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Abstract

A new Greenland Ice Core Chronology (GICCO05) based on multi-parameter counting of annual layers has been obtained for the last
42 ka. Here we compare the glacial part of the new time scale, which is based entirely on records from the NorthGRIP ice core, to existing
time scales and reference horizons covering the same period. These include the GRIP and NorthGRIP modelled time scales, the Meese-
Sowers GISP2 counted time scale, the Shackleton—Fairbanks GRIP time scale (SFCP04) based on '*C calibration of a marine core, the
Hulu Cave record, three volcanic reference horizons, and the Laschamp geomagnetic excursion event occurring around Greenland
Interstadial 10. GICCOS is generally in good long-term agreement with the existing Greenland ice core chronologies and with the Hulu
Cave record, but on shorter time scales there are significant discrepancies. Around the Last Glacial Maximum there is a more than 1 ka
age difference between GICCO05 and SFCP04 and a more than 0.5 ka discrepancy in the same direction between GICCO5 and the age of a
recently identified tephra layer in the NorthGRIP ice core. Both SFCP04 and the tephra age are based on '*C-dated marine cores and

fixed marine reservoir ages. For the Laschamp event, GICCO05 agrees with a recent independent dating within the uncertainties.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Ice cores from Antarctica and Greenland are unique
archives that provide a detailed record of past climate and
have an important role in the prediction of climatic
changes in the future. However, a correct interpretation
of the ice core records, and of many other paleoclimatic
records that are linked to the ice cores by reference
horizons, relies heavily on the availability of an accurate ice
core chronology. Since the start of deep ice core drillings in
the late sixties, the development of ice core time scales has,
therefore, been an area of great interest.

In most of Antarctica and in parts of Greenland, dating
of ice cores is only possible by means of ice flow modelling
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or by identification of well-dated reference horizons. In
some locations, however, the accumulation is sufficiently
high to enable a chronology to be built by annual layer
counting in a similar way to the methods used in
dendrochronology and in the study of varve records. To
date, the Greenland ice cores provide the only paleocli-
matic archive in which the absolute dating can be
performed continuously by counting of annual layers from
present day into the glacial period.

Although a Greenland ice core chronology is of utmost
importance it has so far not been possible to establish an
agreed master chronology reaching back into the glacial
period (Southon, 2004). The most commonly used Green-
land time scales have been the model-based GRIP time
scales and the counted GISP2 time scales, which deviate by
several thousands of years beyond 50ka b2k (before the
year 2000 AD).
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Recently, a new Greenland time scale based on multi-
parameter counting of annual layers has been developed
for the last 42ka. The Greenland Ice Core Chronology
2005 (GICCO05) is based on the Dye-3, GRIP and
NorthGRIP ice cores for the 0-10ka period (Vinther
et al., 2006), whereas the NorthGRIP records are
solely used for the 10-15ka period (Rasmussen et al.,
2006a) and the 15-42ka period (Andersen et al., 2006).
The NorthGRIP ice core is particularly favourable for
dating of the glacial period because several high-resolution
records are available and because the layer thinning in
the deep ice is less pronounced than in other deep
Greenland ice cores (North Greenland Ice-Core Project
(NorthGRIP) Members, 2004). This is due to basal melt
at the NorthGRIP site, which causes the deepest part
of the core to maintain a centimeter-sized annual layer
thickness.

One of the strengths of a counted time scale is that it
provides very accurate differential dating, whereas a
weakness lies in the increasing accumulated error,
which—except for the hypothetical case of a perfect
counting—often will be biased. On the other hand, time
scales based on absolute dating methods, such as radio-
metric dates, may provide very accurate absolute dates,
whereas relative ages typically will be less well determined.
Absolute chronologies based on radiometric dating may,
however, also be biased, for example if the analyzed
material has not been completely sealed off since forma-
tion, if there are unknown reservoir ages, or if the decay
constants are not precisely known.

