2 to more
than 5 m/kyr [16,17]. These rates allow the recovery and study of sedimentary sequences with de-

Fig. 1. Shaded relief image of eastern Canada digital elevation model along with the location of core 2220 and 2221
sampling sites in the St. Lawrence Estuary. Modi¢ed from
Shaw et al. [66]. P.E.I. = Prince Edward Island.

cadal- to millennial-scale temporal resolution. The
successful coring of several high-resolution ( s 1
m/kyr) Holocene sedimentary sequences, during
the IMAGES-V (International Marine Past Global Change Study) oceanographic campaign, in
July 1999, on board the Marion Dufresne II, o¡ers
a unique opportunity to reconstruct the Earth’s
geomagnetic ¢eld variations at a temporal resolution rarely matched. We present u-channel-based
paleomagnetic records (inclination, declination
and RPI) from cores MD99-2220 and MD992221 (hereinafter referred to as cores 2220 and
2221). Comparisons are made to paleomagnetic
records from North America and Europe, and
to cosmogenic isotope reconstructions from tree
rings and ice cores.

2. Geological setting
Cores 2220 (latitude/longitude : 48‡38.32N/
68‡37.93W, water depth 320 m, length 51.6 m)
and
2221
(latitude/longitude:
48‡10.60N/
69‡30.35W, water depth 212 m, length 31.0 m)
were raised from the Laurentian Channel, a long
U-shaped glaciated valley with depths of 200^540
m, in the St. Lawrence Estuary (Fig. 1). Previous
work based on high-resolution seismo-stratigraphy and piston cores has de¢ned the tills, glaciomarine sediments and postglacial muds that comprise the regional stratigraphy of the area for the
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Late Pleistocene to Holocene [18,19]. In recent
sediments, ¢ne-grained, greenish gray muds are
observed on the deep central parts of the Laurentian Channel, whereas sandy muds are present on
the sides and lower slopes as well as on the headward parts of the Laurentian Channel [20].

3. Methods
Low-¢eld volumetric magnetic susceptibility (k)
was measured on board the Marion Dufresne II
using a GEOTEK1 MCSL (Multi Sensor Core
Logger) instrument at 2 cm intervals. On shore,
the archive halves were sampled using u-channels
(rigid u-shaped plastic liners with a square 2 cm
cross-section and a length of 1.5 m). The u-channel samples were measured in the Paleomagnetism
Laboratory at the University of California in Davis (UCD), using a 2-G Enterprises1 Model 755
cryogenic magnetometer, at 1 cm intervals. However, the width at half-height of the response
function of the magnetometer pick-up coils is
V4.5 cm [21], so that smoothing occurs. Edge
e¡ects caused by this smoothing at core breaks
was cut from the ¢nal data. The natural remanent
magnetization (NRM) was studied by progressive
alternating ¢eld (AF) demagnetization using peak
¢elds of 0, 10, 15, 20, 25, 30, 35, 40, 45 and 50
mT. An anhysteretic remanent magnetization
(ARM) was produced using a 100 mT peak AF
and a 50 WT direct current (DC) biasing ¢eld. This
ARM was subsequently demagnetized and measured after peak AF of 0, 20, 25, 30, 35, 40 and
50 mT. The ARM data were also expressed as a
susceptibility of the ARM (kARM ) by normalizing
the ARM by the strength of the biasing ¢eld. Two
isothermal remanent magnetizations (IRM) were
produced by imparting a DC ¢eld of 0.3 T and 1 T.
Each IRM was demagnetized and measured at
the same peak AF as the ARM. These IRMs were
used to construct an S-ratio proxy by dividing the
IRM after 30 mT AF demagnetization (IRM30mT )
at 0.3 T by the IRM30mT at 1 T. This di¡ers from
the classic S-ratio, as de¢ned by Stober and
Thompson [22], where after the sample is given
an IRM at 1 T, it is given an IRM at 0.3 T in
reversed orientation. Though our S-ratio proxy
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deviates from the classical S-ratio and the values
are slightly di¡erent, the information derived is
similar. By using the S-ratio proxy at an AF demagnetization level of 30 mT, the relative importance of the high-coercivity component is emphasized. Hysteresis parameters were measured on
both cores at 1.5 m intervals using a Princeton
Measurements1 alternating gradient magnetometer (MicroMag) at UCD. The saturation magnetization (Ms ), saturation remanence (Mrs ) and
the coercive force (Hc ) were obtained from hysteresis loops. The coercivity of the remanence (Hcr )
was determined by back¢eld experiments. The ratios Mrs /Ms and Hcr /Hc re£ect magnetic grain size
and domain state [23].
Grain size measurements on core 2220 were
made using a Coulter Counter1 TAII analyzer at
the Geological Survey of Canada (Atlantic). Grain
size measurements on core 2221 were made on a
Fritsch1 Analysette 22 laser di¡raction analyzer
at the INRS-Ge¤oressources in Que¤bec City.

