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Abstract

High-resolution magnetic analysis has been performed on the top ~25 m of core MD99-2275 (66°33.06'N, 17°41.59'W; 440 m
water depth) from the mid-outer shelf off North Iceland. This is a key boundary region for climate changes related to atmospheric
and oceanographic variations influenced by the moving limit between the cold and warm water masses at the Polar Front and the
low depression track with its associated westerlies situated across Iceland. An age model based on tephrochronology was
previously reported for this core and has allowed precise timing of significant variations in the magnetic mineral concentration
and grain size over the last 10 cal kyr. The ‘Holocene climatic optimum’ identified in North Iceland between ~10 and 6 cal kyr BP
is characterized by minor variations in the magnetic record, while there is a clear increase in oceanographic instability from ~6 cal
kyr BP to the present. At large scale, a decreasing trend in the magnetic mineral content toward the present is presumably
associated with a change in the circulation pattern and coincides in time with decreasing North Atlantic Deep Water formation.
Short-term intervals of decreased magnetic mineral content are also identified at 5.2—4.9, 3.77-3.41, 3.01-2.7 and 0.93-0.62 cal
kyr BP, the youngest one (AD 1020 to 1330) corresponding in time to the Medieval Warm Period. These events are interpreted to
reflect periods of increased activity of the relatively warm, high salinity surface Irminger Current related to stronger input of North
Atlantic waters into the Nordic Seas. In addition, spectral analysis of selected magnetic parameters demonstrates centennial-scale
periodicities of ~715, 240, 170 and 100 yr, which are more clearly expressed in the last 6 cal kyr BP than in the previous period.
These periodicities might be attributed to intervals of persistence in the North Atlantic Oscillation (NAO) mode at centennial
timescales. This record, therefore, indicates that the Holocene climate was more unstable than is often assumed, and it demonstrates
the importance of high-resolution climatic studies for this recent time period to improve climate model predictions.
© 2005 Elsevier B.V. All rights reserved.
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stable by comparison with the extreme climate fluctua-
tions of the last glacial interval. Nevertheless, signifi-
cant climate variations also occurred during most of the
Holocene (e.g. [1]). In the mid to high latitudes of the
northern hemisphere, various past climatic records —
for example from Greenland ice cores [2], deep-sea
Holocene sediments from the North Atlantic [3,4],
speleothems data from SW Ireland [5], Holocene gla-
cier fluctuations [6—8] and eolian soil deposits from
Iceland [9] — have revealed the occurrence of abrupt
shifts notwithstanding the conventional concept of a
stable Holocene climate. Several of the Holocene cold
events, including the ‘Little Ice Age’ and the cooling at
about 8.2 cal kyr BP, have also been recognized outside
the circum-North Atlantic region [1,10], suggesting a
more global extent [11,12]. If it is widely accepted that
climate variability on timescales of 10° to 10° years is
driven primarily by orbital, or so-called Milankovitch
forcing, the causes of the observed Holocene centennial
to millennial-scale variability are still less well under-
stood. Yet, understanding these higher frequencies may
be important for predicting future climate changes and
anthropogenic induced effects.

It is now well accepted that the North Atlantic
Ocean exerts a major influence on global climate
change through formation of North Atlantic Deep
Water (NADW), which is a major component of the
thermohaline circulation (THC) associated with trans-
port of heat poleward from the Equator. The North
Atlantic Oscillation (NAO), which might be a mani-
festation of the Arctic Oscillation in the Atlantic
regions [13], has been recognized as one of the dom-
inant atmospheric modes of northern Hemisphere cli-
mate variability (e.g. [14]). The NAO winter index is
the pressure difference between Iceland and the
Azores during the winter months [15—-18]. During a
positive state of the NAO winter index, a strong
pressure gradient exists between these two areas with
a pronounced atmospheric Iceland low driving strong
mid-latitude westerlies. An air temperature cooling
trend of ~0.5 °C/yr on average since the 1960s in
the region bounded by Baffin Island and Canada in the
west and the Shetland Islands in the east has been
linked to long-term stability in the positive mode of
the NAO [16]. On a decadal timescale, the signature
of the NAO variability in the ocean north of Iceland is
imprinted in the sedimentary records of the North
Icelandic shelf [15,19].

The response of oceanic conditions to NAO vari-
ability on a longer timescale is, however, not yet fully
understood. This is partly because the NAO recon-
structions only extend 500-600 years back in time

[20,21]. Nevertheless, records of West Greenland ice
accumulation [22], tree-ring widths from the circum-
North Atlantic [23], lake sediments in Northwest Ice-
land [24] and marine sediments from the North At-
lantic [25-28] amongst others indicate that the NAO
exhibits periodic episodes of stability at decadal and
possibly centennial timescales. Since the coupling be-
tween the northern North Atlantic and global climate
suggests that these stable modes of the NAO should
affect global climate patterns, longer records of the
NAO activity are needed to assess the viability of
model predictions.

