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Major features of glaciochemistry over the last 110,000
years in the Greenland Ice Sheet Project 2 ice core

Qinzhao Yang,! Paul A. Mayewski,! Mark S. Twickler, and Sallie Whitlow

Climate Change Research Center, University of New Hampshire, Durham

Abstract. Major chemical species (CI-, NO3, SO3~, Nat+, NHJ, K+, Mg+,
Ca?*) and 6'8Q covering the last 110,000 years from the Greenland Ice Sheet
Project 2 (GISP2) ice core were utilized in this study in order to reconstruct the
soluble chemistry of the atmosphere over Greenland and interpret major climate
events that have affected the region. During the Holocene the major chemical
species and 680 do not display any significant relationship. However, a strong
inverse correlation was found between concentrations of the major chemical species
and 0’80 (a proxy for temperature) during the last glacial period, suggesting that in
general during periods of decreased temperature, there is an increase in atmospheric
chemical loading. Examination of changes in major chemical composition over
the last 110,000 years of the GISP2 ice core reveals that during the Holocene,
the atmosphere was acidic; during interstadials the atmosphere was neutral or
alkalescent; and during stadials the atmosphere was alkaline. In addition, the
relative abundance of major chemical species varied during the Holocene, stadials,
and interstadials. During the Holocene, NH} and NOj3 are the dominant cations

and anions; while Ca?* and SO2~ are the dominant cations and anions during
the stadials and interstadials. This suggests that source regions or types differed
between the Holocene and the last glacial period. In addition, changes in chemical
composition and changes in chemical ratios also indicate that source regions differed
during the Holocene, stadials, and interstadials. Twenty-four previously identified
Dansgaard-Oeschger (stadial/interstadial) events [Dansgaard et al., 1993] were in
the GISP2 chemical series. The duration of the stadials is inversely correlated
with variations in sea level over the last glacial period (i.e., the more extensive the
northern hemisphere ice sheet, the longer the duration of the stadial). There is
also a close correspondence between the duration of interstadials and the timing
of Heinrich events (massive icebergs discharged into the ocean) in the GISP2 ice
core. Long (up to 2000 years) warm periods follow each Heinrich event, suggesting
perhaps that enhanced deep-water circulation is re-initiated following Heinrich
events.

Recent results from two Greenland ice cores demon-
strate dramatic climatic fluctuations during the last
glacial period [Dansgaard et al., 1993; Grootes et al.,
1993; Mayewski et al., 1993, 1994; Taylor et al., 1993a).
Particularly notable in these cores are the extremely
rapid reorganizations in atmospheric circulation that
occur between stadials and interstadials [Alley et al.,
1993; Taylor et al., 1993b; Mayewski et al., 1994, 1997].
Changes in the chemical concentration of ice cores dur-
ing these events can be related to changes in source re-
gions, volcanic activity, atmospheric circulation, ocean
ice cover extent, and temperature |De Angelis et al.,
1987, Legrand et al., 1988; Delmas and Legrand, 1989;

1. Introduction

Polar ice cores provide both direct and highly re-
solved views of paleoclimate spanning seasons to hun-
dreds of thousands of years. They preserve a rich his-
tory of the Earth’s volcanic activity, terrestrial and ma-
rine biological activity, terrestrial dust sources, and an-
thropogenic activity [e.g., Mayewski et al., 1986, 1993,
1994; Legrand et al., 1988; Dansgaard et al., 1993,
Zielinski et al., 1994].

1Also at Department of Earth Sciences, University of New
Hampshire, Durham.
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Mayewsk: et al., 1993, 1994, 1997; Zielinski et al., 1994].

