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offset appearsi*®0 data are then used to further constrain thi:

5180 records from the GISP2 and GRIP ice cores are widely used ~ “slip” to a period around 3300-3400 yr B.P. and to identify
as benchmark paleoclimate chronologies, but there are significant an additional 100-yr discrepancy at the start of the Younge
differences between the two time scales. The present study shows Dryas. These short intervals supply almost all of the offse
that offsets between the two chronologies over the past 14,500 yr  phetween the two chronologies over the past 14,500 yr. Ide|
do not accumulate gradually, but appear over two short intervals of tifying such localized problem areas is a first step toward d

100-200 yr. An initial offset (')f 80 yr occurs close to 3300-3400 yr agnosing the causes of the offsets and reconciling the two tir
B.P,, and another 100 yr of slip appears at the start of the Younger scales

Dryas. Since these discrepancies are localized, resolving them may
be far easier than if large sections of both cores required reexami-

nation.
GISP2 AND GRIP CHRONOLOGIES

The GISP2 chronology was constructed primarily usiti@
INTRODUCTION measurements, visual stratigraphy, laser scattering from p
ticulates, and electrical conductivity to identify annual layers
Two of our most valuable paleoclimate archives are the GISPRis additional comparisons with chemical stratigraphy (Alle)
and GRIP ice cores, drilled 30 km apart at Summit, Greenlaret, al, 1997; Meeseet al, 1997). Layer counting was contin-
in the early 1990s. Th&'®0 records from the cores (Grootesuous back to 40,000 yr B.P. except for short breaks (typicall
etal, 1993; Stuiveet al,, 1995; Johnseet al, 1992; Dansgaard corresponding to 10 yr or less) due to core loss, mostly in tt
et al, 1993) are crucial because they are used extensively fwittle ice zone ca. 3000—9000 yr B.P. The lengths of these lo
cross-correlating the annual-layer ice-core time scales with wgections were known from drill logs, and layer thicknesses wel
calibrated paleoclimate sequences, thereby providing Noititerpolated to estimate the number of lost years (Adewl,,
Atlantic, hemispheric, and perhaps even global chronologies ft#97).
the dramatic climate changes of the Pleistocene—Holocene tranthe ss09 time scale, the most widely used of the three GR
sition. Unfortunately, the GISP2 and GRIP chronologies dishronologies (Johnseat al., 1992; Dansgaaret al., 1993;
agree by 80 yr at the early Holocene 8200 yr B.P. cold event aHdmmeret al, 1997), was determined back to 8600 yr B.P
at the end of the Younger Dryas and by 200 yr at the start of thg correlating volcanic acid fallout horizons with correspond:
Bglling Interstade (Fig. 1). The discrepancies are well withiimg features in the layer-counted South Greenland Dye 3 co
the layer counting uncertainties of 1-2% for the past 14,500 (llammeret al, 1986). Before 8600 yr B.P., seasonal varia:
(Johnseret al, 1992; Alleyet al, 1997; Meeseet al, 1997), tions in concentrations of microparticles and several chemic
but these systematic offsets are nevertheless a major probkpacies were counted to establish an annual chronology back
for a paleoclimate community increasingly concerned with cet4,500 yr B.P. For the deeper sections, a relationship betwe
tennial and even decadal climate change. 8180 and ice accumulation rate was assumed and an ice flc
An obvious hypothesis is that the offsets are due to the anodel was used to estimate layer thinning (Dansgaaral.,
cumulation of small errors in identifying and counting annudl993). A combination of the modeling results and tie point
layers, leading to a slow incremental shift between the chronofoem the layer count was then used to develop the final time sce
gies for the two cores; but surprisingly, this is not the casglohnseret al, 1992; S. Johnsen, personal communication).
This paper reviews evidence from cosmogenic isotopes and iceBoth chronologies explicitly define the zero B.P. time poin
core acidity records which identifies an interval between 30@@ 1950, not the start of ice drilling in 1989, so none of the offse
and 3400 yr B.P. during which most of the 80-yr Holocenis due to differences in age conventions.
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lifetime of about 1 yr (Raisbeckt al., 1981), while the re-
cycling of 1“C via exchange between carbon reservoirs caus
atmospheri¢“C concentrationsA'“C) to lag centennial-scale
production changes. Carbon cycle models predict that tree-ril
records of atmosphert¢C fluctuations should lag ice-cotéBe
variations by 15-20 yr (Stuiver and Braziunas, 1993; Bxal.,
1997), and a 15-yr shift has been seen over the past 1000 yr
Antarctic ice (Barcet al,, 1997). However, the published GISP2
record of1°Be concentrations (Finkel and Nishiizumi, 1997),
which covers the period prior to 3300 yr B.P., leads the tree-rin
A'C record (Stuiveret al, 1998) by 80 yr over the interval
3400-11,300 yr B.P. (Fig. 2). Beyond that time, tABe record
is perturbed by large ice accumulation rate changes.

