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High-resolution ammonium ice core record covering a
complete glacial-interglacial cycle

Katrin Fuhrer,! Albrecht Neftel,2 Martin Anklin,! Thomas Staffelbach,? and
Michel Legrand®

Abstract. High-resolution ammonium measurements were performed along the
Greenland Ice Core Program (GRIP) deep ice core, covering a complete climatic
cycle. No overall anthropogenic increase is observed over the last 300 years; how-
ever, springtime concentrations have roughly doubled since 1950. Biomass burning
is estimated to be a major source for ammonia emissions for preindustrial times.
It contributes between 10% to 40% to the total ammonium deposited on the cen-
tral Greenland ice sheet during the Holocene. No correlation is found between the
ammonium summer concentrations recorded over the last 100 years and the area
burned in northern North America, which is considered to be the main source area
for ammonium deposited on the central Greenland ice sheet. This suggests that the
meteorological factor is predominant for the pattern of ammonium spikes observed in
the ice core. If unchanged meteorological conditions are assumed for the Holocene,
as indicated by the 6180 ice record, a decreasing biomass burning activity toward
present time can be derived from the ammonium ice record. Soil and vegetation
emissions are responsible for the ammonium background concentrations in the ice.
The record therefore may be used to trace back the biomass history of the North
American continent. A pronounced decreasing trend in background ammonium is
found during the Holocene, reflecting decreasing temperature and therefore lower
NH3 emissions in the source region. Variations in the ammonium concentration
during the glacial age are discussed in terms of changes in transport and deposition
mechanisms and changes in source strength, which can be related to the extent of
the Laurentide ice sheet. The data suggest that the Laurentide ice sheet was built
up immediately after the last interglacial and went through several large fluctuations
during the last ice age.

1. Introduction

Ammonia is the most abundant gaseous base in the
atmosphere and plays therefore an important role in the
acid-base air chemistry. Ammonia is mainly released
from combustion, from soils, including vegetation cover,
and from bacterial decomposition of excreta, with esti-
mated present-day contributions of 15 %, 35 %, and
50 % , respectively, to the total ammonia emissions
[Warneck, 1988]. The major part of the global present-
day emissions is of anthropogenic origin, with major
contributions from excreta and from fertilizer losses but
also including emissions by coal combustion, burning of
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plant matter in shifting agriculture, deforestation, sa-
vanna, and bushland clearings [ Warneck, 1988].

The contribution of natural ammonium sources to
the total emissions is not well quantified, e.g., Lang-
ford et al. [1992] estimate between 0.2 and 15 % for the
United States. The main natural sources are wildfires
and emissions from soil and vegetation. Less than 5 % of
the total ammonium emissions from combustion are due
to wild fires [Seiler and Crutzen, 1980]. Natural soil and
plant emissions are hardly investigated in a quantitative
way. Soils contain NH3 due to bacterial decomposition
of plant matter, whereafter ammonia is nitrified, con-
sumed by plants, or retairied in the soil solution. It is
released to the atmosphere when the ambient NHs con-
centration drops below the vapor pressure of the soil so-
lution. Soil emission will therefore depend on tempera-
ture and soil water pH, on the soil moisture, the amount
of organic nitrogen, and the populations of decomposing
and nitrifying bacteria [Dawson, 1977; Langford et al.,
1992]. The plant cover above the soil will interact in
determining net fluxes to the atmosphere. NH3 can be
directly emitted due to proteolysis during senescence of
plants [ Whitehead and Lockyer, 1989]. There will be a
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net NH; emission from vegetation if the ambient NHj
concentration is lower than the ”canopy compensation
point”, which characterizes the partial pressure of am-
monia in the substomatal cavities and on the leaf sur-
face [Lovblad et al., 1993; Langford et al., 1992]. Oth-
erwise, there will be a net uptake of ammonia. A wide
variety of ambient ammonium concentrations is found
above different natural ecosystems (review by Langford
et al. [1992]), reflecting the complex interplay of the
above parameters. However, the overall processes at
play are not well understood. Also, the ocean may be
a net source for NH; [Quinn et al.; 1990] but there re-
main large uncertainties for the estimate of the marine
NH3 budget [Sutton et al., 1994]. Talbot et al. [1992]
suggested that rotting sea ice emits ammonia, but the
extent of the emissions is not quantified. The main
sinks for atmospheric NH, (NH; and NH]) are wet and
dry deposition. NH3 dry deposition is very efficient on
soils and plant covers with compensation points below
the ambient ammonia concentration and constitutes the
dominating deposition mechanism for NHz. The depo-
sition velocity above soils and plant cover is an order of
magnitude larger for NH3 than for NH [Lévblad et al.,
1993]. NH; can be taken up into acidic aerosols and
be converted into NH} . As long as sulfate is available,
NHj3 will preferentially form NH;HSO,4 and (NH,)2SOy4,
which is an irreversible process (due to a very low vapor
pressure of ammonia above sulfuric acid), in contrary
to the formation of NH4NO;3;. The lifetime of NH; in
the boundary layer is estimated to about 1 day [Asman
and Jansson, 1987] and that of NH} to several days
[Warneck, 1988]. Therefore mostly NH] will be trans-
ported over long distances [Asman and Jansson, 1987;
Langford et al., 1992]. If NH; reaches the free tropo-
sphere, the lifetime of NHf and NHj are similar due
to comparable scavenging efficiencies. Ammonia con-
centration in the atmosphere above natural ecosystems
mostly exhibits a pronounced seasonal and diurnal cycle
[Warneck, 1988], with an exponential temperature de-
pendence [Langford et al., 1992]. This supports the im-
portance of soil bacteria activity [ Warneck, 1988]. The
seasonality is less pronounced, however, in agricultural
areas [Langford et al., 1992; Nodop, 1990]

Ammonium measurements in precipitation have been
performed as early as at the end of the last century
(summarized by Brimblecombe and Stedman [1982)) at
agricultural sites. They show a large scatter and it
is difficult to identify trends due to their large local
and annual variability. Measurements in remote regions
avoid the variability caused by the vicinity of sources.
Especially, polar ice sheets are well suited for observ-
ing the background atmosphere due to their high ele-
vation: precipitation on polar ice sheet may reflect the
free troposphere. Measurements on ice corés are the
only means to provide direct insight into the cycling
of NH, in the preindustrial and paleotimes. We per-
formed measurements of ammonium along the Green-
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land Ice Core Project (GRIP) deep core, in central
Greenland (72.58°N, 37.64°W), which covers at least
the last 100,000 years, a full glacial-interglacial cycle
[Dansgaard et al., 1993].

2. Methods

All ammonium results presented here were obtained
from analyses performed directly in the field, to mini-
mize contamination due to transport, storage, handling,
and exposure of the samples to the laboratory atmo-
sphere. The firn measurements were performed within
2 days after the core retrieval, all other measurements
within a few days to a month after core recovery. The
analytical method used was a continuous flow analy-
sis (CFA) . Ammonium was detected through the re-
action with o-phthaldialdehyde [Genfa and Dasgupta,
1989] yielding a fluorescence product. A specially de-
signed melt device was used to avoid contamination
[Sigg et al., 1994], allowing to analyze the inner part
of the sample which is not exposed to the surrounding
atmosphere.The geometry of the CFA system leads to
a mixing (dispersion) corresponding to less than 1 cm
of core length, which is the limiting factor for the depth
resolution of the data set. Therefore we obtain a very
high depth and time resolution, respectively, compared
to conventional sampling methods [e.g., Whitlow et al.,
1992; Legrand and deAngelis, 1995]). The time resolu-
tion is less than a month at present time and about
2 years at 100,000 years B.P. Recursive filtering can
improve the depth resolution partly leading to a recon-
struction of the original signal [Sigg et al., 1994]. The
statistical analysis we performed gave the same results
within a 5 % limit for the filtered and the untreated
data. We therefore discuss the untreated record ex-
cept where specified. The detection limit of the setup is
around 0.1 ppb. Parallel measurements along the same
core showed very reproducible results. A detailed de-
scription of the analytical technique is given by Sigg
et al. [1994].