Alternations between stadials and interstadials dur-
ing the last glacial period are believed to reflect changes
in atmospheric circulation and ocean-atmosphere inter-
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actions [Broecker and Denton, 1990; Greenland Ice-Core
Project (GRIP) Members, 1993; Mayewski et al., 1994,
1997]. Several climate forcing agents have been used to
explain the occurrence of these stadial and interstadial
events. These include changes in insolation, ice sheet
volume, heat exchange between the subpolar North At-
lantic Ocean and the atmosphere, rapid discharge of
large volumes of ice into the ocean, solar variability,
sea ice extent, and the greenhouse effect [Broecker and
Denton, 1990; Bond et al., 1992, 1993; Lehman and
Keigwin, 1992; Bender et al., 1994; Mayewski et al.,
1994, 1997).

Investigation of the relationship between the chemi-
cal concentration of soluble species (Cl~, NO3, SO,
Na*, NH}, K+, Mg?*, Ca?*) and oxygen isotopes
(6¥80) recorded in the GISP2 ice core provides infor-
mation concerning changes in atmospheric circulation,
wind speed, and the source regions that influence varia-
tions in the chemical concentration of this ice core. De-
tails of changes in chemical composition and chemical
ratios of chemical species during the Holocene, stadi-
als, and interstadials can provide useful information to
assess whether the source regions differed during these
periods.

2. Data Description

The Greenland Ice Sheet Project Two (GISP2) ice
core (3053.44 m deep) was retrieved from Summit,
Greenland (76.6°N; 38.5°W; 3200 above sea level). This
ice core was cut at uniform lengths of 20 cm and sam-
pled in a field laboratory where temperatures were
maintained at <-15°C at all times. Sample resolu-
tion for soluble ions and stable isotopes is 0.6-2.5 years
per sample through the Holocene, a mean of 3.48 years
through the deglaciation, and ~3-116 years throughout
the remainder of the 110,000-year-long portion of the
core for a total of 16,395 samples.

To avoid possible contamination of samples used for
chemical analyses, strict protocol was used at all times
during processing. For example, three pairs of blanks
were analyzed at the beginning, middle, and end of each
processing day. Duplicate samples were analyzed every
10 samples.

All samples were analyzed for the major chemical
species (Cl-, NO37, SO2~, Nat, NH}, K+, Mg?t,
Ca2*) using a Dionex”™ Jon Chromatography system
described previously [Mayewsk: et al., 1990; Buck et
al., 1992; Whitlow et al., 1992]. §'%0 was sampled, an-
alyzed and provided by the University of Washington
[Grootes et al., 1993; Stuiver et al., 1995].

The GISP2 depth-age timescale was established based
on multiparameter counting of annual layers to a depth
corresponding to about 40.5 kyr ago [ Meese et al., 1994].
Beyond this age, it was developed based on a correlation
of the 630 of atmospheric O, between GISP2 and Vos-
tok ice cores [Sowers et al., 1993; Bender et al., 1994].
Current estimated age errors for the GISP2 time series
are 2% for 0-11.64 kyr BP, 5% for 11.64-17.38 kyr BP,
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<10% for 17.38-40.5 kyr BP [Alley et al., 1993], and up
to 10% for the remainder of the record [Bender et al.,
1994].

3. Results and Discussion

3.1. Correlation Between Chemical Species and
With 430

Concentrations of major chemical species (C1~, NO3,
SO2~, Nat, NH}, K, Mg?*t, Ca?") are plotted along
with 680 in Figure 1 in order to investigate varia-
tions from the present to 110,000 years ago. During the
Holocene both chemical concentrations and §'80 values
are relatively constant in contrast to the last glacial pe-
riod. It is apparent from Figure 1 that chemical species
demonstrate stadial and interstadial oscillations similar
to those found in the 680 record presented by Dans-
gaard et al. [1993] and Grootes et al. l1993]. Con-
centrations of chemical species of C1~, SO, Na*, K*,
Mg?*+, Ca?t display synchronous oscillations for the last
glacial period. Over the period 11,600 to 110,000 years,
increases in chemical concentrations are in general ac-
companied by decreases in oxygen isotope value (more
negative) and vice versa.

