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The Greenland Ice Sheet Project 2 depth-age scale: 
Methods and results 

D. A. Meese, • A. J. Gow, • R. B. Alley, 2 G. A. Zielinski, 3 P.M. Grootes, 4 
M. Ram, s K. C. Taylor, 6 P. A. Mayewski, 3 and J. F. Bolzan 7 

Abstract. The Greenland Ice Sheet Project 2 (GISP2) depth-age scale is presented based 
on a multiparameter continuous count approach, to a depth of 2800 m, using a systematic 
combination of parameters that have never been used to this extent before. The ice at 
2800 m is dated at 110,000 years B.P. with an estimated error ranging from 1 to 10% in 
the top 2500 m of the core'and averaging 20% between 2500 and 2800 m. Parameters 
used to date the core include visual stratigraphy, oxygen isotopic ratios of the ice, 
electrical conductivity measurements, laser-light scattering from dust, volcanic signals, and 
major ion chemistry. GISP2 ages for major climatic events agree with independent ages 
based on varve chronologies, calibrated radiocarbon dates, and other techniques within 
the combined uncertainties. Good agreement also is obtained with Greenland Ice Core 
Project ice core dates and with the SPECMAP marine timescale after correlation through 
the •80 of 02. Although the core is deformed below 2800 m and the continuity of the 
record is unclear, we attempted to date this section of the core on the basis of the laser- 
light scattering of dust in the ice. 

Introduction 

In the study of geologic materials containing paleoclimatic 
records, it is imperative that there be a means of dating the 
material. In most cases, some type of radioisotopic dating has 
been used, such as •4C or U/Th. The dating of some materials 
has been obtained using chemical dating techniques combined 
with counting of annual layers, i.e., tree rings, corals, and 
lake/ocean sediment varves. While some terrestrial deposits 
can represent accumulations over long periods of time, very 
few contain identifiable annual signals that allow for accurate 
dating of these deposits. 

Glaciers and ice sheets receive an annual net accumulation 

that is a combination of accumulation from precipitation and 
wind-blown deposition and losses due to sublimation, melt, 
and erosion by wind. Contained within this accumulation 
record are chemical signals and the manifestation of ongoing 
physical processes that may provide annual or seasonal indi- 
cators. On most glaciers and ice sheets, annual or seasonal 
signals can be altered by melt, missing years due to lack of or 
low accumulation rates, sublimation, wind, or a combination of 
these. At the Greenland Ice Sheet Project 2 (GISP2) site, 
where accumulation is high (approximately 0.24 m ice/yr), 

1U.S. Army Cold Regions Research and Engineering Laboratory, 
Hanover, New Hampshire. 

2Earth System Science Center, Pennsylvania State University, Uni- 
versity Park. 

3Climate Change Research Center, Institute for the Study of Earth, 
Oceans and Space, University of New Hampshire, Durham. 

4Leibniz Laboratory Christian Albrechts University Kiel, Kiel, Ger- 
many. 

SDepartment of Physics, State University of New York at Buffalo. 
6Desert Research Institute, University and Community College Sys- 

tem of Nevada, Reno. 
7Byrd Polar Research Center, Ohio State University, Columbus. 

Copyright 1997 by the American Geophysical Union. 

Paper number 97JC00269. 
0148-0227/97/97JC-00269509.00 

missing years due to deflation by wind or sublimation are 
unlikely. The stratigraphic record at Summit, Greenland, oc- 
casionally reveals periods of very minor melt [Alley and 
Anandakrishnan, 1995] but no more than about once per cen- 
tury. The GISP2 core may thus be expected to yield a long, 
high-quality timescale. 

We have identified several parameters exhibiting annual sig- 
nals and used these in combination to determine a chronology 
for the GISP2 ice core. The nature of these parameters, how 
they compare to each other, and the strengths and weaknesses 
of each as a dating tool are described in detail below. Addi- 
tionally, means of verification of this depth-age scale and com- 
parisons with published dates of major climatic events are 
discussed. 

Methods 

Age dating of the GISP2 ice core was accomplished by 
identifying and counting annual layers using a number of phys- 
ical and chemical parameters that included measurements of 
visual stratigraphy, electrical conductivity method (ECM), la- 
ser-light scattering from dust (LLS), oxygen isotopic ratios of 
the ice (/3•80), major ion chemistry, and the analysis of glass 
shards and ash from volcanic eruptions. Each of these param- 
eters (with the exception of volcanics) exhibits a distinct sea- 
sonal signal. 

The definitive summer stratigraphic signal at the GISP2 site 
occurs in the form of coarse-grained depth-hoar layers formed 
by summer insolation [Alley et al., 1990]. In the region around 
the GISP2 site the relief of the snow surface is remarkably flat. 
Sastrugi several centimeters in height may be produced by 
storms, but subsequent deposition, sublimation, and densifica- 
tion tend to level the surface. Depth-hoar sequences were 
readily recognized in snow pits dug near the GISP2 drilling site 
[e.g., Shutnan et al., 1995] (Figure 1). 

Recognition of the summer and winter stratigraphic se- 
quences in the snow pits provided important information in 
identifying stratigraphy in the ice core. In the core-processing 
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Figure 1. Stratigraphic layering of a !.5-m snow pit exca- 
vated near the GISP2 drilling site in August 1990. The summer 
and winter stratigraphic sequences are readily delineated. 
Summer stratigraphy is dominated by layers of depth hoar 
which were utilized as the primary marker for delineating an- 
nual layers in dating the top 50% of the ice sheet at GISP2. 