Detailed magnetic study of shelf sediments from
the MD99-2275 core on the mid-outer shelf area of
North Iceland presented here, resolves these centennial
to millennial scales of climate variability. Previous
studies of a series of high-resolution datasets from
the North Iceland margin have identified measurable
changes in oceanography and sea—ice interaction dur-
ing the last 15 cal kyr, and considerable variability
during the late Holocene [25,26,29-36], including the
Little Ice Age (LIA) [27,35,36]. Sediments have prov-
en to be reliable recorders of the past geomagnetic
field, and it is well known that the rock magnetic
properties of sediment cores, particularly magnetic
susceptibility, can be correlated with past climatic
and oceanographic changes (e.g. [37,38]). Magnetic
parameters can reflect either changes in the sources
and transport of sediments, thus reflecting the deep
water current dynamics linked with climatic variability
[39], or chemical and biological processes during
diagenesis which also control the iron mineralogy in
the sediments [40,41]. A study of the magnetic prop-
erties for the last 12 cal kyr of core MD99-2269 from
the North Iceland margin [26] has allowed establish-
ment of a link between grain size, magnetic mineral
concentration and solar forcing, which is interpreted as
being controlled by oceanographic and atmospheric
changes related to changes in relative advection of
Atlantic and Polar waters along the Iceland margin.
However, the water mass history of the North Iceland
margin and its relation to global Holocene climatic
variability remain to be fully understood.

High-resolution magnetic results for the last 10 cal
kyr in core MD99-2275 from the North Icelandic
margin confirm the long-term sensitivity of this area
to changes in environmental conditions. The study area
has the advantage of being close to Icelandic volca-
noes, which have produced numerous wide-spread
instantaneous air-fall deposits of rhyolitic, andesitic,
and basaltic composition during the Holocene [42—
45], allowing the establishment of a well-constrained
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Fig. 1. (Bottom) Present-day ocean surface circulation in the northern North Atlantic region around Iceland. (Top): Location map with the study area
north of Iceland. Piston cores MD99-2275 and MD99-2269 from the IMAGES V cruise in 1999 (R.V. Marion Dufresne) and gravity cores HM107-
05, HM107-04, HM107-03 and HM107-01 from the 1995 BIOCE cruise (R.V. Haakon Mosby) locations are also shown. The Siglunes profile
corresponds to an oceanographic section along which temperature and salinity data were measured [33,35].

age model for the last 12 cal kyr [33,46,47]. With this sediment magnetic characteristics as a proxy for sedi-
chronology as a background, the purpose of this paper ment transport and depositional processes during the
is to provide new insights on observed variability in Holocene.
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2. Oceanographic setting

The margin of North Iceland is a key area for the
study of changes in paleoceanography of the North
Atlantic (Fig. 1). The North Iceland shelf seabed is
strongly affected by surface circulation in the area
[30], and the conjugate influences of the relatively
warm, high salinity surface Irminger Current (IC) and
both the cold, low salinity East Greenland Current
(EGC) and East Icelandic Current (EIC) make it an
oceanographically sensitive boundary region [28].
This boundary region between relatively warm and
cold surface water masses defines the oceanic Polar
Front, which at present lies close to the North Icelandic
shelf.

Over the last 50 years, the North Iceland margin has
recorded drastic changes in temperature and salinity
associated with the relative dominance of warm Atlan-
tic water versus cold Arctic or Polar waters. In the late
1960s, the Great Salinity Anomaly (GSA) involved a
sharp decrease in both temperature and salinity at
hydrographic stations in Hunafloi and along the
Siglunes transect [48]. The GSA resulted from an
excursion of freshwater (sea—ice) from the Arctic
Ocean, even though the causes remain to be defined
[49,50]. A later salinity anomaly in the 1980s, sourced
in the northwestern Atlantic has also been reported
[51]. These freshwater perturbations affected convec-
tion in the Labrador Sea and caused reduction in the
formation of North Atlantic Deep Water [51,52].
Changes in the formation of this water mass have
been shown to propagate rapidly through the North
Atlantic [53]. The strength of the North Atlantic Cur-
rent, and hence of the IC, is usually related to deep
water formation in the Nordic Seas and is expected to
get stronger during periods of active deep water for-
mation. During periods of freshening north of Iceland,
strong inputs of the EGC and EIC are associated with
weakening of the IC [33]. Periods with strong EIC are
characterized by increased sea—ice, cold winters and
short summers. Thus, decadal to centennial changes in
the relative strength of the ocean currents can have
dramatic consequences for the climate in Iceland,
which is oceanic in character [54].

On the northern shelf of Iceland, the strongest
current velocities are generally observed at the surface
close to the shelf edge, decreasing landward and
below 50 m depth, and considerable mixing of water
masses takes place. The IC influences the sea floor of
the inner part of the North Icelandic shelf, while the
deepest realms, reaching water depths of over 600 m,
are occupied by Arctic Intermediate waters (AIW),

which is formed by convection in the Iceland and
Greenland seas (i.e. [29,30,34,55,56]). To the north
of Iceland, the surface water masses are replaced at
~400-500 m by the Norwegian Sea Deep Water
(NSDW), which fills the deep-sea basins down to
the sea floor. This water mass forms cold southward
overflows, the closest of which to the North Icelandic
shelf crosses the Iceland—Faroe Ridge at depths of less
than 500 m. Based on the modern temperature and
salinity data of the Siglunes transect (Fig. 1), Knudsen
and Eiriksson [33] state that due to the topography of
the shelf, deep water masses may be expected to
encroach into topographic lows and basins during
periods of active deep water formation in the Nordic
Seas.