To investigate quantitatively the relationship between
680 values and concentrations of major chemical
species, a series of correlation analyses was performed
for the Holocene and pre-Holocene (11,600-110,000 years)
(Table 1). No significant correlation exists between
oxygen isotopes and major chemical species during the
Holocene. In addition, correlation coefficients among
major species are also very low for this period. In con-
trast, between 11,600 and 110,000 years ago, six of eight
major ions show a strong negative correlation to 4180.
Most correlation coefficients (r) during the period of
11,600-110,000 years in Table 1 are statistically signifi-
cant at the 95% level. R values of 0.7 or lower suggest
that less than 50% of total variance can be explained by
such alinear relationship. It is also found that the corre-
lation coefficient between chemical species and oxygen
isotopes is slightly higher during stadials than during
interstadials. Thus the correlation between the major
chemical species in the GISP2 ice core decreases with
increasing temperature.

Correlation coefficients in Table 1 reveal that concen-
trations of Ca?+, Mg?+, Nat, K+, SO2~, and ClI~ are
highly correlated to each other during the last glacia-
tion. Figure 1 shows that six of the major ions (Cl™,
S02-, Nat, K+, Mg?+, Ca?*) display synchronous in-
creases or decreases in concentrations during the pre-
Holocene period. To maintain such synchronous vari-
ations and concentration they must be transported in
a well-mixed atmosphere [Mayewski et al., 1994]. The
highly inverse correlation between the major ions and
080 during pre-Holocene suggests that atmospheric
circulation patterns during this period were not as com-
plex as during the Holocene [O’Brien et al., 1995].
During the last ice age the maximum ice cover extent
reached about 40N in North America, with an average
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Table 1. Correlation Coefficients Between 620 and Major Chemical Species for
the Periods 0-11,600 and 11,600-110,000 Years in the GISP2 Ice Core

§%0 Ca Cl K Mg Na NH, NO;
0-11,600 Years BP (Holocene)
Ca -0.01
Cl -0.20 0.35
K -0.09 0.28 0.34
Mg 0.02 0.68 0.37 0.04
Na -0.19 0.55 0.61 0.55 0.50
NH,4 0.11 0.28 0.07 0.07 0.39 0.10
NOs3 0.03 0.25 0.33 -0.01 0.34 0.07 0.32
SO4 -0.01 0.28 0.31 0.03 0.39 0.17 0.05 0.47
11,600-110,000 Years BP
Ca -0.75
Cl -0.81 0.81
K -0.79 0.91 0.92
Mg -0.80 0.97 0.89 0.96
Na -0.82 0.87 0.98 0.94 0.93
NH, 0.22 -0.25 -0.30 -0.21 -0.28 -0.32
NOs -0.45 0.38 0.53 0.49 0.43 0.51 0.43
S04 -0.78 0.91 0.93 0.95 0.95 0.95 -0.21 0.56

latitude of the ice edge maximum over the land area of
the hemisphere of 52°N [Budd and Rayner, 1990]. Thus
a large ice-sheet coupled polar atmospheric cell domi-
nated variations of the atmospheric circulation system
during the pre-Holocene period through positive feed-
back [Manabe and Broccoli, 1985|. Therefore we suggest
that the atmosphere is well-mixed and atmospheric cir-
culation patterns were relatively simple during the pre-
Holocene period.

Neither NH nor NOj concentrations are accounted
for in the dust and sea salt. However, it is apparent in
Table 1 that NHJ is the only chemical species whose be-
havior differs significantly from the other species. NH;"
concentrations are generally not associated with other
species during the last glaciation. The discrepancy be-
tween NH, and Ca?*, Mg?+, Nat, K*, SO3™, and CI~
may be due to their difference in source and transport
pathways. The dominant sources of NH} include bio-
genic activity and biomass burning, and NH; has arela-
tively short residence time in the atmosphere [Warneck,
1988; Langford et al., 1992]. It is apparent in Figure 1
that the concentration of NH} is higher during long
interstadials and the Holocene and lower during long
stadials. During a long stadial period, ice sheets ex-
pand southward in the northern hemisphere [Budd and
Rayner, 1990], productivity of NH} may be damped
due to a decrease in continental area, and colder and
drier climates. However, NH] shows a weak positive
correlation coefficient to NO3 over the last 110,000
years. This may be because some of the NO3 measured
in the ice core is derived from similar sources to that
of NH;", namely, soil exhalation and biomass burning
[Legrand and Kirchner, 1990]. Significant increases in