line at the GISP2 Summit site, sections of ice were cut from the 
core lengthwise for chemical and isotopic analysis. The cut 
surface on the remainder of the core was microtomed for ECM 

analysis. This microtoming also provided a smooth, uniform 
surface for stratigraphic analysis. Annual layering in the upper 
portions of the core is easily recognized in transmitted light. In 
the event of scoring on the outside of the core incurred during 
drilling or if the layering became faint, small "windows" were 
cut on the bottom side of the ice (parallel to the microtomed 
surface) to enhance visibility. Stratigraphy in the form of 
depth-hoar layer sequences remained continuous through the 
Holocene and into the glacial transition. During the Wiscon- 
sinan glacial the stratigraphic signal was not the characteristic 
depth hoar sequence of the Holocene but rather cloudy bands 
resulting from significant changes in seasonal dust concentra- 
tion in the ice. Overlap of the two types of annual layer signal 
and successful calibration between the two in Preboreal ice is 

described by in Alley et al. [this issue (a)]. 
The ECM provides a continuous high-resolution record of 

low-frequency electrical conductivity of glacial ice, which is 
related to the acidity of the ice [Hammer, 1980; Taylor et al., 
1992]. The measurement is based on the determination of the 
current flowing between two moving electrodes with a poten- 
tial difference of a few thousand volts. Strong inorganic acids 
such as sulfuric acid from volcanic activity and nitric acid con- 
trolled by atmospheric chemistry cause an increase in current. 
Conversely, when the acids are neutralized due to alkaline dust 
from continental sources or from ammonia due to biomass 

burning, the current is reduced [Taylor et al., 1992]. As such, 
results from ECM can be used for a number of different types 
of interpretations. The most important feature of the ECM 
data in relation to the depth-age scale is the spring/summer 

acid peak from nitric acid production in the stratosphere [Nef- 
tel et al., 1985]. Although ECM is an excellent seasonal indi- 
cator, as stated above, nonseasonal inputs from other sources 
may cause additional peaks which could be confused with the 
annual summer signal. In addition to being an annual indica- 
tor, ECM is also used for rapid identification of major climatic 
changes [Taylor et al., 1993a, b] and has proved very useful in 
the identification of volcanic signals. 

During the late spring and summer in Greenland, there is an 
influx of dust [Hamilton and Langway, 1967]. This dust peak is 
in part a result of dust storms that occur in both hemispheres 
during the spring/summer period [Ram and !lling, !994] and 
atmospheric circulation changes which enable the strato- 
spheric load to reach the troposphere. Dust particles in solid 
ice and ice meltwater scatter incident light, and the intensity of 
light scattered at 90 ø to the incident light direction is propor- 
tional to the mass of suspended particulates [Hammer, 1977; 
Ram and Illing, 1994; Ram et al., 1995]. Liquid and solid LLS 
measurements were compared in several meters of core to a 
depth of 1812 m and matched very closely. These comparisons 
indicate that the solid LLS method can be used as an annual 

layer indicator in the Holocene and Wisconsinan even though 
the signal changes from one of depth hoar to layers of in- 
creased dust concentration. The solid measurements are also 

consistent with both ECM and visible stratigraphy in this re- 
gion of the core. LLS was a very valuable dating tool through- 
out almost the entire length of the core, particularly in the 
deeper ice at GISP2, where the other techniques either fail or 
become increasingly unreliable. However, an increased partic- 
ulate concentration may not be restricted to the spring or 
summer and additional influxes of dust may occur during any 
part of the year, creating additional peaks of a nonannual 
nature. The LLS signal can also be used as an indicator of 
major climate changes and of some volcanic events. 

Additionally, 8•80 values (the relative difference between 
the •80/•60 abundance ratios of the ice and Vienna standard 
mean ocean water (V-SMOW) expressed in per mil (%0) of 
the ice) [Epstein and Sharp, 1959; Dansgaard, 1964; Grootes et 
al., 1993] were used to identify seasonal cycles between the 
surface and 300-m depth in conjunction with the stratigraphic, 
ECM, and LLS techniques. While continuous seasonal isotope 
sampling remained a viable dating technique in the top 300 m 
of the core, the effects of diffusion rapidly obliterated the 
seasonal signal in deeper ice. 

Many volcanic eruption signals, including both volcanic 
aerosols (primarily identified as H2SO4) and tephra, were iden- 
tified throughout the core [e.g., Zielinski et al., 1994, this issue], 
thereby providing definitive tie points to which the annual layer 
counting could be compared (Table 1). Of particular impor- 
tance were volcanic signals found during the period of histor- 
ically dated eruptions (i.e., over the last 2000 years with the 
A.D. 79 eruption of Vesuvius being the oldest and largest 
explosive eruption dated based on historical records [Zielinski, 
1995]). There is some lag between the time of the eruption and 
deposition at the site which may introduce a 1- to 3-year error 
in the dating of the volcanic signals [Stuiver et al., 1995]. As the 
lag is not consistent, a specific time frame cannot be generally 
assigned to account for this. Deposition from the 1912 Katmai 
eruption did arrive in 1912. However, Laki lags ! year and the 
signal that is probably related to the 1600 eruption of Huayna- 
putina lags 3-4 years [Zielinski, 1995]. Although we are able to 
link many of the volcanic aerosol signals (SO42- and ECM 
[Zielinski et al., this issue]) to a specific eruption with a fairly 
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high degree of confidence, it is locating and identifying volca- 
nic glass from that same eruption that verifies the volcanic 
signal and thus the absolute age of the particular ice layer. 
Tephra has been found in the GISP2 core with a composition 
closely matching that of the candidate eruption for five of the 
tie points listed in Table 1. Although there was an absence of 
glass shards from the Vesuvius eruption in the GISP2 core, the 
known record of volcanism fails to provide another likely can- 
didate. Another very large volcanic signal (third largest of the 
last 5000 years) that has been dated at 53 B.C. in the GISP2 
core was also observed and subsequently dated as 50 B.C. in 
the Camp Century core [Hammer et al., 1980], further validat- 
ing the GISP2 chronology. In the case of the GISP2 core, layer 
counts closely matched the dates of all the historical eruptions 
given in Table 1 with the exception of Eldgja. In this instance, 
layer counting of the GISP2 core gives an age of A.D. 938 
[Zielinski et al., 1995] as opposed to A.D. 934 reported in the 
literature [Hammer et al., 1980; Hammer, 1984], which is within 
the calculated error of 1% at this depth. It is important to note 
that the timing of the Eldgja eruption event at A.D. 934 is 
based on other ice-core records from Greenland and is not an 