As Finkel and Nishiizumi (1997) and Bagd al. (1997) have
observed, this offset has real significance, because the dend

. P’ . -
FIG. 1. GISP2 and GRIRB®0 data (as per mil deviations from the Peelime scale for the“’C record is probably accurate to within a

Dee Belemite standard) for the period 8000—15,000 yr B.P., showing tempdy@ar back to 10,400 yr B.P. (Spusk al,

1998; Kromer and

offsets between the two chronologies increasing from 80 yr at the early Holocegpurk' 1998; Stuiveet al, 1998)_ Since it seems un|ike|y that

8200 yr cold event to 200 yr at the start of the Bglling Interstade.

VOLCANIC ACIDITY SPIKES
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Acidity records from GISP2, GRIP, and Dye 3 contain vol-
canic sulfate spikes which can be detected by measurements
electrical conductivity (ECM) or sulfate concentrations (Clausel
et al, 1997; Zielinskiet al,

B.P. and earlier are less obvious. A group of four sulfate peal
spanning 3391-3409 yr B.P. in GISP2 can be correlated wi
Dye 3 ECM peaks at 3389, 3406, and 3412 yr B.P., but th
GRIP record contains only one large ECM peak in this regiol
at 3374 yr B.P. ECM peaks at 4001 and 3994 yr B.P. in Dye
and GRIP, respectively, have no obvious counterpart in GISP:

Four major GISP2 sulfate spikes between 3550 and 3650
B.P. and possibly correlative GRIP and Dye 3 ECM singlets
at 3585 and 3593 yr B.P., respectively, have received particulb
attention. This is due to interest in possible associations betwe
acidity peaks, anomalously cold—wet climate signalsin tree ring
from 3577 yr B.P., and the Minoan eruption of Thera/Santorir
(Manning, 1998; and references therein; Zielinski and Germat
1998). Baillie (1996), Clauseet al. (1997), and Zielinski and
Germani (1998) selected peaks at 3619, 3645, and 3573 yr B
respectively, as the GISP2 features which correlate best w
some or all of the eruption, the climate event, or the ECM peak&
The arguments for the various choices are in some cases comy:go
and are discussed in detail in those papers; suffice it to say ther <
continuing disagreement. Thus even for this intensively studie
interval, the relationship between the GISP2 and GRIP acidi
records remains unclear.

GISP2 %Be vs TREE RING C

1994). Large peaks at 2080 3
3yrB.P. and 302& 5 yr B.P. are essentially synchronous in all ;5

three cores, but GISP2—GRIP correlations around 3400—35005—«:1
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(a) GISP2'%Be concentrations versus the INTCAL@84C record

Both®Be and™“C are produced in the atmosphere by cosm
rays, but deposition of°Be is prompt, with an atmospheric

(Stuiveret al., 1998) for 3000—8000 yr B.P., showing a constant offset of abou
8o yr. (b) loBe -14C comparisons for the older section of the Holocene GISP:
10Be data.
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the carbon cycle has changed enough over the Holocene todre at least partly responsible for the relatively poor fit in the
validate the model results, the 80%Be-“C offset implies that interval 2300-2400 yr B.P. The two records also correspor
the GISP2 chronology is about 60 yr too old before 3400 ytosely over the period 2900—-3300 yr B.P. with minimal shifting
B.P. (Conversely, the GISP2—GRIP offset of 80 yr at the 8200 gnd the region of agreement may extend almost to 3600 yr B.
B.P. cold event and at the end of the Younger Dryas suggefist see below). The GRIP record from 3600 to almost 4400 \
that GRIP could be a decade or two too young in the eaf8/P. also bears a striking resemblence to the GISP2 data, |
Holocene). Thek10- to 20-year stability of thi¥®Be-**C shift only when shifted by 80 yr to older ages. Thus, the comparisc
over 8000 yr is remarkable and suggests that the cumulatagggests a GISP2—-GRIP offset of several decades before
precision of the GISP2 time scale is far better than the incmetiddle of the fourth millennium B.P., but close agreement il
mental counting uncertainty of 1-2% (Alley al,, 1997; Meese more recent times.
et al, 1997). The correlations are by no means perfect. The two recor
More recent work to extend the GISP%Be record toward bear little resemblance over the period 2500-2900 yr B.P.,
the present has shown that the equival@Be-C shifts for result which is surprising but not unprecedented. Stuatexl.
prominent“C peaks at 2300 and 2700 yr B.P. are just 20—30 y1995) cited other instances of lack of correlation and local var
(R. Finkel, personal communication), close to the values pration in §*80 from Greenland cores. Also, significant “accor-
dicted by the carbon cycle modeling. Thus, #iBe-*“C evi- dioning” occurs around 4450 yr B.P.; the offset changes fror
dence points to a stretching of the GISP2 time scale relative&0 yr to 35-50 yr, and a prominent double peak at 4400 yr B.
the tree-ring record of the order of 50—60 yr between 2700 amdGRIP appears to collapse to a single peak at 4440 yr B.P.

