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The §'%0 record along the Greenland Ice Core Project deep ice
core and the problem of possible Eemian climatic instability

Sigfis J. Johnsen,'2 Henrik B. Clausen,® Willi Dansgaard,? Niels S. Gundestrup,?
Claus U. Hammer,? Uffe Andersen,? Katrine K. Andersen,? Christine S. Hvidberg,?
Dorthe Dahl-Jensen,? Jgrgen P. Steffensen,® Hitoshi Shoji,* Arny E. Sveinbjornsdéttir,!

Jim White,5 Jean Jouzel,® and David Fisher”

Abstract.

Over 70,000 samples from the 3029-m-long Greenland Ice Core Project

{GRIP) ice core drilled on the top of the Greenland Ice Sheet (Summit) have been
analyzed for 8'80. A highly detailed and continuous 8'®0 profile has thus been obtained
and is discussed in terms of past temperatures in Greenland. We also discuss a three-core
stacked annual 8'80 profile for the past 917 years. The short-term (<50 years) variability
of the annual 820 signal is found to be 1%o in the Holocene, and estimates for the
coldest parts of the last glacial are 3%o or higher. These data also provide insights into
possible disturbances of the stratigraphic layering in the core which seems to be sound
down to the onset of the Eemian. Spectral anal¥sis of highly detailed sequences of the

profile helps determine the smoothing of the &'

O signal, which for the Holocene ice is

found to be considerably stronger than expected. We suggest this is due to a process
involving diffusion of water molecules along crystal boundaries in the recrystallizing ice
matrix. Deconvolution techniques were employed for restoring with great confidence the
highly attenuated annual §'®0 signal in the Holocene. We confirm earlier findings of
dramatic temperature changes in Greenland during the last glacial cycle. Abrupt and
strong climatic shifts are also found within the Eem/Sangamon Interglaciation, which is
normally recorded as a period of warm and stable climate in lower latitudes. The
stratigraphic continuity of the Eemian layers is consequently discussed in section 3 of this
paper in terms of all pertinent data which we are not able to reconcile.

1. Introduction

The main objective of ice-core drilling and analysis is to
study past climates and other past environmental changes. Ice
cores offer great potential for such studies, because each an-
nual layer deposited on polar ice sheets is assumed to preserve
all components that were deposited with the snow in the year
the layer was formed. The isotopic composition of the ice
yields information about the temperature [Cuffey et al., 1995;
Dansgaard, 1964; Johnsen et al., 1995a, 1989; Jouzel et al., this
issue]; the dust about storminess and source efficiency [Ham-
mer, 1977; Steffensen, this issue]; the air bubbles about the
greenhouse gases in the atmosphere [Bender et al., 1994; Chap-
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pellaz et al., 1993; Oeschger et al., 1984; Raynaud et al., 1993;
Sowers and Bender, 1995]; the acidity about volcanic eruptions
in the northern hemisphere [Clausen et al., 1995; Hammer et
al., 1980]; and chemical traces about various processes on land,
in the sea, and in the atmosphere [Clausen, 1995; Fuhrer et al.,
1993; Mayewski et al., 1993], at the time of formation of the ice.
Together, they give a detailed picture of the environment and
climate of the past. All these parameters can be examined in
great temporal detail and thus throw light on various facets of
the complicated mechanism of climate and the leads and lags
between individual parameters.

A total of four ice cores, reaching bedrock, have been drilled
through the Greenland Ice Sheet, and two more have been
drilled to bedrock on marginal ice caps around the inland ice
(Figure 1). The main object of this study is the deep ice core
drilled in 1990-1992 by the joint European Greenland Ice
Core Project (GRIP). The ice core was recovered at the top of
the ice sheet, Summit (72°34'N; 37°37'W; elevation 3232 m
above sea level (masl)) [Dansgaard et al., 1993; GRIP Project
Members, 1993; Johnsen et al., 1992a], which is the only locality
in central Greenland where at present no horizontal ice move-
ment is thought to take place. The core is 3028.8 m long and
reaches into the silty ice layers immediately above bedrock. It
is of excellent quality with no known missing pieces and very
few extra breaks except for the brittle zone from 700 to 1300 m.

Five GRIP shallow cores have also been drilled at Summit.
Their stable isotope profiles are discussed in sections 2.5.2
and 2.6 and in another paper in this issue [White et al., this
issue].
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Figure 1. Six deep drilling sites in Greenland: Camp Century

(U.S. Army Cold Regions Research and Engineering Labora-
tory, 1966), Dye 3 (GISP, 1981), Renland (Nordic Council of
Ministers, 1988), Summit (GRIP, 1992), the U.S.A. camp
(GISP2, 1993), Hans Tausen (Nordic Environmental Research
Programme, 1995), and new deep drilling started at NGRIP in
1996.

2. The 3'®0 Record
2.1.

Various isotopic, chemical, and physical properties of the
GRIP core have been measured at several European labora-
tories. The stable isotope ratio, '#0/*®O (or D/H), is the main
reference parameter, since its variability is determined mainly
by the cloud temperature at the moment of snow formation
and thus has direct climatic relevance, assuming unchanged
temperature and humidity at the original moisture source ar-
eas [Jouzel et al., this issue]. On the Greenland Ice Sheet, the
present mean annual §'®0 (the per mil deviation of the '*Q/
180 ratio in a sample from the '*0/*°O value in standard mean
ocean water (SMOW), hereinafter denoted by 8) of the snow
is related closely to the mean annual surface temperature, 7,
in degrees Celsius, by the formula [Joknsen et al., 1989]

8=10.67T — 13.7%o (1)

Conversion of §'%0 to Temperature

The temporal relationship between the 8 and the surface
temperature (7) can be inferred by modeling the borehole
temperature profile, based on a surface temperature history
determined by a simple relationship to the well-dated 8 profile.
The parameters defining the relationship are determined by a
least squares fit of the modeled temperature profile to the
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measured temperature profile. Calibration for decadal to cen-
tury long temperature changes can only be done for the past
several hundred years and is obtained from shallow core data
[Cuffey et al., 1994; Johnsen, 1977b]. Deep ice-core and bore-
hole data provide information for calibrating millennial or
longer-term temperature changes [Cuffey and Clow, this issue;
Cuffey et al., 1995; Dahl-Jensen and Johnsen, 1986; Johnsen et
al., 1995a). In the modeling of the GRIP temperature profile,
a second-order dependency of temperature on 8 was allowed
and corrections were made for the past 8 variations of seawa-
ter. The Greenland Ice Sheet Project 2 (GISP2) calibration
assumed a linear dependency of T on 8§ and no seawater cor-
rection was applied. Figure 2 shows the calculated cloud con-
densation temperature plotted against 8, based on a single-
source precipitation model for Greenland [Johnsen et al.,
1989], the surface (spatial) temperature to & relationship for
(1), and the long-term borehole temperature calibrations ob-
tained from the GISP2 [Cuffey et al., 1995] and the GRIP
[Johnsen et al., 1995a] deep boreholes.