3. Core setting and age model

CALYPSO piston core MD99-2275 (66°33.06'N,
17°41.59'W; 440 m water depth) was recovered during
the 1999 IMAGES V cruise of the R/V Marion
Dufresne from the North Icelandic shelf close to Grim-
sey Island (Fig. 1). The coring site is situated in the
tectonically active Tjornes Fracture Zone (TFZ), which
is characterized by a series of north-south trending
troughs and ridges [57], thus featuring numerous active
basins in a mud-dominated shelf environment. Site
MD99-2275 lies in the Skjalfandadjup trough, which
is about 50 km offshore. It was cored on relatively level
topography in order to minimize risks of catastrophic
depositional or erosional events and to avoid turbidity
current channels fed by the North Icelandic fjord deltas
[33]. The sediments of the ~25 m record studied here
are mainly composed of dark silty clays.

Available high-resolution seismic profiling (3.75
kHz sub-bottom profiler) indicates that the whole se-
quence penetrated by core MD99-2275 is conformable
and undisturbed by tectonic events [58]. The water
depth of over 400 m is well below the reach of ero-
sional forces by storm waves [59]. Measurements of
anisotropy of magnetic susceptibility (AMS) performed
over the top 8 m of the core reveal systematically oblate
fabrics (P factor ranging from 1.01 to 1.05) with the
minimum axis perpendicular to the deposition plane.
This indicates a sedimentary deposition in a calm en-
vironment with no further perturbation. Core stretching
is also not evidenced by these measurements. In addi-
tion, thirty-five radiocarbon dates are available between
tephra layers throughout the Holocene ([47] and un-
published data) and they reveal no disturbances nor
major deviations from linear sedimentation rates. How-
ever, reservoir age variability in the research area has
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Fig. 2. Age-depth model for core MD99-2275 based on the tephro-
chronology established for the Holocene by Larsen et al. [46] and
Eiriksson et al. [47].

been demonstrated and therefore a tephrochronological
age model was preferred for this core [47].

The tephrochronological age model for core MD99-
2275 (Fig. 2) has been established following Larsen et
al. [46], Knudsen and Eiriksson [33] and Eiriksson et
al. [47] by linear interpolation between well-con-
strained ages of eleven tephras. This age model is
considered as very reliable for the last 1100 years
while, for the earlier part of the record, tephra markers
provide reliable dates at 2980, 4200, 7125, 10200 and
12000 cal. yr BP. Between these points, the age model
uncertainties may amount to tens to hundred years,
although available radiocarbon dates do not indicate
major deviations. The Holocene tephrochronology of
Iceland is well documented and distribution maps for
all major rhyolitic and most of the major basaltic air fall
tephras, as well as their approximate age, are known in
detail (e.g. [42-46,60,61]). Consequently, the occur-
rence of major unknown or undetected tephra deposits
in core MD99-2275, which has been checked visually
at 1 cm intervals, is considered unlikely. The ages of the
tephra markers are based on historical records from
Iceland for the last 900 yr, correlation with Greenland
Ice for the Settlement layer (AD 872), and on radiocar-
bon dates of terrestrial material for the older tephras
[46,47,61]. These independent in situ dates provide a
reliable basis for high-resolution analysis of climatic
variations in this record. All ages reported in this paper
are calibrated years (before AD 1950). Based on this
age model, the sediment accumulation rate of core

MD99-2275 amounts to between ~2 and 5 mm/yr,
being close to 5 mm/yr at the top and base of the

record, but mainly close to 2 mm/yr from c. 9.5 to
0.5 cal. kyr BP.

4. Magnetic results

Various measurements and ratios of sediment mag-
netic parameters can be used to describe magnetic
mineral concentrations, mineralogy and grain size
[37,38,62]. Below, we present magnetic property anal-
yses of the uppermost ~25 m of core MD99-2275.

The core was sampled continuously with 1.5 m
u-channels [63,64] and measurements of the natural
remanent magnetization (NRM), anhysteretic remanent
magnetization (ARM), and isothermal remanent mag-
netization (IRM) were made at 2 cm intervals using a
pass-through, high-resolution cryogenic magnetometer
with DC-SQUIDs that is housed in a shielded room at
the LSCE. Demagnetization of the u-channels was
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Fig. 3. (a) S-ratio (IRMg 3 ,,7/IRM; 1) for core MD99-2275 versus age
in calendar years before 1950. All the values are close to unity, which
is consistent with magnetite as the main magnetic carrier. (b) Example
of high-field thermomagnetic curves showing a single Curie point at
around 580 °C, which is also representative of low-Ti magnetite as the
main component of the magnetic fraction.