3400 yr B.P. GISP2.
Furthermore, the relationship between the two records ov
GISP2-GRIP §%0: THE HOLOCENE the critical 3300—-3600 yr B.P. period is ambiguous. The prok

lem is exacerbated by a gap in the GISP2 results from 3420
Figure 3 shows GISP£80 data (35-40 cm per sample) and450 yr B.P. and possibly also by the fact that GISE*D data
GRIP 55-cm results, smoothed with 11-point and 7-point rufrom 3484 to 3648 yr B.P. required correction for fractionatior
ning means respectively to ca. 25-yr resolution. Tentative caiue to evaporation from stored water samples (Stupteal.,
relations are shown, and | have shifted segments of the GRI®95). Two alternatives are shown in Figure 3. A minimab{r)
record chronologically and plotted them over the GISP2 dataghift applied to the GRIP data captures most of the variations
illustrate the quality of the fits. The plot extends from the pehe GISP2 record at least to 3300 yr B.P. and perhaps almost
riod where acidity spikes show good agreement between the t8&00 yr B.P., as stated earlier. However, GRIP data for 3330
chronologies, well into the period whetéBe indicates GISP2 3580 yr B.P. also resemble the GISP2 record when shifted |
is too old. 100 yr to older ages—a shift at least roughly consistent with th
GRIP data shifted by-20 yr (i.e., to younger ages) fit the60 yr indicated by thé°Be-**C comparison at 3400 yr B.P.
GISP2 results reasonably well over most of the period 1800-In spite of these imperfections, the balance of /O ev-
2500 yr B.P. Gaps in the GISP2 data at 2340 and 2400 yr Bidence suggests a fundamental change around 3300-360C
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FIG.4. GISP2and GRIB0 data for 11,000-13,500 yr B.P., showing the increase in GISP2-GRIP offset at the start of the Younger Dryas. Higher resc
GRIP data for the period 12,400-12,680 yr B.P. (shown superimposed on the longer GRIP record) resemble the GISP2 record over the period afslip (se
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B.P., from GISP2 and GRIP chronologies that agree to withiArough the early Holocene, asd®O results from the 8200
a decade or so to chronologies that are significantly offset. TY¥B.P. cold event and the end of the Younger Dryas show 80-1
combination of these results with tHB8e—*4C evidence further 100-yr GISP2-GRIP offsets, similar to those present at 3600

constrains the period where this offset appears to the intergab. Thes!®0O data also show that the well-known 100-yr dis-

between 3300 and 3400 yr B.P. crepancy in the length of the Younger Dryas in GISP2 and GRI
. appears right at the Younger Dryas onset. Finer resolution GR
GISP2-GRIP 5'°0: THE YOUNGER DRYAS 180 data for this period contain structures not unlike those i

the GISP2 record, suggesting that the two cores can be cor

Figures 1 and 4 compare the 55-cm GISP2 and 20-yr GRle § 4cross this early Younger Dryas interval but that one of tr

18 I _ . L
6°0 data for the Bglling-Allerad-Younger Dryas period. Al chronologies is compressed or expanded. For both the Young

lowing for minor differences due to finite sampling density a_mBr as and the Holocene offsets, the GISP2—GRIP discrepanc
averaging, the agreement between the two records over this hin the 100-200 yr slip intervals are huge compared to th

riod is refniggkab_le, f:NItgg;)ez m;gzolge?ept_lonl:q an olbv\|;)us Mcremental counting uncertainties, so a mechanism other th
crease o yrinthe A offsetin the early Younggg, || random errors in layer counting is clearly involved.