4. Stratigraphy
A box core (AH00-2220) containing the sediment^water interface was collected from the sampling site of core 2220 in order to evaluate sediment losses due to piston coring. The top V60
cm of the core 2220 organic carbon and 13 Corg
contents can be correlated to the box core record,
implying that only the top 14 cm of core 2220
were lost during coring (Background Data Set2 ,
Fig. 1a). The top of core 2221 can be correlated
to core 2220 using the IRM30mT 0.3 T (Background Data Set2 , Fig. 1b), suggesting that a similar amount of sediment was lost from core 2221.
Detailed visual description of the cores along
with the rock-magnetic and mean grain size data
allow the identi¢cation of two lithologic units.
Unit 1 is observed from the base to 1497 cm in
core 2220 (Fig. 2) and from the base to 1353 cm
in core 2221 (Fig. 3). Unit 1 consists of gray to
dark gray laminated to massive clays, equivalent
to the blue-gray, sti¡, massive to laminated clays
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Fig. 2. High-resolution rock-magnetic stratigraphy of core 2220. A 3400 year reservoir correction was applied to the AMS 14 C
dates. Unit 1 was deposited prior to V7700 yr BP and corresponds mostly to glaciomarine laminated clays. Unit 2 is composed
mostly of postglacial bioturbated silty clays. The grain size data were processed with the Gradistat program [67].

reported in the Estuary by Syvitski and Praeg [18]
and to the dark gray to brown clayey mud with
faint laminations of Josenhans and Lehman [19]
in the Gulf of St. Lawrence. Based on prior
work in the region [18,19], we interpret unit 1 to
represent the deposition of glaciomarine sediments from glacio£uvial plumes discharged from
the retreating Laurentide Ice Sheet.
Unit 2 is observed from 1497 cm to the top of

core 2220 (Fig. 2) and from 1353 cm to the top of
core 2221 (Fig. 3). It is composed of dark gray
bioturbated silty clays and dark gray bioturbated
sandy mud in cores 2220 and 2221, respectively.
These bioturbated sediments represent postglacial
conditions and are equivalent to the organic-rich
bioturbated mud and sands previously reported in
the region [18^20]. The postglacial sediments are
the focus of this paper.
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Fig. 3. High-resolution rock-magnetic stratigraphy of core 2221. A 3400 year reservoir correction was applied to the AMS
dates. Unit 1 as in Fig. 2. Unit 2 is composed mostly of postglacial bioturbated sandy mud.

The transition from unit 1 to unit 2 is very
sharp and suggests a major reorganization of
Laurentide Ice Sheet meltwater routes. The best
candidate for this drastic facies change is the major drainage event that occurred at V7.7 kyr BP
or 8.47 cal kyr BP [24] when the rapid collapse of
ice in Hudson Bay allowed lakes Agassiz and
Ojibway to drain catastrophically into the Labrador Sea through the Hudson Strait, consequently
reducing meltwater discharge through the St.
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Lawrence Estuary. The environmental and climatological interpretation of both lithostratigraphic
units will be addressed in a separate paper.

5. Initial chronology
Twenty benthic mollusk shells from cores 2220
and 2221 were sampled and sent for accelerator
mass spectrometry (AMS) 14 C dating at the Iso-
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Trace laboratory in Toronto (Table 1). The dates
are reported using Libby’s half-life and corrected
for natural and sputtering fractionation
(N13 C = 325x VPDB). To convert the 14 C ages
to calendar years, the dates were calibrated using
CALIB 4.3 [25], assuming a standard reservoir
correction of 3400 years [26]. In order to compare our results with previously published paleomagnetic records, mostly derived from uncalibrated 14 C dates on lacustrine bulk sediments or
terrestrial carbon, our data are also reported in
reservoir-corrected 14 C years. An initial age model
was constructed for each core (Background Data
Set2 , Fig. 2) by assuming a constant sedimentation rate between the dated material presented in