The GRIP calibration curve in Figure 2 is based on a slightly
improved model for the temperature profile calculations by
accounting fully for the thermal properties of the firn layer.
This resulted in slight changes in the 8 — T relationship
published earlier [Johnsen et al., 1995a], from 1.7 to 2.0°C/%o
at —35%oc and from 3.5 to 3.1°C/%c at —42%o. Changes in
other results were negligible. The difference in the two cali-
bration curves for the more negative delta values is mainly due
to the different 8 scales used because the GISP2 § values were
not corrected for the 8 seawater history.

Several points can be raised concerning the data in Figure 2.
We observe that the modeled cloud temperatures are generally
higher than the surface temperatures, which account for the
transport of heat by storm tracks to the Greenland Ice Sheet
[Loewe, 1936]; the slope of the cloud curve is only 1.04°C/%o
which indicates that precipitating clouds are not easily cooled
off and their & values are lowered, even during times of cold
climate; and finally, the linear GISP2 calibration curve shows
temperatures higher than the cloud temperatures at the upper
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Figure 2. The relationship between temperatures and 8%0
in Greenland. The cloud condensation temperature is shown
as the thin line, and the spatial relationship is shown as the
thicker line. For long-term temporal changes at Summit, the
dotted curve shows the GRIP temperature profile calibration
[Johnsen et al., 1995a] and the dashed line shows the GISP2
temperature profile calibration [Cuffey et al., 1995].
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end of the 8 scale, which is probably not a realistic scenario.
This questions the validity of assuming a strict linear relation-
ship between 8 and T for millennial timescales and warm
climate.

The obvious difference in the 8 — T relationship has gen-
erated a great deal of debate and is further discussed by other
authors in this issue [Jouzel et al., this issue].

2.2. Stable Isotope Sampling

Over 102,000 samples from the GRIP deep core and sup-
plementary shallow cores have been analyzed for §'%0. The
main objective of the sampling was to provide a continuous and
detailed & profile from surface to bedrock. The sampling res-
olution approaches or exceeds the inherent resolution of the &
profile, which is determined by diffusion processes in firn and
solid ice [Hammer et al., 1978; Johnsen, 1977a]. The entire core
was cut in 55-cm continuous increments, so-called bag samples,
and selected core sections were additionally sampled in much
finer details, ranging from 2 to 53 samples per bag (Table 1). A
maximum degree of data integrity was thus accomplished by
independently sampling and measuring two continuous pro-
files from the core, except for a 230-m-long interval in the
brittle zone, where it was only intermittently resampled (Table 1).

2.3. Sample Handling

Before logging and sampling the core in the field, the cores
from each drilling run were matched together with the preced-
ing core to affect a perfect fit. It is important to process the
core in this way to ensure continuity in the recovered cores and
to permit accurate cross correlation of subsequent measure-
ments. A specially designed band saw, built at the Physical
Institute, University of Bern, was then used to cut long slices
from the core without introducing further breaks. Samples,
ranging from 10 to 30 mL in volume, were then taken from the
long cut with a band saw and stored in premarked plastic bags.
The ice samples were kept frozen until they were melted in
hermetically sealed metal cans and then stored in plastic bot-
tles. The integrity of the stable isotope data was further as-
sured by keeping the samples frozen at all times, except for a
few hours in the laboratory, when aliquots were taken for the
& measurements.

2.4. The 5'®0 Measurements

Most of the stable isotope measurements were made at the
Department of Geophysics, University of Copenhagen, at a
rate of 115 double measurements per day. Selected samples,
including sequences for the diffusion study, were measured at
the Science Institute, University of Iceland, Reykjavik. The
standard CO, equilibrium method was employed at both lab-

Table 1. The §'0 Sampling Sequence for the GRIP Deep
Core

Depth Interval, Number of Samples Sample Length,
m per Bag cm
0-3022 1 55.0
0-770 22 2.5
799-1640* 28-53 1.96-1.04

1000-1500 2 275

1500-1900 4 13.75

1900-2695 8 6.88

2695-3028.6 16 3.44

“Fifteen core increments from 5 to 9 m long were resampled.
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Curve# Depth interval [m] 73
1 0 5
2 15 20
3 110 160
4 700 750
5 1544

Power density [%. “*yr]

1.0 1.5 2.0 25 3.0
Frequency [1/yr]

Figure 3. MEM power spectra for detailed 8'®0 profiles
demonstrating, for five different levels in the GRIP deep core;
the presence of the weak annual §'®0 cycle by the spectral
peaks is observed at 1 cycle/yr. The effect of smoothing by
diffusion is manifested in the drastic lowering of the power
densities at higher frequencies.

oratories, using normally 5-mL water samples and two sets of
secondary working standards for each batch of samples. The
routine measuring accuracy is +0.07%o at the Copenhagen
laboratory and +0.03%o at the Reykjavik laboratory. In order
to prevent unwanted shifts in the stable isotope data sets, all
the secondary standards were calibrated regularly against V-
SMOW and standard low Antarctic precipitation (SLAP) at
the Reykjavik laboratory.

2.5. Some Inherent Properties of the & Record

The climate signal is normally inferred from the mean values
of the & profile. Second-order parameters, like the standard
deviation from the mean or RMS values, and power spectral
densities [Yiou et al., this issue (b)], are also interesting as an
aspect of the climate signal. These properties are furthermore
essential for studying deposition noise [Fisher et al., 1985],
disturbed stratigraphy, and in situ changes of the § signal due
to processes like firnification and diffusion in solid ice.

2.5.1. Spectral fingerprints. The maximum entropy spec-
tral analysis method (MEM) [Ulrych and Bishop, 1975], used in
this paper, has several properties that make it suitable for
characterizing the spectral properties of our 6 records: (1) the
resolution of the calculated spectra can be controlled by se-
lecting an appropriate autoregressive (AR) order of the pre-
diction error filter employed by the method, (2) by increasing
the AR order, the splitting of spectral peaks indicates quasi
periodicity of the corresponding signal component, (3) the
frequency resolution is not fixed but adapts to the structure of
the data [Lacoss, 1971], and (4) spectral peaks can be inte-
grated analytically [Johnsen and Andersen, 1978] in order to
estimate the amplitude of the corresponding data oscillations.

MEM power spectra of detailed 8 profiles at five depth levels
in the core are shown in Figure 3. The damping of the & signal
due to diffusion lowers the spectral densities at higher frequen-
cies down to the flat white noise level of the measuring errors.
This is found to be consistent with a measuring accuracy of
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Figure 4. A detailed 8'0 profile from 715- to 720-m depth
is shown as the thick curve. The corresponding deconvoluted
profile (thin curve) shows the restored annual §'°0 cycle,
which is used for counting annual layers.

0.07%o for the higher four profiles and 0.03%o for the lowest
one, which was measured at the Reykjavik laboratory. The
spectral peak of the annual cycle is clearly discernible on the
spectral ramp at 1 cycle/yr and is obviously being increasingly
attenuated by diffusion with depth. Analytical integration of
the annual spectral peaks [Johnsen and Andersen, 1978] shows
the mean amplitude of the annual 6 cycle to be about 4.0%o at
the surface, 0.4%o0 at 130 m, 0.24%o¢ at 725 m, and 0.13%o0 at
1540 m.