As each time scale has different strengths and
weaknesses, it is important that the time scales are
obtained as independently as possible. Only by comparing
independently obtained time scales will it be possible
to pinpoint the inaccuracies and their extent within
the individual chronologies. For instance, it has been
argued that Greenland ice core chronologies may be
biased due to the potential risk of ‘missing annual
layers’—in particular during cold glacial periods. The only
definitive way to test this is to provide an ice core
chronology that agrees well with independently dated
reference horizons.

Here, we compare GICCOS5 to a number of other
independently obtained chronologies and reference hor-
izons within the time interval 1042 ka b2k. We refer to the
Dansgaard—Oeschger (D-O) events during the last glacial
period as Greenland Interstadials (GI) for the mild periods
and Greenland Stadials (GS) for the cold periods. We
define the Marine Isotope Stage 2 (MIS2) as the period
from the onset of GI-3 to the termination of the Younger
Dryas, and we use the term Last Glacial Maximum (LGM)
for the cold period between GI-2 and GI-3, which is
equivalent to GS-3. Ages are specified in units of ‘b2k’
( = before year 2000 AD) or ‘BP’ ( = before year 1950 AD)
and uncertainties for GICCO5 ages are quoted as 1a, which
is equal to half the maximum counting error (Andersen
et al., 2000).

2. The NorthGRIP modelled time scale

The existing time scales for the glacial part of the GRIP
and NorthGRIP ice cores are mainly based on modelling
(see Southon (2004) for a review). The most recent of those
models, the ‘ss09sea’ time scale, was constructed for the
GRIP ice core (Johnsen et al., 2001) and later applied to
the NorthGRIP ice core (North Greenland Ice-Core
Project (NorthGRIP) Members, 2004). The model is
constrained by two fixed points at 11,554 yr b2k for the
Younger Dryas/Holocene transition and at 110 ka b2k for
the MIS 5d/5¢ transition occurring in GS-25. Past
accumulation rates are obtained from §'*0 by an empirical
relation and the thinning of annual layers with depth is
obtained from an ice-flow model. The model takes into
account past changes in seawater 6'%0 due to changes in
global ice volume.

Between 10-42ka b2k, the GICCO05 and the ‘ss09sea’
model time scales show an overall good agreement with age
differences of up to 635yr (Figs. 1 and 2). An important
common feature of the two time scales is a consistently
strong correlation between climate (represented by 6'°0)
and annual layer thicknesses across the D-O events
(Fig. 3). The general pattern shows thicker annual layers
during warm and mild climates than during cold glacial
conditions, a conclusion also reached independently from
the NorthGRIP visual stratigraphy alone (Svensson et al.,
2005).

The most important discrepancy between the two time
scales occurs during MIS2 in the depth range of
1610-1725m where °‘ss09sea’ predicts generally thicker
annual layers than GICCO05, which ‘gains’ more than 500 yr
compared to the model. Since the model builds on a §'%0-
accumulation relationship, the deviation from GICCO05
suggests a breakdown of that relationship in that region.
Comparison of "0 profiles of deep ice cores from various
locations in central Greenland reveals an unusual dissim-
ilarity in the shape of the profiles between Belling (GI-1)
and GI-2 (Fig. 4). It seems unlikely that this scatter reflects
a true climatic variability in Greenland, and, therefore, the
6'"80-accumulation relationship is not expected to be valid
within this period.

From the LGM and back to 42ka b2k (1800-2100 m
depth) GICCOS generally shows thicker annual layers than
the model to which it gradually ‘loses’ some 800 yr. This
suggests that the o'®*O-accumululation approach of the
model is valid for this period but that the model tuning
parameters may need adjustment.