S. Rousse et al. / Earth and Planetary Science Letters 242 (2006) 390—405 395

performed with stepwise in-line alternating field (AF)
treatment in 10 to 15 steps. ARM was imparted along
the axis of the u-channel using a 100 mT AF and a 50
uT DC bias field. IRM was imparted along the Z axis
of the u-channel with a field of 1 T using a solenoid
pulse magnetizer. Low-field magnetic susceptibility
(k) was measured at 2 cm intervals with a Bartington
Instruments coil. The measurement resolution of both
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the cryogenic magnetometer and the small diameter
Bartington coil is about 4.5 cm. Therefore, for core
MD99-2275, the sampling resolution is one indepen-
dent data point every ~10-20 years depending on
sedimentation rate. An alternating gradient magnetom-
eter (AGM 2900) was used for hysteresis analysis of
small amounts of sediment taken at 2 to 10 cm inter-
vals. A few magnetic extractions were conducted for
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sediments from the uppermost 5 m of the core for
thermomagnetic analysis.

In general, the core has strong magnetizations illus-
trating a high magnetic mineral content of these basaltic
derived sediments. The S-ratio (IRM-gs1/IRM; 1)
remains remarkably constant and varies between 0.94
and 1 (Fig. 3a), which is indicative of the predominance
of low-coercivity grains. The average value of the
median destructive field of the NRM is about 25 mT,
and the coercivity of remanence varies between 35 and
44 mT. The few thermomagnetic curves obtained for the
uppermost 5 m of the core, with their almost reversible
behavior, indicate the presence of a single magnetic
phase with a Curie Temperature of 580 °C, which is
typical of low-Ti magnetite (Fig. 3b). The small irre-
versibility could be interpreted as limited neo-formation
of magnetite or loss of Ti upon heating. All of these
parameters are consistent with low-Ti magnetite as the
main ferromagnetic carrier (s.1.). We note that the
basaltic province of Iceland is one of the most signifi-
cant sources of magnetite for the North Atlantic and
probably also for the southern Norwegian Sea [65].

ARM values versus low field susceptibility x data are
commonly plotted to infer changes in magnetite grain
sizes (Fig. 4a, left). In our record, they are distributed
along a line that passes through the origin of the ARM
vs. k plot, indicating rather uniform magnetic grain sizes
and a weak paramagnetic contribution to k. All samples
fall within the pseudo single domain (PSD) grain size

1.2,

ARM (A/m)

k (102 s1)

range [66] (Fig. 4a, right), with M /M ratios ranging
from 0.16 to 0.28 and H,/H. ratios ranging from 2.34
to 2.79. Within this rather limited grain size range, we
observe some scatter around the mean slope on the
ARM vs k diagram and a small trend on the Day
diagram. To visualize these small changes with time,
we report variations of the ARM/k and ARM/IRM
ratios (Fig. 4b, upper) and show a comparison with
the M,/ M ratio for the most recent time interval (Fig.
4b, lower). On long-term scales, we note that the mag-
netic grain size seems relatively constant before ~5.5 cal
kyr BP, while a more unstable pattern is observed from
~5.5 cal kyr BP to present, which is superimposed on a
slight decreasing trend in magnetite grain size.

The bulk magnetic parameters x, ARM and IRM
have similar patterns for long-term trends and short-
term features (Fig. 5). The similarity of the three bulk
magnetic parameters combined with the data above
confirms that the observed variations are essentially
controlled by changes in concentration of magnetite
rather than by dominant changes in magnetic mineral-
ogy and/or magnetic grain size. On the long-term, a
sharp increase in magnetite concentration is recorded in
the 10 to 9.5 cal kyr BP interval (even though a longer
record would be necessary to constrain this feature
better). It is followed by a rather progressive decrease
from 9.5 cal kyr BP to the present. Short-term features
are observed mainly between 5.5 cal kyr BP and the
present and are illustrated by abrupt decreases in mag-
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Fig. 5. Bulk magnetic parameters: low-field magnetic susceptibility x, ARM and IRM versus age indicating that the main changes in the magnetic
parameters reflect changes in magnetite concentration. The occurrences of the tephra layers are indicated with dashed lines.
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netite concentration and slightly coarser magnetite
grains (Figs. 4 and 5). These features are observed in
the time intervals 5.20-4.90, 3.77-3.41, 3.01-2.70 and
0.93-0.62 cal kyr BP. For older ages, where the age
model is less well constrained, the more subdued char-
acter of the record renders the characterization of in-
ferred events more difficult. However, although less
prominent than the younger ones, significant drops in
the magnetite content are also observed at 7.7-7.5 and
8.2-8.0 cal kyr BP.

Whether these changes can partly be related to dilu-
tion by carbonate cannot accurately be assessed since
carbonate content has not yet been analyzed at the same
resolution as the magnetic properties in core MD99-
2275. However, we know that the carbonate content in
the region is generally low, mainly around or below
10% (from measurements in nearby cores HM107-03
and HM107-05 [29,33]) and core MD99-2275 is no
exception with values ranging between 4% and 5%
during and immediately before the MWP, and with a
gradual decrease to a minimum of 2% during the LIA
[67]. Tt is, thus, unlikely that carbonate content plays a
dominant role in dilution of the magnetic fraction.
Moreover, each identified change in magnetite concen-
tration is associated with a change in magnetic grain
size, which is a parameter that is independent of dilu-
tion processes. On the other hand, two of the short-term
features also include large rhyolitic tephra markers
(Fig. 5), the Hekla 3 (2980 cal yr BP) and Hekla AD
1104 (850 cal yr BP) layers, which might locally en-
hance these features, because rhyolite glass does not
contain appreciable amounts of magnetite. A magnetite
concentration minimum is also observed at the level of
the Hekla 4 (4200 cal yr BP) rhyolitic tephra marker,
but not at the Hekla 5 layer (7125 cal yr BP). Based on
these considerations, and on the duration of the short-
term features identified, the low likelihood of missing
tephra (see above) and the fact that the occurrence of
the tephra markers does not notably affect the grain size
record (see Fig. 4b, Hekla 4, for example), which
always accompanies the short-term features, it seems
unlikely that these latter features on the magnetite
concentration record owe their origin only to the pres-
ence of tephra.