In the main part of the Holocene period the annual § cycle
is sufficiently well preserved to be used for dating purpose after
it has been restored by deconvolution [Johnsen, 1977a).

The progressive reduction of the annual & cycle amplitude
with depth was unexpected, due to the low temperatures at
Summit, and indicates that processes other than self-diffusion
in single crystals [Ramseier, 1967b] are responsible for a strong
interstrata mixing. The processes responsible for the observed
excess diffusion, are believed to be a form of crystal boundary
(“CB”) diffusion (S. J. Johnsen et al., manuscript in prepara-
tion, 1997) combined with ongoing recrystallization with crystal
rotation and diagonalization in the ice [Thorsteinsson et al., this
issue]. The CB diffusion constant is found to be about 10 times
higher in the —32°C cold Holocene ice than the normal single-
crystal diffusion constant [Ramseier, 1967a]. Studies of the
detailed & profile, at 1650-m depth in the cold and dusty
Younger Dryas period, show less smoothing, suggesting that
CB diffusion has been much less active. This implies that the
impurities sitting at the crystal boundaries [Fisher, 1987] inhibit
the mobility of the water molecules along the crystal bound-
aries. Furthermore, we could expect that ions could also move
along these boundaries and even take part in chemical reac-
tions there. Further studies are needed, however, in order to
investigate this unexpected behavior of the & signal and its
possible implications for the chemical signals.

An example of a deconvoluted high-resolution & profile is
presented in Figure 4. The thick line is the measured 8 profile,
and the thin line shows the reconstructed 8 signal. The annual
& cycle is restored using the deconvolution technique and is
used subsequently for dating the core by counting the high 8
summer peaks. This procedure also reveals the annual accu-
mulation rates after corrections have been made for ice den-
sities and vertical strain since deposition [Dakl-Jensen et al.,
1993; Reeh et al., 1978].

All six cores drilled at Summit have subsequently been dated
by counting annual cycles observed in two continuous param-
eters, the deconvoluted 8 profiles and the detailed electrical
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conductivity measurements (ECM) or acidity profiles, which
also provide several volcanic markers for cross correlation
[Clausen et al., this issue]. We have, based on this counting
effort, which assigns each individual year to a prescribed se-
quence of samples, constructed six pairs of accurately dated
mean annual 8§ and accumulation rate records. The longest
record, from the top 770 m of the deep core, reaches 3809
years back in time; three of the records have a 917-year overlap
from A.D. 1063 to 1979 and are discussed in section 2.6. Five
of the records overlap from A.D. 1772 to 1979 and are dis-
cussed in another paper in this issue [White et al., this issue]
together with their GISP2 counterpart.

2.5.2. The & noise. The high number of long, overlapping
& records from Summit provides us with an excellent opportu-
nity for studying the 8 noise, often referred to as deposition
noise [Fisher and Koerner, 1994; Fisher et al., 1985], inherent in
the Summit & records for present-day climate conditions. One
way of estimating the signal to noise (S/N) variance ratio is by
comparing the variance of a stacked record (VAR|) based on
n overlapping records, with the mean of the variances
(VAR,,) for the » individual records. The estimate of a single
record S/N variance ratio then becomes

S/N = (VAR, — VAR,/n)/(VAR, — VAR,).  (2)

For the five 208-year-long & records we find VAR, =
1.38%02, VAR,, = 0.82%0% and S/N = 0.97. For the three
917-year-long 8 records we find VAR, = 1.12%0? VAR,, =
0.72%o0%, and S/N = 0.87, in agreement with earlier estimates
for other Greenland & records [Fisher et al., 1985). The single-
record variance of the deposition noise for the 917-year-long
records thus becomes 0.6%0° and reduces to 0.2%o0° for the
stacked record, which contains an estimated 0.52%0* signal
variance. We have thus increased the S/N ratio from 0.87 to
2.6, which allows firmer conclusions to be drawn about the
mean annual 8 signal at Summit back to A.D. 1063. It should
be pointed out that the remaining 0.2%0> noise component
does not include distortions to the & signal common to all the
cores due, for example, to changing seasonality of the precip-
itation on Summit. We have therefore to distinguish between
the 6 signal at Summit and its climatic component as discussed
below.

The problem of the 8 noise is further discussed by Jouzel et
al. [this issue]. A comprehensive study involving measurements
and modeling of the detailed & signal in shallow and interme-
diate ice cores from several sites in Greenland has been per-
formed [Andersen, 1993; also U. Andersen, manuscript in prep-
aration, 1997). The approach chosen was to model the
individual precipitation events (time and amount), and their
uneven deposition due to sastrugi, in such a way that after a
simulated firn diffusion, the MEM power spectra of the mod-
eled series matched the power spectra of the real data, calcu-
lated with the same AR order around the annual peak. At
lower frequencies an additional variance, corresponding to a
climatic signal, had to be added in order to obtain an accept-
able overall fit to the measured spectra. For Summit this hy-
pothetical climatic § component was found to have a variance
of the order of 0.4%0?. These preliminary results suggest that
after the deposition noise of the 8 records has been reduced by
stacking the three records, resulting in a 0.52%o> signal vari-
ance stacked record, we still have a residual noise component,
of nonclimatic origin, with a variance of ~0.3%0°. Of this
variance, 0.2%o? is from deposition effects, as discussed above,
and 0.1%o? is from seasonality. In order to reduce this ultimate
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noise component further, a greater number of 8 records, also
from other Greenland sites, need to be included in the stacking
[Hibler and Johnsen, 1979].

2.5.3. Short-term variability of the & record. In the Ho-
locene, the RMS variability of the mean annual § values is
generally found to be of the order of 1%o. For the cold glacial
periods in the lower half of the core, much higher short-term
variability is normally encountered in the data [Ditlevsen et al.,
1996]. We have estimated this variability by filtering the data
with a low-pass 1-m Gaussian filter (o = 0.221 m) and calcu-
lating the RMS variability of the raw data deviations from the
filtered data set over 101-point running intervals. The result is
shown in Figure 5b, along with the filtered 8 profile in Figure
5a. A clear anticorrelation is observed between these two
records, which together represent the main features of the
highly detailed & record. Another interesting feature is the
steadily decreasing variability down to the onset of the Eemian
at 2870 m, manifesting the increased diffusion and number of
years in each sample. This trend does not, however, continue
deeper down. This suggests that stratigraphic disturbances on
the scale of 1 m or less are quite common below the Eemian
strata.

We have estimated the variability of the mean annual &
values by multiplying the data variability, as described above,
with the square root of the estimated number of years in each
sample (Table 1), according to the ss08 age model developed
for the core [Johnsen et al., 1995b]. This procedure assumes a
flat spectral structure for the original signal, disregarding the
long-term components, which are not included in the calcula-
tions. These estimates are shown in Figure 5c, and we consider
them to be minimum estimates due to diffusion damping, par-
ticularly below 2600 m, as expected from modeling of the
diffusion lengths. The highest annual & variability in the last
glacial, around 3%o or more, is found in the coldest periods
and is unlikely to be due to deposition noise alone, which is
expected to be of the order of 1.3%o0 for the 3 times lower
accumulation rates during these periods as compared to the
present conditions [Alley et al., 1993; Dahl-Jensen et al., 1993],
where we find 0.8%0. We thus conclude that the Greenland
climate, during the cold glacial stades, was considerably more
unstable than our present-day interglacial climate.