NH;" over the last 110,000 years have been attributed
to variations in insolation (L.D. Meeker et al., A 110 ka.
history of change in continental biogenic source strength
and related atmospheric circulation, submitted to Jour-
nal of Geophysical Research, 1997; hereinafter referred
to as submitted paper).

3.2. Changes in Wind Strength

Marine aerosols (Nat, Cl~) and terrestrial dusts
(Ca%t, Mg?*) make up the two major types of chem-
ical components in Greenland snow. The large varia-
tion of major chemical concentrations between stadials
and interstadials is believed to reflect changes in ocean
ice cover extent, and strength and size of the atmo-
spheric circulation system over Greenland [Mayewski et
al., 1993, 1994]. In general, stadials are characterized by
dramatic increases in chemical concentration, suggest-
ing that both marine and terrestrial inputs increased
rapidly as a result of higher wind speed at the sea sur-
face and greater meridional transport capacity [Petit et
al., 1981; De Angelis et al., 1987; Mayewski et al., 1997).
In contrast, interstadials are characterized by a decrease
in chemical concentrations, suggesting that both marine
aerosols and terrestrial dusts decreased dramatically as
a result of calmer wind speed at the sea surface and a
dampened size and strength of the atmospheric circu-
lation system [Herron and Langway, 1985; Mayewski et
al., 1994, in press; L.D. Meeker et al., submitted paper,
1997].

To quantitatively estimate past sea surface wind
strength, Petit et al. [1981] used the formula logC =
AV +B, where C is the sea-salt aerosol atmospheric con-
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centration, V is the sea surface wind speed, and A varies
between 0.16 and 0.25. During stadials and interstadi-
als, mean sea-salt concentration in the GISP2 ice core is
about 10 and 5 times higher, respectively, than during
the Holocene. Based on Petit et al. [1981], therefore,
stadial sea surface wind speed would have been about
4 (a =0.25) to 6.3 (a = 0.16) m s~ ! higher, and during
interstadials, sea surface wind speed would have been
about 2.8 (@ = 0.25) to 4.4 (a = 0.16) ms~! higher than
that during the Holocene. Although such estimates are
rather simplistic and do not consider sea-salt concentra-
tion changes that occur during long distance transport,
they provide an approximate reconstruction of past sea
surface wind speed that could be of value for climate
modeling,.

3.3. Changes in Chemical Concentrations and
Ratios

In order to calculate mean chemical concentration for
each stadial and interstadial, we first identified the in-
flection points on the roughly sinusoidal variations of
Ca?* series from Figure 1. Stadial concentration was
taken as the average of all sample concentrations higher
than the inflection points, and interstadial concentra-
tion the average of all concentrations lower than the
inflection points.
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Figure 2. (a) Chemical concentrations (peq/L) for the
period of Holocene, stadial, and interstadial. (b) Mean
cations and anions for each stadial and interstadial (S,
stadial; IS, interstadial).
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In Figure 2a, each chemical species (presented in
peq/L) is averaged over the periods: Holocene, total
of all interstadials and total of all stadials. During the
Holocene, mean anion (Cl—, NO;, SO2™) concentration
(2.60 peq/L) is about twice mean cation (Nat, NHJ,
K+, Mg?*+, Ca?*) concentration (1.34 peq/L). The un-
balanced concentrations of anions and cations suggest
a missing amount of the cation Ht. To balance the
mean of the anions and cations, 1.26 peq/L H* must be
added. Based on this unbalanced chemical composition,
it appears that during the Holocene the atmosphere has
been acidic. During stadials, the mean cation concen-
tration is 16.37 peq/L, and the mean anion concentra-
tion is 7.84 peq/L. Mean cation concentration is more
than twice that of the anions. The missing amount of
anion is believed to be primarily HCO; [Mayewsk: et
al., 1994]. Thus, during stadials, the atmosphere was
characterized by an alkaline atmosphere. During in-
terstadials, mean cation concentration is 4.53 peq/L,
and mean anion concentration is 3.87 peq/L. Since the
mean concentration of cations is about 18% more than
mean anion concentration, the interstadial atmosphere
was alkalescent or close to neutral.

