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Abstract--A new deep core drilling operation started in 1990 in central Greenland and in 1992 reached the 
bottom at a depth of 3028 m.b. surface. Taking advantage of recent developments in the analytical technique 
of chemical trace species, continuous high resolution measurements of H20 2, HCHO, NH2 and Ca 2+ 
concentrations were performed directly on the ice core in the field. During the 1991 season all four 
components were measured simultaneously between 1300 m.b. surface and 2300 m.b. surface, corresponding 
to the time interval between 8000 and 38,000 years B.P. In this paper an overview of the results and our first 
interpretations in terms of climatic changes are given. 
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1. INTRODUCTION 

Ice cores record changes in concentrations of chemical 
species over time scales ranging from intra-annual to 
glacial-interglacial transitions. The changes in the ice 
are thought to largely reflect changes in atmospheric 
chemistry and dynamics resulting from variations in 
biogeocbemical cycling. There is a long list of para- 
meters in ice cores that can be used to describe the 
evolution of climate in the past (see e.g. Oeschger and 
Langway, 1989). 

Reconstructing past climatic variations, as reflected 
in polar ice cores, is one of the few possible validations 
of models attempting to describe future climatic 
changes caused by anthropogenic emissions. 

In 1990 a joint European deep drilling project 
(GRIP) started at Summit, the highest point on the 
Greenland ice sheet. The drilling operation reached 
bedrock in July 1992 after penetrating 3028 m of ice. 
The expected simple flow pattern (no horizontal 
movement) and a low mean annual temperature, 
combined with a yearly accumulation rate of about 
20 cm water equivalent in present day conditions, 
promised good conditions for palaeoclimatic invest- 
igations. 

Simultaneous high resolution measurements of 
H202, HCHO, NH~ and Ca 2 + were performed from 
a depth of 1300 m to the bottom ofthe core. Data from 
the depth interval between 1300 and 2300 m, which 
were measured in 1991, are presented here. 

A variation in the measured concentration of a 
chemical trace component in the ice cannot be directly 
related to a corresponding variation in the atmo- 
spheric concentration or the associated source con- 
centration. The concentration of a trace species in ice 

will be modulated by changes in source strength, the 
transfer behaviour from atmosphere to snow and 
postdepositional changes. The four measured species 
presented in this paper differ in their transfer and post- 
depositional behaviour. A possible coarse classifica- 
tion of chemical species in polar ice can be made by 
their exchange properties at the air-snow interface. 
Gaseous species like HCHO or HzO 2 are deposited 
reversibly: the exchange between snow and atmo- 
sphere continues on the surface after deposition, influ- 
encing the recorded concentration. Aerosol-related 
species (e.g. Ca 2 + and NH~) are irreversibly deposited 
to the snow surface: their concentration will not be 
changed by redistribution processes on a molecular 
scale. However, the initially deposited amount of an 
aerosol species might be affected by redistribution 
processes on a macro scale, i.e. wind-blown snow etc. 
(Dibb et al., 1992). 

2. CHARACTERIZATION OF THE MEASURED SPECIES 

The atmospheric concentrations of H202 and 
HCHO are linked to the OH radical concentration, 
which determines to a large extent the atmospheric 
oxidation capacity (Thompson, 1992). The oxidation 
capacity determines the atmospheric lifetime of many 
trace species such as CH 4 and CO that influence the 
radiation balance and therefore the climatic condi- 
tions. H20 2 is especially well suited as a control to test 
atmospheric chemistry models (see e.g. Kleinmann, 
1986). A historical record of the mean atmospheric 
concentration at high latitude yields useful constraints 
for predicting changes to the chemical system in the 
atmosphere based on various climatic or emission 
scenario (Thompson et al., 1989). 
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In remote regions, H C H O  is mainly produced in the 
oxidation chain of CH 4, initiated by the reaction with 
O H  radicals, Because the historical record of the 
atmospheric concentration of CH 4 is known from the 
measurements of air enclosed in the bubbles, an 
atmospheric record of H C H O  in principle gives the 
opportunity to derive a record of the O H  concentra- 
tions over Greenland (Staffelbach et al., 1991). 

N H ~  concentrations originate from N H  3 emis- 
sions, which have predominantly continental sources 
of biogenic origin, mainly bacterial decomposit ion in 
soils and biomass burning (Legrand et al., 1992). 

