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δ18O records from the GISP2 and GRIP ice cores are widely used
as benchmark paleoclimate chronologies, but there are significant
differences between the two time scales. The present study shows
that offsets between the two chronologies over the past 14,500 yr
do not accumulate gradually, but appear over two short intervals of
100–200 yr. An initial offset of 80 yr occurs close to 3300–3400 yr
B.P., and another 100 yr of slip appears at the start of the Younger
Dryas. Since these discrepancies are localized, resolving them may
be far easier than if large sections of both cores required reexami-
nation.
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INTRODUCTION

Two of our most valuable paleoclimate archives are the GIS
and GRIP ice cores, drilled 30 km apart at Summit, Greenla
in the early 1990s. Theδ18O records from the cores (Groote
et al., 1993; Stuiveret al., 1995; Johnsenet al., 1992; Dansgaard
et al., 1993) are crucial because they are used extensively
cross-correlating the annual-layer ice-core time scales with
calibrated paleoclimate sequences, thereby providing N
Atlantic, hemispheric, and perhaps even global chronologie
the dramatic climate changes of the Pleistocene–Holocene
sition. Unfortunately, the GISP2 and GRIP chronologies d
agree by 80 yr at the early Holocene 8200 yr B.P. cold event
at the end of the Younger Dryas and by 200 yr at the start of
Bølling Interstade (Fig. 1). The discrepancies are well wit
the layer counting uncertainties of 1–2% for the past 14,50
(Johnsenet al., 1992; Alleyet al., 1997; Meeseet al., 1997),
but these systematic offsets are nevertheless a major pro
for a paleoclimate community increasingly concerned with c
tennial and even decadal climate change.

An obvious hypothesis is that the offsets are due to the
cumulation of small errors in identifying and counting annu
layers, leading to a slow incremental shift between the chron
gies for the two cores; but surprisingly, this is not the ca
This paper reviews evidence from cosmogenic isotopes and
core acidity records which identifies an interval between 3
and 3400 yr B.P. during which most of the 80-yr Holoce
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offset appears.δ18O data are then used to further constrain t
“slip” to a period around 3300–3400 yr B.P. and to ident
an additional 100-yr discrepancy at the start of the Youn
Dryas. These short intervals supply almost all of the off
between the two chronologies over the past 14,500 yr. Id
tifying such localized problem areas is a first step toward
agnosing the causes of the offsets and reconciling the two
scales.

GISP2 AND GRIP CHRONOLOGIES

The GISP2 chronology was constructed primarily usingδ18O
measurements, visual stratigraphy, laser scattering from
ticulates, and electrical conductivity to identify annual laye
plus additional comparisons with chemical stratigraphy (Al
et al., 1997; Meeseet al., 1997). Layer counting was contin
uous back to 40,000 yr B.P. except for short breaks (typic
corresponding to 10 yr or less) due to core loss, mostly in
brittle ice zone ca. 3000–9000 yr B.P. The lengths of these
sections were known from drill logs, and layer thicknesses w
interpolated to estimate the number of lost years (Alleyet al.,
1997).

The ss09 time scale, the most widely used of the three G
chronologies (Johnsenet al., 1992; Dansgaardet al., 1993;
Hammeret al., 1997), was determined back to 8600 yr B
by correlating volcanic acid fallout horizons with correspon
ing features in the layer-counted South Greenland Dye 3 c
(Hammeret al., 1986). Before 8600 yr B.P., seasonal var
tions in concentrations of microparticles and several chem
species were counted to establish an annual chronology ba
14,500 yr B.P. For the deeper sections, a relationship betw
δ18O and ice accumulation rate was assumed and an ice
model was used to estimate layer thinning (Dansgaardet al.,
1993). A combination of the modeling results and tie poi
from the layer count was then used to develop the final time s
(Johnsenet al., 1992; S. Johnsen, personal communication)

Both chronologies explicitly define the zero B.P. time po
as 1950, not the start of ice drilling in 1989, so none of the off
is due to differences in age conventions.
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(Stuiveret al., 1998) for 3000–8000 yr B.P., showing a constant offset of about
RECONCILING GRIP AND GIS

FIG. 1. GISP2 and GRIPδ18O data (as per mil deviations from the P
Dee Belemite standard) for the period 8000–15,000 yr B.P., showing tem
offsets between the two chronologies increasing from 80 yr at the early Holo
8200 yr cold event to 200 yr at the start of the Bølling Interstade.