Another interesting feature of the annual § variability data
for the last glacial (Figure 5c) is the unexpected stable level
encountered in the warm interstadials, which is generally trun-
cated at 1.8%o0 when their & values are higher than —39%o.
This implies that the anticorrelated annual 8 variability does
not mirror the sawtooth shape of the & profiles of the inter-
stadials. This stability, not observed in the uncorrected data
(Figure 5b), renders some support to the validity of the age
model used for making the corrections from sample variability
to variability of the annual 8 values. The lower variability
observed in the warm interstadials 5a and 5c at around 2640 m
and 2740 m, respectively, is due to the increasing smoothing by
diffusion, but also shifts to higher values for 8s below —39%0
are observed in this part of the core.

A clue to the significance of the —39%o level of the GRIP &
record can perhaps be found in a comparison between the
GRIP stage 5 6 record and the Deep Sea Dirilling Project
(DSDP) 609 and V29-191 ocean sediment records [McManus
et al., 1994]. It is observed that when the GRIP 8 values are
below a —38.5 to —39%o trigger level, the N. pachyderma s.
and ice-rafted debris (IRD) concentrations are generally high,
pointing to colder sea surface temperatures (SSTs) and melt-
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Figure 5. (a) The detailed GRIP 8'30 profile smoothed with
a 1-m Gaussian low-pass filter. (b) The high-resolution RMS
variability of the deviations of the unfiltered data from the
filtered curve in Figure 5a, calculated for a 101-point running
window. The two arrows show where the sampling lengths were
changed from four to eight samples per bag and from eight to
16 samples per bag, resulting in a jump in the variability by a
factor of V2. (c) Estimates of the short-term variability for the
mean annual 8 signal. The estimates are found by dividing the
data in Figure 5b by the square root of the numbers of calcu-
lated years represented by each sample. The shifts at the ar-
rows in Figure 5a are thus no more discernible. The anticor-
relation with the 8 record in Figure Sa is evident.
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ing icebergs west of Ireland and a strong southward shift of the
North Atlantic polar front. This suggests that general instabil-
ity in the position of the polar front on decadal timescales is a
primary cause of the high short-term variability observed in the
Greenland climate during the last glacial as well as of the
associated atmospheric circulation changes [Ditlevsen et al.,
1996; Kapsner et al., 1995].

The data discussed above on the short-term variability of
climate can be compared with predictions from general circu-
lation models (GCMs) which deal with the water isotopes in
the hydrological cycle [Joussaume et al., 1984; Jouzel et al.,
1987] to help constrain the models in terms of the effect of
possible ocean circulation changes and to improve our under-
standing of the data.

2.6. The Stacked Annual & Record Since A.D. 1063

Three of the cores drilled at Summit, Eurocore, Sum89-3,
and Sum93, overlap in the time period A.D. 1063 to 1979. In
Figure 6b we present the stacked annual & record for the three
cores filtered by a 30-year Gaussian low-pass filter in order to
emphasize the longer-term changes. We recognize the well-
known warming around A.D. 1930 and the very cold conditions
at the end of the seventeenth century. The most dramatic
feature of the filtered 8 record is the strong and rapid shift
from very cold to very warm conditions at the end of the
fourteenth century, which is also shown as annual & values
from A.D. 1320 to 1420 in Figure 6a. A second interesting
feature of the record in Figure 6a is the warm sawtooth-like
peak, leading up to the very cold period around A.D. 1380.
Such cycles, which are often discernible in the stacked annual
drecord on timescales from 10 to 200 years, probably represent
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Figure 6. (a) The stacked mean annual §'®0 record for the
period A.D. 1320 to 1420. (b) The 917-year-long stacked mean
annual & record, based on three Summit & records, smoothed
with a 30-year Gaussian low-pass filter.

a true feature of the Greenland climate: a rapid warming
followed by a much slower cooling similar to that of the 1920s
and 1930s. A similar sawtooth shape also characterizes the
much longer-lasting warm interstadials of the last glacial pe-
riod (compare Figure 8).

Due to the reduced noise in the stacked record, we should be
able to detect possible periodic features in the data with
greater confidence than normally done when using single-core
records. The MEM power spectrum (AR = 30) for the unfil-
tered 2-year mean stacked record is shown in Figure 7. The
three strongest spectral peaks seen represent enhanced vari-
ability of the 8 record centered on periods of 61.6, 19.4, and
11.6 years. The data structures corresponding to the spectral
region around the 61.6-year peak are presented in Figure 6a.
That peak does not seem to represent any strictly periodic
component, since it keeps splitting up with increased AR or-
der. The second peak at 19.4 years is more stable and con-
verges rapidly to a 19.9-year peak with increased AR order. A
~20-year spectral peak has also been discussed and found
significant, at the 99% level [Hibler and Johnsen, 1979], in a
similar study on stacked annual & records from accurately
dated cores, drilled at Dye 3, Milcent, and Crete on the Green-
land Ice Sheet. The authors suggest a correlation with solar
activity modulated by the tidal forces on the Sun, which display
two sharp periodic components of 19.8 and 11.9 years, caused
by the orbital periods and gravitational pull of Jupiter and
Saturn.

Two spectral peaks at 19 and 10.5 years, significant at the
90% level, have been detected in the detailed °Be data from
the Holocene part of the GRIP core [Yiou et al., this issue (a)].
The authors find the 19-year periodicity more stable and assign
an error of 1-2 years to the period lengths, which makes a
correlation with our 19.4- and 11.6-year peaks possible.

The third distinct spectral peak, representing cyclic periods
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from about 11 to 12 years, shows some stability with respect to
increasing AR order but does eventually split up into two
stable peaks at 11.2 and 11.9 years. This behavior is confirmed
by band-pass filtering (9.5 to 13 years), which reveals a long-
term (100 to 200 years) beating signal with an amplitude up to
0.5%o. This component in the mean annual & signal at Summit
can generally not be traced back to the 11-year sunspot cycle.
There are two reasons for this conclusion: (1) the maximum of
the spectral peak is found at 11.6 years (it cannot be shifted to
11 years by invoking dating errors) and (2) the band-passed
record mentioned above displays considerable amplitudes in
the periods of minimum sunspot activity, the so-called Maun-
der and Sporer minima from A.D. 1640 to 1710 and from A.D.
1455 to 1545, respectively [Eddy, 1976, 1977]. In fact, the band-
passed signal is dominated by the longer 11.9-year periodicity
during these periods of low sunspot activity, which points to the
solar tides as a possible cause for the 11.9-year component of
the 11.6-year peak. The other component (11.2 years) of the
peak could possibly be related to the sunspot cycle. Evidence
for the influence of solar variability on the GISP2 8 record has
also been discussed [Stuiver et al., 1995]. They find, contrary to
our results, correlation with the 11l-year sunspot cycle over
most of the past 250 years, but the correlation with the longer-
term solar variability (60 to 550 years) as implied by the AC
record is less clear.