Ca 2+ is transported to Greenland with dust par- 
ticles, mostly carbonate, and to a lesser extent with 
sea salt particles (Whitlow et al., 1992). Calcium 
carbonate and N H  3 in the atmosphere are the two 
species that are capable of neutralizing acids. Core 
sections that have alkaline properties, i.e. pH of the 
melted ice >7 ,  also have large calcium and/or  am- 
monium levels. Calcium carbonate in the ice is also 
suspected of interfering with the CO2 concentration, 
as a result of the possible release of CO2 by reaction 
with strong acids (Delmas, 1993, in press). 

3. EXPERIMENTAL 

A continuous melting technique, combined with continu- 
ous flow analysis, has been developed for measurements of 
chemical trace species in ice cores directly in the field (Sigg 
et al., 1993, submitted for publication). A subcore with a cross 
section area of 18 x 18 mm 2 cut from the main core is needed 
for the simultaneous analysis of the four components. The 
subcore is melted continuously from one side at a constant 
rate. The main advantage of this method, compared to 
conventional sampling and analytical procedures of discrete 
samples, are given by the high spatial resolution (ca. 1 cm for 
H202, NH~- and HCHO; ca. 3cm for Ca 2 ÷) combined with a 
significant reduction in sample handling. The spatial resolu- 
tion is only limited by the sample dispersion in the melting 
system and the analyser. 

The subcore, with a maximum length of 250 cm, is moun- 
ted vertically in the sample holder, which holds the sample 
centred over the melting device, a heated aluminium cylinder. 
The geometry of the melting device allows a separation of the 
meltwater into an inner and an outer fraction. The inner 
fraction originates from subcore ice that (except for ends and 
breaks) has not been exposed to the present day atmosphere, 
whereas the outer fraction includes ice from the subcore 
surface. For the analysis of species that are sensitive to 
contamination, HCHO, NH~ and Ca 2÷, the inner fraction 
has to be used for the analysis. For species that are not 
sensitive to contamination, e.g. H202, the outer fraction of 
the meltwater can be used. 

All analytical systems are continuous flow systems, i.e. the 
sample stream is analysed continuously. Valves are only 
necessary to switch between sample stream and calibration 
solutions. Reagents are added continuously to the sample 
stream using peristaltic pumps. Before and after every sub- 
core sample, blank solutions are measured to define the 
baseline. All methods are linear in the relevant concentration 
ranges, and one-point calibrations are sufficient. The follow- 
ing analytical techniques were used: 

H202: Hydrogen peroxide was analysed by using the 
enzymatic-fluorometric technique described by Lazrus et 
al. (1986). Instead of (p-hydroxyphenyl)acetic acid, 4- 

Table 1 

Species Lower limit of detection Resolution* 
(~tmol) (mm ice) 

H202 0.05 12 
HCHO 0.01 11 
NH4 + 0.01 7 
Ca 2 + 0.05 35 

* The given resolution corresponds to the drop of a step 
function to the 1/e fraction (Sigg et al., 1992). 

ethylphenol was added as substrate. A filter fluorimeter 
(326 nm/410 nm) with a Cadmium Lamp (Hamamatsu 
L2264) and a 25 #1 fluorescence cell (Hellma 178.010-OS- 
40) that was fabricated in our laboratory were used as 
detectors. 

HCHO: Formaldehyde is analysed using the Hantz reaction. 
The fluorometric method is adopted from Dong and 
Dasgupta (1987). Fluorescence is measured by means of a 
fluoroscence spectrophotometer (412 nm/510 nm, Shim- 
adzu RF350). 

NH2: Ammonia is analysed using the reaction with o- 
phthaldialdehydase (OPA). The fluorometric method is 
described in Genfa and Dasgupta (1989). The same type 
of detector (365 nm/425 nm) as for H202 is applied. 

Ca2+: Calcium is analysed by an absorption technique, 
which is described in Kagenov and Jensen (1982). Because 
of the relatively low sensitivity, the absorption cell 
(Hellma 76.052-QS) is rather large (300 #1) yielding a 
poorer spatial resolution. Blank and standards are pre- 
pared in deionized water. 

Table 1 lists the performances of the used analytical 
techniques. 

4. RESULTS AND DISCUSSIONS 

4.1. An overview o f  the whole record 

Figure 1 shows an overview of the measured con- 
centrations of the four components  as a function of 
depth, the data were averaged over a 55 cm interval. 
The different climatic stages are indicated on the top of 
the figure. The time scale has been established by 
stratigraphic layer-counting of calcium, nitrate, dust 
and ammonium together with reference horizons 
(Johnsen et al., 1992). The climatic development from 
40,000 years B.P. to present day conditions is charac- 
terized by the major  transition from glacial conditions 
to the present interglacial stage. The glacial period, 
including the transition into the interglacial, is charac- 
terized by frequent changes from typically cold condi- 
tions to mild conditions over an extremely short depth 
interval, corresponding almost certainly to a time 
interval of at most a few tens of years. Almost all of 
these climatic changes are accompanied by large 
concentration changes of the measured species. 