The calcium results between 1300 and 2280 m were
measured with an absorption method described by
Kagenow [1982]. The rest of the core was analyzed by a
fluorescence reaction with the indicator quin-2 [Clarke
et al., 1988].

3. Data

- Ammonium concentrations have been measured con-
tinuously along the depth intervals 100-600 m, 1300-
2060 m, and 2280-3020 m, corresponding to the time
intervals of 300-3000 years B.P., 8000-25,000 years B.P.,
and 40,000 to at least 100,000 years B.P. Only a few
meters were measured continuously between 600 and
1300 m due to the poor core quality in this section. In
1993, continuous ammonium measurements were also
performed along a 100-m coré from Summit, to cover
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Table 1. Summary of Published Ammonium Data From the Summit Region

Time Period NH;" Averages

NHI Winter Values

Reference Location

Short-Term Records (Pit Studies)

this work 72.58°N, 37.64°W
Silvente and Legrand [1993]  72.57°N, 37.63°W
this work 72.58°N, 37.64°W

Whitlow et al. [1992] 72.2°N, 37.8°W

Long-Term Records

1983-1990 6.34 1-3
1983-1991 7.2 1-3
1978-1987 6.24 1-3
1978-1987 9.08 3.5-7
1750-1989 5.71

1750-1989 5.89

1767-1970 5.46

60 years in 3.48

1733-1985

this work
Whitlow et al. [1994] °
Legrand and deAngelis [1995]

72.58°N, 37.64°W
72.2°N, 37.8°W
72.58°N, 37.64°W

All concentrations are given in parts per billion.

" the last 300 years. The timescale used from 100 to 3000
m is published by Johnsen et al. [1992] and Dansgaard
et al. [1993]. The 100-m core was dated by annual layer
counting based on the calcium and ammonium seasonal
variations. Reference horizons from volcanoes (H.B.
Clausen, personal communication, 1995) confirmed the
established timescale. Since contamination problems
are significant for ammonium measurements [Whitlow
et al., 1994], only a few ammonium data from Greenland
ice cores and pit studies are published so far [ Mayewski
et al., 1994; Whitlow et al., 1992, 1994; Fuhrer et al.,
1993; Laj et al., 1992; Legrand and deAngelis, 1995,
this issue; Silvente and Legrand, 1993; Busenberg and
Langway, 1975]. Most of them report data from the
Summit area. Average concentrations of roughly the
last 200 years from the continuous récords published by
Legrand and deAngelis [this issue] and Whitlow et al.
[1994] compare well with our record (Table 1) as well
as concentrations published by Mayewski et al. [1994]
between 10,000 and 15,000 years B.P. Specifically, there
is a good correspondence for low winter concentrations
(Table 1) and the occurrence of large ammonium spikes
in our record and that of Legrand and deAngelis [this
issue]. For the purpose of comparison of the high spikes
in the different data sets from the Summit area, annual
mean values (respective biannual ones for the record by
Whitlow et al. ) are shown in Figure 1. Since high
spikes largely dominate the yearly means, differences
in the annual méan concentration between the different
records originaté mainly from differences in the high
spikes. Our record and that of Legrand and deAngelis
[this issue] were retrieved from two cores which were
drilled only 300 m apart. Concluding from these two
data sets, the local variability is large for high spikes
(Figure 1). This is most probably due to reworking of
the snow surface by drifting snow, changing the layer
thicknesses of the chemical horizons [Jaffrezo et al.,
1995]. This can also explain the different concentra-
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Figure 1. Mean annual concentrations from our record
are shown as well as mean annual concentrations for
years with high spikes from Legrand and deAngelis [this
issue]. The two cores were drilled roughly 300 m apart.
The dating precision for our record is 1 year; for the
record from Legrand and deAngelis [this issue] it is 1
year down to 1890 and 2 years farther down. The miss-
ing spike at 1807 in the data set from Legrand and deAn-
gelis [this issue] is due to a gap in the sampling. The
spike record from the GISPII record is taken from Whit-
low et al. [1992). The resolution is about biannual.
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tions found in different pit studies (Table 1), covering
only a short time period.

The ammonium spike record from about biannual
samples by Whitlow et al. [1994] is partly in agreement
with our record (Figure 1); however, large spikes such as
1950, 1961, and 1770 are not reported there. A part of
the reasons for the discrepancies may be the lower time
resolution of the record by Whitlow et al. [1994], dating
uncertainties and local variability. The lower resolution
of the record by Laj et al. [1992] may be the reason for
the disagreement with our record (Table 1).

The interpretation of chemical ice records in terms
of changing atmospheric concentration or in source
strength, is not straightforward. The relationship be-
tween the local atmospheric and ice concentration is

2000
1
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called the transfer function. For the interpretation
of ice records a main interest is the understanding of
how much the transfer function is affected by changing
glaciometeorological conditions. This includes relative
changes in the contribution of the deposition mecha-
nisms and absolute changes in dry deposition velocity,
scavenging ratio, fog frequency, and in sublimation of
snow. The amount of ammonium deposited on the ice
sheet can also change when the processes involved in
the transport of NH, from the source region to the lo-
cal atmosphere over Summit change. There is evidence
that for a fixed air concentration the sum of these mech-
anisms tends to increase the concentration of aerosols
in ice with lower accumulation rate and colder climate
[Legrand, 1995; Cunningham and Waddington, 1993].
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Figure 2. The 200-year means of ammonium ice concentrations and fluxes, and calcium concen-
tration. On the top of the figure is the §'20 record [from Dansgaard et al., 1993] with the same
resolution. Marine isotopic stages 1 to 6 are indicated. Holocene, late Weichsel, early Weichsel,
Eemian, and Saale are indicated according to Dansgaard et al. [1993].
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To which extent, however, is not yet clarified, since a
parameterization of the transfer function for aerosols
is missing. Variations in fluxes (concentrations times
accumulation rates) instead of concentrations give in-
sight in the direction of possible corresponding atmo-
spheric changes. In the following discussion we will
therefore consider both the concentration and the flux
record in order to point out whenever the interpreta-
tion in terms of atmospheric concentrations may be af-
fected by changing deposition and/or transport mech-
anisms. Postdepositional changes apart from sublima-
tion of snow are negligible for background ammonium
(see section 4.1.), since it is believed to be irreversibly
deposited as NH4HSO4 and (NH4)2SO4 at Summit
indicated by the well-preserved atmospheric ratio of
NH} /SO2~ in the snow [Silvente and Legrand, 1993].
In preindustrial times with low sulfate levels probably
also NH4NOQs is formed. In this case and also in the case
of high ammonium spikes (see section 4.1.) the pres-
ence of ammonia in the atmosphere over Summit may
be important, which would lead to an ammonia dry de-
position flux. Ammonia diffuses very quickly in the ice
matrix contrary to ammonium [Schwander et al., 1987].
However, there is no indication of diffusional smoothing
of the signal within the firn comparing preindustrial and
recent data. Diffusion of NHJ over a timescale of 10,000
years can be excluded since in high ammonium spikes,
always the same correlation with formate is found (see
section 4.1.). Over a longer timescale, higher-resolution
ammonium data are required to address this question.