actual historical eruption date. Similarly, the A.D. 1259 event 
(source volcano unknown) has been observed in ice cores from 
both polar regions [Langway et al., 1988; Palais et al., 1992]. 
Tephra was found in the GISP2 core for five of the eruptions 
listed in Table 1 [Palais et al., 1991, 1992; Fiacco et al., 1994; 
Zielinski et al., 1995]; those not found include Huaynaputina, 
Hekla, and Vesuvius. The Huaynaputina and Hekla signals 
have been identified in other ice cores from Greenland [e.g., 
Hammer et al., 1980], and the Huaynaputina eruption has also 
been identified in an Antarctic core [e.g., Moore et al., 1991]. 

In certain sections of the GISP2 core, changes in the prop- 
erties and mechanical condition of the core, in addition to 
changes in climate, have resulted in variations in the time 
stratigraphic parameters to the extent that some proved more 
valuable for annual layer dating than others. In the region of 
the core designated the brittle ice zone [Gow et al., this issue] 
that occurred between 600 and 1400 m, relaxation stresses 
exceed the tensile strength of the ice, leading to widespread 
fracturing of cores [Gow, 1971; Gow et al., this issue]. Freshly 
cored ice in this zone is very brittle and must be allowed to 
"relax" for several months before it can be processed. The 
fractured ice in this zone often made it difficult to apply the 
ECM and LLS methods. The glacial/interglacial and stadial/ 
interstadial transitions are another example of sections where 
all properties exhibit large changes. A third example is the 
occurrence of deformed ice in the bottom 250-350 m of the 

core. The nature of the changes in the time-stratigraphic pa- 

Table 1. List of Volcanoes Used as Tie Points to Verify 
the Dating of the GISP2 Core Throughout 
Recorded History 

Year of 

Volcano Eruption (A.D.) 

Katmai 1912 
Laki 1783 

Huaynaputina 1600 
Oraefajokull 1362 
1259 event 1259 
Hekla 1104 

Eldgja 934 
Vesuvius 79 

Table 2. Error Estimates of the GISP2 Depth-Age Scale 

Depth, Age, Estimated 
m years B.P. Parameters Error, % 

0-300 1,133 S, D, E, V, some L 1 
300-719 3,289 S, E, L 1 

719-1371 8,021 S, some E and L 2 
1371-1510 9,374 S, E, L 2 
1510-2250 39,852 S, some E and L 2 
2250-2340 44,583 S, some E and L 5-10 
2340-2500 56,931 L, some S and E 10 
2500-2800 110,694 L, some S 20 
2800-3030 161,313 L, some S 9 

S, stratigraphy; D, isotopes; E, ECM; L, LLS; V, volcanics. 

rameters and the effect on the dating are described in more 
detail below. Our ability to intercalibrate multiple annual in- 
dicators in the upper part of the core and learn their signal 
characteristics allowed us to retain considerable confidence in 

our interpretations even after some indicators were lost with 
increasing depth. 

The greatest number of the parameters exhibiting an annual 
signal remained viable in the upper portion of the core (0-600 
m) prior to the onset of the brittle ice zone and particularly in 
the top 300 m where •80 also retained an identifiable annual 
signal. As each of the signals carries its own structure or pat- 
terns of change, this provided an opportunity to determine the 
precise characteristics of each signal and the way in which they 
intercompared. Because this structure or pattern representing 
annual signals was determined for each parameter, the count- 
ing of layers could be continued down the length of the core. It 
is important to note that each parameter is affected by extra- 
neous or miscellaneous events, such as volcanic eruptions, for- 
est fires, etc., that may influence the timing and intensity of the 
signal. With time and experience the effects of these events on 
the annual signals were determined and taken into account. 
This was particularly important when fewer parameters were 
available and was the primary reason why it was so critical to 
use more than one parameter wherever possible in obtaining 
an accurate depth-age scale. The visual stratigraphy was a 
consistent parameter throughout most of the core. ECM and 
LLS were more valuable in some sections than others depend- 
ing on the atmospheric chemistry and climate at that time 
(Table 2). Continuous examination also was essential to follow 
changes in annual signals as well as to characterize the climate 
variability fully and to avoid interpolation errors [cf. Ram and 
Koenig, this issue]. 

Visual stratigraphy was examined and substantially com- 
pleted in the field. This stratigraphic record provided an ex- 
cellent preliminary depth-age scale and an immediate indica- 
tion of accumulation rate changes. A number of people 
contributed to this aspect of the field program [Alley et al., this 
issue (a)]. A summer stratigraphic horizon was defined as the 
midpoint of the summer depth-hoar sequence and was chosen 
as the definitive annual layer marker. All depth-hoar se- 
quences and other stratigraphic features (wind crusts, melt 
layers, etc.) were recorded on meter-long paper at a 1:1 scale. 
During each field season, comparisons were continually being 
made between ECM and stratigraphy and with LLS when 
available. These comparisons provided immediate information 
on variations in accumulation and ice-core chemistry. Addi- 
tionally, they confirmed that all parameters were varying syn- 
chronously and could continue to be used in the development 
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Figure 2. Example of multiparameter comparisons between 100 and 104 m. Each parameter in this se- 
quence yielded 16 years of accumulation. Lags and leads between the parameters are evident and expected as 
timing of the seasonal inputs varies slightly between years and between parameters. 