The Ca 2 + concentration shows the clearest relation 
to the different climatic stages: low values in warm 
conditions, high values in cold conditions. During the 
different warm stages in the glaciation the Ca 2+ 
concentrat ion always shows the same low level 
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Fig. 1. Overview of the four species together with the preliminary time scale and the 61a O 
curve, the climatic stages are indicated (mean values over 55 cm). 

around 1 pmol with a rather small absolute variability 
compared to the cold stages (see Fig. 5a). The level in 
the warm stages, however, is still 3-5-times higher than 
the mean Holocene concentration. 

For irreversibly deposited species the flux (concen- 
tration times accumulation rate) is a better measure 
for the atmospheric load than is the concentration 
alone (Stauffer and Neftel, 1988; Herron, 1982). This 
means that with a constant atmospheric loading, a 
decrease in the accumulation rate implies increasing 
concentrations in the ice. Therefore, part of the change 
in the concentration has to be attributed to corres- 
ponding changes in the accumulation rate. During the 
last transition from the glaciation into the Holocene, 

the change in annual layer thickness indicates a 
change in the accumulation rate by a factor of 2-3 
(Johnsen et  al., 1992), whereas the Ca 2 + concentration 
changes by a factor of 10; thus the atmospheric load of 
aerosols containing calcium was higher in the cold 
stages. Soil-derived carbonate particles are the most 
likely source (Cragin et  al., 1977). Probable reasons for 
the enhanced loading of the atmosphere with Ca z + 
containing particles include the exposure of sea shel- 
ves as a result of lower ocean level, increased aridity 
and the larger latitudinal temperature gradient during 
the cold stages causing stronger winds. 

The H201 concentration shows the opposite pic- 
ture. H/O2 is only preserved in sections of polar ice 
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from Greenland having low impurity levels. Ice from 
the cold stage has a much higher dust load, causing a 
quantitative decay of H20  2 and a consequent loss of 
information on the atmospheric content of H20  2 
during the cold stages. During the warm stages, layers 
with elevated dust levels (indicated by Ca 2+ peaks) 
show low H202 concentrations. The mechanism and 
the rate of the decay process are still unknown. A 
detailed investigation by Sigg on the 300 m Eurocore 
drilled in 1989 at Summit revealed a decay rate of 
about 1% per 100 yr of the mean concentration (Sigg 
and Neftel, 1991). Decays exceeding 50% have there- 
fore to be expected for ice older than 5000 yr assuming 
that the dust level has not significantly changed. 
However, the strong decrease in H202 with increasing 
age in the early Holocene (more than 50% in less than 
1000 years) indicates that the lower H202 concentra- 
tion between 9000 and 11,000 years could also be of 
atmospheric origin, which would be in agreement with 
a lower OH content suggested by Staffelbach et al. 
(1991). 

The continuous HCHO measurements show 
dramatically different behaviour from previous meas- 
urements from the Dye 3 core and the Byrd core 
(Staffelbach et al., 1991). The HCHO values show 
variations that parallel the Ca 2+ concentration in 
most of the cold stages. The HCHO concentrations of 
the few discrete samples from glacial cold stages along 
the Dye 3 core measured by Staffelbach did not show 
this feature and were roughly one order of magnitude 
lower than samples with a similar age from the 
Summit core. 

The ammonium concentration is influenced by two 
important features: seasonal variation and high peaks 
caused by biomass burning events (Legrand et al, 
1992) superimposed on summer values. The lower 
values in the glaciation imply a corresponding lower 
atmospheric concentration over Greenland (the lower 
accumulation in the glaciation would require an op- 
posite trend, if the load had been constant). This can 
be explained as a result of the colder climate, which 
reduces in general the biological activity. However, the 
concentrations in the Younger Dryas are roughly one 
order of magnitude higher than those in the glacial 
maximum. This suggests that the Younger Dryas was 
not a full return to glacial conditions. 

During the last stage of the glaciation (above 1700 
m) the mean ammonium concentration starts to in- 
crease again. The concentration between 1800 m and 
1750 m is double that between 1950 m and 1850 m. 
Without further analysis it cannot be distinguished 
whether this is parallel behaviour with a decreasing 
accumulation rate, whether it is a first sign of a general 
change of the climatic system enhancing the biological 
productivity, or if it is caused by a change in the 
general circulation pattern, which determines the ef- 
fectiveness of the transport to Greenland. A systematic 
analysis of the covariation with the accumulation rate 
and other chemical parameters is required to clarify 
this point. 