Table 1. These age models reveal similar sediment
accumulation rate patterns for both cores. The
¢rst V8500 cal BP are characterized by sedimentation rates ranging from 1.2 to 4.2 m/kyr, whereas the older sediments were deposited at rates
possibly higher than 34 m/kyr.
The use of a standard marine reservoir correction of 400 years is supported by the following
evidence. First, if we retain the reservoir-corrected
date of 7570 U 70 yr BP at 1454 cm in core 2220
and interpolate a sedimentation rate of 0.42 cm/yr
from 1454 to 1497 cm (Background Data Set2 ,
Fig. 2), then the transition from unit 1 to unit 2
falls within 30 years of the V7.7 kyr BP proposed
by Barber et al. [24] for the catastrophic drainage

Table 1
Radiocarbon dates from cores 2220 and 2221
Depth
(cm)
Core 2220
41*
75
318^319
521.5*
586^587
647
1119^1120
1454
4535
Core 2221
50^51
95^96
225
363
615
755
980.5*
1187^1188
1315^1316
1606
2067^2068

Composite
deptha
(cm)

40.9
91.3
258.8
486.1
771.6
927
1081.5
1303.7
1455.1
1868.8
2504.6

AMS 14 C
age
(yr BP)

Corrected
AMS 14 C ageb
(yr BP)

Calibrated
agec
(cal BP)

Dated material

IsoTrace
lab number

1020 U 50
980 U 50
2290 U 50
640 U 50
3930 U 60
4270 U 60
7140 U 70
7970 U 70
8730 U 70

620 U 50
580 U 50
1890 U 50
240 U 50
3530 U 60
3870 U 60
6740 U 70
7570 U 70
8330 U 70

545
523
1838
259
3826
4293
7557
8355
9169

(614) 641
(551) 620
(1891) 1947
(282) 309
(3897) 3977
(4392) 4435
(7602) 7662
(8401) 8481
(9283) 9426

Lacuna pallidula
Portlandia lenticula
Mollusk shell
Pelecypod valve
Astarte striata
Nuculana sp.
Pelecypod valve
Portlandia lenticula
Pelecypod valve

TO-8759
TO-8760
TO-8761
TO-8762
TO-8763
TO-8764
TO-8765
TO-8766
TO-8767

540 U 50
960 U 50
1830 U 60
2810 U 60
4720 U 100
5630 U 60
3470 U 90
7530 U 70
8200 U 70
8250 U 70
8220 U 170

140 U 50
560 U 50
1430 U 60
2410 U 60
4320 U 100
5230 U 60
3070 U 90
7130 U 70
7800 U 70
7850 U 70
7820 U 170

106
513
1299
2444
4827
5928
3247
7921
8583
8632
8496

(151) 259
(540) 606
(1357) 1418
(2549) 2690
(4946) 5065
(5989) 6174
(3384) 3443
(7964) 8032
(8686) 8845
(8772) 8881
(8719) 8911

Macoma balthica
Nuculana pernula
Mytilus edulis
Pelecypod valve
Yoldia myalis
Mollusk shell
Astarte montagui
Pelecypod valve
Pelecypod valve
Pelecypod valve
Nuculana pernula

TO-8748
TO-8749
TO-8750
TO-8751
TO-8752
TO-8753
TO-8754
TO-8755
TO-8756
TO-8757
TO-8758

All ages were measured by the AMS method and corrected to a base of N13 C = 325x. Errors represent 68.3% (1c) con¢dence
limits.
Dated materials at depths marked with an asterisk are considered invalid and were not used to construct the age models.
a
Composite depth interpolated from the IRM30mT , inclination and declination correlations.
b
Corrected by 3400 years to account for the apparent age of the dissolved inorganic carbon reservoir in surface waters of the
North Atlantic [26].
c
Calibrated with CALIB4.3 [25] assuming a standard marine reservoir correction of 3400 years [26]; the ¢rst and last ages represent the 1c cal age range, whereas the ages in parentheses are the calibrated ages using the intercept method [25].
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of Lake Agassiz. Second, the available calculated
reservoir corrections for eastern Canada, which
were derived from ¢sh otoliths collected o¡ Newfoundland [27] and a marine pelecypod from
Georges Bank (near Nova Scotia) [28], yielded
ages of 370 U 29 and 369 U 26 years, respectively
(CALIB4.3 on-line database). Third, by using sedimentation rates estimated from 210 Pb measurements on box core AH00-2220 (Background
Data Set2 , Fig. 3) and interpolated from core
2220 14 C data (Background Data Set2 , Fig. 2),
we can determine the age of the core 2220 uppermost dated pelecypod. This is done by adding the
missing 14 cm of sediment to the depth where the
pelecypod was sampled (75 cm) and by applying
210
Pb-derived sedimentation rates of 0.74 cm/yr
for 0^20 cm, 0.28 cm/yr for 20^30 cm and the
14
C-derived sedimentation rate of 0.15 cm/yr for
30^89 cm. This exercise yields an age of 456 years
for the pelecypod horizon compared to the 14 C
age of 980 U 50 years, suggesting a reservoir correction of 524 years. These comparisons show
that a reservoir correction of 400 years is probably reasonable for the St. Lawrence Estuary during the Holocene. However, considering the o¡set
of V125 years for the last 1 kyr BP, the assumption of a constant reservoir correction, counting
uncertainties inherent in the AMS 14 C dating
method and interpolation errors, an uncertainty
of U 200 years is a reasonable estimate for our
age models. Worth noting is that the two-step
increase in sedimentation rate from 0.15 to 0.28
cm/yr and ¢nally to 0.74 cm/yr is consistent with
the agricultural development linked to the European settlement in eastern Canada, and the industrial development of the second half of the 20th
century [29].