If neither the sunspot record nor the A'*C record [Stuiver et
al., 1995] correlates significantly with the central Greenland &
records, we have to seek other explanations for the quasi-
periodic 61.6-year component. We could appeal to internal
oscillations in the atmosphere/ocean system, or the North At-
lantic Oscillation [Barlow et al., 1993], as found in a fully
coupled ocean/atmosphere circulation model that shows high
variability of the thermohaline circulation at periodicities be-
tween 40 and 100 years [Delworth et al., 1993]. Other explana-
tions include volcanic activity, which has been shown to corre-
late with Greenland & records, both for long-term [Hammer,
1980] and short-term [Stuiver et al., 1995] changes.

2.7. The Long-Term & Profile

The continuous & record along the upper 2900 m of the
GRIP core is plotted in Figure 8 on a calculated timescale, the
so-called ss08 chronology [Dansgaard et al., 1993], with a 100-
year resolution over most of the record. The correlation to the
marine isotope stages (MIS) is marked to the right.
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Figure 7. The MEM power spectrum (AR = 30) for the

unfiltered 917-year-long Summit annual 8 record shown in
Figure 6.
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The timescale was derived by identifying and counting an-
nual layers downward from the surface back to 14,500 years
B.P. and further back in time by calculations based on ice flow
modeling [Dansgaard et al., 1993; Johnsen and Dansgaard,
1992]. Two nonobservable parameters of the model were cho-
sen to assign well-established ages to two characteristic fea-
tures in the & record: (1) 11,500 years for the end of the
Younger Dryas event [Bard et al., 1993; Johnsen et al., 1992a]
and (2) 110,000 years for the marine isotope stage 5d [Martin-
son et al., 1987], shown by the arrows marked a and b in Figure
8. A new chronology for the GRIP core, based on counting
annual layers in a continuous dust profile, has recently been
established.

Apart from the 6 minimum at 8210 years B.P. (1334-m
depth), the Holocene record in Figure 8 depicts a remarkably
stable & signal at Summit. Modeling of the GRIP temperature
profile with elevation changes due to varying accumulation
rates and shifts of the ice margins suggests, however, a cooling
trend in Greenland since 8 kyr B.P. of some 3°C [Cuffey and
Clow, this issue; Johnsen et al., 1995a]. This is in good agree-
ment with melt feature observations on cores drilled in the
Agassiz Ice Cap, Canada [Fisher et al., 1995]. In contrast, the
older part of the record shown in Figure 8 is dominated by
large and abrupt 8 shifts, which suggest that climatic stability in
Greenland is rare. The warm glacial interstadials, the so-called
Dansgaard-Oeschger cycles, have also been observed in ice
cores from northwest, south, and east Greenland [Dansgaard et
al., 1982, 1971; Johnsen et al., 1992b, 1972], as shown in Figure
9 and to be discussed in the next section, in the nearby GISP2
core [Grootes et al., 1993], and in North Atlantic sediment
cores [Bond et al., 1993; Fronval et al., 1995; McManus et al.,
1994].

2.7.1. Comparison with other Greenland & profiles. Con-
tinuous §'®0 profiles along sections of four Greenland ice
cores (located in Figure 1) from Camp Century (northwest),
Dye 3 (southeast), Summit (central), and Renland (east), span-
ning nearly the same time interval including the last glacial
period, are shown in Figure 9. The GISP2 profile, which is
almost ideniical with the Summit profile except for the lowest
100 m shown, is not included in this comparison. The four
records are all plotted on linear depth scales and extend down
to bedrock except for the GRIP record. The silty ice layers
sitting immediately above bedrock are indicated for both
Camp Century and Dye 3 profiles.

Some of the warm interstadials (IS), as defined from the
GRIP & record [Dansgaard et al., 1993], are shown by the
numbers close to the 8 profiles and serve to highlight the
correlation among all four records. Judging from the correla-
tion with the GRIP record, the Dye 3 record seems to deteri-
orate below IS 8 even though a correlation with the GRIP
record can be reestablished by the Z2 volcanic ash layer [Gron-
vold et al., 1995; Ram and Gayley, 1991] shown by arrows
marked Z2 in the Figure 9. The Camp Century record shows
the highest and the Renland record shows the lowest degree of
glacial instability, suggesting different source regions for the
precipitation falling at these two sites. A similar conclusion
would also hold for the Summit site since the GRIP record
shows less variability during IS 21 and 23 than is found in the
Camp Century counterparts.

The Renland record [Hansson, 1994; Johnsen et al., 1992b],
which spans only 20 m of ice, shows a surprisingly accurate
correlation with the more than 1200-m-long GRIP record
when the 4-m low 8 interval above IS 19 is excluded. The low
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Figure 8. The GRIP §%0 profile plotted on a timescale,
which is established by counting annual layers back to 14,500
years B.P. and beyond that by ice flow modeling using the
points a and b as fix points for the timescale. The marine
isotope stages (MIS) are indicated on the figure together with
the last glacial maximum (LGM).

amplitude and blocky shape of the Renland interstadials are
still a matter of debate [Johnsen et al., 1992b].

The high & sections of the profiles situated below IS 23 in
Figure 9 are assumed to represent parts of the last interglacial
period, Eem. Evidently, no consensus is found in the data
about the shape of the Eemian. The Dye 3 profile is clearly
disturbed and can be ruled out in this discussion. The Camp
Century and the Renland profiles could represent the latest
stages of the Eemian period provided the ice at these sites was
melted away in earlier stages of the Eemian. This is consistent
with heavy melt features and a associated high dust content
observed in the lowest meter of the Renland core pointing to
a rebuilding stage of the Renland Ice Cap. The relatively great
thickness of the warm Eemian ice in the Camp Century and the
Renland ice cores seems to preclude any correlation with the
GRIP Eemian record. If we assume, however, that the Camp
Century and Renland Eemian ice was deposited during a
buildup phase with low initial strain rates for thinning the
Eemian layers, a correlation with the last warm phase (5el) of
the GRIP Eemian seems possible. The occurrence of a very
cold and sharp & spike in the Camp Century Eemian ice as well
as in the GRIP 5el ice shown in Figure 9 and discussed in
section 3.3 provides further support for this correlation.

2.7.2. Correlation with Antarctic profiles. Pronounced &
variability on the timescales of the Dansgaard-Oeschger cycles
is also found in the Antarctic 6 records of the Byrd core
[Johnsen et al., 1972; Sowers and Bender, 1995] and the Vostok
core [Jouzel et al., 1992; Yiou et al., this issue (b))]. This empha-
sizes the global nature of these cycles [Bender et al., 1994]. The
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Figure 9. Continuous 8'®0 profiles along sections of four Greenland ice cores (located in Figure 1) from
Camp Century (northwest), Dye 3 (southeast), Summit (central), and Renland (east), spanning nearly the
same time interval including the last glacial period. The GISP2 profile, which is almost identical with the
Summit profile except for the lowest 100 m shown, is not included. The four records are all plotted on linear
depth scales and extend down to bedrock except for the GRIP record. The silty ice layers are indicated for
both the Camp Century and the Dye 3 core. Some of the warm interstadials (IS), as defined from the GRIP
& record, are shown by the numbers close to the 8 profiles and serve to highlight the correlation between all

four records.

exact phase between these cycles is still being debated; corre-
lations using deep ocean sedimentary cores indicate that the
south is leading the north by some 1500 years [Charles et al.,
1996]. The Antarctic counterpart of the Younger Dryas-
Allergd-Bolling oscillation found in Greenland seems, how-
ever, to be of opposite phase based on a recent study of the
global Younger Dryas methane drop in the GRIP and the Byrd
ice cores [Blunier et al., 1997].