of the depth-age scale. After each field season the summer 
(annual layer) signatures for each of the other parameters 
were identified and recorded from peaks (or the midpoint of 
groups of peaks) on data plots. The summer picks for each 
parameter were chosen independently of other parameters in 
order to minimize subjective determinations. The initial picks 
for all parameters were placed in a spreadsheet and compared 
line by line or year by year. Slight lags or leads occurred due to 
differences in the timing of the signal of each parameter. When 
extraneous peaks occurred within one parameter that could 
not be correlated with another parameter, they were dis- 
counted. If two or more parameters showed a strong peak at 
essentially the same depth that could not be discounted by 
events such as volcanic activity or an additional influx of dust, 
etc., it was counted as a year even in the infrequent absence of 
a strong stratigraphic signal. Informed decisions were made on 
a year-by-year basis by the senior author, based on the weight 
of the available evidence. Most were either rechecked or 

picked independently by A.J.G., and for some sections, partic- 
ularly the upper 300 m, a "round-robin" discussion involving 
several authors was used (particularly R.B.A. and K.C.T.). This 
was done to ensure that subjective determinations or biases 
were kept to a minimum. Additionally, much of the stratigra- 
phy was reexamined independently by three of the authors 
(D.A.M., A.J.G., and R.B.A.) at the National Ice Core Labo- 
ratory (NICL) in Denver, Colorado. Since our primary strati- 
graphic signal based on depth-hoar formation can only occur 
during the summer, the midpoint of the stratigraphic layer was 
used as the marker depth for each summer or annual signal. 

Comparison of the various signatures shows a remarkable 
correspondence of peaks throughout the upper 2300 m of the 
core. Examples of this are given in Figures 2-8, where the 
picks for each parameter used in the layer counting for that 
particular section are shown. In each figure the arrows in the 
top bar indicate midsummer stratigraphic picks. The lower 
plots include some or all of the following:/5•80, ECM, and/or 
LLS. The white lines in the shaded areas represent the summer 

picks for that parameter. The black lines in the upper portion 
of each box represent the final summer picks based on com- 
parison and analysis of all parameters. In each example, some 
lag or lead between some of the individual picks and the final 
picks is evident; however, there is an excellent overall corre- 
spondence between the parameters. These lags and leads are 
attributed to variations in timing of the "summer" inputs that 
may encompass 2 or 3 months of the summer period [Taylor et 
al., 1992]. For example, in the section 100-104 m (Figure 2), 
some lag or lead in the parameters is evident; however, the 
total numbers of years determined for each parameter is 16. 

From 270 to 275 m (Figure 3), 20 stratigraphic (depth hoar) 
sequences and/5•80 peaks were identified in conjunction with 
22 ECM and 23 LLS peaks. At one location in this sequence, 
/5•80, ECM, and LLS exhibited strong peaks that corre- 
sponded with a wind crust, but the normally diagnostic depth- 
hoar sequence was not identified. This was counted as 1 year in 
the annual layer count. The value of multiparameter counting 
is evident in this instance and in other sections of core where 

extra ECM and LLS peaks occurred that probably are not 
annual because these records are affected by volcanic and 
other events which can result in extraneous peaks. The poten- 
tial for additional LLS signals is not surprising as elevated 
inputs of dust can occur at other times of the year, though the 
late spring/summer input constitutes the dominant LLS signal. 
The final count for the 270- to 275-m section is 21 years (+_ 1 
year), based on the relative strength of each parameter. 

An example from just above the brittle ice zone at 501-503 
m is given in Figure 4. At this depth, isotopes are no longer 
viable as an annual indicator, so only three parameters (stra- 
tigraphy, ECM, and LLS) are used. In this instance, 11 strati- 
graphic markers, 12 ECM peaks, and 11 LLS peaks were iden- 
tified. The final count for this 2-m section is 11. The reason for 

this is described fully in the caption for Figure 4. It can be seen 
that although the actual depths of the peaks do not align 
exactly, they typically record approximately the same number 
of years. As the depth for each parameter was recorded on a 
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Figure 3. Multiparameter sequence between 270 and 275 m. Twenty stratigraphic layers and •80 peaks 
were counted in conjunction with 22 ECM and 23 LLS peaks. Annual layer markers for LLS, ECM, and •80 
are shown as vertical white lines. These correspond to the spring/summer inputs for each parameter. Details 
of the interpretation of this record are given in the text. 

computerized spreadsheet, depths were viewed continuously 
and peaks occurring very near meter breaks could be more 
easily aligned in comparison to correlations based on paper 
plots as in the examples given here. 

The brittle ice zone (719-1371 m) was a region of some 
concern due to the large number of fractures in the core [Gow 
et al., this issue]. While this fracturing of the ice core interfered 
particularly with the ECM and LLS measurements, visual stra- 
tigraphy remained very clear and readily decipherable in this 

section and constituted the primary annual layer indicator. 
However, scattered ECM and/or LLS data from the brittle ice 
zone were available, and they provided useful checks on strati- 
graphic layer counts. A comparison of the stratigraphic and 
LLS records is shown in Figure 5 between 871 and 873 m. Both 
parameters exhibit 12 peaks in this section, but because of lags 
or leads the final picks do not always coincide. It is evident that 
although the mechanical condition of the ice deteriorated 
somewhat in this region, the parameters used for layer identi- 

3O 

2O 

10 

A 500 
• 400 

o• • 300 
_• = 200 

o 
z: 100 

• 0 

501 502 503 
Depth (m) 

Figure 4. In this 2-m section from 501 to 503 m, 11 stratigraphic summers were identified in conjunction 
with 12 ECM peaks and 11 LLS peaks. A final count of 11 annual layers was determined for this 2-m section 
of ice. The stratigraphic sequence corresponding to the ECM and LLS peaks at 501 m is actually in the 500-m 
section and was counted there. At approximately 502.72 m a stratigraphic sequence is present as well as a 
strong ECM signal; however, the LLS signal is very weak and was not counted, resulting in an undercount in 
the LLS record. However, this did not affect the final count. Also, at approximately 502.9 m a stratigraphic 
sequence was observed, but there is not a corresponding strong ECM or LLS peak and this sequence was thus 
dropped from the count. Again, this section of ice shows that although the actual depths of the peaks are 
slightly offset, approximately the same number of years is revealed for each parameter. 
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Figure 5. This section from 871 to 873 m is from the brittle ice zone. In this zone, stratigraphy was the 
primary annual signal indicator and ECM and LLS were used when available. In this section, 12 annual layer 
markers are observed in both the stratigraphy and the LLS, indicating that counting is still viable within the 
brittle ice zone. 

fication remained sufficiently consistent to sustain annual layer 
counting, essentially without a break, through the brittle ice zone. 