3. The GIPS2 Meese—Sowers counted chronology

The glacial part of the GISP2 time scale is based on
annual layer counting of visual stratigraphy, laser-light
scattering, and electrical conductivity measurements of the
solid ice (Alley et al., 1997; Meese et al., 1997; Ram and
Koenig, 1997). The uncertainty of the GISP2 time scale in
the glacial period back to 40ka b2k is stated to be about
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Fig. 1. Comparison of §'%0 records and time scales for various sites: NorthGRIP on the GICCO05 time scale (Andersen et al., 2006; Rasmussen et al.,
2006a, b), NorthGRIP on the ‘ss09sea’ time scale (North Greenland Ice-Core Project (NorthGRIP) Members, 2004), GISP2 on the Meese—Sowers time
scale (Meese et al., 1997), GRIP on the Shackleton—Fairbanks (SFCP04) time scale (Shackleton et al., 2004), grey scale of the varve-counted Cariaco Basin
chronology (Hughen et al., 2000), and the Hulu cave record including absolutely dated control points (see Wang et al. (2001) for details). The Marine
Isotopic Stages (MIS), the Last Glacial Maximum (LGM), and the Greenland Interstadials (GI) are indicated.

2%, which is comparable to the uncertainty of GICCOS5 in
the same period (Andersen et al., 2006).

As seen in Fig. 1, in general there is a very good
agreement between the GISP2 and GICCOS time scales.
GICCOS5 agrees with GISP2 to within 250 yr over the entire
period back to 30ka, and the two chronologies determine
the onset of interstadials within 300 yr (Fig. 2). One will
notice, however, that the duration of the interstadials/

stadials generally appears longer/shorter for the GISP2
time scale than for GICCO05 respectively. To investigate this
issue in more detail, the annual layer thicknesses of the two
time scales are compared in Fig. 5. Because the two cores
have different accumulation histories and thinning func-
tions the annual layer thickness profiles of the two cores
cannot be expected to match up completely, but one would
expect the overall shape of the profiles to be comparable.
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GICCO05 age (ka b2k)
11 12 13 14 15 16 17 18 19 20 25 30 35 40
0.07 | | | | | | | | | | | | I I N | | I | | |- 1 | L1 1
0-06— ” Gl-1
E n \ GICCO05
@ 0.05 - ‘ ss09sea
3 0
- i
5 0.04 t ( [ Gl-2 3 4 5 6 7 8 9 10
2 ] ‘
= l
Bomd ! T Ry | I IV
g — * .‘ “,“\"“' "‘ M) k “ ' | M J “y‘
2 0.02 APTTALOL \ | | 2 ‘
c W b »'(;\“‘ ¥ (~ [ ) ) W
< — A, LT Rt ly W UL
0.01
0 [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
1500 1600 1700 1800 1900 2000 2100

NorthGRIP depth (m)

Fig. 3. Comparison of NorthGRIP annual layer thicknesses between the ‘ss09sea’ model and the GICCOS5 time scales.

However, the detailed comparison in Fig. 5 reveals a
significant difference: whereas the GICCO05 time scale
consistently shows a strong correlation between climate
(6'"%0) and annual layer thickness, the GISP2 time scale
does generally not follow this pattern. The GISP2 time
scale has elevated annual layer thicknesses during GI-3, 4
and 7, whereas GI-5 and 6 show no increase in layer

thickness compared to the adjacent cold periods and GI-8
appears to be something in between. The change in annual
layer thickness across the abrupt climatic changes at the
termination of the last glacial period are very well
established (Alley et al., 1993; Rasmussen et al., 2006b).
Therefore, the lack of coupling between climate and
accumulation in Greenland, which is suggested by the
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Fig. 4. Comparison of the 6'0 profiles for NorthGRIP, GRIP, GISP2,
and Dye-3 in MIS2 between Bolling and GI-2. The profiles are shown on
their respective depth scales.

MIS3 part of the GISP2 time scale, seems highly unlikely.
The reason why the changes in annual layer thickness are
not recorded in the GISP2 time scale may be that the
GISP2 annual layers become relatively thin in MIS3 and
that the counting was made without application of high-
resolution chemistry records, which are necessary to
identify multiple layers within a year (Andersen et al.,
2006). Considering the very significant difference in the
annual layer profiles across the D-O events, it is astonish-
ing how well the absolute ages of the GISP2 time scale in
MIS3 compare to those of GICCO5.