The immediate cause of the Dansgaard-Oeschger cycles has
been assigned to circulation changes in the North Atlantic
[Broecker et al., 1985; Dansgaard et al., 1984; Oeschger et al.,
1984}, which are controlled by the delicate salinity balance in
North Atlantic Ocean. The salinity is modified by variable
freshwater fluxes from pecipation, icebergs, surging glaciers,
and glacial lakes, which are subsequently manifested in the
variable strength of the North Atlantic heat conveyor [Bond
and Lotti, 1995; Broecker et al., 1992]. The immediate effect of
these North Atlantic circulation changes on the ocean circula-
tion in the southern oceans is not fully understood, but some
clues can certainly be found by careful correlation of Green-
land and Antarctic deep ice-core records.

2.7.3. The last interglacial. Series of & values higher than
the Holocene mean value of —35%o occur between 115 and
130 kyr B.P. in the record of Figure 8. This clearly represents
a period with temperatures exceeding those of today, and we

interpret this core increment as being deposited during the last
interglaciation, or Eem, which is usually recorded in other
climate proxies as warmer than the Holocene (e.g., European
pollen records [Zagwijn, 1996]) and warmer than the other
most recent interglaciations in ocean sediment records
[Kellogg, 1980].

The most spectacular feature of the & record is the contin-
uation of abrupt & shifts within the Eem Interglaciation (Fig-
ures 8 and 10), which seems dominated by three different
climate stades: Periods of high 8, corresponding to Greenland
temperatures 4°-5°C higher than today, shift abruptly to peri-
ods of Holocene-like § or to periods of interstadial-type &
corresponding to Greenland temperatures 5°-6°C colder than
now. The longest of the low 8 intervals seems to have lasted
approximately 4000 years. These shifts in the GRIP Eemian
have no close parallel in climate records published earlier, in
other Greenland ice cores (including the GISP2 deep core), in
midlatitude North Atlantic sediments [Cortijo et al., 1994], or
in western and central European pollen records [Zagwijn,
1996]. The latter two studies reveal no indications for climate
instability in the Eemian period at midlatitudes. There is, how-
ever, some recently obtained evidence pointing to Eemian
instability in records from the Nordic Seas sediments [Cortijo et
al., 1994; Fronval and Jansen, 1996; Sejrup et al., 1995] and
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pointing to rapid changes in the ocean circulation and the heat
flux.

The & values for the cold Eemian stages are similar to the &
values found in the relatively warm interstadials 5a and 5c
(Figure 8) that range from —36 to —38.5%0. During these
interstadials the central European climate is found, as a con-
trast, to be quite stable and warm [Guiot et al., 1989]. This
suggests that the warm and stable Eemian climate in central
Europe could coexist with relatively cold climate in Greenland
as found during the colder stages of the GRIP Eemian, possi-
bly due to eastward shift of the North Atlantic Current and
reduced ocean heat flux to the Nordic Seas not affecting the
central European climate [Johnsen et al., 1995b].

In order to investigate other possible explanations the ice-
core stratigraphy, as defined by several continuously observed
parameters, has been scrutinized for disturbances, which may
have invalidated the orderly layer sequence in the Eemian part
of the GRIP core [Alley et al., 1995; GRIP Project Members,
1993; Johnsen et al., 1995b]. Below we will reevaluate the evi-
dence already published on this topic and discuss the implica-
tions of the new evidence based on total gas, CH,, §'®0,,.,,, and
1°Be measurements through the GRIP Eemian [Chappellaz et
al., this issue; Fuchs and Leuenberger, 1996; Peel, 1995].

3. The Eemian Problem
3.1. The GRIP Eemian

The GRIP Eemian sequence is best described by the de-
tailed & record in Figure 10. Five main stages have been iden-
tified and are labeled as 5el to Se5 [Dansgaard et al., 1993;
GRIP Project Members, 1993]. Stages 5e2 and 5Se4 represent the
cool stages interrupting the Eemian warmth for relatively long
periods. A total of six sharp and very cold spikes are also
identified in the sequence and are here labeled ES1 through
ES6 for convenience. The first and the sixth spikes have pre-
viously been discussed as event 1 and event 2 and were found
to possess unique characteristics compared to other strata in
the GRIP core [GRIP Project Members, 1993].

3.2. Gas Evidence

Samples from the atmosphere are continuously being
trapped in glacier ice as air bubbles in the firn become closed
off from overburden pressure. Several important characteris-
tics of the Earth’s past atmosphere can thus be studied in ice
cores, including its composition and the isotopic ratios of its
constituents [Chappellaz et al., this issue].

The gas records can be used to check the integrity of the
GRIP Eemian or assist in its interpretation. This is because the
gas records should be of global nature due to the well-mixed
atmosphere, given a sufficiently large residence time for the
gas in the atmosphere. They should consequently match simi-
lar records through the Eemian sequence of the Vostok core,
which is not believed to be affected by flow disturbances
[Bender et al., 1994]. The whole exercise relies on the assump-
tion of the stability of the gases during and after their trapping
in the ice, first as air bubbles and later as clathrates in a
recrystallizing ice matrix loaded with impurities. Unfortu-
nately, this stability requirement does not hold for the CO, gas
trapped in Greenland glacier ice [Anklin et al., 1995; Barnola et al.,
1995], which consequently cannot be used in this comparison.

The two new gas records, §'®0,,,, [Fuchs and Leuenberger,
1996] and CH, [Chappellaz et al., this issue] have been com-
pared with the Vostok gas records. Both studies conclude that
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Figure 10. High-resolution 8 profile spanning the Eemian
ice. The numbers farthest to the left indicate the tilt (in de-
grees) of cloudy bands in low 8'%0 ice. The numbers immedi-
ately to the left of the curve indicate the suggested numbering
of the sharp Eemian §'®0 spikes (ES1 to ES6), and the num-
bers to the right of the curve indicate the Eemian isotopic
substages.

the GRIP Eemian sequence is disturbed by foldings, intru-
sions, or both, due to the very poor correlation with the Vostok
counterparts. The study by Chappellaz et al., which discusses
both types of gas data, suggests that the two cold substages, 5e2
and Se4, carry a MIS 5d or MIS 7 fingerprint and should
therefore originate from layers originally sitting outside of the
Eemian sequence. A 10-kyr-long part of MIS 6 strata seems
also to be missing in the core. The CH, data for samples taken
from the impure and cold ES2 spike further suggest disturbed
stratigraphy, since its signature does not match that found in
the isotopically warm ambient ice. This conclusion would, how-
ever, be challenged if the CH, concentrations and the §'%0,,,,
values were somehow affected by the varying impurity content
in the core, a possibility which seems to be contradicted by the
otherwise close resemblance of the Vostok gas records with the
independent GRIP and GISP2 counterparts [Brook et al.,
1996] from higher up in the cores where their respective &
profiles show a close match [Grootes et al., 1993].