4.2. Specific features 

4.2.1. Seasonal variations. In the following we dis- 
cuss some specific features, taking advantage of the 
high resolution of the analysis. Figure 2 shows a 
detailed picture from the depth interval at 1401 m 
corresponding to a time period of 7 yr. Ca 2 +, NH~ 
and H202 show a regular seasonal fluctuation. For  
Ca 2+ a clear seasonal variation is found, with a 
maximum in spring (Whitlow et al., 1992), that most 
probably originates in big Asian dust storms (Merril 
et at., 1989; Gao et al., 1992). The winter Arctic aerosol 
has also been suggested as an explanation (Whitlow 
et al., 1992). The seasonal maxima of Ca 2+ are indi- 
cators for ice strata with enhanced dust levels, which 
cause a slow decay of the H20  2. Therefore, a reversed 
"seasonality" is established in the H202 concentra- 
tion, which varies in antiphase with the Ca 2 + concen- 
tration. The fraction of H202 loss is only weakly 
correlated with the Ca 2 + concentration, which indic- 
ates that the H20  ~ is not reacting directly with 
calcium. 

The seasonality found in the NH2 concentrations 
shows a maximum concentration in summer and 
minimum concentrations close to zero in winter (Staf- 
felbach, 1990). This can be explained by biological 
activity in soils, which increases with temperature 
(Warneck, 1988). As it has to be expected, a phase shift 
can be seen between the NH~ and Ca 2 + concentra- 
tion maxima in a large fraction of the years. 
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Fig. 2. Seasonal variation of NH2, Ca 2 + and 
HzOz during the Holocene at around 8800 yr 

B.P. The illustrated interval contains 7 yr. 
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4.2.2. Signs of biomass burning events. Figure 3 
shows a few of the large NH~ spikes, which have been 
shown to be caused by biomass burning events (Le- 
grand et al., 1992). Enhanced H202 and HCHO levels 
are often found associated with these peaks. Biomass 
burning events are emitting not only NH3, but also 
large quantities of hydrocarbons. During transport to 
Greenland these hydrocarbons will be oxidized, con- 
tributing to an additional volume source of H202, 
HCHO and organic acids to the atmosphere that is 
recorded in the ice. (The peak broadening of H20 z 
and HCHO relative to the NH,~ is due to the smooth- 
ing process after deposition.) 

The high concentration NH,~ spikes are also found 
during the cold stages. During the Oldest Dryas 
(20,000 15,000 yr B.P.) the frequency is lower; how- 
ever, during the Younger Dryas they still occur quite 
often. This indicates that air masses from further south 
must have reached central Greenland, because large 
parts of the North American continent were ice cov- 
ered at that time. 

The seasonality of the measured compounds can be 
followed down through the Holocene and also 
through the Alleroed/Boelling. During the Younger 
and part of the Oldest Dryas, Ca 2 + and NH~ data, 
corrected for the dispersion in the measuring system, 
are still in agreement with other seasonally varying 
parameters such as nitrate and dust that have been 
measured with very high spatial resolution by our 
Danish colleagues on selected core sections. However, 
a clear phase shift can no longer be distinguished. 

4.2.3. The Younger Dryas event. The most recent 
dramatic change from a colder into a warmer climatic 
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Fig. 3. Large NH~ spikes and increased levels ofH20 2 
and HCHO caused by biomass burning, around 8300 yr 
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regime occurred at a depth of 1625 m: the transition 
from the Younger Dryas into the Preboreal. The 
combined information of continuous 6180, dust, and 
nitrate measurements with the records presented in 
this paper allowed a precise dating of the duration and 
onset of the Younger Dryas (Johnsen et al, 1992). The 
onset was dated to 12,700 yr B.P. and the end to 11,550 
yr B.P. Figure 4 shows three intervals covering 
the beginning (1657-1661 m) a middle section 0647-  
1651 m) and the end (1622-1627 m). The most notable 
feature is the extremely short time intervals over which 
the transition occurs. At the end of the Younger Dryas 
a 10-fold change in the Ca 2+ concentration from a 
level above 2/tmol to below 0.2/lmol occurred within 
less than two decades. This implies dramatic changes 
not only on the climatic time scale but also on the 
meteorological time scale. During the first part of the 
Younger Dryas a strong correlation between HCHO 
and Ca 2 + is established; however, this is lost within a 
few years in the middle of the Younger Dryas. At 
present we cannot offer an explanation of what causes 
the covariation of the HCHO concentrations with the 
Ca 2+ concentrations. We hope that more detailed 
chemical analysis may provide some clues to the 
mechanisms involved. Further research is required to 
investigate whether alkaline snow and ice enhance the 
absorption of gaseous HCHO, or whether HCHO is 
brought in with the aerosols. Nevertheless, we would 
like to emphasize that in the late glacial, in the 
beginning of the Boelling and at the end of the 
Younger Dryas in the Summit core, similar low 
HCHO values were found in the Summit and the Dye 
3 cores; so the conclusion drawn by Staffelbach et al., 
(1991), leading to a lower OH radical concentration of 
the atmosphere during the glaciation, is not excluded. 