6. Natural remanent magnetization
Background Data Set2 Fig. 4 shows typical
NRM demagnetization behavior of the postglacial
sediments from cores 2220 and 2221. Little viscous remanence is observed, and when present,
is generally removed by 10 mT peak AF demagnetization. The average NRM intensity prior to
demagnetization is 0.07 U 0.02 A/m which is re-
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Fig. 4. New composite depth scale for core 2221 based on
the IRM30mT 0.3 T correlation.

duced by 80% on average after 50 mT peak AF
demagnetization. In both cores, most samples exhibit a strong stable single-component magnetization with medium destructive ¢eld between 20 and
30 mT. NRM component directions (Background
Data Set2 , Fig. 5) were calculated by principal
component analysis [30] using four to nine AF
demagnetization steps at peak ¢elds of 10^50
mT. Maximum angular deviation (MAD) values
are generally less than 2‡ and 6‡ in cores 2220 and
2221, respectively, indicating well de¢ned characteristic remanent magnetization directions (Background Data Set2 , Fig. 5). Except from 1.5 to 5 m
in core 2221, the inclination values of the postglacial sediments of both cores are close to the expected inclination (66‡) for the coring sites latitude based on a geocentric axial dipole model.
Due to the lack of azimuthal orientation, the declination of each core section was rotated to ¢t
the end of the overlying core section. The resulting mean declination of the composite record was
then set to zero.
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Fig. 5. Comparison of inclination and declination features in core 2220 and 2221 postglacial sediments. (A) Top, inclination record of core 2221 on the adjusted depth scale as in Fig. 4 compared to core 2220. Bottom, declination record of core 2221 on the
adjusted depth scale. Stippled lines indicate proposed correlative features. This was done without violating any of the previous
IRM30mT 0.3 T lithostratigraphic constraints. (B) Inclination (top) and declination (bottom) of core 2221 on the optimized depth
scale.

7. Magnetic mineralogy and grain size
Mean S-ratio proxy values of core 2220 postglacial sediments are V0.95 (Fig. 2) while in core
2221 they range from V0.85 to V0.95 (Fig. 3).
This indicates that much of the magnetic assemblage is saturated at 0.3 T, suggesting magnetite is
the dominant magnetic mineral. The slightly lower S-ratio proxy values in core 2221 indicate a
higher proportion of high-coercivity minerals. It
should be noted that the S-ratio proxy was de-

rived from IRM data AF-demagnetized at 30
mT and therefore is more sensitive to high-coercivity minerals than a standard S-ratio. The shape
of the hysteresis loops (Background Data Set2 ,
Fig. 6), and the hysteresis ratios are consistent
with a dominant low-coercivity ferrimagnetic
component (most likely magnetite) that is of pseudo-single domain (PSD) magnetic grain size in
core 2220 and a coarser assemblage with at least
some multi-domain (MD) magnetite in core 2221
(Background Data Set2 , Fig. 7).
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Fig. 6. New composite age model for the St. Lawrence Estuary cores. Depths of the dated material from core 2221 were
transferred on core 2220 using the IRM30mT 0.3 T, inclination and declination correlations as in Figs. 4 and 5. A third
order polynomial ¢t was used to construct the ¢nal age model for the postglacial sediments.
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improved. Fig. 5A shows correlative inclination
and declination features used jointly to visually
adjust the composite depth record without violating any of the rock-magnetic-derived stratigraphic
constraints. The ¢nal tuning was achieved by linear interpolation between correlative features.
Component inclination and declination records
from the two cores show many similarities (Fig.
5B). However, inconsistencies are also observed.
High-amplitude £uctuations within the upper
V150 cm of core 2220 suggest that these sediments could have been disturbed during coring.
Another di¡erence between the two records is
seen between V700 and 950 cm, where the data
of core 2221 show high-frequency variations not
observed in core 2220. Maximum MAD values
(Background Data Set2 , Fig. 5), coarser magnetic
and physical grain sizes (Fig. 3) along with the
high-frequency variability lead us to suspect that
coring deformation may have a¡ected this interval. Because of its strong stable component magnetization (indicated by lower MAD values) and
its ¢ner magnetic and physical grain sizes, we believe that core 2220 preserves a more accurate
paleomagnetic record.