Changes in the amount of PSD magnetite (s.1.) thus
dominate the short and long-term variations observed in
the bulk magnetic parameters of core MD99-2275.
Because the magnetic record is dominated by magnetite
and because the effects of diagenesis are minimal, the
magnetic record can be interpreted as a primary depo-
sitional signal (rather than authigenic) that is controlled
by provenance and/or sediment dynamics. In terms of

long-term trends, it seems that the dynamics of the
detrital input to this site changed at around 5.5 cal
kyr BP. The magnetic input, which had a rather uniform
grain size between 10 and 5.5 cal kyr BP, underwent
rapid and abrupt changes during the younger period.
These short-term events are characterized by a lower
magnetite content associated with slightly coarser mag-
netic grains than in the neighboring intervals.

5. Interpretation and discussion

Different mechanisms may be invoked for the trans-
port of magnetic particles to the site of deposition, the
principal mechanisms being wind, melting of icebergs
or seabed currents. As far as melting events are
concerned, we first observed the absence of a clear
relationship between variations in magnetite concentra-
tion and the presence of ice rafting events in the North
Atlantic [3] at about 8.1, 5.9, 4.3, 2.8 and 1.4 cal kyr
(Fig. 6). In addition, the grain size of the magnetic
particles, which should be larger on average during
IRD events, also seems highly uncorrelated. Thus, no
obvious contribution of magnetic IRD is observed in
our record.

The effect of wind versus seabed currents is more
difficult to assess. Interpretation of Holocene sea sur-
face temperature (SST) records from surface currents
of the North Atlantic [28] have demonstrated that the
North Icelandic shelf is an oceanographically unstable
frontal zone between the EIC, EGC and IC that is
sensitive to climate changes (see also the records in
[26,29-36]). These records [28] also seem to imply
long-term NAO signatures, which were more positive
from the Early Holocene to 4 cal kyr BP with a gradual
transition toward a negative NAO signature after 4 cal
kyr BP. On the other hand, a record of the last 10 kyr
BP from Icelandic eolian soil deposits [9] reveals
several windy and cold episodes, associated with evi-
dence for cold and windy climate in central Greenland
and diminution of deep-water formation (NADW) in
the North Atlantic, which is not consistent with a
persistent negative phase of the AO-NAO. These ap-
parently conflicting datasets first demonstrate the
strong long-term atmosphere-ocean coupling for the
Holocene in this region, but they also reflect the fact
that even the present-day links between the atmosphere
and hydrographic variations in the Greenland and Ice-
land Seas and the THC are not clear [55]. Neither is
there a clear long-term association between major sa-
linity anomalies of North Iceland and the phases of the
NAO [15,16]. However, the best known of these
events, the ‘Great Salinity Anomaly’ of the 1960s
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[48,55], coincided with a strong negative NAO winter
index. A negative state of the NAO index, sustained
over a decade or longer, leads to predominantly north-
erly winds east of Greenland caused by high pressure
over Greenland. This enhances the flow of the East
Greenland and East Icelandic Currents and leads to a
southward movement of the sea—ice limit toward or
onto the North Icelandic shelf (see also [69]). The
Great Salinity Anomaly was a period of freshening
and cooling of surface waters north of Iceland and
prolonged sea—ice cover on the North Icelandic shelf.
Conversely, in a sustained positive NAO index, storm-
iness is increased and the wind directions across Ice-
land are characterized by a strong Iceland Low and
predominantly southerly and southeasterly winds, car-
rying relatively warm air to the Greenland and Iceland
Seas and pushing the sea—ice limit northward, probably
by a combination of thermodynamic processes and
wind stress.

Prolonged intervals with a tendency to a preferred
negative NAO index can be predicted to cause reduced
current velocities on the North Iceland shelf seabed and
increased deposition of sediment released from melting
sea—ice and icebergs. This additional sediment source

would be predicted to dilute the magnetic mineral
content of the shelf sediment during intervals of in-
creased sea—ice. The linkage of these oceanographic
changes to atmospheric conditions associated with a
negative NAO index has been suggested by Hurrel et
al. [15], involving a high pressure field over Greenland
and enhanced northerly winds to the east of the high.
Conversely, dominantly southeasterly winds across Ice-
land would strengthen the IC. The magnetite concen-
tration would then be predicted to increase again to
reflect the predominance of provenance from Iceland.