VOLCANIC ACIDITY SPIKES

Acidity records from GISP2, GRIP, and Dye 3 contain v
canic sulfate spikes which can be detected by measureme
electrical conductivity (ECM) or sulfate concentrations (Clau
et al., 1997; Zielinskiet al., 1994). Large peaks at 2000±
3 yr B.P. and 3028± 5 yr B.P. are essentially synchronous in
three cores, but GISP2–GRIP correlations around 3400–35
B.P. and earlier are less obvious. A group of four sulfate pe
spanning 3391–3409 yr B.P. in GISP2 can be correlated
Dye 3 ECM peaks at 3389, 3406, and 3412 yr B.P., but
GRIP record contains only one large ECM peak in this reg
at 3374 yr B.P. ECM peaks at 4001 and 3994 yr B.P. in Dy
and GRIP, respectively, have no obvious counterpart in GIS

Four major GISP2 sulfate spikes between 3550 and 365
B.P. and possibly correlative GRIP and Dye 3 ECM sing
at 3585 and 3593 yr B.P., respectively, have received partic
attention. This is due to interest in possible associations betw
acidity peaks, anomalously cold–wet climate signals in tree r
from 3577 yr B.P., and the Minoan eruption of Thera/Santo
(Manning, 1998; and references therein; Zielinski and Germ
1998). Baillie (1996), Clausenet al. (1997), and Zielinski and
Germani (1998) selected peaks at 3619, 3645, and 3573 yr
respectively, as the GISP2 features which correlate best
some or all of the eruption, the climate event, or the ECM pe
The arguments for the various choices are in some cases com
and are discussed in detail in those papers; suffice it to say th
continuing disagreement. Thus even for this intensively stu
interval, the relationship between the GISP2 and GRIP ac
records remains unclear.

GISP2 10Be vs TREE RING 14C
Both10Be and14C are produced in the atmosphere by cos
rays, but deposition of10Be is prompt, with an atmospher
P2 ICE-CORE CHRONOLOGIES 33
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lifetime of about 1 yr (Raisbecket al., 1981), while the re-
cycling of 14C via exchange between carbon reservoirs cau
atmospheric14C concentrations (114C) to lag centennial-scale
production changes. Carbon cycle models predict that tree-
records of atmospheric14C fluctuations should lag ice-core10Be
variations by 15–20 yr (Stuiver and Braziunas, 1993; Bardet al.,
1997), and a 15-yr shift has been seen over the past 1000
Antarctic ice (Bardet al., 1997). However, the published GISP
record of10Be concentrations (Finkel and Nishiizumi, 1997
which covers the period prior to 3300 yr B.P., leads the tree-r
114C record (Stuiveret al., 1998) by 80 yr over the interva
3400–11,300 yr B.P. (Fig. 2). Beyond that time, the10Be record
is perturbed by large ice accumulation rate changes.