8. Construction of a composite record
9. Composite age model
8.1. IRM correlation
Visual identi¢cation of similar lithologic features, best de¢ned from IRM30mT 0.3 T downcore
pro¢les of cores 2220 and 2221, provided an initial step toward deriving a common depth scale
for these records (Figs. 2 and 3). Using the common features and core 2220 as the reference series
(Background Data Set2 , Fig. 8), we constructed a
new depth scale for core 2221 with AnalySeries
1.2 software [31] and linear interpolation between
correlative features. The adjusted depth scale (Fig.
4) results in a correlation of r = 0.53 (r = 0.49 before the adjustment).
8.2. Inclination and declination correlation

Using the new composite depth scale for core
2221 (Fig. 5B), we transferred the depths of the
AMS 14 C-dated material of core 2221 to their
correlative depths in core 2220 (Table 1). This
results in 13 AMS 14 C dates within the studied
interval (Fig. 6). An age model was constructed
from the AMS 14 C dates using a third order polynomial ¢t (r2 = 0.996) in the postglacial sediments.
A similar age model was also constructed from
the uncalibrated, but reservoir-corrected 14 C dates
reported in Table 1 (Background Data Set2 , Fig.
9).

10. Eastern Canada Holocene paleomagnetic
secular variation record

Comparison of the component inclination and
declination pro¢les of both cores shows o¡sets
that suggest the composite depth-scale could be

Fig. 7 shows the inclination and declination records of core 2220 on the 14 C age model presented
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Fig. 7. Comparison of North American Holocene geomagnetic PSV records. Inclination (A) and declination (B) pro¢les of core
2220 along with the Lake St. Croix [32], Lake Pepin [33] and Fish Lake records [34], and a compilation of lava £ows from the
western USA transformed into directional space at the Fish Lake location (diamonds) [35]. Declination data were not published
for Lake Pepin. Distinctive inclination and declination features are numbered according to Lund [36].

in Background Data Set2 Fig. 9 along with North
American paleomagnetic secular variation (PSV)
records from Lake St. Croix [32] and Lake Pepin
(Minnesota, USA) [33], Fish Lake (Oregon, USA)
[34] and with a recent compilation of lava £ows
from the western USA [35]. Comparable inclina-

tion and declination patterns are observed in all
records suggesting that core 2220 preserves Holocene PSV. All the inclination and declination features, as numbered by Lund [36], are recognized.
Except for inclination feature 2, these features are
temporally consistent between core 2220 and the

Fig. 8. Coherence of the RPI proxies with the normalization parameters from V750 to 8500 cal BP. A Blackman^Tuckey crossspectral analysis with a Bartlett window [31] was applied. The solid line represents the 95% con¢dence level. (A) NRM30mT /k vs.
k. (B) NRM30mT /ARM30mT vs. ARM30mT . (C) NRM30mT /IRM30mT vs. IRM30mT .
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records from Minnesota (Lake St. Croix and
Lake Pepin), from V850 to 5000 yr BP. Prior
to 5000 yr BP, declination features such as 12
and 13 and inclination features such as 10 and
11 in core 2220 are as much as 500 years younger
than those of the Minnesota lakes. In the ¢rst
V5000 yr BP, as previously observed by Hagstrum and Champion [35], the Fish Lake record
is systematically older by 280 years.
The origin of these temporal o¡sets between
similar features could be due to time transgressive
patterns within the directional records (drifting of
non-dipole features), di¡erent lock-in depths and/
or dating inaccuracies. The 14 C age models of the
various records were derived based on the dating
of di¡erent material with di¡erent techniques
(AMS on marine carbonates for cores 2220 and
2221, L counting on bulk carbon for Lake St.
Croix and Fish Lake records, L counting on terrestrial carbon for the lava £ows, constant sedimentation rate and tuning of the inclination record for the Lake Pepin record). A common
problem with radiocarbon dating of bulk carbon
from lacustrine sediments is contamination by
‘old’ carbon [3]. This was suggested for the Lake
St. Croix record, where Lund and Banerjee [32]
systematically subtracted 980 years from every
date to correct for ‘old’ carbon contamination,
even though the consistency of such a contamination is unlikely [37]. Since much of the chronology
of Lake Pepin was derived by correlating its inclination record to that of Lake St. Croix, the
same potential chronological o¡set applies. Contamination by ‘old’ carbon was also suggested by
Hagstrum and Champion [35] to account for the
V280 year o¡set between the Fish Lake record
and the lava £ows for the last V3500 yr BP (Fig.
7). On the other hand, AMS 14 C dating of marine
carbonates avoids ‘old’ carbon contamination,
but often su¡ers from an unknown dissolved organic carbon reservoir age, which if improperly
corrected [26] would lead to errors in the age determination. Furthermore, in all the North American records, the sedimentation rates were assumed constant or estimated with a polynomial
¢t between the dated material or tie points, leading to another possible source of error. Because of
the di¡erent dating techniques used and the di¡er-
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ent quality of the chronologies established for the
North American records, the o¡sets between directional features are well within dating uncertainties.