We go on to examine other available evidence pertinent to
the question of folding and intrusions in the GRIP Eemian
sequence in order to better understand the implications of
such events taking place within an ice sheet.

3.3. Evidence for Intrusions

In geology, intrusions are mainly discussed in connection
with intrusive igneous rock. In glaciology, we may not have an
equivalent process, but if we for a moment assume that the
sharp & spikes in the Eemian sequence (Figure 10) are due to
alien ice from outside the isotopically warm & interval, then
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Figure 11. (a) The detailed 8'®0 profile showing the onset of
the GRIP Eemian. (b) A disturbed, highly detailed §'®O pro-
file from the Dye 3 core, which depicts extremely steep gradi-
ents and large shifts due to intrusions and folding. No similarly
sharp features are seen in the GRIP profile.

they would be of intrusive origin. We thus propose to use the
term intrusion for such narrow and apparent alien layers if they
are truly out of stratigraphic order.

Similar layers of suspected intrusions or foldings have also
been found in the Devon Island ice core [Paterson et al., 1977]
and are clearly seen in the highly disturbed part of the Dye 3
core (Figure 11b) discussed below.

Reordering and splitting up of a well-ordered sequence of
ice layers will most likely take place in ice under intensive shear
especially when the shear direction is different from that of the
original layering. Any change in flow line directions due to
growth or decay of the ice sheet would furthermore expedite
such processes, particularly close to any bedrock undulations.
An example of such restacking processes is found in the de-
tailed & profile from the lower strata of the Dye 3 core, where
the otherwise perfect correlation with the GRIP 6 profile (Fig-
ure 9) encountered at a distance higher than 120 m from
bedrock has broken down. Part of the mechanically disturbed
Dye 3 8 profile, probably originating from MIS 3 and MIS 4, is
shown in Figure 11b, along with the detailed 8 profile from the
onset of the GRIP Eemian for comparison, where most of the
cold spikes are located (Figure 11a). The sample increments
are 2.5 cm for the Dye 3 8 profile and 3.44 cm for the GRIP §
profile. Both profiles shown represent a 20-m-long depth in-
terval in the cores.

The highly disturbed Dye 3 profile (Figure 11b) displays
numerous large and exceptionally sharp & shifts that occur over
core increments of less than 1 to 2 cm. The detailed dust record
[Hammer et al., 1985] from the core (not shown) also contains
similarly sharp shifts. The effect of the restacking process in
the 1950-m-deep Dye 3 ice is furthermore demonstrated by the
separation of the Z2 ash layer (shown in Figure 9) into several
bands of ash aggregates over more than 50-cm core increments
in the Dye 3 core [Ram and Gayley, 1991], which is found as a
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2.5-cm-thick dark and banded layer in the undisturbed part of
GRIP core [Gronvold et al., 1995].

We infer that any intrusions in the GRIP Eemian sequence
should have similar characteristics. No such sharp shifts are
seen, however, in the GRIP 8 profile (Figure 11a). It could be
argued that the cold Eemian spikes have been formed in a
similar manner and that the initially sharp gradients have been
smoothed out by diffusion over long time. This possibility was
rejected [Johnsen et al., 1995b], based on back diffusion, with a
diffusion length of 3.5 cm, performed on the detailed & profile
in Figure 10. This conclusion seems no longer to hold, how-
ever, due to complications with the diffusion lengths in the
Eemian strata, to be further discussed below.

One interesting feature, common to all the Eemian spikes, is
the gradual lowering of the high 8 values, starting at a distance
of some 20 cm from the steepest parts of the & spikes (Figures
10 and 11b). If diffusion is responsible for this feature, a dif-
fusion length of some 6 to 7 cm, or twice that found by mod-
eling the diffusion length using the single-crystal diffusion con-
stant [Ramseier, 1967a], is needed. When the 10 times more
effective CB diffusion, as observed in the clean Holocene ice,
is included in the modeling, we end up with a diffusion length
for the warm Eemian strata of about 6 cm. The ice in the
coldest parts of the spikes contains a high level of impurities
and we believe this inhibits crystal boundary diffusion, as ob-
served in the similarly impure Younger Dryas strata. We thus
expect to have a diffusion length of some 3.5 cm for the impure
ice in the spikes. It should be noted that if the delta spikes at
some stage had sharp edges, it would take only about 20 kyr for
the diffusion to smooth them to the shape they have today. In
other words, the present shape of the Eemian & spikes cannot
be used to determine their possible origin, except that they
must have formed more than 20 kyr ago.

The detailed dust profile through the Eemian (C. U. Ham-
mer, manuscript in preparation, 1997), which could not have
been smoothed by diffusion, records all the Eemian spikes as
high (2 to 6 mg/kg) levels of dust with very sharp gradients at
the boundaries of the spikes. The dust evidence is thus consis-
tent with the intrusion hypothesis, but it does not rule out
possible dramatic changes in the Greenland climate as being
their primary cause.

The Eemian spikes can also be characterized by their chem-
istry [Steffensen et al., this issue], which finds his data difficult to
reconcile with mechanical origin of these sharp events. De-
tailed measurements of ammonium, calcium [Fuhrer et al.,
1996], and the isotopes presented here show that for each of
the spikes, the chemical fingerprints are unique and found
nowhere else in the core. This implies that the intrusion hy-
pothesis must be rejected unless (1) the originally undisturbed
layers were totally absorbed into the Eemian sequence or (2)
the chemical fingerprints of these layers have been drastically
changed in the course of time.

The detailed 8 and dust profiles for ES1 are shown in Figure
12. This spike stands out as being different from the others in
several ways: (1) its 8 values plunge down some 9%o to a value
of —41%o, which is lower than the lowest & value found any-
where near the Eemian, (2) the dust concentration shows a
double peak and is generally higher (6 mg/kg) and trails off
gradually at the upper transition over a core length of 4 cm,
while the other spikes show a lower dust concentration from 2
to 4 mg/kg with abrupt transitions, and (3) the dip and shape of
the visible layering show no clear signs of stratigraphic distur-
bances, while the others are characterized by generally higher
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and variable dip and small open folds [Alley et al., 1995;
Johnsen et al., 1995b], as indicated in Figure 10. These obser-
vations seem to support a nonmechanical origin of ES1 [GRIP
Project Members, 1993), keeping in mind that a similarly deep
& spike has been found in the warm Eemian part of the Camp
Century core [Dansgaard et al., 1972]. It has been subjected to
much less diffusion smoothing than ES1 and seems to have
some features in common with the ES1 high-resolution dust
profile: a double peak and a gradual recovery of the 8 values at
the upper transition. We thus consider it highly probable that
this is a real event and suggest that it corresponds to the cold
and sharp Melesey I event found in the Grande Pile pollen
profile [de Beaulieu and Reille, 1992] and to the sharp IRD
double spike found at 642-cm-depth in the DSDP 609 marine
sedimentary core from the early part of MIS 5d [McManus et
al., 1994].