4.2.4. Oscillations during the glaciation. Figure 5 
shows two sequences from the last glaciation. Both 
intervals contain around 140 yr. Figure 5a represents a 
transition from a cold into a mild stage at around 
26,000 yr B.P. The concentration changes in Ca 2+ 
occur in two steps, each of them taking place within 5 
to l0 cm. The annual layer thickness at this depth is 
around 2 cm, which means that the changes in concen- 
tration happen within 5 yr or less. HCHO values reach 
0.4/~mol. This is higher than present day concentra- 
tions in fresh fallen summer snow, which were believed 
to be the highest because of the adsorbed and trapped 
HCHO on the snow during its formation (Staffelbach, 
1990). Ca 2 + and HCHO show a strong covariation, 
which suggests a contribution of HCHO from an 
aerosol source, either directly or by an enhanced 
reaction on the aerosol surface. In the Dye 3 core such 
high concentrations did not show up in the analysed 
sections from the cold stages, suggesting that the 
aerosol characterization was not uniform over Green- 
land during the cold stages. 

Figure 5b shows a warm stage at around 32,000 yr 
B.P. It is one of the few exceptions where the HCHO 
concentrations are very high, while the Ca 2 +concen- 
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Fig. 4. Three sequences from Younger Dryas, covering the beginning (at ca. 12,500 yr B.P.), the 
middle part (at ca 12,200 yr B.P.) and the end of the cold period (at ca. 11,500 yr B.P.). The first two 
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Fig. 6. Several rapid variations of Ca 2÷ and HCHO covering the time interval 
between 29,000 and 35,000 yr B.P. compared with the feature of the 6180 record. 

tration is low. The high HCHO peak at 2142 m lasts 
about 40-60 yr. Thus a single precipitation event 
could not have caused the observed peak. 

Figure 6 shows a typical sequence exhibiting 
periodic oscillations within the glaciation period 
(2160-2200 m.). Three features are common to all the 
oscillations found between 40,000 and 20,000 yr B.P.: 
(i) the transition from the warmer into the colder 
stage occurs on a longer depth interval than the 
termination of the cold stage, reflecting most probably 
also an asymmetry in the involved time scales. 
(ii) Ca 2 + and 6180 show distinct trend differences and 
(iii) the strong coupling between HCHO and Ca 2+ 
holds only for the cold stages. 

The 61 s O ratio, an excellent temperature indicator, 
exhibits a slow and steady decrease from the mild 
stage to the cold stage, whereas the Ca z + concentra- 
tion jumps much later to the high cold stage. Both 
parameters are in phase during the termination of the 
warm phase. A shift of the polar front has been 
suggested as an explanation (Dansgaard et al., 1984) 
for the 6180 variations. It has to be investigated in 
comparison with additional chemical data if the 
southwards moving polar front can create such a 
trigger effect for the Ca 2+ input to the polar region, 
and where the asymmetry in the transition behaviour 
comes from. A dilution of the precipitation source by 
isotopically light melting water, which would decrease 
the 61sO ratio during the mild stages and explain the 
different feature of the Ca 2 + concentration has been 

excluded due to the deuterium excess (Johnsen et al., 
1989). 

5. CONCLUSIONS 

The continuous record of H202, HCHO, NH~ and 
Ca 2 + concentrations from the section of the Summit 
ice core, which covers the time period from 
8000-38,000 years B.P., show characteristic patterns 
that illustrate climatic changes. The concentration 
changes in the ice core cannot be explained simply by 
a cause and effect relationship with the past climate. 
The climatic system is highly underdetermined by the 
available information. The presented data clearly 
show that on time scales of only a few decades, the 
Earth's climatic system must have changed con- 
siderably. A simplified picture of two stable climatic 
stages--cold and warm--is not satisfactory for a 
description of the evolution of the climate over the last 
40,000 yr. 
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