An overview of the concentration record is given in
Figure 2. Fluxes are calculated by multiplying con-
centrations with mean accumulation rates [Dansgaard
et al., 1993]. The record reveals various features in
different time windows. They are discussed below in
terms of possible changes related to source region, the
source strength, the circulation pattern, and the depo-
sition mechanisms of ammonium.

4. Results and Discussion

To discuss the ammonium ice core record, we will
first try to identify the source regions. A quantitative
analysis of seasonal back trajectories for Summit is not
yet available. Therefore we have to rely on indirect
evidences.

Schlesinger and Hartley [1992] suggested compara-
ble emission rates from oceans as from natural soils
on a global scale. However, concluding from the up
to five-time lower ammonium concentrations during the
Holocene found in Antarctic ice cores [Silvente and
Legrand, 1993; Legrand and Delmas, 1988; Palais and
Legrand, 1985], ocean sources are significantly lower
than continental sources. We therefore assume that

-ammonium deposited on the Greenlandic ice sheet is
mainly of continental origin.

The general westerly circulation of storm tracks cross-
ing central Greenland would suggest North America

4151

(NA) as the main source for continental species show-
ing a turnover time comparable to that of ammonium.
Furthermore, NA is the largest continental area close to
Greenland. A dominating influence of moisture source
in the Southwest suggested by Bolzan and Strobel [1994]
for the Summit area. As long as a large part of the am-
monium is wet deposited, the ”water vapor air masses”
have to be somehow related to the ”ammonium air
masses”: Either ammonium and water vapor have sim-
ilar source regions or a mixing of air masses occurs dur-
ing the transport, which leads to precipitation of am-
monium. Also, based on the calculation of 5-day back
trajectories NA is suggested as the main source region of
continental species for Dye 3, southern Greenland, dur-
ing the summer season [Davidson et al., 1993], and a
comparison of the frequency of high ammonium spikes
[Whitlow et al., 1994] shows that Summit and Dye 3
are influenced by the same source region at least dur-
ing the summer season. In spring, however, the situ-
ation differs from summer. Pollutants from Eurasian
regions accumulate in the Arctic basin during winter,
due to low precipitation [Heidam, 1984]. Subsequently,
these species are transported to central Greenland fol-
lowing the breakup of the polar vortex in spring [ Whit-
low et al., 1992]. Since ammonium concentrations are
usually very low in winter snow, the winter source re-
gion is of minor importance for the total ammonium
deposited on the ice sheet. Source regions may have
been changed along with the large changes in circula-
tion pattern which occurred over the last climatic cy-
cle. We can hypothesize at least for the Holocene that
the principle source region for ammonium stayed un-
changed: the §'80 record shows little variability during
the Holocene [Dansgaard et al., 1993]. This suggests
that there were no major shifts in storm track pattern
which determine the precipitation ( and the §'80) in
Greenland over at least the last 10,000 years and it is
reasonable to assume that the relevant source regions
and transport path remained essentially unchanged also
for short-living chemical species. Although this argu-
ment does not hold for the large climate changes dur-
ing glacial age, we assume for the following discussion
that the general westerly circulation was still dominant,
which is supported by the model simulation by Webb
et al. [1993a]. We will therefore only discuss the North
American continent as the source region for ammonium.

We are aware that not only a change in the source
region but also changing biomes with corrsponding
changes in ammonium emissions could significantly in-
fluence the long-term record. However, flux measure-
ments above different natural ecosystems, e.g., different
wood compositions, are still scarce and not well under-
stood (see section 1).

4.1. Record of Biomass Burning

The high-resolution ammonium record shows a pro-
nounced seasonal signal with very low winter values be-
tween the detection limit and 3 ppb and one to sev-
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eral peaks during summer in the range of 5 to 15 ppb
[Silvente and Legrand, 1993; Fuhrer et al., 1993]. This
feature in the ammonium record is referred to in the
following as the background contribution to the ammo-
nium deposited on the ice sheet. Superimposed on the
background signal, large ammonium spikes are found,
which carry a different chemical signature. They are ac-
companied by elevated organic acid concentrations, es-
pecially formate, originating most probably from events
of biomass burning in high latitudes [Legrand et .al.,
1992). In such spikes the molar NHf /HCOO™ ratio is
close to one suggesting ammonium formate as the rel-
evant species. The strong correlation between formate
and ammonium sets in for NHJ levels between 15 and
25 ppb in the Holocene [Legrand and deAngelis, this is-
sue]. This information was used to subtract a biomass
burning record from our NH} data set (Figure 3).(The
data between 600 and 1300 m was not analyzed statis-
tically due to the low sampling frequency in this part of
the core.) Both the 15 and the 25 ppb threshold have
to be considered when discussing trends in the record,
since shifts in the threshold value with time within this
range cannot be distinguished based on the few avail-
able formate data points. A decreasing amount of am-
monium originating from biomass burning is deposited
on the ice sheet throughout the Holocene, however, it
cannot be derived from the data if there is a trend in
the contribution of biomass-burning ammonium to the
total ammonium during this time period. The contri-
bution of biomass-burning ammonium reaches from 10
to 40% (Figure 3). This is a lower estimate since we
used a threshold value of 15 (or 25) ppb, implying that
the background concentration is set at 15 (or 25) ppb
in years with fires. Also, during the ice age, a few high
ammonium spikes can be identified as biomass-burning
events. However, with the layer thinning with increas-
ing depth, the uncertainty of the threshold value in-
creases [see Legrand and deAngelis, this issue]. A high-
resolution formate record would be required to derive
a biomass-burning record for earlier times and to give
an error estimate. Another approach to estimate the
biomass-burning contribution can be made by calculat-
ing the ammonium in spikes higher than twice the stan-
dard deviation above the average (taken for 10 m inter-
vals), which gives a contribution of about 25% for the
Holocene part, falling within the range of the 15 and 25
threshold calculations. For earlier times this approach
shows a 10% biomass-burning contribution for the early
marine oxygen isotope stage (MIS) 4 and stage 2 (see
Figure 2), up to 20% in MIS stages 3, in parts of 4, and
in stage 5, and between 10 and 15% during the Eemian.
Because of the thinning of the layer and the dispersion
during the measurement these values are certainly un-
derestimated during the pre-Holocene part. Calculat-
ing a dispersion of, e.g., half a year for the Holocene
part, which corresponds to the dispersion encountered
in about 2000 m (i.e., stage 3), this leads to an un-
derestimatation of the biomass burning contribution of
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Figure 3. Ten-meter means of background ammo-
nium (not from biomass burning) and ammonium from
biomass burning compared to the total ammonium con-
centration in 55-cm mean concentrations during the
Holocene. The data points between 700 and 1300 m are
mean concentrations over about 55 cm. On the top the
ratio of ”biomass-burning” ammonium to background
ammonium. The biomass burning and the background
contribution and the ratio are calculated with 15 (thin)
and 25 ppb (dotted) treshold values (see text).

about 30% when calculating contributions higher than

twice the standard deviation above the 10 m mean.
The mean annual area burned in Canada of about