In Figure 2b, mean anions and cations for each sta-
dial and interstadial reveal that, in general, chemical
concentrations do not vary significantly during inter-
stadials. However, during stadials, chemical concentra-
tions fluctuate by a factor of 6. The cause of these large
variations is believed due to changes in the size and in-
tensity of polar atmospheric circulation system between
stadials [Mayewski et al., 1994, 1997|.

The respective chemical concentrations during the
Holocene, interstadials, and stadials are mutually dis-
tinct. For example, cation concentrations averaged
over all stadials (16.37 peq/L) exceed those during the
Holocene (1.34 peq/L) by an order of magnitude. Con-
centrations follow the order stadials > interstadials >
Holocene. In addition to the changes in chemical con-
centrations, chemical constituents in the atmosphere
varied among the three periods. Figure 3 reveals that
during the Holocene, NOj3 is the dominant anion and
NH, is the dominant cation, while SO2~ and Ca?* are
the dominant anion and cation, respectively, for sta-
dials and interstadials. It is, however, worth noting
that if the assumed concentrations of H* and HCOj3
determined from ion balance equations were used, the
dominant anions would be NO3, SO2~, and HCOj for
the Holocene, interstadials, and stadials, respectively.
The respective dominant cations would be H¥, Ca2*
and Ca?t. Changes in dominant chemical species sug-
gest that the source regions differed from one period to
another.

During the last glacial period, sea level lowered due
to an increase in land ice cover [Chappell and Shackle-
ton, 1986; Budd and Rayner, 1990], exposing CaCOs3-
and CaMg(CO3)z-enriched sediments from the conti-
nental shelf. Further, during the last glacial period,
tropical latitude arid zones were 5 times larger than at
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Figure 3. Chemical composition (zzeq/L) for the period of Holocene, stadial, and interstadial.

present [Petit et al., 1981], providing additional sources
of Ca?* and Mg?*. During the last glacial period, ex-
pansion of polar atmospheric circulation [Mayewski et
al., 1993, 1994, and thus higher terrestrial dust in-
corporation, potentially resulted in large increases in
dust transported to Greenland. Dust from arid areas in
Asia [Fang and Wallace, 1994] (P. Biscaye et al., Asian
provenance of last-glacial maximum dust in the GISP2
ice core, Summit, Greenland, submitted to Journal of
Geophysical Research, 1997) and southern North Amer-
ica, where mineral compositions show high amounts
of calcite (CaCOj3) and gypsum (CaSO4-2H20), have
been suggested as potential sources for central Green-
land snow [Prospero, 1990; Gomes and Gillette, 1992,
O’Brien et al., 1995].