Between 1370 and 1678 m, in the Preboreal preceeding the 
onset of the Younger Dryas, the character of the visual strati- 
graphic signal changed drastically from that of the character- 
istic depth-hoar sequences to one consisting of alternating 
clear and cloudy bands with the cloudy bands containing much 
higher concentrations of dust than were present in younger 
Holocene ice. The region between 1680 and 1800 m consists of 
the Younger Dryas, the B011ing/Aller0d, and the transition to 
full glacial conditions. Once into the full glacial (Wisconsinan) 
period, below 1800 m, dust concentrations increased signifi- 
cantly and the magnitude of changes seen in the ECM record 
decreased. As a result of this and perhaps because of limita- 
tions imposed by the spatial resolution of the ECM technique, 
it became increasingly difficult to use the ECM record for 
annual layer signal identification in deeper ice-age ice. A pho- 
tograph of a 19-cm-long section of core in Figure 6 demon- 
strates the very distinct annual layering associated with 12 
summer peaks, based on the bright white light bands corre- 
sponding to spring/summer dust rich layers in the core. A 
0.5-m section of stratigraphic and LLS records from between 

2247.5 and 2248.0 m is shown in Figure 7. In this core, 42 
stratigraphic and 39 LLS annual peaks were identified. The 
difference in counts using these two techniques in this section 
of the record is clearly higher than in the Holocene but is still 
less than 10%. 

Beginning around 2400 m, visual stratigraphy in extended 
sections of the core became so faint that the annual layer 
structure became very difficult to decipher. This was especially 
true of those sections of ice associated with Dansgaard- 
Oeschger events which contained greatly reduced dust levels. 
Because of the low dust levels, resulting in weak to nondeci- 
pherable stratigraphy, significant undercounting of annual lay- 
ers occurred in the region of the GISP2 core between 2500 and 
2800 m. This forced greater reliance on the LLS record in 
which annual layer peaks could still be readily observed. How- 
ever, many sections of core between 2500- and 2800-m depth 
retained identifiable stratigraphy, especially those sections of 
ice containing elevated dust levels associated with colder cli- 
matic conditions. Such sections exhibited readily decipherable 
layer structure that corresponded closely with annual layer 
peaks derived from the LLS record. 

As records were obtained, the actual depth recorded for 

I I 

Figure 6. Photograph of a 19-cm-long section of ice from 1855 m showing annual stratigraphic layers in the 
Wisconsinan. This section contains 12 summer layers (arrowed) sandwiched between darker winter layers. The 
lighter layers are a result of increased scattering of light due to higher concentrations of dust. 
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Figure 7. This section between 2247.5 and 2248.0 m shows the comparison between stratigraphy and LLS 
much deeper in the core. It can be seen that the methodology used from the top of the core still holds and 
the comparisons are excellent. In this case, there were 42 stratigraphic and 39 LLS annual layer markers 
identified. 

each summer (or annual layer) was based on the position of the 
visual stratigraphic marker. The stratigraphic record was cho- 
sen because the timing of the annual signal is more clearly 
defined than other parameters and is typically the most con- 
sistent. In the event of weak or absent diagnostic stratigraphy, 
other parameters were used in the following order: isotopes 
(0-300 m), ECM, and LLS. In instances where core loss oc- 
curred [Gow et al., this issue; Greenland Ice Sheet Project 2 
Science Management Office, 1993], approximate annual depths 
were interpolated by using the average value of the number of 
annual layers in an equivalent amount of core above and below 
the area of loss. Although this results in loss of detail of the 
annual variation in the accumulation record throughout these 
areas, we believe that the overall chronology is not seriously 
affected. 

It is believed that viable dating is retained to 2800 m below 
which flow disturbance in the ice becomes quite severe [Alley et 

al., 1995; Gow et al., this issue]. Sowers and Bender developed 
a correlated timescale [Bender et al., 1994] in which an inverse 
correlation technique was used to map the record of •80 in 
atmospheric 02 ((•18Oatm) from GISP2 into the Vostok 
(•18Oat m that has been tied to the SPECMAP ocean timescale 
[Sowers et al., 1993]. They predicted the age of the ice at 
2800 m to be about 110,000 years, 25,000 years older than had 
been originally counted on the basis of visual stratigraphy 
[Meese et al., 1994]. The preliminary depth-age scale derived 
from the analysis of the visual stratigraphy below 2200 m 
[Meese et al., 1994] and the Sowers-Bender correlated time- 
scale started to deviate at 2341 m. 