10,000 km? leads to 37 Tg of burned dry matter, corre-
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sponding to 18 Tg C [Seiler and Crutzen, 1980]. With
a molar NH3/CO, emission ratio of 23x10~* for bo-
real forest fires [LeBel et al., 1991] and 89% of the
carbon released as CO, [Stocks, 1991], this leads to
Canadian NH3 emissions of 0.04 Tg N yr~!. Taking
the upper estimate for emissions from natural ecosys-
tem from Lévblad et al. [1993], to be 0.5 ng m~2 s~ 1,
an emission rate for Canada and Alaska (11.5 million
km? surface area) of 0.18 Tg N yr~!. These estimates
suggest that the ratio of ammonium originating from
biomass-burning to background ammonium found in
the ice is comparable to the ratio of the correspond-
ing emissions in the source region. However, the contri-
bution of ammonium originating from biomass burn-
ing is supposed to be overproportionally represented
in the ice compared to contribution in the source re-
gion, due to enhanced convection during forest fires
and therefore easier access of NH; to the free tropo-
sphere [Andreae et al., 1988] where long-range trans-
port is more efficient. Either this mechanism is com-
pensated by the greater availability of background am-
monium, since background ammonia emissions are not
limited in time and area in the way it is the case for
biomass-burning ammonia, and therefore the probabil-
ity of air masses containing background ammonium to
reach Greenland is much larger than that of biomass-
burning plumes, or natural ammonia emissions are un-
derestimated. Clearly, more NH; flux measurements
above boreal natural ecosystems are needed.
Comparison of our recent mean ammonium summer
concentrations with area burned in Canada since 1920
[Stocks, 1991] shows that there are only very few time
intervals when a correlation is obvious. The period with
both the lowest values in ammonium concentrations and
in the area burned is found in both records in the early
1960s. Years with high concentrations and large area
burned are 1923, 1929, and 1961. For all of the other
years with large area burned, no obvious correspon-
dence is detected in our ice core record; for example,
the documented enhanced fire activity in the 1980s is
not reflected in our record. Conversely, no increased fire
activity is documented neither in NA nor in Siberia in
the years 1950 and 1908, when high spikes are observed

in our record. (In 1908 the Tunguska event, probably a -

cometary impact, caused some forest burning in Siberia
[Rasmussen et al., 1984]. Apparently, the extent of the
forest fire was very limited since no fire scars were found
in trees in Siberia (Swetnam, personal communication,
1994). Therefore the ammonium spike in 1908 is most
probably not related to the Tunguska event.) However,
this last case is rather rare: Figure 4 shows that NH}
summer concentrations since 1920 and the area burned
in Canada are rather uncorrelated, but only few points
exist in the right bottom half of the plot, indicating that
for a given ammonium summer concentration a mimium
fire activity is required. The lack of correlation between
the NHJ and the area burned clearly underlines the role
of atmospheric transport for the ammonium ice concen-
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Figure 4. Correlation of the yearly area burned in
Canada since 1920 and the average ammonium concen-
trations between spring and fall (calculated from the six
summer ”"months” determined according to section 4.2).
Three values higher than 40,000 km? are not shown.

tration. To record an ammonium spike in the ice, it is
decisive that the meteorological conditions are favorable
to transport biomass-burning plumes to Greenland and
deposit them there. Although it does not seem possi-
ble to extract a precise fire history from the ammonium
ice record, the above estimated contribution of biomass
burning to the ammonium flux in Greenland can still
be statistically significant. On a long-term basis in any
case the probability to detect ammonium from biomass
burning in Greenland ice cores is linked to the surface
area burned and to the transport. As long as the mete-
orological conditions do not change, the large-scale vari-
ations in the biomass-burning record from the ice sheet
will be dominated by the surface area burned. As a first
approach, we may use the §'80 ice record as a proxy
for the meteorological conditions influencing Greenland.
The 6'80 signal would change with different transport
path and source regions [Johnsen et al., 1989; Charles
et al., 1994]. The 6'80 ice core record suggests that
the circulation pattern which determines the advection
of moist air masses to Greenland has not significantly
changed over at least the last 10,000 years [Dansgaard
et al., 1993]. Assuming further that the NH] trans-
fer function remained unchanged during this time pe-
riod, we conclude that the ammonium ice core record
reflects a decreasing fire activity in northern NA during
the Holocene. This conclusion is supported by mea-
sured charcoal depositions in Canadian lake sediment
records, which show a enhanced fire activity in the early
to mid-Holocene compared to present for most regions
in Canada [Anderson et al., 1989; Terasmae and Weeks,
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1979]. Anderson et al. [1989] also report evidence for
an opening of forests and expansion of grassland from
pollen records which may account for the increased fire
activity .

4.2. Last 300 Years

As discussed above, the anthropogenic contribution
to global ammonia emissions is now largely dominat-
ing the natural emissions. The anthropogenic contribu-
tion to ammonium deposition on the central Greenland
ice sheet is investigated below. There are only a few
ammonium data sets available from the Greenland ice
sheet that cover the last 300 years, and the data suffer
from bad time resolution and contamination problems
(Laj et al., 1992; Whitlow et al., 1994]. The ammo-
nium record presented by Laj et al. [1992] tends to
decrease over the last 100 years. Our record, however,
shows no trend of the mean ammonium concentration
exceeding the natural variability (Figure 1). The high
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Figure 5. An example of the analysis performed over
the last 300 years: The year defined by the onset of the
Ca?* springtime peak in 1942 to the onset in 1943 is
divided up in 12 equidistant parts.
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resolution of our record allows for a more detailed anal-
ysis. We calculated an approximation of monthly am-
monium concentrations by setting the increasing leg of
the seasonal Ca?t peak to "month” No 1 and divid-
ing the so-defined year into 12 equidistant parts (Fig-
ure 5). These are not real months since they do not
take into account the short-term accumulation pattern.
Our Ca?* record was established along the same sample
as for NH] providing the same resolution (K. Fuhrer,
unpublished data, 1995). It is generally believed that
Ca?* in Greenland ice cores has a clear seasonal sig-
nal with a pronounced spring time peak [e.g., Whitlow
et al., 1992]. ”Months” 12, 1, and 2 show a significant
increase of the ammonium concentration by more than
a factor of 2 since 1950 (Figure 6). This feature is not
caused by the spikes in the record since it is also true
if only background concentrations are included in the
analysis. No significant trend is found during the sum-
mer season (Figure 6). We found also an increase of
the mean ”winter” concentrations (we define them as
concentrations below 3 ppb) over the last 20 years. It
is accompanied by a decrease of the length fraction of
"winter” concentrations, which is defined as the ratio
of intervals with ”winter” concentrations to the total
of the intervals.  The spring-time increase contributes
to less than 10% to the total flux, which is too small
to be detected within the natural variability of the to-
tal record. The atmospheric ammonium level in middle
and low latitudes has increased over the seasons due to
anthropogenic pollution [Irving, 1990; Langford et al.,
1992]. In contrast, major contributions from natural
sources only occur during summer (see section 1). We
therefore suggest that the recent ammonium increase in
our record in spring together with the increase of the
concentrations lower than 3 ppb, which affects mostly
the winter half year, are of anthropogenic origin. As
discussed above, a major input of polluted air mass
in spring has also been observed for other continen-
tal species. Asman et al. [1988] estimated a doubling
of European ammonia emissions since 1920 based on
livestock statistics and they considered contributions of
natural emissions to be already negligible in Europe by
1900. Since no trend in spring-time ammonium con-
centration is observed in ice between 1660 and 1950,
when presumably livestock has increased in phase with
population, we conclude that ammonium deposited in
spring on the ice sheet before 1950 does not originate
substantially from anthropogenic sources. The follow-
ing mechanism can possibly account for the observed
spring-time ammonium increase in ice since 1950: The
characteristical travel distance for NH, increases with
elevated SO, and NO,, emissions, due to a more efficient
conversion of ammonia into the aerosol phase [Hov and
Hjollo, 1994], which experiences a longer atmospheric
lifetime than NH3. In support of this hypothesis, SO,
emissions have increased rapidly since 1950 in Eurasia
[Mylona, 1993] and a strong increase in acidity is also
observed in ice cores from central Greenland after 1950
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Figure 6. "Monthly” ammonium concentrations in parts per billion over the last 300 years.
Zero values indicate gaps in the record during the corresponding "month” (see section 4.2). All
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out the recent springtime increase.