The ratio of chemical species in ice cores can pro-
vide valuable information about the source of these
chemicals. If a source region for an air mass travel-
ing to Greenland is constant over time, the ratio of a
given species to a reference species should remain rel-
atively constant. Na' is the most conservative sea-
salt species in Greenland snow. More than 98% of
Nat measured in the Holocene portion of GISP2 ice
core is derived from marine sources [O’Brien et al.,
1995). Based on the sea-salt estimation [O’Brien et
al., 1995], more than 75% of Na' measured during
pre-Holocene is marine source. Therefore we present
ratios of C1~/Na*, K*/Nat, Mg?*/Na*, Ca?*/Nat,
and SO2~/Nat. Since NO; and NH} are associated
with neither marine aerosols nor terrestrial dusts, we
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have excluded them from Figure 4. The horizontal line remains similar during interstadials. Since concentra-
in Figure 4 represents the modern sea-salt ratio. It is tion of K* in Greenland snow is low (less than 1.5%
apparent in Figure 4 that chemical ratios are not al- of total ion burden during interstadials and ~2% dur-
ways constant during stadials, interstadials, and the ing stadials), ratios of K* /Na* may provide a sensitive
Holocene. In general, chemical ratios of Ca?*/Nat, measure reflecting changes in source regions. The high
Mg?+/Nat, K*/Nat, and SO}~ /Na* are well above concentration (up to 100 ppb) of K* from the surface
the sea-salt ratio over the last glacial period, suggest- of the Guliya Ice Cap, China [Yao et al., 1995], in con-
ing that terrestrially derived dusts played an important  trast to 1-2 ppb in snow pits from Greenland [Yang
role in the chemical composition of the atmosphere. et al., 1996], indicates that the Chinese Gobi Desert

During stadials, Ca®*/Na*, Mg?* /Na*, and K* /Na* and desert lands are the most likely source region of
are higher than during interstadials. The ratio of Ca?*/ K*. The high ratio of K*+/Nat during the Holocene
Nat differs significantly among stadials; however, it is  is believed to be due more to biomass burning activ-
relatively constant during interstadials, suggesting that ities, which increase the atmospheric concentration of
the size and intensity of polar atmospheric circulation K* [Whitlow et al., 1994; Dibb et al., 1996].
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Based on sea-salt concentration and the sea-salt ra-
tios, wind speeds were higher during stadials than dur-
ing interstadials. However, increased wind speed alone
cannot account for the large variations of chemical ra-
tios between stadials and interstadials and different
chemical constituents during the Holocene, stadials,
and interstadials. Higher ratios of Mg?*/Nat and
Ca?t /Na' during stadials versus interstadials and the
Holocene, as well as different chemical compositions
during these periods, indicate that new source regions
enriched with Ca?* and Mg?* are involved during sta-
dials and interstadials versus the Holocene.

The ratio of C1~/Na* varies insignificantly between
stadials and interstadials and is close to the sea-salt ra-
tio. The ratio of C1~ /Na™ is higher during the Holocene
than during stadials and interstadials. This may be be-
cause the Holocene atmosphere is more acidic. In an
acidic atmospheric environment, sea salt (mainly NaCl)
reacts with H* to form gaseous HCI [Legrand and Del-
mas, 1988; Keene et al., 1990]. Gaseous HCI can travel
through the upper troposphere to the high-latitude at-
mosphere of Greenland, providing an important poten-
tial source for the budget of Cl~ in Greenland snow and
ice.
SO27/Nat is higher during interstadials than dur-
ing stadials. However, the ratio of SO2~/Nat dur-
ing the Holocene is 2 times higher than ratios dur-
ing stadials and interstadials. Thus we propose that
during the Holocene, marine biogenic activity and soil
productivity increased due to increases in temperature
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[Adams et al., 1981a, 1981b; Herron, 1982]. During the
Holocene, a sharp decrease in Nat resulted from de-
creases in wind speed, and more localized atmospheric
circulation patterns prevented both marine and terres-
trial sources from being transported to Greenland [Pe-
tit et al., 1981; Herron and Langway, 1985; Delmas and
Legrand, 1989; Mayewski et al., 1994, 1997; O’Brien et
al., 1995). Hence the relative ratio of SO2~ /Nat during
the Holocene is higher than during the pre-Holocene.