Because of the above discrepancy the senior author returned 
to the National Ice Core Laboratory and rechecked the visible 
stratigraphy. No significant changes from the original counts 
were observed. Study of the LLS record, now available in a 
more detailed format using a 1-mm beam width rather than 8 
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Figure 8. A thin section photograph taken between crossed polarizers showing stratigraphy in a section 
between 2552.60 and 2552.80 compared to the LLS record. Most of the bright white layers (containing 
elevated levels of dust) compare closely to the peaks in the LLS record. 
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mm [Ram and Koening, this issue], showed there was more 
structure indicating a greater number of annual layers, leading 
to a more expanded timescale than had been interpreted from 
the stratigraphic record. Therefore the entire high-resolution 
LLS record between 2300 and 2800 m was reexamined inde- 

pendently by two of the authors (D.A.M. and A.J.G.). Dating 
of the GISP2 core by LLS is ultimately limited by the spatial 
resolution of the measurement technique (currently 1 mm). 
Several points are required to identify a definitive peak; for the 
LLS method the minimum thickness necessary for successful 
identification of an annual layer is 3 or 4 mm (requiring four or 
five points to identify the peak). Layers less than 3 mm thick 
could be missed, however, leading to undercounting. The po- 
tential for undercounting annual layers in the stratigraphic 
record is known to exist in low accumulation areas such as the 

south pole [Gow, 1965]. However, such undercounting due to 
extreme low accumulation years or hiatus years is estimated by 
Gow not to exceed 10%. The solid ice LLS instrument used on 

the GISP2 core [Ram and Koenig, this issue] was configured to 
produce 1000 readings per meter for most of the deeper core; 
hence the theoretical maximum number of annual layers that 
could be identified in a meter of core is somewhat below 500. 

A photograph of a thin vertical section of ice between 2552.6 
and 2552.8 m and its relationship to the LLS record is shown 
in Figure 8. In this section of ice, photographed between 
crossed polarizers to reveal differences in the dust-related sizes 
of crystals in the summer and winter layers, 21 stratigraphic 
sequences were identified and 23 LLS peaks were counted. As 
opposed to the regions of the core above 2500 m, where the 
number of layers counted varied between parameters without 

Figure 9. (opposite) Examples of annual layer structure seen 
in GISP2 ice cores illuminated from below by a fiber optic light 
source. Examples of both undisturbed and disturbed stratigra- 
phy are shown. (a) 2280 m. Distinctive annual layer structure. 
(b) 2304 m. Less distinctive annual layering due to decreasing 
dust levels in the ice. (c) 2379 m. Even less distinctive layering 
due to the decreased dust content of the ice; layers are more 
widely spaced indicating higher annual snowfall. (d) 2455 m. 
Return to more distinctive annual layering. (e) 2465 m. The 
fewer layers in this core indicate a higher accumulation rate 
associated with lower dust content, indicating a warmer cli- 
mate than at 2455 m. (f) 2518 m. There are more layers in this 
section, indicating lower accumulation and a cooler climate. 
Layers are still fairly horizontal with some minor waviness. (g) 
2537 m. A minor disturbance is evident with a small z-fold near 

the bottom of the photograph. This fold is small enough that it 
did not disturb the climatic record or the layer counts. (h) 
2541 m. Prominent folding of annual layers in the ice. How- 
ever, layer counts are still decipherable. (i) 2558. Return to 
undisturbed annual layering. (j) 2573. Distinctive annual layer 
structure; some minor waviness of layers evident. (k) 2622 m. 
Some minor waviness or bending of the layers in evidence in 
this core. (1) 2685 m. Annual layers becoming very closely 
spaced in this core. (m) 2808 m. Layer structure still discernible 
but difficult to count. (n) 2916 m. Layer structure very dis- 
turbed and discontinuous; annual layering is no longer discern- 
ible. (o) 2923 m. Layer structure disturbed and discontinuous; 
no discernible annual layering. (p) 2957 m. No definitive an- 
nual layering present; sections of cloudy ice alternate with 
clear ice, and layers are curved and discontinuous. (q) 2973 m. 
Highly compressed layer structure; layers do not appear to be 
deformed. (r) 3028 m. Intermixing of cloudy and clear ice; no 
discernible layering present. 

a definitive trend, below 2500 m the number of LLS layers was 
consistently higher than the number identified by visible stra- 
tigraphy, based on the peaking characteristics of the LLS 
record. A comparison of counts in years per meter shows that 
the overall structure of the LLS record is very similar as de- 
termined by both individuals, but with one person consistently 
counting on average 20% higher than the other. To obtain a 
final GISP2 depth-age scale, the two sets of counts were then 
averaged. This average was then compared to the Sowers- 
Bender correlated timescale and showed a maximum differ- 

ence of 1.1% with an age of approximately 111,000 years B.P. 
Comparisons were also made between the counts, the ECM 

record, and the 8•80 record. A good correspondence exists 
between the layer counts, the ECM, and the 8•80 record, 
indicating that the LLS record in this region of the core con- 
tinues to track the climatic signal and that the annual layer 
record still remains intact. It is clear that the original exami- 
nation of the visual stratigraphy led to undercounting below 
2400 m. Reexamination of a number of core sections indicates 

that undercounting very likely results from either the thinning 
and merging of layers or the fact that the eye could no longer 
distinguish individual layers, especially in cores exhibiting very 
faint stratigraphy related to low dust levels. Complications 
arising from layer deformation are another possibility. Very 
small folds and waves in the layers were observed as high as 
2487 m, but these are not likely to have caused disruption of 
the orderly stratigraphic record. However, in the event of more 
severe deformation, stratigraphic succession could have been 
disrupted to the point where it becomes impossible to distin- 
guish and/or count individual layers. 

As stated earlier, various combinations of parameters based 
on the chemical and physical properties of the ice were used 
throughout the length of the core to evaluate the depth-age 
scale. Table 2 lists the depth and age ranges for different 
combinations of layer-counting parameters and error esti- 
mates. 