le.g.; Legrand and deAngelis, this issue; Mayewski et al., from spring to summer. In summer, no ammonium in-
1993]. crease is observed on the ice sheet (see Figure 6). In the

As discussed above, a shift in the ammonium source following we will discuss how a missing anthropogenic
region influencing Greenland from Eurasia via the Arc- NH; source in summer can be explained and second,
tic basin to subarctic and Arctic North America occurs why SOs- and NO,-enhanced long-range transport of
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NH, as suggested by Hov and Hjollo [1994] does not
occur in summer. A weaker atmospheric circulation in
summer could account for preventing long-range trans-
port of anthropogenic NH, to Greenland. Air masses
of more local origin in summer were calculated for Dye
3, southern Greenland [Davidson et al., 1993], and it
was shown that at least in summer, Dye 3 and Summit
have the same source region [ Whitlow et al., 1994]. Fur-
ther, an ammonium increase in summer in the order of
magnitude of the spring-time increase could be masked
by the large variability of summer concentrations and
the higher mean concentrations in summer (Figure 6),
due to natural sources being at their maximum. Even if
no anthropogenic ammonium reaches the NA Arctic in
summer, one might expect a prolongation of the lifetime
of NH,, in case of increased SO, and NO, emissions also
in summer. This effect could cause an even more pro-
nounced absolute ammonium increase in summer than
in spring, considering the higher ammonium summer
concentrations. A comparison of recent sulfate data
[Silvente and Legrand, 1993] with data from 1900 [Stef-
fensen, 1988] confirms that summer snow layers show
an anthropogenic increase of sulfate (a factor of 2 com-
pared to a factor of 3-4 in spring). Also, the anthro-
pogenic nitrate increase in polar ice [Neftel et al., 1985;
Mayeuwski et al., 1986)] is due to an increase of summer
concentrations [Whitlow et al., 1992]. We suggest two
explanations for the apparently missing more efficient
conversion of NH; in summer: 1. The observed anthro-
pogenic NO; and SO3~ increases in summer snow do
possibly not reflect an increase of NO, and SO, emis-
sions in the ammonium source region; that is, these
species do not arrive along the same transport path as
NH,. In fact, besides some sporadical input of con-
taminated air plumes, aerosol data presented by Talbot
et al. [1993] could not definitely confirm an influence
of anthropogenic SO; and NO; emissions to the NA
Arctic. 2. The molar ratio of NHJ to SO3™ in boreal
natural ecosystems is probably much smaller than at
agricultural sites. Ratios lower than 2 are measured in
the NA boundary layer and troposphere [Talbot et al.,
1993], indicating a complete neutralization of NH3. If
the ratio of NH} to the sum of SO3~ and NOj has
been low also for the preindustrial environment, en-
hanced SO, and NO, emissions would probably not
affect the transport distance of NH; in a drastic way.
(Even if also in Europe the SO, and NO, emissions
could have completely neutralized the NH3 emissions
already in 1880 [Asman et al., 1988; Mylona, 1993],
the distribution of the sources allowed for a locally un-
neutralized atmosphere and increasing SO; and NO,
emissions could still enhance the transport distance of
NH..) We conclude that during summer, contributions
of anthropogenic ammonia to the NA Arctic tropo-
sphere are not significant compared to natural ammo-
nia emissions, and the mechanism proposed by Hov and
Hjollo [1994] is not important in the discussed region.
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This would confirm the dominance of a remote northern
NA source region for the ammonium deposited in cen-
tral Greenland, since nowadays anthropogenic ammonia
emissions largely dominate natural ones in the United
States [Langford et al., 1992]. Several authors suggest
that emissions from boreal forest and tundra are neg-
ligible and compensation points close to zero [Ldvblad
et al., 1993; Schlesinger and Hartley, 1992]; that is, bo-
real ecosystems should act as a sink for ammonia. This
would imply that northern NA is not a source for ammo-
nia apart from biomass burning. The above cornclusion
that background ammonium deposited on the central
Greenland ice sheet in summer originates from biogenic
emissions from undisturbed ecosystems in northern NA
is in clear contradiction with the existing emission es-
timates for natural ecosystems. Transport models and
trajectory analysis will have to be applied for the dis-
cussed regions to understand the recent ammonium ice
core record in a more quantitative way.

4.3. Ice Age-Holocene Transition and the
Holocene

At 14,500 years B.P. the Alleroed Boelling (AB), a
warm stage lasting about 2500 years [Johnsen et al.,
1992], marks the beginning of the transition from the
ice age into the present interglacial. The ammonium
concentration already starts to increase slightly before
16,000 years B.P. from very low values in glacial age
(Figure 2) and increases steadily throughout AB (Fig-
ure 7a). It reaches the highest concentrations of the
whole record in the Younger Dryas (YD), a cold event
of about 1000 years duration, detected mainly in Eu-
ropean lake sediments, Arctic ice cores, and Atlantic
Ocean sediments [e.g., Eicher and Siegenthaler, 1976;
Johnsen et al., 1992; Fairbanks, 1989]. In spite of the
climatic warming after 17,000 B.P. the Laurentide ice
sheet covered still almost the same land area at 14,500
years B.P. as at its maximum extent, reaching down to
40°N in eastern North America and to 50°N in the west,
and only had started to retreat slightly from the south-
west [Mayewski et al., 1981]. At 10,000 years B.P. the
ice sheet had withdrawn to the Northeast but covered
still the whole Hudson Bay area down to Lake Michigan
in the south and along the Great Lakes with the western
margin. The Hudson Bay and the land area northeast
from it remained covered until 8000 years B.P. At 6000
year B.P. finally the Laurentide ice sheet had disap-
peared. We suggest that the ammonium record parallels
the buildup of biomass with the ameliorating climate
toward the the end of the last glaciation and during
AB. Since the major retreat of the ice sheet occurred
from the south west, and almost the entire Canada was
still ice covered at the beginning of the deglaciation,
the large increase in ammonium in AB is most prob-
ably produced by build up of biomass in the United
States, initiated by a temperature increase, later on in
western Canada. Additionally, with the retreat of the
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Figure 7. Comparison of Ca’*, §'80, NH, and NH} flux records for different stages: (a)
the transition into the present interglacial, (b) a sequence around the glacial maximum, (c) a
sequence from the first part of the late Weichsel, (d) the early Weichsel.

ice sheet, plant material was released [Franzen, 1994],
which was preserved and not outwashed or decomposed
under the glacier, representing an ammonium source
due to decomposition and possibly biomass burning.
The high ammonium concentration found in YD may
be partly due to changes in deposition and transport
mechanisms caused by the twofold lower accumulation
rate compared to that in AB [Alley et al., 1993] and
the colder climate, as discussed in section 3. We cannot
quantify these effects, but they will certainly not ex-
plain the high YD concentrations compared to glacial
concentrations. All species which are not of continen-
tal biogenic origin go back to glacial conditions during
YD, [e.g., Mayewski et al., 1993]. We can conclude that
general circulation patterns determining the transport
to Greenland and the scavenging mechanisms over the
ice sheet in YD are comparable to those in glacial times.