Therefore, the changes in the magnetic parameters
measured here most probably result from the combina-
tion of the different but related effects of sea-bed ac-
tivity and wind. In particular, they could reflect changes
in the flux of Atlantic versus Arctic/Polar waters and
associated current activity, which in turn are related to
the strength and location of the Iceland Low and Green-
land High pressure systems, as these control the wind
curl stress off North Iceland [55]. Due to the proximity
of the oceanographically unstable front, we tentatively
hypothesize that the most plausible explanation of
short-term oscillations in core MD99-2275 is that
they mainly reflect variations in current dynamics in
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this region of the North Iceland shelf (as for core
MD99-2269, see [32]). If true, then changes in the
magnetite concentration and associated small variations
in magnetic grain size would reflect changes in the
velocity of bottom currents during deposition of the
sediment drift, which would have induced variations
in the efficiency of the bottom current to transport
magnetite-rich sediments to the site. Based on this
hypothesis, we first examine the meaning of the clearly
expressed intervals of low magnetite concentration as-
sociated with slightly coarser magnetic grain sizes.

The time interval 0.93-0.62 cal kyr BP corresponds
temporally to the Medieval Warm Period (MWP). A
strong climate manifestation of this event is clearly
expressed in previous studies of North Iceland shelf
sediments, primarily from foraminiferal, diatom and
stable isotope studies of core MD99-2275 and the
nearby cores HM107-01 and HMI107-03 [35,36].
These authors report a time period between 1.2 and
0.7 cal kyr BP (for core MD99-2275), which includes
the MWP, that is characterized by relatively high bot-
tom and surface temperature due to increased influence
of the IC. Historical records report that around the time
of settlement (AD 870), Iceland experienced a relative-
ly warm interval, while cooler conditions were noted
around AD 1200-1300 [56]. Low magnetite concentra-
tion and relatively coarse magnetic grain sizes, as
expressed in our record from AD ~1020 to 1330 are
therefore thought to be associated with renewed activity
of the warm, saline IC.

The subsequent period, which corresponds in time to
the Little Ice Age (LIA), is characterized by more
abundant and finer magnetic grains. The termination
of this period is not clearly expressed, but it could be at
around 0.15 cal kyr BP where a significant drop in the
magnetite concentration is observed. The most recent
values are still lower than in the 0.62-0.15 cal kyr BP
interval. According to historical sources, the Icelandic
climate cooled further in the LIA from AD ~1400 to
1900 [54]. Even though this cooling was variable and
punctuated by mild intervals, warm conditions were not
reached again before the end of the 19th century. Fo-
raminiferal and isotopic results from the same core [35]
indicate a general drop in temperature, both in surface
waters and at the sea floor, after ~0.7-0.65 cal kyr BP.
This marks the transition to increased influence of the
cold, low salinity waters of the East Icelandic Current.
This shift corresponds in time to the beginning of our
period of higher magnetite concentration and finer grain
size. The finer grain size is considered consistent with
the data of Knudsen et al. [35] that indicate sluggish
bottom currents resulting from a reduced IC influence

north of Iceland. High sedimentation rates appear to
have been maintained, however, probably due to in-
creased ice rafting and biological productivity associat-
ed with the presence of the Polar Front. A subsequent
shift at around 0.4-0.3 kyr BP to renewed influence of
dense, high salinity Atlantic waters at the sea floor [70]
is not clearly expressed in our magnetic record. The
older reported historical climatic variability (i.e. the
Dark Ages Cold Period and the Roman Warm Period)
was also not clearly triggered in our record. However,
relatively higher SST at ~1.6 cal kyr BP and cooler
waters at around 1.3 cal kyr BP, as recorded by the
diatom distribution in core HM107-03 [57], are in
broad agreement with the pattern of the magnetic var-
iations before the MWP.

Using the MWP as an analog, observed short-term
intervals of decreased magnetite content and slightly
coarser grain size (i.e. 5.2-4.9, 3.77-3.41 and 3.01-2.7
cal kyr BP, perhaps as well as 8.2-8.0 and 7.7-7.5 cal
kyr BP), would be expected to reflect periods of relative
warming or at least more enhanced IC influence, that
were potentially related to periods of enhanced NADW
formation (see [33]). Some of these events are weakly
correlated with a high-resolution oxygen isotope record
in a speleothem from Southwest Ireland [5]. This record
suggests cooling events at 8.2, 7.73, 5.21, 4.2 cal kyr
BP, each followed by a warming event. The events
expressed in our record at 8.2-8.0, 7.7-7.5, 5.2-4.9
and 3.77-3.41 cal kyr BP roughly coincide with these
warming events, but a clear relationship cannot be
established. Recent data from eolian soil deposits
from southern Iceland [9] also reveal the presence of
cold and windy periods with peaks at 8.2, 7.4, 5.5, 4.3,
3.3, 1.6 and 0.6-0.1 kyr. Winds climaxed in Iceland at
5.5 kyr [9], a period that correlates with evidence of a
minimum in NADW formation. Again, even if a clear
relationship cannot be established, it is striking and
encouraging that all of these cold and windy events
fall outside the boundaries of our so-called ‘warmer’
periods or periods with increased influence of the IC.
Our record is also coherent with the global Holocene
climate variability discussed by Mayewski et al. [1] (see
Fig. 6). However, we should note here that cooling
events do not seem to have a marked signature in the
magnetic record, which is apparently more sensitive to
enhanced influences of the warm saline IC. This ren-
ders correlations more difficult since triggering of
‘cold’ events is discussed more in the literature. For
example, the 8.2 kyr BP cooling event, which is gen-
erally regarded as the most significant Holocene cool-
ing episode and was associated with a major influx of
freshwater in Hudson Bay [71], is not explicitly
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expressed in the magnetic record, although it has a clear
expression in sediments of the Norwegian Sea [72] and
its effects were felt widely in the North Atlantic region
(e.g. [11,73]). Considering the age model uncertainties
for this part of the record, however, the slight increase
in magnetization associated with finer magnetic grain-
sizes just before 8.2-8.0 cal. kyr BP (Fig. 6) might
correspond to the 8.2 cal. kyr BP cooling event. No
clear relationship could also be found with the glacier
advances from Iceland [8] (Fig. 6). These observations
suggest that incursions of the IC have a pronounced
influence on short-term changes in the dynamics of
detrital input at the core site, which is otherwise dom-
inated by cold currents. These short-term changes are
especially expressed in the interval from 5.5 cal kyr to
the present.