11. Eastern Canada Holocene RPI record
11.1. Estimation of RPI
Criteria have been proposed by King et al. [38]
and Tauxe [39] to assess the reliability of sediments to record paleointensity variations. These
suggest that magnetic concentration variations
should not exceed one order of magnitude, the
remanence should be carried by stable magnetite
in the PSD grain size range, and the normalized
remanence record should not be coherent with the
bulk rock-magnetic parameter used for normalization. In previous sections, we have shown
that the postglacial sediments of cores 2220 and
2221 were characterized by a strong stable, singlecomponent magnetization. The concentration variations in the postglacial sediments, as indicated
by k, ARM30mT and IRM30mT values, vary by
factors less than 4, 5 and 4 respectively in core
2220 and less than 4, 6 and 4 respectively in core
2221. The remanence is most likely carried by a
PSD magnetite assemblage in core 2220 and a
coarser PSD to MD magnetite assemblage in

Fig. 9. RPI proxy. (A) NRM/IRM at demagnetization levels
of 20, 30 and 40 mT. (B) The arithmetic mean of the three
paleointensity proxies along with the corresponding standard
deviation (gray curves).
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core 2221. Because of its coarse grain size, core
2221 is probably not suitable for paleointensity
studies. We normalized the NRM30mT of core
2220 by k, ARM30mT and IRM30mT and tested
the coherence between these RPI proxies and their
normalizers using AnalySeries 1.2 [31] between
750 and 8500 cal BP. Signi¢cant coherence above
the 95% con¢dence limit is observed for both k
and ARM30mT normalization, but coherence is
signi¢cantly reduced when using IRM30mT (Fig.
8). The NRM/IRM ratios show almost identical
variations at di¡erent demagnetization levels (Fig.
9A), suggesting a similar coercivity spectrum for
NRM and IRM. Therefore, we use the average of
three IRM normalizations (20, 30 and 40 mT) as
our preferred RPI proxy (Fig. 9B).
Fig. 10 shows the power spectra of the inclination, declination and RPI records and the coherence between environmentally sensitive magnetic
parameters (k, kARM /k and ARM30mT ) and core
2220 RPI proxy to evaluate the e¡ect of environmental factors on the RPI record. Most of the
power in the RPI record is distributed in a relatively sharp band centered at a period of V1250
years along with a broader band centered at a
period of V420 years (Fig. 10A). At those two
periods, the RPI proxy is not coherent with any
of the environmentally sensitive magnetic parameters, implying that much of the core 2220 RPI
record is free of environmental overprints and
may therefore be geomagnetic in origin (Fig.
10B). Coherence above the 95% con¢dence level
is occasionally observed between RPI and environmentally sensitive magnetic parameters, but
at higher and lower frequencies than the ones observed in the RPI power spectrum (Fig. 10). No
correlation (r = 30.033) between the mean grain
size and the RPI records of core 2220 is observed
(Background Data Set2 , Fig. 10). Similarly, declination has signi¢cant power at the period of
V1250 years. Spectral power around a period
of V1250 years has been previously reported
for Holocene declination records (Background
Data Set2 , Table 1) from North America, South
America, Europe and Australia [40^42], suggesting a possible global geomagnetic signal with a
possible link between geomagnetic intensity and
directional changes.