It has been reported elsewhere [Alley et al., this issue (a); 
Ram and Koenig, this issue] that counting limited to only one 
parameter or to the counting of 1 m in every 5 (or 20%) 
provides nearly as accurate a timescale as the multiparameter, 
continuous count method. Stratigraphic layer counting yields a 
timescale that is within 1% of the multiparameter method in 
the Holocene and even deeper. However, deeper in the core 
the difference between the one parameter and multiparameter 
methods tends to increase and much of the fine detail that can 

only be obtained by continuous counting methods is likely to 
be missed. Variations in annual layer thickness can be readily 
seen on an annual basis when continuous counting is com- 
pleted. For example, when layer counting is limited to only one 
method, i.e., stratigraphy in the upper 2300 m of the core, a 
more subjective approach is taken in rejecting the extreme 
years from the record. Not only do these extreme years exist, 
they may indicate short-term changes, particularly if these 
trends persist for more than a number of years. A comparison 
of all parameters sometimes reveals peaks of a nonannual 
nature, for example, peaks related to volcanic events, which if 
included in the count would result in overcounting. In addition 
to identifying short-term trends, the multiparameter approach 
identifies variations which may be occurring in only one pa- 
rameter. As indicated earlier, a prime example is the problem 
of undercounting of layers associated with large sections of 
core exhibiting merged layers or very faint visual stratigraphy 
below 2500 m. The resultant large difference in the timescale, 
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Figure 10. Example of an LLS record from 2808 m. Some faint stratigraphic layering is decipherable in this 
meter of core and appears to be disturbed. Even though the stratigraphic record is disturbed in this section 
of core, the LLS record appears to be intact, and its overall character is identical to that observed in 
undisturbed ice at higher levels in the ice sheet. 

based on the original visible layer counts, compared with the 
Sowers-Bender correlated scale provided the impetus to reex- 
amine the visual stratigraphy in greater detail in conjunction 
with the LLS record. This reanalysis has resulted in what we 
believe is a much more accurate scale than we previously had 
obtained. 

The region below 2800 m has been a subject of much dis- 
cussion based on the conclusion from the Greenland Ice Core 

Project (GRIP) core that the interglacial climate during the 
Eemian had been unstable. This was put into doubt when it 
was realized that the profiles of isotopes and other core prop- 
erties from the GISP2 and GRIP cores no longer agreed. At 
depths below 2800 m, two major complications, loss of a con- 
sistent visible stratigraphic signal and possible lack of sufficient 
spatial resolution to resolve the annual layering, limit our abil- 
ity to identify annual layers. The stratigraphic record revealed 
evidence of appreciable deformation in this region of the core. 
Examples of overturned folds, z folds, highly inclined layers, 
and other structural features indicating disruption of strati- 
graphic order are abundant (Figure 9). These deformational 
features include reversals in the direction of inclined layering 
in sections of core up to 1 m long, which could indicate over- 
turned folds. Some interpretation of the structures in this re- 
gion has been presented [Alley et al., this issue (b); Gow et al., 
this issue], but much more work is needed to determine the 
precise nature and extent of the deformation. It is likely that 
this area of the core also contains structural discontinuities. 

Such discontinuities could arise from the deposition of one ice 
sheet on top of remnants of previous ice sheets, leading to 
significant time gaps in the stratigraphic record. In theory it is 
possible to identify ice from a single age that has been folded 
sufficiently to be duplicated in the core by searching for ice at 
two depths that have the same chemical, isotopic, and gas 
characteristics. In practice, however, depositional spatial vari- 
ability, diffusion, and measurement limitations are likely to 
make identification of repeated sections difficult to resolve. 
We have not identified any large repeated sections, but we 
consider it possible that duplicated sections exist. 

The diagnostic features of the LLS record (on which we 
relied heavily to evaluate annual layer counting between 2500 
and 2800 m) appear to be retained in the ice below 2800 m, and 
for this reason alone, layer counting was continued to a depth 
of 3030 m. Given the widespread evidence of disturbed struc- 
ture in the ice, it is clear that the layer count is very unlikely to 
be continuous. Yet, it provides information on the sections of 
apparently little disturbed ice in the deformed region of the 
core, including the number of years contained in each of those 
sections. 

An example of the clarity of the LLS record obtained at 
2808 m is shown in Figure 10. Faint banding indicative of 
annual layering was still discernible at this depth. Examples of 
the LLS record shown in Figures 11 and 12 are of sections of 
ice exhibiting significantly different stratigraphic structure. At 
2840 m (Figure 11) the ice was very clear and coarse grained 
with very little stratigraphic structure visible. At 2850 m (Fig- 
ure 12), where identifiable layering briefly reappeared, the ice 
was much finer grained. The reappearance of visual stratigra- 
phy in conjunction with the formation of fine-grained ice is 
entirely compatible with the increased dust concentrations ev- 
ident in the vertical scale of the LLS record. To determine the 

number of layers between 2800 and 3030 m, the senior author 
(D.A.M.) counted continuously to 3030 m, approximately 10 m 
above the silty ice contact. Another one of the authors (A.J.G.) 
counted continuously to 2850 m and then 1 m in every 5 m to 
3030 m. Interpolations were then made in this latter record in 
order to compare the counts of both observers on a relative 
basis. More structure is evident in the counts made by D.A.M., 
showing the importance of counting continuously. Nonethe- 
less, the average variation in the two sets of counts was 20% on 
a layer per meter basis between 2500 and 2800 m and 24% 
between 2800 and 3000 m. At 2800 m the age of the ice is 
determined to be 110,693 years B.P. _+ 10%. The number of 
layers obtained by averaging the counts of the two observers 
between 2800 and 3030 m is 50,600 with an unknown error. 
Because of deformation and likelihood of discontinuities, it is 
not possible to assign a timescale or ages to this region of the 
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Figure 11. An example of the LLS record from ice that is very clear and coarse grained with little visible 
stratigraphy. 

core. If future work allows us to deconvolve this area of the 

core, we may be able to identify climatic events and place age 
limits on them. 

Error and Verification 

Putting error estimates on the depth-age scale is difficult. 
The accuracy of the depth-age scale can be checked against 
historically dated volcanic events over the last 2000 years (i.e., 
tie points; Table 1). If a discrepancy existed between the date 
of a known volcanic eruption and the corresponding date as- 
signed on the basis of elevated ECM and sulfate peaks, the 
strengths of the various annual signals were then reevaluated 
to determine if perhaps a more accurate date could be ob- 
tained. Most of our final dates of the major historical volcanic 
eruptions identified in the core match stratigraphically defined 
dates precisely. To obtain an estimate of error based on the 

original layer counting, the volcanic signals were examined in 
relation to the age scale before any reevaluation of the years 
was completed. The worst case was for Vesuvius (A.D. 79). 
Analysis of the GISP2 core gave a date which was 12 years 
older than the historical eruption date. This difference results 
in a 0.63% error, which is less than the 1% stated for this work. 