Based on the GISP2 chronology, a number of studies
have discussed the existence of temporal periodicities in
the ice core proxy data. For example, Ram and Stolz
(1999) state that ‘the GISP2 dust profile is strongly
modulated by ~11yr, ~91yr, and ~200yr periods.’
Rahmstorf (2003), Schulz (2002) and many others discuss
the existence of a 1470 yr climatic cycle in the stable isotope
profiles of the last glacial period. The conclusions of
these studies may very well be justified, but we would like

to emphasize that the finding of such periodicities
obviously relies profoundly on the applied time scale. For
example, the existence of the proposed 1470yr cycle
depends on the exact timing and phasing of the onset of
D-O events, and, as discussed above, this is exactly where
we believe that the GISP2 time scale is inaccurate.
A detailed discussion of this topic is, however, beyond
the scope of this paper.

4. The Shackleton—-Fairbanks marine GRIP time scale

Fairbanks et al. (2005) proposed a 50 ka '*C calibration
curve based on paired measurements of >*°Th/?*U/***U
and '*C on pristine corals from various locations.
Shackleton et al. (2004) applied this calibration to date
foraminifera in marine core MD95-2042 located off the
coast of Portugal using a fixed surface reservoir age of
500+ 100yr. The oxygen isotope record of planktonic
foraminifera in the marine core compares very well
with the D-O events observed in Greenland ice cores,
and so marine ages for these corresponding events were
transferred to the GRIP ice core, and a continuous ice
core time scale was obtained by linear interpolation of
‘ss09sea’ between the fix points. The time scale is named
SFCP04.

As seen in Figs. 1 and 2, SFCP04 generally suggests
significantly older ages for the glacial ice than those
presented in this study. In particular, it places the onset of
GI-3 at 29.0ka BP, which is about 1.2ka older than the
GICCOS5 age of 27.8 + 0.4 ka b2k. The two time scales agree
at the onset of Bglling (GI-1) within a 100 yr, and thus, the
significant age difference accumulates in the interval
between GI-1 and GI-3. In other words, if the SFCP04
time scale is correct, it implies that we have been omitting
roughly 10% of the annual layers within that section,
which is four times the GICCOS5 uncertainty estimate in the
same section (Andersen et al., 2006). We, therefore, believe
that the SFCP04 age for the onset of GI-3 is too old. We
notice that the Fairbanks et al. (2005) '*C calibration curve
around 29ka BP is based on a few quite distant control
points, which are connected by linear interpolation with an
almost vanishing curve uncertainty (Fig. 3 in Fairbanks
et al. (2005)). In addition, there are significant differences
between the various '*C calibration records around this
period (Muscheler et al., 2004; van der Plicht et al., 2004).
Another possible reason for the discrepancy may be due to
uncertain reservoir ages for marine core MD95-2042 in the
glacial period.

When comparing SFCP04 to GICCO05 at the onset of GI-
8, however, we notice that the difference between the two
chronologies is reduced to 800 yr and falls within the stated
uncertainties. In conclusion, the comparison of the two
time scales reveals an inconsistency: either GICCO0S
contains significantly too few annual layers in the section
from GI-1 to GI-3 and too many annual layers in the
section from GI-3 to GI-8, or the SFCP04 age for GI-3 is
too old.
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Fig. 5. Comparison of annual layer thicknesses between NorthGRIP and GISP2 time scales in the period from GI-3 to GI-13 (upper three curves). The
two cores are shown on their respective depth scales, which are aligned by matching of the 6'%0 profiles (lower two curves).

5. Cave records

The Chinese Hulu Cave stalagmite record by Wang et al.
(2001) has been widely used for dating purposes in the last
glacial period due to the absolutely U/Th dates and
because the 6'%0 profile resembles that of the Greenland
ice core records. Given the relatively low time resolution of
the Hulu Cave record, there is a rather good overall
correspondence between the Hulu Cave and GICCOS in
MIS3. In particular, the two chronologies apparently agree
within the error estimates at the absolutely dated Hulu
Cave control points (Fig. 1). It is debatable, of course, if
the events seen in the Chinese cave stalagmites actually
correspond to the Greenland D-O events. For example, the
Hulu Cave peak corresponding to GI-4 is very different
from that in Greenland. Even if the events are actually the
same in China and Greenland, it is still questionable if the
phasing of the events is synchronous at the two locations,
and we will, therefore, not focus in detail on this
comparison.