Fig. 10. (A) Power spectrum of core 2220 component inclination, declination and RPI from V750 to 8500 cal BP. The
power spectra were calculated with the Blackman^Tuckey
method with a Bartlett window [31]. (B) Coherence between
environmentally sensitive magnetic parameters (k, kARM /k
and ARM30mT ) and the RPI proxy. The coherence was calculated with a Blackman^Tuckey cross-spectral analysis with a
Bartlett window [31]. The solid line represents the 95% con¢dence level.

11.2. Comparison with other North American
paleointensity records
Fig. 11 shows how the RPI record from core
2220 compares with similar records from Lake
Pepin [33] and Lake St. Croix [43], Minnesota
(USA) and from Lake LeBoeuf [38], Pennsylvania
(USA). The three RPI records are similar in shape
and amplitude from V850 to V3700 yr BP (Fig.
11B) with a maximum reached around V2250 yr
BP, which is also consistent with global absolute
paleointensity estimates derived from archeological material and lava £ows [4^6]. Common millennial- to sub-millennial-scale features are found
in all three sedimentary RPI records (Fig. 11B),
suggesting a possible common geomagnetic origin. However, signi¢cant di¡erences are observed
from V4500 to V7000 yr BP (Fig. 11A), where a
long-term decrease in core 2220 and in the Lake
St. Croix records is matched by a long-term increase in the Lake Pepin record. Such a decrease
is also observed in Holocene absolute paleointen-
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Fig. 11. Comparison of the core 2220 RPI record with the RPI records of Lake Pepin [32], Lake St. Croix [43] and Lake LeBoeuf [38] from (A) 0 to 8000 yr BP and (B) 0 to 4000 yr BP. The Lake LeBoeuf record was normalized by its mean.

sity estimates [4^6], supporting core 2220 and
Lake St. Croix RPI records in that time interval.
The core 2220 RPI record also compares favorably (r = 0.67, Background Data Set2 , Fig. 11a)
with a Finnish lake RPI record derived from
varved sediments [44]. Coherence above the 95%
con¢dence level between the two RPI records is
observed over a wide range of frequencies including at the period of V1250 years (Background
Data Set2 , Fig. 11b), extending the spatial domain
of coherent millennial-scale RPI variations.
11.3. Centennial- to millennial-scale modulation of
cosmogenic isotopes (10 Be and 14 C)
Long-period geomagnetic modulation of cosmogenic isotope production rates in the atmosphere has been demonstrated by Mazaud et al.
[45] by comparing a Mediterranean-derived RPI
record [46] with the 10 Be data from the Vostok ice
core. Several studies have also revealed negative
correlations between marine RPI records and cosmogenic isotopes [47^50]. Stoner et al. [7] demonstrated that millennial-scale variations in the £ux
of cosmogenic isotopes in the GRIP/GISP2 ice

cores could be correlated at a global scale to
high-resolution marine RPI records. Recently,
Snowball and Sandgren [51] showed that a calculated cosmogenic nuclide production rate derived
from a Swedish varved lacustrine RPI record
could be correlated to the v14 C tree ring data
[25] at millennial timescales during most of the
Holocene. These correlations imply changes in
the global-scale geomagnetic ¢eld because the
shielding occurs in space far beyond the atmosphere [52]. Similar correlations between core
2220 RPI and cosmogenic isotope production
rates should provide a means of assessing whether
the high-frequency variations observed here re£ect
variations in the global-scale ¢eld.
In Fig. 12, we compared the core 2220 RPI
record with the inverse 10 Be £ux record of the
GISP2 ice core from 3300 to 8000 cal BP, the
extent of the Holocene 10 Be data. The nuclide
£ux record was calculated with the 10 Be concentrations and age model from Finkel and Nishiizumi [53] and by using the Johnsen et al. [54] accumulation rate as suggested by R. Muscheler
(personal communication). Fig. 12A illustrates
the correlation (r = 30.49) between the core 2220
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Fig. 12. Comparison of the core 2220 RPI record with the GISP2 inverse 10 Be £ux record [53,54] from V3300 to 8000 cal BP.
(A) Both records are on their own chronology. (B) The core 2220 RPI record was tuned to the GISP2 record.