Dryas. AIISO showq in F igufre 4hare 5'_yrdGlF§Izo%atfz(ié‘éomgen’Because the offsets appear in such localized intervals al
persona communication) for the perio AU0—12,080yr 'Because the discrepancies within those intervals are so ov
slightly smoothed and plotted over the lower resolution GRl\ﬁhelming, the chances that the problems can be diagnosed ¢

data. They suggestthatthe smsdfio peaks or shoulders aroundyo iie are increased. Further scrutiny by GISP2 and GRIP i

12,620 and 1.2’670 yr B.P. in the GISP2 record probably ha\\/gstigators of ice, core logs, and other records corresponding
counterparts in GRIP, even though the GRIP 20-yr data

Fi 4 <h | ‘ | dio b 12 500 fﬂgse short periods seems feasible, whereas reexamination
lgure = show an a .’“"St eatgre ess dip etween 12, g ounting of large sections of both cores would require a hug
12,600 yr B.P. If this interpretation is correct and the two COreSort and may even be impossible for some depth intervals
do have similars'80 structure over the entire “slip” period

) intensive sampling or physical or chemical changes in the ice
_(ca. 12,620-12,850 yr B'P'. in GIS_PZ_’ 12,500—12,650“yr B'%Dtorage have led to reductions in core quality.
in GRIP), then the problem is not missing core or other “block Apart from these two short problematic intervals, the twc

data loss. Rather, the. GRIP core lacks abqut half the anneﬁ}onologies are in remarkable agreement, synchronized

layers throughout this mtgrval, .or.the GISP2 ice contains Ma¥inin a few decades over periods as long as 8000 yr. This is
subgnnual structures which mimic anngal bands, or the Iay‘?éﬁtament to the care with which both chronologies were dt
are in fact annual but one of the counts is erroneous. 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 chronolog

GISP2—GRIP chronological offsets back to 14,500 yr B.P. aff close to decadal precision and accuracy may be achievat
pear in two short intervald80 data from the two cores show©nce the two problem areas are resolved.
good agreement back to 3300 yr B.P., with ambiguous rela-
tionships between the two chronologies for the period 3300—
3600 yr B.P., and an offset of about 80 yr before 3600 yr B.P. ACKNOWLEDGMENTS
10RA_14 ; ; i

Be—~"C com.pansons show thatthe GISP2 time scale s in gOOdGISPZ 55-cm and GRIP 20-y'80 data were obtained from World Data
agreement with dendrocmonomgy at 2790 yr B.P. but _appe%re%ter A for Paleoclimatology, National Geophysical Data Center, Boulde
60 yrtoo old before 3400 yr B.P. The combined geochemical datgiorado. Higher resolution data were provided by the Quaternary Isotoy
therefore strongly suggest that the GISP2 and GRIP chronoleboratory, University of Washington, Seattle, and by Sigfus Johnsen. I thar
gies diverge between 3300 and 3400 yr B.P. This 100-yr periﬁglfl:sl.gthnseq, Ric?_ﬁrd Alleky, Piet Groot;es[,i ’k\:”kf Baillie, a;_qd Bob Fir’:lket! fo
. . . _ . R _ep ul discussions. IS WOrk was supporte: y Lawrence Livermore Nation:
In .GRIP IS eqUIvalent to ].'60 180 yr in GISP2. ACIdlty Correngb (LDRD 97-ERI-009) and by the U.S. DOE under Contract W-7405-Eng-48
lations show that the two time scales agree back to 3000 yr B.P.,,
and although the acidity evidence from before that time is in-
F:onclusive, it does suggest a further te;t. If .G.ISP'Z and GRIP are REFERENCES
indeed offset before 3400 yr B.P., the identification by Clausen
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3593 yr B.P. GRIP and 3585 yr B.P. Dye 3 ECM peaks is likely K. M., Fitzpatrick, J. J., Grootes, P. M., Zielinski, G. A., Ram, M., Spinelli,
correct. Examination of ice from these three peaks for tephrgs., and Elder, B. (1997). Visual-stratigraphic dating of the GISP2 ice core
shards of a common composition regardless of whether thigasis, reproducibility and applicatiodournal of Geophysical Researtd?2,

’ 26367-26381.

matches any postulated source from Thera/Santorini, would bé _ o
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