The different behavior of ammonium in YD compared
to glacial times is thus most likely explained by a change
in source strength of ammonium. In fact, there is no ev-
idence for a cold YD event neither in the United States
nor in western Canada. There is no firm evidence that
the retreat of the Laurentide ice sheet drastically slowed
down between 11,500 and 10,500 years B.P [Mayewsk:
et al., 1981], and no decrease of temperature is recorded
on the NA continent where pollen profiles indicate grad-
ual changes in vegetation cover toward a warmer cli-
mate [Ritchie and Harrison, 1993; Webb et al., 1993b].
We therefore suggest that the continental biomass pool
generating the ammonium deposited in Greenland was
not decreased in YD. The high ammonium concentra-
tion found in YD is then explained by an unchanged or
gradually increasing source strength compared to AB,
located south from the ice sheet in 40-50°N and along
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the retreating Laurentide ice sheet to the Northwest, in
combination with changes in deposition mechanism and
transport, which are normally encountered with a colder
climate, due to lower accumulation rate and probably
higher wind speed.

The most prominent feature in the Holocene ammo-
nium record is the decreasing trend of average concen-
trations from more than 20 ppb in YD, to less than 6
ppb in present times, as shown in Figures 2 and 3. This
trend is most pronounced in the early Holocene up to
8000 years B.P. The few data points measured between
600 and 1300 m (3000- 8000 years B.P.) indicate a drop
in the general trend; however, it is possible that the
sample selection is not representative. The length frac-
tion of intervals with ”winter” concentrations is up to
5 times higher than contribution of ”winter” concentra-
tions to the total ammonium deposited. Since only 30
m were analyzed in a noncontinuous way in this inter-
val, these data should be interpreted cautiously, and we
exclude them from the following discussion. During the
preboreal up to 8000 years B.P. and between 3000 years
B.P. and present time the general decrease in average
concentration is induced by a decrease of both, biomass-
burning and background ammonium (Figure 3). In par-
allel to the decrease of background concentrations an
increase of the length fraction of ”winter” concentra-
tion (below 3 ppb) is also observed. Other short-lived
chemical species of continental biogenic origin do not
show the same behavior during the Holocene (We ex-
clude biogenic species with very different turnover times
like methane from our considerations, since their source
area may be very different from ammonium). Back-
ground formate (for which biomass burning contribu-
tions are subtracted) shows an increasing trend from
the beginning of the Holocene up to 6000 years B.P.,
then it decreases slightly toward present. Background
acetate starts to increase at around 9000 years B.P from
low glacial values [Legrand and deAngelis, 1995]. The
explanation proposed by Legrand and deAngelis [1995]
is based on the extention of the Laurentide ice sheet,
which persists until 6000 years B.P. in the Northeast
of NA and thus prevents the apparently shorter-living
acetate from reaching Greenland, whereas formate in-
creases in phase with the buildup of boreal forests. Ni-
trate has, among other sources, also a potential bio-
genic source connected to the NO, emissions from soils
[Wolff, 1995]. The high-resolution nitrate record from
Summit is not yet available and the ice core records
from Dye 3, southern Greenland, and Camp Century,
northern Greenland, show a large scatter throughout
the Holocene [Herron, 1982] The fact that our ammo-
nium record does not show the same development as
the mentioned biogenic species suggests a different ex-
planation for the temporal pattern of ammonium during
the Holocene. In the beginning of the Holocene, during
the retreat of the Laurentide ice sheet and the adap-
tation of the biomass to the warmer climate, NA went
through a drastic change in vegetation pattern [ Webb
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et al., 1993a, b; Ritchie and Harrison, 1993], producing
a large amount of plant material. Together with the re-
lease of dead plant material with the continuous retreat
of the ice sheet, abundant fuel for biomass burning was
available as well as a potential ammonium source due to
decomposition of plant material. To the current knowl-
edge during decomposition of plants, organic acids are
not emitted in significant amounts, however, the sources
of organic acids are not yet well quantified [ Talbot et al.,
1993]. We suggest that the different temporal pattern of
background organic acids and ammonium may be due
to a low source strength for organics, whereas an abun-
dant ammonia source was available from the beginning
of the Holocene. If this is not the case, a large discrep-
ancy in atmospheric lifetimes between these species is
implied. The fact that ammonium reaches the highest
Holocene values with a source only in the western part
of the NA continent whereas formate and especially ac-
etate only show highest values when the ice sheet re-
treated completely in the East would imply an atmo-
spheric lifetime for ammonium which is much higher
than the one for organic acids. The decreasing am-
monium trend in the beginning of the Holocene indeed
shows that the approach of the source region to Green-
land with the retreat of the Laurentide ice sheet to the
Northeast of NA does not affect or at least not dominate
the amount of ammonium deposited in Greenland. It
suggests that the lifetime of NH is enhanced over the
ice sheet, which is possible due to little precipitation
over the ice sheet and wet deposition being the main
removing mechanism for NH}. However, also the life-
time of organic acids should be enhanced by the same
effect since they have also a high water solubility and
are mainly wet deposited over the ice sheet. A large dif-
ference in lifetime seems therefore not very likely to ex-
plain the different trends of organics and ammonium in
the early Holocene. Additional parameters are needed
to explain the decreasing trend in ammonium toward
present time. Today, a main factor influencing natural
ammonia emission is the temperature [Langford et al.,
1992). Langford et al. [1992] estimate a doubling of
the ammonia vapor pressure with a temperature in-
crease of 5° C. Temperature records derived from pollen
records show an increasing trend in eastern NA with
the retreat of the ice sheet up to 9000 years B.P., when
modern values are almost reached [ Webb et al., 1993b].
Only small and locally very limited positive tempera-
ture anomalies are observed in western United States
[Thompson et al., 1993]. However, in western Canada
a climate of up to 5°C warmer than present time de-
veloped during the retreat of the ice sheet up to 6000
years B.P., most probably due to increased solar radia-
tion, as well as in Alaska, with summer temperatures of
more than 2°C higher than at present time [Anderson
and Brubaker, 1993; Ritchie, 1984; Ritchie and Har-
rison, 1993], with a temperature maximum at about
9000 years B.P. The pollen-derived temperature record
is confirmed by the melt layer frequency and the 6180
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record of a Canadian high Arctic ice core [Koerner and
Fisher, 1990]. Both climatic proxy parameters are de-
creasing througout the Holocene. We propose that the
decreasing trend in our ammonium background record
since 9000 years is caused by a decrease in tempera-
ture in the source area, i.e., in Canada and Alaska. It is
possible that the background concentrations in the early
to mid-Holocene were additionally enhanced due to the
shift in vegetation cover, i.e., higher ammonia emissions
over grasslands than over forests [Langford et al., 1992].
As pointed out already, more research is needed here
to quantify ammonia emissions over different natural
ecosystems. Lake levels in eastern North America and
southern Canada indicate that aridity was greatest be-
tween 9000 and 5000 B.P. [Webb et al., 1993b; Ritchie
and Harrison, 1993)]. Increasing wetness and decreasing
temperatures toward present time would also suppress
fire activity as well as ammonia emission from soils,
which would support the decreasing trend in biomass
burning activity recorded in the ice core and would also
contribute to the decreasing trend in ammonium back-
ground concentrations. A further cause for higher fire
activity in the early Holocene may be land clearing by
man, as indicated by large extinction waves of animals
during this time period [Martin, 1990]. Another reason
for the decreasing trend in the early Holocene ammo-
nium record may be the weakening of the anticyclone
above the diminishing Laurentide ice sheet [ Cooperative
Holocene Mapping Project (COHMAP) members, 1988].
The stromtrack pattern as caused by the strong anticy-
clone could be favorable of transporting ammonium to
central Greenland. However, if this strong ammonium
decrease is just an effect of changing transport path-
ways and transport efficiency, one would expect this
to affect also the transport of other species, which is
not supported so far. The climate evolution in Eurasia
proposed by Peterson [1993] and Huntley and Prentice
[1993] does not show trends compatible with our am-
monium record. This supports our hypothesis that NA
is the main source region for ammonium deposited in
central Greenland. The expanding of the winter season
as indicated by the increasing length fraction of ”win-
ter” concentrations toward present time, is supported
by model results calculating an enhancement of winter
warming in the early to middle Holocene in high lati-
tudes compared to present time, at least west from the
Laurentide ice sheet [Mitchell et al., 1988]. An increase
in length of the growing season in the early Holocene
compared to present time is also derived from Cana-
dian pollen record by Ritchie [1984]. Of course, an ex-
pansion of depth intervals with ammonium winter con-
centrations can also result from a change in accumula-
tion pattern on the ice sheet, i.e., by more precipitation
events occurring in the winter season. To discriminate
between the two reasons, we would need high-resolution
data from chemical species with different source regions
than that of ammonium. As already observed for the
YD, the above interpretation of the Holocene record
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shows that the §'%0 ice core record does not necessar-
ily reflect the climate history of the NA continent.