The 8 gradients at the transitions of the longer-lasting cold
substages Se2 and 5e4, the supposedly alien parts of the GRIP
Eemian sequence of possible MIS 5d or MIS 7b origin [Chap-
pellaz et al., this issue], are generally much smoother than the
steep gradients in the 8 spikes (Figure 10). Since the dust
concentrations over the transitions are strictly anticorrelated
with the smooth 6 and show no evidence of abrupt breaks, as
would be expected at the boundaries of intrusions, that mech-
anism has to be ruled out as being the cause of these cold strata
of the Eemian sequence. If we still assume, as suggested by the
study of CH, and §'®0,,,,, [Chappellaz et al., this issue], that the
Eemian stages 5e2 and 5e4 have been introduced mechanically
into the Eemian sequence, we will have to think of folding as
the only other obvious possibility.

3.4. Evidence for Folding

Several mechanisms for folding in the lowest strata of ice
sheets have been proposed, (1) ice flowing over and around
bedrock obstacles, (2) changes in the directions of ice flow over
undulating bedrock, and (3) ice divides migrating back and
forth over bedrock that might even be flat and horizontal.

A core drilled through overfolded ice should generally en-
counter the same strata two to three times, and some irregu-
larities in the stratification or layer dipping should be encoun-
tered. This has not been observed in the visible layering in
stages 5d, 5Sel, 5e2, and 5e4, which were all found to be gently
dipping 5° to 6° (Figure 10) toward the same relative azimuth
[Johnsen et al., 1995b]. This should probably not be taken as
strong evidence against possible folding since subsequent pro-
gressive layer thinning and stretching would eventually erase
all differences in the dip, provided enough time has elapsed. In
that case, the much higher and variable dips observed in ES2
through ES6 have to be caused by other processes like active
boudinage [Staffelbach et al., 1988]. A more direct way to
detect folding would be to check for layers that repeat them-
selves in all measured constituents. This has been done for
layers inside and close to the Eemian sequence, using detailed
continuous measurements of 8, ECM, dust, nitrate, Ca* ™", and
NH; . No evidence for repeated layers was found [Johnsen et
al., 1995b].

The stability of both the '°Be concentrations [Yiou et al., this
issue (a)] and the total gas content [Raynaud et al., this issue]
through stages 5e2 and 5e4 of the Eemian sequence seem
furthermore to speak against disturbed layering.

Since the core must be strictly continuous, due to the perfect
fits observed during logging between the drilled core pieces,
and furthermore by using the evidence presented above that
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Figure 12. (a) The detailed 8'0 profile for ES1. The grad-
ual lowering of the 80 values on both sides of the spike is due
to enhanced diffusion in the high §'%0 Eemian ice. (b) The
detailed dust profile for the same depth interval. The isolated
peaks are most probably data errors. Note the sharp transitions
in the dust concentrations, which are typical for all the Eemian
8180 spikes except for this particular one, which shows a grad-
ual trailing off at the upper transition, suggesting that the peak
might be of climatic origin.

rejects the intrusion hypothesis, we are not able to reconcile
the apparently convincing evidence from the methane and
5'80,,,,» measurements with the evidence based on other im-
portant ice-core data regarding the mechanical origin of the
cold Eemian substages 5e¢2 and 5e4.

We hope to shed new light on this important issue when the
recently started North Greenland Ice Core Project (NGRIP)
deep drilling project, organized by the Department of Geo-
physics, University of Copenhagen, has recovered a new deep
ice core in an area 320 km NNW of Summit, where conditions
for uniform layering at great depths are believed to be much
more favorable than at Summit [Dahl-Jensen et al., 1997].

4. Summary and Conclusions

On the basis of the data and discussion presented above, we
emphasize the following main observations:

1. The variability of the mean annual 6 signal at Summit,
for the past 917 years, is of the order of 1.05%o. Of the 1.1%0°
total variance, we estimate 0.6%o to be depositional noise and
0.5%0? to be the real & signal. Stacking of three independent &
records reduces the noise variance to 0.2%02, which allows
much firmer conclusions to be drawn from the data.

2. Spectral analysis of the stacked 917-year-long & records
indicates two persistent periodicities at 19.8 and 11.9 years.
The 19.8-year periodicity has also been found in a similar study
of other stacked Greenland & records [Hibler and Johnsen,
1979]. Both periods are also found in the tidal forces of the
sun. No convincing evidence is found for the 11-year sunspot
period over this time interval.

3. For the coldest parts of the last glacial period the short-
term (<50 years) 8 variability is ~3% or much higher than for
present-day interglacial conditions. A significant part of the
glacial short-term & variability is believed to be of climatic
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origin. For the warmest parts of the glacial interstadials, when
8 exceeds —39%o, the variability is quite stable and close to
1.8%eo.

4. The smoothing of the detailed & signal in the Holocene
is much stronger than anticipated. The diffusion constant for
this excess diffusion is about 1 order of magnitude higher than
the single-crystal diffusion constant for a water molecule in ice
at —32°C. We suggest that diffusion of loosely bound water
molecules along the crystal boundaries (CB diffusion) in the
recrystallizing ice matrix is responsible for the excess diffusion
observed. In the more impure glacial-type ice the impurities
seem to inhibit the excess diffusion process.

5. The long-term 8 record for the GRIP core correlates
well with other proxy climate records from ice cores, high-
resolution ocean sediment cores, and terrestrial pollen records
back to MIS 5d or 115 kyr BP. The 5e or Eemian sequence in
the core is questionable, since it correlates neither with other
records from ice cores nor with most published records from
deep-sea sediment cores. The substages Sel to 5eS5 seem, how-
ever, to correlate with ocean sediment data from the Nordic
Seas [Fronval and Jansen, 1996], which suggest rapid changes in
the ocean circulation and heat flux. We consider, however,
based on correlation with the Camp Century core that the cold
ESI event is a real climatic event.

6. Several high-quality data sets are available from the
GRIP ice core that can be used to investigate signs of layer
disturbances in the GRIP Eemian sequence. By correlating the
GRIP gas data (CH, and 8'®0,,,,) with corresponding data
from the Vostok and the GISP2 cores [Chappellaz et al., this
issue] and assuming the gases to be well mixed in the atmo-
sphere and chemically stable in the ice, evidence for serious
disturbances in the Eemian sequence is found [Peel, 1995]. The
other data sets, including 8'80, dust, chemistry, and ECM,
have been scrutinized for evidence in support of the above
conclusion from the gas study. No direct support has been
found in the data, which appear to contradict the notion of a
GRIP Eemian disturbed by large-scale folding and intrusions.

Since we are not able to reconcile the evidence, pertinent to
the question of a disturbed GRIP Eemian, we have to admit to
serious flaws in our understanding related to the basic behavior
of some of the ice-core parameters discussed above.
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