RPI record and the 10 Be £ux from the GISP2 ice
core. This correlation can be further improved
(r = 30.63) by tuning the core 2220 record to
the GISP2 record (Fig. 12B), where most of the
adjustments are less than 150 years from the original chronology. A maximum tuning of V200
years was performed from V5750 to 6000 cal
BP (Background Data Set2 , Fig. 12a).
Variations in atmospheric 14 C production rate
are also related to changes in the strength of the
Earth’s magnetic ¢eld [8^11]. Unlike 10 Be, atmospheric radiocarbon concentrations are a¡ected
by the carbon cycle, which must be accounted
for when deriving a 14 C production rate record
[11]. Moreover, agreement between 10 Be and
v14 C records during the Holocene was used to
argue that the changes in the 10 Be £ux record
re£ect variations in the global production rate
rather than changes in climate [15]. To further
assess if the centennial- to millennial-scale RPI

variations from core 2220 could be due to global-scale changes in geomagnetic ¢eld intensity, we
compared the core 2220 RPI record with the inverse smoothed 14 C production rate presented by
Bond et al. [14], which was derived from the v14 C
in tree rings [25] and corrected for marine and
terrestrial e¡ects using a four-box carbon cycling
model (see [14] for details) from 750 to 8500 cal
BP. A negative correlation of r = 30.47 is observed between the two records (Fig. 13), which
can be improved to r = 30.65 by tuning core 2220
to the 14 C production rate record (Background
Data Set2 , Fig. 13). Again, the maximum age adjustments are 6 200 years from the original chronology and within the chronological uncertainty
of core 2220 (Background Data Set2 , Fig. 12b).
This can be taken one step further, by comparing
the core 2220 RPI record, on the tuned chronology, with the unsmoothed 14 C production rate
where common centennial-scale variability is
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Fig. 13. Comparison of the core 2220 RPI record with the
smoothed inverse 14 C production rate record of [14] from
750 to 8500 cal BP. The 14 C production rate data were corrected for marine and terrestrial e¡ects using a four-box carbon cycling model (see [14] for details). A nine point running
mean was used to smooth the 14 C record. Both records are
on their own chronology.

found in both records (Background Data Set2 ,
Fig. 14).

12. Discussion
Based on our present understanding of the geomagnetic role in cosmogenic isotope modulation
(e.g., [52,55]), the inverse correlation between the
10
Be £ux and 14 C production rate records and the
RPI record suggests that these variations, and
therefore the RPI record from core 2220, are re£ecting changes in the global-scale geomagnetic

Fig. 14. Coherence between the core 2220 RPI and the 14 C
production rate [14] and 10 Be £ux [53,54] records. The RPI,
14
C and 10 Be data are as in Figs. 12A and 13. The gray
zones represent the two main periods (V1250 and 420 years)
identi¢ed from the power spectrum of the core 2220 RPI record (see Fig. 10). The coherence was calculated with a Blackman^Tuckey cross-spectral analysis with a Bartlett window
[31]. The solid line represents the 95% con¢dence level.
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¢eld. Coherence above the 95% con¢dence level
is observed between the core 2220 RPI record and
the 10 Be £ux and the 14 C production rate records
(Fig. 14) at or very close to the periods of V1250
and 420 years, supporting the geomagnetic origin
of those two periods. The similarity between the
spectral power in declination and RPI further
supports the geomagnetic origin of the RPI signal,
but also hints at an alternative possibility where
large-scale (though not global) features such as
the Northern Hemisphere £ux patches (e.g.,
[56,57]) could be driving this variability. In either
case, if the core 2220 RPI record truly re£ects
changes in the intensity of the Earth’s magnetic
¢eld, then the assumption that millennial- and
even some centennial-scale variations within the
cosmogenic isotope production rate records are
solely a function of solar variability (e.g., [12^
15]) may have to be re-examined.
Bond et al. [14] showed that changes in drift-ice
proxies within North Atlantic deep-sea cores correlate with changes in the production rate of cosmogenic nuclides (10 Be and 14 C) during the Holocene. Based on the assumption that nuclide
production rates re£ect solar variability (e.g.,
[58]), it was suggested that the North Atlantic’s
millennial-scale climate variations were in£uenced
and perhaps forced by solar changes [14]. The
data presented here show that the geomagnetic
¢eld may be the cause of these cosmogenic nuclide
changes and therefore might play a role in climate, though a correlation between Bond et al.’s
[14] North Atlantic drift-ice proxy and the core
2220 RPI record is only tentative (r = 30.34;
Background Data Set2 , Fig. 15). A connection between cosmic rays and climate, mostly via changes
in the cloud condensation nucleus abundance [59^
61], is presently being debated [59^65] and provides a possible mechanism by which geomagnetic
¢eld intensity may a¡ect climate at centennial to
millennial timescales.
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