3.4. Duration of Stadial and Interstadial

The duration of stadials and interstadials (Table 2)
was calculated and plotted in Figure 5 based on the
Ca?* series. Duration of interstadial events varies from
226 years (event 2) to 8373 years (event 21). Ten in-
terstadial events over the last 110,000 years are longer
than 2000 years (events 8, 12, 14, 16, 19, 20, 21, 22,
23 and 24). Table 2 also indicates that at the begin-

_ning of the last glacial period, interstadial duration was

longer. Nine out of ten interstadial events longer than
2000 years occurred between 110,000 and 44,000 years
ago. During the period 42,000 to 25,000 years BP there
are nine stadial and interstadial events, indicating that
shorter and more frequent events occurred prior to the
last glacial maximum (LGM).

As noted in Figure 5, the rapid climate change events
form a series of asymmetrical saw-tooth shapes (events
21-17, 16-15, 14-13, 12-9, 8-6, 5-2). The observed pat-
tern coincides with a series of ice sheet oscillations,
called Heinrich events, that discharge icebergs into the

Table 2. Length of Stadial and Interstadial for the Last Glaciation

IS Number  Period Covered, Length, S Number Period Covered, Length,
Years BP Years Years BP Years
24 1S 107,170-104,453 2717 24 8 104,453-100,830 3623
23 1S 100,830-96,754 4076 238 96,754-89,052 7702
221S 89,052-86,792 2260 228 86,792-82,641 4151
2118 82,641-74,268 8373 218 74,268-73,681 587
20 IS 73,581-71,177 2404 208 71,177-70,071 1106
191S 70,071-67,989 2082 19S 67,989-63,019 4970
18 IS 63,019-62,075 944 18 S 62,075-57,528 4547
17 1S 57,528-56,774 754 178 56,774-56,132 642
16 IS 56,132-53,872 2260 16 S 53,872-53,192 680
15 1S 53,192-52,717 475 158 52,717-51,675 1042
14 IS 51,675-49,152 2523 148 49,152-47,283 1869
13 1S 47,283-46,604 679 138 46,604-45,472 1132
12 1S 45,472-43,207 2265 128 43,207-42,604 603
1118 42,604-41,698 906 118 41,698-41,254 444
10 IS 41,254-40,754 500 108 40,754-40,309 445
9IS 40,309-40,071 238 9Ss 40,071-38,478 1593
81s 38,478-36,189 2289 88 36,189-35,370 819
71IS 35,370-34,506 864 78 34,506-33,781 725
6 1S 33,781-33,079 702 68S 33,079-32,400 679
518 32,400-30,650 1750 58 30,650-29,223 1427
418 29,223-28,650 573 48 28,650-27,962 688
31s 27,962-27,320 642 3s 27,320-23,528 3792
218 23,528-23,302 226 28 23,302-14,717 8585
118 14,717-12,890 1827 1S (YD) 12,890-11,700 1190

S, stadial; IS, interstadial; YD, younger Dryas.
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Figure 5. Length of stadial and interstadial versus

their numbers (H represents Heinrich event, after Bond

et al. [1993]).

ocean [Heinrich, 1988; Bond et al., 1993]. The ocean
is believed to play an important role in the rapid shifts
between stadials and interstadials [Broecker and Den-
ton, 1990; Lehman and Keigwin, 1992]. To explain the
saw-tooth shapes, it is proposed that during each Hein-
rich event, meltwater from icebergs may have enhanced
sea ice extent because fresh water has a higher freez-
ing temperature than salty water. Thus, extended sea
ice cover may have prevented heat exchange between
the ocean and the atmosphere at high latitudes and,
consequently, cooled the North Atlantic region.
Following each Heinrich event, interstadial duration
is, in general, longer than that of adjacent interstadials.
The prolonged warm interstadials following each Hein-
rich event have also been reported by Maslin and Shack-
leton [1995], using planktonic foraminiferal species abun-
dance and §'80. These abrupt prolonged interstadial
events following each Heinrich event were suggested to
be caused by decreases in meltwater flux, resulting in
collapse and retreat of ice sheets following each Hein-
rich event [Bond et al., 1993]. The high elevation of the
Laurentide ice sheet is also believed to be responsible
for increased northerly winds over the western part of
the North Atlantic, and consequent cooling of the sur-
face water [Manabe and Stouffer, 1995]. The reduced
volume of icebergs to the ocean [Bond et al., 1993] and
reduced elevation of ice sheets following each ice sheet
collapse could have enhanced salt buildup by evapora-
tion and, consequently, triggered deep-water formation.
Stadial duration was plotted (Figure 6) along with
reconstructed sea level based on coral-reef records [e.g.,
Chappell and Shackleton, 1986; Edwards et al., 1993;
Gallup et al., 1994] to see if ice sheet volume has any
relationship with length of stadials over the last glacial
period. There is a general inverse relationship between
duration of stadials and sea level during the last glacial
period, suggesting that stadial duration tends to be
longer when ice volume is greater. However, during
the period 30,000-55,000 years ago, the correlation be-
tween sea level and stadial duration is not significant.
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This may be because during this period the ice sheet
was relatively stable, so that the length of stadials did
not respond significantly to change in ice volume.