As Finkel and Nishiizumi (1997) and Bardet al.(1997) have
observed, this offset has real significance, because the den
time scale for the14C record is probably accurate to within
year back to 10,400 yr B.P. (Spurket al., 1998; Kromer and
Spurk, 1998; Stuiveret al., 1998). Since it seems unlikely tha

FIG. 2. (a) GISP210Be concentrations versus the INTCAL98114C record
mic
ic

80 yr. (b)10Be–14C comparisons for the older section of the Holocene GISP2
10Be data.
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RECONCILING GRIP AND GIS

the carbon cycle has changed enough over the Holocene t
validate the model results, the 80 yr10Be–14C offset implies that
the GISP2 chronology is about 60 yr too old before 3400
B.P. (Conversely, the GISP2–GRIP offset of 80 yr at the 8200
B.P. cold event and at the end of the Younger Dryas sugg
that GRIP could be a decade or two too young in the ea
Holocene). The±10- to 20-year stability of this10Be–14C shift
over 8000 yr is remarkable and suggests that the cumula
precision of the GISP2 time scale is far better than the inc
mental counting uncertainty of 1–2% (Alleyet al., 1997; Meese
et al., 1997).

More recent work to extend the GISP210Be record toward
the present has shown that the equivalent10Be–14C shifts for
prominent14C peaks at 2300 and 2700 yr B.P. are just 20–30
(R. Finkel, personal communication), close to the values p
dicted by the carbon cycle modeling. Thus, the10Be–14C evi-
dence points to a stretching of the GISP2 time scale relativ
the tree-ring record of the order of 50–60 yr between 2700
3400 yr B.P.

GISP2–GRIP δ18O: THE HOLOCENE

Figure 3 shows GISP2δ18O data (35–40 cm per sample) an
GRIP 55-cm results, smoothed with 11-point and 7-point r
ning means respectively to ca. 25-yr resolution. Tentative c
relations are shown, and I have shifted segments of the G
record chronologically and plotted them over the GISP2 dat
illustrate the quality of the fits. The plot extends from the p
riod where acidity spikes show good agreement between the
chronologies, well into the period where10Be indicates GISP2
is too old.

GRIP data shifted by−20 yr (i.e., to younger ages) fit th

18

yr

GISP2 results reasonably well over most of the period 1800–
2500 yr B.P. Gaps in the GISP2 data at 2340 and 2400 yr B.P.

In spite of these imperfections, the balance of theδ O ev-
idence suggests a fundamental change around 3300–3600
FIG. 4. GISP2 and GRIPδ18O data for 11,000–13,500 yr B.P., showing th
GRIP data for the period 12,400–12,680 yr B.P. (shown superimposed on t
P2 ICE-CORE CHRONOLOGIES 35
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are at least partly responsible for the relatively poor fit in t
interval 2300–2400 yr B.P. The two records also correspo
closely over the period 2900–3300 yr B.P. with minimal shiftin
and the region of agreement may extend almost to 3600 yr B
(but see below). The GRIP record from 3600 to almost 4400
B.P. also bears a striking resemblence to the GISP2 data,
only when shifted by 80 yr to older ages. Thus, the comparis
suggests a GISP2–GRIP offset of several decades before
middle of the fourth millennium B.P., but close agreement
more recent times.

The correlations are by no means perfect. The two reco
bear little resemblance over the period 2500–2900 yr B.P
result which is surprising but not unprecedented. Stuiveret al.
(1995) cited other instances of lack of correlation and local va
ation in δ18O from Greenland cores. Also, significant “acco
dioning” occurs around 4450 yr B.P.; the offset changes fro
80 yr to 35–50 yr, and a prominent double peak at 4400 yr B
in GRIP appears to collapse to a single peak at 4440 yr B.P
GISP2.

Furthermore, the relationship between the two records o
the critical 3300–3600 yr B.P. period is ambiguous. The pro
lem is exacerbated by a gap in the GISP2 results from 342
3450 yr B.P. and possibly also by the fact that GISP2δ18O data
from 3484 to 3648 yr B.P. required correction for fractionatio
due to evaporation from stored water samples (Stuiveret al.,
1995). Two alternatives are shown in Figure 3. A minimal (−5 yr)
shift applied to the GRIP data captures most of the variation
the GISP2 record at least to 3300 yr B.P. and perhaps almo
3600 yr B.P., as stated earlier. However, GRIP data for 3330
3580 yr B.P. also resemble the GISP2 record when shifted
100 yr to older ages—a shift at least roughly consistent with
60 yr indicated by the10Be–14C comparison at 3400 yr B.P.
e increase in GISP2–GRIP offset at the start of the Younger Dryas. Higher resolution
he longer GRIP record) resemble the GISP2 record over the period of slip (see text).
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B.P., from GISP2 and GRIP chronologies that agree to wit
a decade or so to chronologies that are significantly offset.
combination of these results with the10Be–14C evidence further
constrains the period where this offset appears to the inte
between 3300 and 3400 yr B.P.