A multi-proxy analysis of two cores from the North
Icelandic shelf (Fig. 1), HM107-04 and HM107-05
[29,74], indicates a faunal change immediately before
deposition of the 10.2 kyr BP Saksunarvatn tephra which
is linked to an influx of relatively warm, saline and
nutrient-rich water that was related to a strengthening
of the paleo-Irminger Current. This change trigger the
beginning of the Holocene Climatic Optimum identified
between 10.2 and 67 cal kyr BP in this area [29,74]. It
corresponds in our record to an increase in magnetite
concentration that is accompanied by an increase in grain
size until ~9 cal kyr BP, and is followed by a period with
a constant magnetite grain size and a quasi-monotonous
decrease in magnetite concentration (Fig. 6). After ~6 cal
kyr BP, continued dominance of relatively warm, saline
water remained at the site of core HM107-05, but with
gradually cooling and fluctuating conditions. The sort-
able silt fraction is generally lower and fluctuates strong-
ly after ~6 cal kyr BP. This is interpreted to be a result of
gradually more sluggish currents and increased influ-
ence of the EIC [30]. These changes presumably also
influenced the MID99-2275 record, which exhibits clear-
ly increased variability after 6 cal kyr BP.

Based on a 6'3C record from epifaunal benthic
foraminifera at ODP site 980 (55° N, 15° W, depth
2179 m) on the Feni Drift, Oppo et al. [75] reported
reductions in the NADW contribution at 9.3, 8, 5, and
2.8 kyr ago. They also identified a trend of decreasing
NADW contribution that began at about 6.5 kyr with a
minimum at around 5 kyr BP. The long-term decrease
in NADW contribution could be expressed in our re-
cord by the decreasing trend in the magnetite content,
although the detailed records do not match well. This
trend could also express a change in current dynamics
at around 5.5 cal kyr BP, with a tendency to finer
magnetite grain size toward the present (Fig. 4b) po-

tentially reflecting a decreasing influence of the IC
associated with a cooling trend.

The MD99-2275 record therefore seems to be influ-
enced by two different oceanographic regimes: a long-
term trend of decreasing input of magnetic minerals to
the core site with a marked change in oceanographic
dynamics at around 5.5 cal kyr and short-term fluctua-
tions that are more clearly expressed in the last 5.5 cal
kyr and that are considered to be related to incursions of
the warm high salinity IC. One explanation for the
long-term trend might be that at around 5.5 cal yr BP
a change took place in the regional oceanography,
which resulted in sediment load coming from a differ-
ent petrological region with more non-magnetic grains
with respect to the previous period that was dominated
by the magnetite-rich Icelandic provenance. This would
not necessarily affect the strength of the IC, but the
water column on the North Icelandic shelf would then
become more stratified. In the North Iceland shelf
sedimentary record, a relationship between heavy sea—
ice intervals based on documentary evidence and in-
creased sand sized quartz in the sediments dated to
these intervals has been demonstrated [35]. Quartz is
an extremely rare mineral in the bedrock of Iceland and
must have provenance outside Iceland. Benthic forami-
nifera, stable isotopes and IRD fluxes recorded in two
east Greenland shelf cores (JIM96-1206/1-GC and
IM96-1207/1-GC; [76]) also indicate a shift toward
colder, low salinity ‘polar’ conditions after 5 cal kyr
BP. A surface water cooling, indicated by ice rafted
debris, starting at ~6 cal kyr BP and termed the neogla-
cial cooling, is also evidenced in the Denmark Strait
[3]. The mechanism driving the short-term oscillations
observed from 5.5 cal kyr BP to present is more diffi-
cult to explain. These oscillations seem to be linked to
incursions of Atlantic water carried by the IC that
caused the events of reduced magnetite concentration
and slightly coarser magnetite grain-size. A possible
explanation could be that rapid incursions of this cur-
rent could have enhanced the bottom flow and washed
the fine particles elsewhere.