Other absolutely dated cave records are available (Spotl
et al., 2006; Wang et al., 2004), but the temporal overlap
with the current version of GICCO0S5 is limited. The

Brazilian speleothem record by Wang et al. (2004)
determines the marine Heinrich event 4 (Bond et al.,
1993) to occur in the interval 39.6-38.9ka BP with a
duration of 700+400yr. According to GICCO5 this
interval occurs in the cold stadial preceding GI-8, where
the Heinrich event is supposed to appear, which suggests
that the ages are consistent.

6. Reference horizons

Identified volcanic tephra layers in ice cores provide a
very important link to other paleoclimatic archives and
facilitate the validation of ice core chronologies. If tephra
layers have been radiometrically dated by means other than
14C they can be used to validate the ice core chronology,
whereas an additional '*C dating links the ice core
chronology to the "C calibration curve.

In the time interval 10-42ka b2k, three tephra layers
with known source and independent age determination
have been identified in Greenland ice cores. Two of those
are the Saksunarvatn ash layer (early Preboreal) and the
Vedde ash layer (Z1, late Younger Dryas), which both
demonstrate an excellent agreement between IntCal04
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(Reimer et al.,, 2004) and GICCO05 around the last
termination as discussed in Rasmussen et al. (2006c). The
third tephra layer is the Fugloyarbanki tephra, recently
identified in the NorthGRIP ice core at 1848 m depth and
about 1ka after the onset of GI-3 (Davies et al., in
preparation). The GICCO05 age of the Fugloyarbanki
tephra layer is 26 740+ 390 yr b2k. This tephra layer has
been identified and dated in several marine cores from the
North Atlantic with ages in the range 22.85-23.3 '*C ka BP
and an average of 23.1 "*C ka BP (Rasmussen et al., 2003).
A reservoir age of 400 yr has been applied to these ages
(T.L. Rasmussen, 2006, pers. comm.). This age goes
slightly beyond the IntCal04 calibration curve but is
covered by the calibration proposed by Fairbanks et al.
(2005). In Fig. 6 it is seen that the Fugloyarbanki tephra
data point falls more than 0.5ka away from the '*C
calibration curve, therefore suggesting that either 1) the
GICCO5 age is too young, 2) the '*C calibration is too old,
or 3) the applied marine reservoir age correction is too
small. A direct and absolute dating of this and other tephra
layers from terrestrial sources is required to eliminate the
latter possible source of error.

Another important reference horizon in the Lateglacial
period is the Laschamp event, which is a geomagnetic
excursion occurring about 41ka ago that is recorded in
many paleoclimatic records. In ice cores, the event can be
identified as a peak in the '’Be and **Cl flux to the ice that
is recorded in the GRIP ice core around GI-10 (Yiou et al.,
1997, Wagner et al., 2000). The Laschamp event has

recently been Ar/Ar and K/Ar dated from the Laschamp
and Olby lava flows to 40.4+2.0ka (Guillou et al., 2004),
which compares well to the GICCO05 date of 41.25+0.8 ka
for the center of the '’Be maximum (Fig. 7).

7. Conclusions

The new Greenland Ice Core Chronology 2005
(Andersen et al., 2006) generally compares well with
existing Greenland ice core time scales in the interval
1042 ka b2k. Comparison with the modelled NorthGRIP
time scale ‘ss09sea’ suggests that the model underesti-
mates the duration of MIS2 by about 500yr, but that
this is compensated for in the period 25-42ka b2k,
where the model has about 800 yr more than GICCOS.
We conclude that the model approach of establishing
an empirical 6'80—accumulation relationship is valid
to a first order in the interval 10-42ka b2k except for the
period between GI-1 and GI-2, where the isotope profiles
in the Greenland ice cores do not reflect a climatic signal
only.