GISP2–GRIP δ18O: THE YOUNGER DRYAS

Figures 1 and 4 compare the 55-cm GISP2 and 20-yr G
δ18O data for the Bølling-Allerød-Younger Dryas period. A
lowing for minor differences due to finite sampling density a
averaging, the agreement between the two records over thi
riod is remarkable, with one major exception: an obvious
crease of 100 yr in the GISP2–GRIP offset in the early Youn
Dryas. Also shown in Figure 4 are 5-yr GRIP data (S. Johns
personal communication) for the period 12,400–12,680 yr B
slightly smoothed and plotted over the lower resolution GR
data. They suggest that the smallδ18O peaks or shoulders aroun
12,620 and 12,670 yr B.P. in the GISP2 record probably h
counterparts in GRIP, even though the GRIP 20-yr data
Figure 4 show an almost featureless dip between 12,500
12,600 yr B.P. If this interpretation is correct and the two co
do have similarδ18O structure over the entire “slip” period
(ca. 12,620–12,850 yr B.P. in GISP2, 12,500–12,650 yr B
in GRIP), then the problem is not missing core or other “bloc
data loss. Rather, the GRIP core lacks about half the an
layers throughout this interval, or the GISP2 ice contains m
subannual structures which mimic annual bands, or the la
are in fact annual but one of the counts is erroneous.

CONCLUSIONS

GISP2–GRIP chronological offsets back to 14,500 yr B.P.
pear in two short intervals.18O data from the two cores show
good agreement back to 3300 yr B.P., with ambiguous r
tionships between the two chronologies for the period 330
3600 yr B.P., and an offset of about 80 yr before 3600 yr B
10Be–14C comparisons show that the GISP2 time scale is in g
agreement with dendrochronology at 2700 yr B.P. but appe
60 yr too old before 3400 yr B.P. The combined geochemical d
therefore strongly suggest that the GISP2 and GRIP chron
gies diverge between 3300 and 3400 yr B.P. This 100-yr pe
in GRIP is equivalent to 160–180 yr in GISP2. Acidity corr
lations show that the two time scales agree back to 3000 yr B
and although the acidity evidence from before that time is
conclusive, it does suggest a further test. If GISP2 and GRIP
indeed offset before 3400 yr B.P., the identification by Clau
et al. (1997) of the 3644 yr B.P. GISP2 sulfate peak with t
3593 yr B.P. GRIP and 3585 yr B.P. Dye 3 ECM peaks is like
correct. Examination of ice from these three peaks for tep
shards of a common composition, regardless of whether
matches any postulated source from Thera/Santorini, woul
instructive.
Deeper in the cores, the10Be–14C data indicate a constan
60-yr offset between the GISP2 and tree-ring chronolog
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through the early Holocene, andδ18O results from the 8200
yr B.P. cold event and the end of the Younger Dryas show 80
100-yr GISP2-GRIP offsets, similar to those present at 3600
B.P. Theδ18O data also show that the well-known 100-yr dis
crepancy in the length of the Younger Dryas in GISP2 and GR
appears right at the Younger Dryas onset. Finer resolution GR
δ18O data for this period contain structures not unlike those
the GISP2 record, suggesting that the two cores can be co
lated across this early Younger Dryas interval but that one of
chronologies is compressed or expanded. For both the Youn
Dryas and the Holocene offsets, the GISP2–GRIP discrepan
within the 100–200 yr slip intervals are huge compared to t
incremental counting uncertainties, so a mechanism other t
small random errors in layer counting is clearly involved.