Giraudeau et al. [34] studied coccoliths and benthic
foraminifera at a more westward locality on the North
Icelandic shelf for the last 10 cal kyr (core MD99-2269;
Fig. 1), and used modern oceanographic and atmo-
spheric data as analogues to explain the long-term
Holocene evolution of surface and bottom hydrology.
They argued that the early Holocene up to 7 cal kyr BP
was a time of enhanced atmospheric circulation over
the Nordic Seas, with surface water warming off North
Iceland linked to reduced influence of the EIC, but with
limited inflow of Irminger water around NW Iceland.
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These conditions were followed by cooling from 6.5 to
3.5 cal kyr BP, associated with reduced atmospheric
and gyre circulation in the Iceland sea and a strong
Atlantic signature of intermediate waters over the North
Iceland shelf in relation to enhanced flow of Irminger
waters. In this oceanographic setting, reduced concen-
trations of magnetite would always be associated with
enhanced activity of the IC and enhanced carbonate
content. However, we note that the timing of these
postulated changes does apparently not coincide with
the changes observed in the magnetic record of the
present study.

An investigation of cyclicity in the magnetic record
of core MD99-2275 was also performed using a simple
Blackman—Tukey spectral analysis. This analysis was
performed on x and ARM records, and on the ratios
ARM/IRM and ARM/k. In Fig. 7, we present the
analyses for ARM and ARM/x. Comparison of spectral
analysis for different magnetic parameters indicates
statistically significant periodicities at ~714, 238, 167
and 104 yr. We choose only the peaks that were the
most significant at the 95% confidence interval and
were more intense than a background red noise.

Also shown in Fig. 7 is a wavelet analysis, which
indicates the non-stationary frequencies by decompos-
ing them in time and space [77]. The wavelet used here
provides relatively poor time resolution, but high fre-
quency resolution so that cycles in the data can be
identified with a narrower spectral band. This analysis
was performed using the ION program (http:/ion.
researchsystems.com/cgi- bin/ion-p?page=wavelet.ion).
The results of this spectral analysis emphasize again the
change of regime at around 6 cal kyr BP, with much of
the well-expressed cyclicity being principally reflected
in the 0-6 cal kyr BP time interval. Most of the peri-
odicities described above are also identified by this
analysis, and, even though their expression is enhanced
after 6 cal kyr BP, they are apparent in the rest of the
record, especially the ~714, ~238 and ~104 yr periods.
We are less confident in the multi-decadal variability,
which is not isolated by the Blackman—Tukey spectral
analysis, and we do not discuss it further.

Some of the identified peaks from both spectral
analyses have also been found in other records from
Iceland and adjacent areas. Doner [24] reported periods
of 100 to 130 yr in a geochemical record from two lakes
in Northwest Iceland, with the 100 yr cycle being the
most persistent. This author hypothesized that the sig-
nal is linked to erosion related to higher precipitation
and/or freeze—thaw activity. High erosion can be
expected when the NAO winter index is positive,
with strong westerlies and northeast trade wind and

anomalously strong Iceland Low increasing cyclogen-
esis in the region (see also [16]). Alternatively, salinity
anomalies such as the GSAs are known to create many
of the same climate effects as the NAO in the northern
North Atlantic and could be an alternative mechanism
for erosion cycles. The overall forcing behind the GSAs
and the NAO has been linked to the Arctic Oscillation.
Therefore, this marine record combined with lake
records further strengthens the need to take into account
this 100 yr cycle in models of global climate changes.

The study of MD99-2269, also from the north Ice-
landic shelf [32], equally reveals various centennial-
scale cyclicities, including a period at 170 yr, which
is also present in our record. Moreover, the 240 and 715
yr periods, which are robust in our record, approach the
230 and 885 yr cyclicities of Sarnthein et al. [78] and
the 210-230 and 800-900 yr cyclicities of Bond et al.
[4], which were interpreted to represent solar variabil-
ity. Therefore, the observations presented here should
constitute a valuable extended target for dynamical
model approaches to understand forced climate vari-
ability and instability during the Holocene.

6. Conclusion

The high-resolution record of magnetic properties
from the MD99-2275 core since 10 cal kyr BP (before
1950) has allowed us to identify some important fea-
tures of Holocene climatic variability at high northern
latitudes. Increased oceanic instability, which was likely
linked to climatic variability, is observed from around 6
cal kyr BP, with enhanced short-term oscillations in the
more recent period. The MWP is well expressed in the
magnetic record (0.67-0.93 cal kyr BP; AD ~1020 to
1330) by reduced concentration of magnetic minerals
and slightly coarser magnetic grain size, which are
probably linked to increased activity of the Irminger
Current. Several similar periods at 5.2-4.9, 3.77-3.41
and 3.01-2.7 cal kyr BP, and maybe also 8.2-8.0 and
7.7-7.5 cal kyr BP are presumably also related to
changes in the relative strength of the Irminger Current
and the East Icelandic Current. North Atlantic ice raft-
ing events and glacier advances on Iceland cannot be
correlated with the observed variations. The 8.2 cal kyr
BP cooling event [79] is not clearly expressed in our
record either. Clearly, more proxies and comparisons
are needed to achieve a better understanding of the
background for the observed variations. A strong cy-
clicity, which is particularly enhanced in the last 6 kyr,
is observed with periods of ~715, 240, 170 and 100 yr.
These periods might be associated with longer-term
effects of the North Atlantic Oscillation (NAO). Our
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results emphasize the need for further investigation of
high-resolution records of the Holocene to assess cli-
matic instability in this period and its impact on global
climate model predictions.
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