Assessing the accuracy of our depth-age scale based on the 
multiparameter approach in deeper ice becomes increasingly 
more difficult as there are no independent means of dating the 
ice by radiometric techniques. Possible comparisons might be 
made with events that have been dated in corals and deep-sea 
cores, but these events likely have larger errors than those 
applying to the GISP2 timescale. Additionally, a depth-age 
scale exists for the European GRIP core (largely based on flow 
modeling and noncontinuous methods) which can also be used 
for comparison. The errors that are listed in Table 2 are based 
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Figure 12. An example of the LLS record from ice that contains decipherable stratigraphic layering and is 
much finer grained than the section of ice presented in Figure 11. 
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on variations noted between methods and between analysts. 
All of these estimates are conservative and should be consid- 

ered to err on the side of maximum error. 

The Younger Dryas (YD)-Bolling/Allerod-Oldest Dryas se- 
quence provides one tie point, particularly the YD termination 
at 1678 m where a dramatic change occurs in layer thickness 
(resulting in an estimated twofold to threefold change in ac- 
cumulation rate), corresponding to an age of 11,640 years B.P. 
This agrees very closely with most published dates of around 
11,500 years B.P. (a variation of slightly more than 1%) for the 
YD termination [Alley et al., this issue (a)]. 

Another tie point that can be used is Heinrich Event 3 (H3) 
between Interstadial 4 and 5 [Meese et al., 1993]. On the basis 
of comparisons of high-resolution deep-sea sediment records 
from the North Atlantic a •4C date of 26,500 was obtained for 
core 2381 and a date of 27,000 was obtained for Orphan Knoll 
(G. Bond, personal communication, 1996). These dates are 
approximately equivalent to a calendar date of 30,000-31,000 
years B.P. [Bond and Lotti, 1995] based on the U/Th calibra- 
tion of Bard et al. [1990]. The date obtained from continuous 
counting of annual layers in the GISP2 core for H3 is 31,200 
years B.P. This again provides good agreement. 

A comparison can also be made between the correlated 
timescale presented by Bender et al. [1994] and the depth-age 
scale. The model is based on (•18Oat m of 0 2 measurements of 
the GISP2 ice core and compared to the Vostok ice core and 
SPECMAP for the oceans. At 2500 m, annual layer counts give 
an age equivalent to 56,930 years B.P., and the correlated scale 
of Bender et al. [1994] gives 57,600 years B.P. This difference is 
slightly higher than 1%. This is somewhat remarkable, since 
the error for both methods is estimated to be much higher than 
this. The same trend holds at depth, where layer counting at 
2700 m gives 89,084 years B.P. compared to a model age of 
89,244 years B.P. (now less than 1% variation in the two 
scales). Over the depth range, 2700-2800 m, an excellent cor- 
relation also exists between the (•18Oat m in the Vostok and 
GISP2 cores [Bender et al., 1994]. Bender et al. [1994] suggest 
that the ice below 2850 m may largely be from the substages 5e 
and 5d, approximately 128,000-140,000 years B.P. If the layer 
counts based on the LLS technique are used as dates in this 
section of the core, the estimated age would be 121,200 years 
B.P. at 2850 m, less than a 5% variation at 2850 m as suggested 
above, indicating that this ice may in fact be part of substages 
5e and 5d. However, as stated above, caution must be exercised 
as the full extent of the deformation in this region has not yet 
been completely defined. 

A final comparison is made between the GISP2 depth-age 
scale based on annual layer counts and the GRIP depth-age 
scale [Dansgaard et al., 1993; Johnsen et al., 1995]. The GRIP 
timescale back to 14,500 years B.P. was derived from annual 
layer counts from the surface. Dating below 14,500 years B.P. 
was calculated on the basis of flow modeling and chemical 
techniques including Ca 2+, NH•-, and microparticles [Johnsen 
et al., 1992]. There are potential problems with both the GISP2 
and GRIP timescales. Most ice flow models predict extremely 
rapid thinning near the bottom of an ice sheet. Annual layer 
counting based on LLS results at GISP2 shows that thinning 
does not appear to occur at the rate predicted by the models 
[SchOtt et al., 1992; Dahl-Jensen et al., 1993]. However, both the 
GISP2 and GRIP cores are known to exhibit evidence of se- 

vere structural disturbance in the basal 200-300 m, and this 
has likely led to discontinuities or breaks in the stratigraphic 
sequence. 

Summary 
The GISP2 ice core has been dated continuously from 0 to 

2800 m with considerable precision. The age obtained at 
2800 m was 111,000 years B.P. with an estimated error ranging 
from i to 10% and up to 20% between 2500 and 2800 m. Layer 
counting was extended to 3030 m on the basis of the LLS 
record mainly to obtain a possible age limit of the ice near its 
contact with the bed, assuming minimal disturbance by defor- 
mation of the stratigraphic record. Layer counts in excess of 
300/m were measured in the deepest ice, and an estimated age 
of 161,000 years B.P. was obtained at 3030 m with an unknown 
error. This age estimate is significantly less than that obtained 
at GRIP, largely on the basis of ice flow modeling. However, it 
is likely that structural disturbance observed in the basal 250 m 
of ice at both locations has affected both the timescales to an 

unknown degree. 
Comparison of the GISP2 depth-age scale with published 

dates for the termination of the Younger Dryas shows corre- 
spondence within the combined errors. Another tie point exists 
deeper in the core for Heinrich Event 3 at approximately 
30,000 years B.P., again with excellent correspondence to pub- 
lished records. Below this event, correlations made with a 
model based on (5•80 of 02 reveal a close correspondence. 
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