Because the offsets appear in such localized intervals
because the discrepancies within those intervals are so o
whelming, the chances that the problems can be diagnosed
rectified are increased. Further scrutiny by GISP2 and GRIP
vestigators of ice, core logs, and other records correspondin
these short periods seems feasible, whereas reexamination
recounting of large sections of both cores would require a hu
effort and may even be impossible for some depth intervals
intensive sampling or physical or chemical changes in the ice
storage have led to reductions in core quality.

Apart from these two short problematic intervals, the tw
chronologies are in remarkable agreement, synchronized
within a few decades over periods as long as 8000 yr. This
testament to the care with which both chronologies were d
rived and implies that the incremental counting errors strong
overestimate the cumulative uncertainty over long periods.
turn, this suggests that a unified 14,500-yr Summit chronolo
of close to decadal precision and accuracy may be achieva
once the two problem areas are resolved.

ACKNOWLEDGMENTS

GISP2 55-cm and GRIP 20-yrδ18O data were obtained from World Data
Center A for Paleoclimatology, National Geophysical Data Center, Bould
Colorado. Higher resolution data were provided by the Quaternary Isot
Laboratory, University of Washington, Seattle, and by Sigfus Johnsen. I th
Sigfus Johnsen, Richard Alley, Piet Grootes, Mike Baillie, and Bob Finkel f
helpful discussions. This work was supported by Lawrence Livermore Natio
Lab (LDRD 97-ERI-009) and by the U.S. DOE under Contract W-7405-Eng-4

REFERENCES

Alley, R. B., Shuman, C. A., Meese, D. A., Gow, A. J., Taylor, K. C., Cuffe
K. M., Fitzpatrick, J. J., Grootes, P. M., Zielinski, G. A., Ram, M., Spinell
G., and Elder, B. (1997). Visual-stratigraphic dating of the GISP2 ice co
Basis, reproducibility and application.Journal of Geophysical Research102,
26367–26381.

Baillie, M. G. L. (1996). Extreme environmental events and the linking
the tree-ring and ice-core chronologies.In “Tree Rings, Environment and
t
ies

Humanity” (S. Dean, D. M. Meko, and T. W. Swetnam, Eds.), pp. 703–711.
Radiocarbon, Tucson, AZ.



h

e

m

7th
ski

.,
Ice

d
rt

er,
eim
ger

eric

noes.

A.,
T-

the

,
of
RECONCILING GRIP AND GIS

Bard, E., Raisbeck, G. M., and Jouzel, J. (1997). Solar modulation of cosmog
nuclide production over the last millennium: Comparisons between14C and
10Be records.Earth and Planetary Science Letters150,453–462.

Clausen, H., Mammer, C. U., Hvidberg, C. S., Dahl-Jensen, D., and Steffen
J. P. (1997). A comparison of the volcanic records over the past 4000 y
from the Greenland Ice Core Project and Dye 3 Greenland ice cores.Journal
of Geophysical Research102,26707–26723.

Dansgaard, W., Johnsen, S. J., Clausen, H. B., Dahl-Jensen, D., Gunde
N. S., Hammer, C. U., Hvidberg, C. S., Stefffensen, J. P., Sveinbjornsdo
A. E., Jouzel, J., and Bond, G. (1993). Evidence for general instability of p
climate from a 250-kyr ice-core record.Nature364,218–220.

Finkel, R. C., and Nishiizumi, K. (1997). Beryllium 10 concentrations in t
Greenland Ice Sheet Project 2 ice core from 3–40 ka.Journal Geophysical
Research102,26699–26706.

Grootes, P. M., Stuiver, M., White, J. W., Johnsen, S., and Jouzel, J. (19
Comparison of oxygen isotope records from the GISP2 and GRIP Green
ice cores.Nature366,552–554.