4.4. Glacial Age, the Last Interglacial

The glacial 6180 record of the GRIP core is charac-
terized by many sharp switches between cold and warm
stages [Johnsen et al., 1992], which are also reflected in
the record of most of the chemical species Mayewski et
al. [1994]. Ammonium, however, does not follow this
simple picture of a two-stage climate.

Ammonium is one of the few species, with nitrate
and organic acids [ Herron, 1982; Legrand and deAn-
gelis, 1995, this issue] which drop to very low values
in Greenlandic ice from glacial times. For ammonium,
we suppose for all the further discussion that scaveng-
ing mechanisms during the transport in the more alka-
line atmosphere in glacial times (as suggested by the
high Ca?* content, which is likely to be to a large part
CaCOj3; [Mayewski et al., 1994] ) stayed unchanged as
far as the uptake in cloud water is concerned: the pH
of cloud water hardly exceeded 6 due to the buffering
capacity of CO2, and the pKa value of ammonia is 9.
However, a change in uptake into cloud water cannot be
excluded for nitrate and formate [ Wolff, 1995; Legrand
and deAngelis, this issue]. The mean ammonium con-
centration is up 5 times lower during glacial maximum
compared to the preboreal (Figure 2), or half of that
in present conditions. We point out that this change
in ice concentration is more pronounced if expressed in
fluxes and probably also in terms of atmospheric con-
centrations, since aerosol concentrations in ice tend to
increase in colder climates. Such low concentrations are
reached several times along the glacial age, in 20,000,
70,000, and 90,000 years B.P., lasting each time for sev-
eral thousand years, as well as in the second half of the
Eemian between 120,000 and 105,000 years B.P.(Figure
2) and before the last interglacial, at around 140,000
years B.P. The very low ammonium concentrations be-
tween 18,000 and 21,000 years B.P. (Figure 2) coincide
with the time of the maximum extent of the Lauren-
tide ice sheet [Hughes et al., 1981; Bard et al., 1993].
We conclude that they are due to the extensive glacia-
tion of the NA continent and therefore reduced biogenic
activity.

Between 28,000 and 20,000 years B.P., around the
time of the glacial maximum (Figure 2), only short
warm stages interrupt the cold climate. The NH] con-
centration drops in phase with the transition into the
warm stages (Figure 7b). It is reasonable to assume
that this decrease by a factor 2 is caused by changes in
transport and deposition mechanisms mainly, since an
enhanced or triggered biomass activity in a cold stage
is not expected. We assume sharp increases of the am-
monium concentrations not to reflect the development
of the biomass, as supported by the slow and steady in-
crease observed during AB. Even the ammonium flux
still shows higher values for cold climate, lower val-
ues for warm climate, indicating probably strongly in-
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creased deposition efficiency during the cold period or
a shift in the source region and/or in source strength.
A shift from source regions south of the ice sheets to
totally ice covered regions associated with the change
from cold to warm stages could account for this ob-
servation. Mayewski et al. [1994] also suggest weaker
north-south circulation and a northward moving polar
front during warm stages in order to explain the lower
loads of mainly crustal and sea-salt species at that time.
The hypothesis that variations of the NH;" concentra-
tion are mainly transport driven during this time period
is further supported by the rather good correlation be-
tween Ca?* and NHJ for 55-cm mean concentrations
in the interval 1800 to 2060 m (Figure 8). Ca?* varia-
tions are believed to be caused to a large extent by the
intensity and size of the circulation system producing
the background atmosphere over Greenland [Mayewski
et al., 1994]. However, some few events within the same
time period show that this correlation can break up as
indicated in Figure 8. A sharp ammonium increase is
observed along an interval of 2 m at 1975.6-m depth,
corresponding to a time interval of about 100 years at
about 22,500 B.P., whereas the Ca%* concentration in-
creases only slightly (Figure 7b), leaving the 680 es-
sentially unchanged (Figure 7b). It cannot be decided
if this is due to a change in transport pathways or a
fluctuation in source strength. There is no indication of
an ameliorated climate in pollen records, but their tem-
poral resolution is probably not suited to detect such
short events.

During the first part of the late Weichsel (Figure 2),
when a generally still warm climate is interrupted by
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Figure 8. Fifty-five-centimeter NH; mean concentra-
tion against Ca?*t mean concentration from the inter-
val between 1900 and 2060 m. Stars indicate the NH}
bump in 1970-to 80-m depth (Figure 7b).
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shorter cold stages, the NH} concentration shows dif-
ferent features (Figure 7c). There are increasing trends
during longer-lasting warm stages over several thousand
years, reaching sometimes more than 5 ppb, i.e., present
Holocene values. Cold stages seem to reset the am-
monium concentration to very low values again. Tran-
sitions into cold stages still show a slight increase in
ammonium concentration, reflecting again changes in
deposition and transport mechanisms, as suggested for
the time around the glacial maximum. Since during
the warm stages a correlation with Ca?* is no more
apparent, we suggest that ammonium reflects here fluc-

" tuations in the biomass activity. Since the biomass ac-

tivity on the NA continent was strongly coupled to the
extent of the ice sheet, the long-term changes in ammo-
nium concentration could also represent fluctuations in
the surface covered by the ice sheet.