4. Summary

Twenty-four well-defined cycles of stadials and inter-
stadials defined by changes in the concentration of ma-
jor chemical species were found to match similar varia-
tions in §'80 record [Dansgaard et al., 1993; Grootes et
al., 1993] over the last 110,000 years. Analysis of corre-
lation between concentrations of major chemical species
(C1—, NO3, SO2-, Na*t, NH}, K*, Mg?*, Ca?*) and
values of 880 were performed. The results reveal that
for the first 11,600 years (Holocene) there is no clear
correlation. However, between 11,600 and 110,000 years
BP, concentrations of Cl™, SOZ_, Nat, Kt, Mg?t, and
Ca?t are well-correlated to 480, and chemical species
correlate to one another very well. This suggests that
there were synchronous increases and decreases in sea-
salt and dust levels during stadials and interstadials.

Analysis of the major ions in the GISP2 record reveals
that atmospheric chemical concentrations and source
regions were significantly different during the Holocene
than during interstadials or stadials, which in turn were
significantly different from each other. The atmosphere
was characterized by acidic, alkalescent, and alkaline
environments, respectively, during these periods. At-
mospheric loading follows the order stadials > inter-
stadials > Holocene. The respective dominant ions of
the Holocene, interstadials, and stadials differed due to
changes in source regions, wind strength, and size and
strength of atmospheric circulation over the last 110,000
years. For example, NHI is the dominant cation during
the Holocene, while Ca** is dominant during the last
glacial period.

As reported by Mayewski et al. [1994, 1997|, Hein-
rich events are clearly recorded in the GISP2 chemical
series. Duration of interstadials indicates that a pro-
longed warm interstadial followed each Heinrich event,
suggesting an enhanced deep-water formation, and then

10000 — Stadial duration . -...... Sea level 20
- Lo
g 8000 r
ii IR F20 >
= 1 ’ o
2 eo00] 3 40 2
3 1 ‘ 60 w
= 1 r 2
g 4000 F 80 2
g ] £-100 §
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Figure 6. Length of stadial versus sea level based
on coral-reef records [Chappell and Shackleton, 1986;
Edwards et al., 1993; Gallup et al., 1994] for the past
110,000 years.
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a period during which the durations of successive in-
terstadials gradually decreased until another Heinrich
event began the next cycle.

Examination of the GISP2 chemical series over the
last 110,000 years demonstrates that the atmosphere
responds more quickly than any other climate proxy of
the Earth system on all timescales. For example, inter-
annual scale changes in anthropogenic activity, rapid
climate changes, and Heinrich events all are recorded in
changes in the major chemical concentrations. Changes
in concentrations of the soluble chemical species in the
atmosphere reflect changes in wind strength, source re-
gions, and size and strength of atmospheric circulation
over the last 110,000 years. By comparing other mea-
surements with the chemical measurements presented
here (e.g., insoluble particle size distributions and min-
eral composition), the GISP2 core can be used to fur-
ther refine the source regions for air masses and changes
in atmospheric circulation patterns over the last glacial
and interglacial cycle.
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