Hammer, C. U., Clausen, H. B., and Tauber, H. (1986). Ice-core dating of
Pleistocene/Holocene boundary applied to the calibration of the14C time
scale.Radiocarbon28,284–291.

Hammer, C. U., Andersen, K. K., Clausen, H. B., Dahl-Jensen, D., Hvidb
C. S., and Iversen, P. (1997). “The stratigraphic dating of the GRIP Ice Co
(special report). Geophysics Department, Niels Bohr Institute for Astrono
Physics, and Geophysics, University of Copenhagen.

Johnsen, S. J., Clausen, H. B., Dansgaard, W., Fuhrer, K., Gundestrup
Hammer, C. U., Iversen, P., Jouzel, J., Stauffer, B., and Steffensen, J. P. (1
Irregular glacial interstadials recorded in a new Greenland ice core.Nature
359,311–313.

Kromer, B., and Spurk, M. (1998). Revision and tentative extension of

tree-ring based14C calibration 9200-11855 cal BP.Radiocarbon40, 1117–
1125.
P2 ICE-CORE CHRONOLOGIES 37

enic

sen,
ears

strup,
ttir,
ast

e

93).
land

the

rg,
re”
y,

, N.,
992).

the

Manning, S. (1998). Correction. New GISP2 ice-core evidence supports 1
century BC date for the Santorini (Minoan) eruption: Response to Zielin
and Germani (1998).Journal of Archeological Science25,1039–1042.

Meese, D. A., Gow, A. J., Alley, R. B., Zielinski, G. A., Grootes, P. M., Ram, M
Taylor, K. C., Mayewski, P. A., and Bolzan, J. F. (1997). The Greeneland
Sheet Project 2 depth-age scale: Methods and results.Journal Geophysical
Research102,26411–26423.

Raisbeck, G. M., Yiou, F., Fruneau, M., Loiseaux, J. M., Lieuvin, M., an
Ravel, J. C. (1981). Cosmogenic10Be/7Be as a probe of atmospheric transpo
processes,Geophysics Research Letters8, 1015–1018.

Spurk, M., Friedrich, M., Hoffmann, J., Remmele, S., Frenzel, B., Leuschn
H. L., and Kromer, B. (1998). Revisions and extensions of the Hohenh
oak and pine chronologies: New evidence about the timing of the Youn
Dryas/Preboreal transition.Radiocarbon40,1107–1116.

Stuiver, M., and Braziunas, T. F. (1993). Sun, ocean, climate and atmosph
14CO2: An evaluation of causal and spectral relationships.The Holocene3,
289–305.

Stuiver, M., Grootes, P. M., and Braziunas, T. F. (1995). The GISP2δ18O climate
record of the past 16500 years and the role of the sun, ocean and volca
Quaternary Research44,341–354.

Stuiver, M., Reimer, P. J., Bard, E., Beck, J. W., Burr, G. S., Hughen, K.
Kromer, B., McCormac, G., van der Plicht, J., and Spurk, M. (1998). IN
CAL98 radiocarbon age calibration 24000-0 cal BP.Radiocarbon40,1041–
1083.

Zielinski G. A., and Germani, M. S. (1998). New ice core evidence challenges
1620’s BC age for the Santorini (Minoan) eruption.Journal of Archeological
Science25,279–289.

Zielinski, G. A., Mayewski, P. A., Meeker, L. D., Whitlow, S., Twickler, M. S.
Morrison, M., Meese, D. A., Clow, A. J., and Alley, R. B. (1994). Record

volcanism since 7000 BC from the GISP2 Greenland ice core and implications
for the volcano-climate system.Science264,948–952.


	INTRODUCTION
	FIG. 1.

	GISP2 AND GRIP CHRONOLOGIES
	VOLCANIC ACIDITY SPIKES
	GISP2 10Be vs TREE RING 14C
	FIG. 2.

	GISP2–GRIP d18O: THE HOLOCENE
	FIG. 3.
	FIG. 4.

	GISP2–GRIP d18O: THE YOUNGER DRYAS
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