The marine isotopic stages 5a-5d were identified be-
tween 72,000 and 112,000 years B.P. [Dansgaard et al.,
1993], indicated in Figure 2 along the early Weichsel.
The beginning of the cold stages 5b and 5d are anounced
by the decreasing 680 signal, but they are not sepa-
rated clearly from the warm stages 5a and 5c (Figure
7d). Ammonium shows very low concentrations in stage
5d and between 90 and 95 kyr B.P. in stage 5b. It in-
creases rapidly during the two short cold stages indi-
cated in Figure 7d and stays high within the transition
into the following warm stages. Afterward it parallels
the decreasing trend of the 630 signal. We point out
that contrary to the late Weichsel, the transition into
warm stages does not cause a drop in the ammonium
concentration but a slight increase, which is even more
pronounced in terms of fluxes (Figure 7d) and proba-
bly in atmospheric concentration. Also contrary to the
late Weichsel, the transition into the short cold stage
at around 81 kyr B.P. shows a drop in the ammonium
concentration. A similar picture with high ammonium
concentrations in stages 5a and 5c¢ was also found in
the Renland core in western Greenland [Hansson, 1993].
We conclude that the increase throughout the short cold
stages in Figure 7d indicates an increase of the biomass
activity since high concentrations are observed in the
following warm stage. This phenomenon was already
observed for YD, but whereas the increased biomass
activity there was initiated by a warm stage, the AB,
here the 680 cold stages seem to trigger the onset of a
warm period on the continent. We suggest that changes
in source strength dominate the ammonium ice concen-
tration during this time period.

The ice between 2790 m and 2880 m is thought to rep-
resent ice from the last interglacial [Greenland Ice Core
Project (GRIP) members, 1993]. It is characterized by
very high §'80 values, indicating a warmer climate than
in the Holocene. Though the order of the chronology
of the lower part of the GRIP core was questioned by
the results from the GISPII core [Grootes et al., 1993],
this affects mostly the sharp cold events during the

Eemian. It is still very probable that the high §180
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“ice is Eemian ice. It is also the only time in the whole
record with Ca?* concentrations being as low as dur-
ing the Holocene (Figure 2). NH} shows concentrations
which are lower than the mean Holocene level. Espe-
cially in the second half of the Eemian, the ammonium
concentrations hardly exceed ice age maximum concen-
trations (Figure 2). Even fluxes reach values compara-
ble to those during the Holocene only during the first
half of the Eemian. The strong temperature correlation
found for ammonium emissions from soils would lead to
higher ammonium emissions during the Eemian since
temperatures of more than 6° higher than present in
NA are suggested [Frenzel et al., 1992]. The same au-
thors conclude also that moisture was enhanced during
the last interglacial everywhere north from 600 degrees
latitude and along the coast regions in NA. It is possible
that more efficient scavenging during the transport in
combination with more ammonia retained in the soils
lead to the observed concentrations. Again we point
out that also a change in the efficiency of N cycling
in the source region depending on the type of vegeta-
tion could lead to different ammonia emissions. The
variability of the N consumption in different biomes is,
however, badly investigated.

To summarize, we find that our glacial ammonium
record reflects the biomass activity on the NA conti-
nent. Several strong fluctuations occur during the last
120,000 years, which are not always in correlation with
the warm stages indicated by §'80. Different authors
suggested that the Laurentide ice sheet was built up
immediately after the last interglacial, i.e. already in
stages 5d to 5a [Andrews et al., 1983; Boulton and
Clark, 1990; Vincent and Prest, 1987]. However, the
subject is not conclusive since these dates lay far be-
yond the capacities of radio carbon dating. The pre-
sented ammonium record supports an early buildup of
the Laurentide ice sheet since the ammonium concentra-
tion drops down to very low concentrations comparable
to those during the glacial maximum already in stage
5d. There is no indication that such low ammonium
values occur without an extensive glaciation of the NA
continent, since cold climates tend to enhance the am-
monium concentration due to more efficient deposition
and transport. During stages 5a to 5d a biomass ac-
tivity comparable to Alleroed Boelling and Holocene is
built up, surprisingly initiated during cold stages. The
high ammonium concentrations, which last for several
thousand years, suggest that a large retreat of the ice
sheet occurred. Pollen data from northwestern Canada
[Schweger, 1989] indicate a climate even warmer than
present at least between 60,000 and 105,000 yrs B.P.
(i.e between stages 4 and 5¢) and there are indications
that at certain times the whole of western Canada down
to the Hudson Bay was ice free [Andrews et al., 1983].
This is also suggested by Legrand and deAngelis [this
issue] due to high concentration of the short-living ac-
etate found in this time period. As shown during the
transition into the Holocene, this species substantially
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affects Greenland only after the almost complete retreat
of the ice sheet [Legrand and deAngelis, 1995]. During
the first part of the Late Weichsel effects of cold stages
on the biomass still seem to be reversible since it appar-
ently redevelops during warm stages over a timescale of
millenia. However, mean Holocene ammonium concen-
trations are no more reached during these stages, indi-
cating smaller fluctuations of the Laurentide ice sheet.
Around the glacial maximum, no increase in source
strength of ammonium is observed during warm stages.
We conclude that no pronounced change in glaciation
of the NA continent occurred during this time period.

5. Summary and Conclusion

In this paper we presented ammonium data measured
along a central Greenland ice core covering a complete
glacial-interglacial cycle. The contribution of ammo-
nium from biomass burning, from anthropogenic emis-
sion, and from soil and vegetation emissions (i.e., back-
ground ammonium) are estimated. The variations in
the record are discussed in terms of changes in trans-
port and deposition mechanisms and changes in source
regions and source strength.We find the following con-
clusions:

1. There is no obvious correlation between area
burned in Canada, which is the most relevant
source region for ammonium reaching central
Greenland, and ammonium summer fluxes; how-
ever, a minimal area burned is needed for a given
ammonium flux. We conclude that on a long-
term basis the spike record (i.e., biomass-burning
record) will be significant of the fire activity in the
source area provided that the circulation pattern
does not change. This holds true most proba-
bly for the Holocene. We conclude that biomass
burning contributes between 10 and 40% to the
ammonium deposited on the ice sheet and that
the fire activity on the NA continent is decreasing
throughout the Holocene.

2. Ammonium in central Greenland shows no overall
anthropogenic increase, but a doubling of spring-
time concentrations over the last 40 years, which
can be explained by the influence of Eurasian
sources and the enhanced long-range transport as-
sociated with high SO, and NO, emissions.

3. No trend over the last 300 years is observed in
summer, suggesting that anthropogenic ammonia
emissions in the relevant source region (northern
NA) are negligible.

4. The decreasing trend in the ammonium back-
ground concentration during the Holocene is cor-
related to the temperature record in the source
region.

5. A low contribution of low ”winter” concentrations
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during early to mid-Holocene agrees with results
from general circulation models showing an en-
hanced winter warming during this time period
west from the Laurentide ice sheet.

6. The high ammonium concentrations found in YD
indicate that no cold event took place on the NA
continent, as also suggested by other paleorecords.

7. We conclude that continental biogenic species do
not necessarily evolve parallel to the climate indi-
cated by the 6180 ice record. Instead, we suggest
that ammonium reflects an aspect of the biomass
history of the NA continent.

8. Very low ammonium concentrations are found at
the time of the maximum extent of the Laurentide
ice sheet. We suggest that the very low concentra-
tions found immediately after the Eemian indicate
that the Laurentide ice sheet was already built up
at this stage.

9. Furthermore, we suggest that the sometimes pro-
nounced variations in the ammonium fluxes along
the glacial age reflect fluctuations in the ice cover
of the NA continent. Large retreats of the Lau-
rentide ice sheet must have occurred especially in
marine isotopic stages 5a and 5c.
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