GICCOS5 agrees very well with the counted GISP2 time
scale in late MIS3 and in MIS2, but in MIS3 the GISP2
time scale does not systematically record the important
variations in annual layer thickness occurring in phase with
the D-O events. Reasons for this may be that the GISP2
annual layers become relatively thin in MIS3 or that the
GISP2 counting was based on too few high-resolution
records. The resulting inconsistency in the GISP2 time
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Fig. 6. Comparison of the '*C calibrations of IntCal04 (Reimer et al., 2004) and Fairbanks et al. (2005) with tephra layers in the NorthGRIP ice core
which have been dated independently by 'C (Bjorck et al., 2001; Davies et al., in preparation; Grénvold et al., 1995; Mortensen et al., 2005; Rasmussen et
al., 2003; Wastegard et al., 1998). Error bars are 1o for the ice core ages and representing the span of several measurements for the '“C dates.
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Fig. 7. The '°Be flux increase during the Laschamp geomagnetic field minimum around 41.25 ka b2k (GICC05) and the GRIP §'30 data. The upper panel
shows the '’Be flux together a low-pass filtered curve. The maximum in the '’Be increase can be placed around GI-10 (lower panel) but it is not restricted
to it. The shaded areas give the expected range of low geomagnetic field values according to the '’Be flux. The light shaded area indicates the full-width
half-maximum of the low-pass filtered curve and the darker shading shows the peak width according to the elevated values of the raw data. The GICCO0S5
time scale was extended to older values by use of the ‘ss09sea’ age model that was shifted by a constant age to obtain agreement between the two time

scales around 41.75ka b2k (the end date of the GICCOS time scale).

scale may have implications for frequency analysis studies
applying that chronology.

There is a significant disagreement between GICCO05 and
the GRIP time scale based on '*C-dating of a marine core
(SFCPO04) at the onset of GI-3, which gradually decreases
towards GI-10, and we suggest that the SFCP04 age for
GI-3 is too old by ~1ka. Due to the potential limitations
associated with both marine reservoir ages and '*C
calibration, we do not recommend the application of '*C-
dated marine cores to improve the dating of Greenland ice
cores.

A comparison to the Hulu Cave record reveals a good
long-term agreement, but the relatively low time resolution
of that record does not allow for a more detailed
comparison. A re-analysis of the Hulu Cave record with
analytical errors comparable to those of Spétl et al. (2006)
would be most valuable.

For the period 15-42 ka b2k, the only widely-distributed
tephra layer in the NGRIP ice core is the Fugloyarbanki
tephra that falls within the LGM. The calibrated '*C age of
that tephra layer, derived from North Atlantic marine
cores, is more than 0.5ka older than the corresponding
GICCO5 age. If GICCOS is correct within the estimated
errors, then the divergence of GICCO05 and SFCP04 at the
onset of GI-3 and the disagreement between GICCO05 and
the calibrated age of the Fugloyarbanki tephra both
suggest that either the applied '*C calibration records are
inaccurate or the applied marine reservoir ages are too low.

We obtain good agreement between the GICCO05 age of
the 'Be maximum during the Laschamp geomagnetic field
minimum and new radiometric datings of this event based
on samples from the Laschamp and Olby lava flows.
However, because the time span of the '"Be peak in
Greenland covers about 1ka and because the analytical
error in the dating of the Laschamp event adds another
2ka to the uncertainty, the comparison of the two
independent Laschamp ages does not constrain the
GICCO5 uncertainty.

GICCOS5 provides an independent Greenland time scale
that is capable of identifying the causes of the long-lasting
discrepancies between the most commonly used Greenland
chronologies. This time scale is based on annual layer
counting of records with higher resolution than any
previously published chronology covering the same inter-
val, and is also in accordance with other independent
chronologies in the same time interval, except when '*C
calibrated ages from marine cores with fixed marine
reservoir ages from the LGM are involved. Therefore, we
believe that GICCO05 has the potential of contributing to
the '*C calibration curve back to 42 ka b2k.
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