
Introduction
The Antarctic continent with its vast ice cover acts as a geochemical 
reservoir that archives the signatures of the past atmospheric pro-
cesses. Changes in the Earth’s atmospheric properties can be identi-
fied in precipitating snow since it simultaneously retains the 
signature of the prevailing conditions. In atmospheric chemistry, 
nitrogen oxides (mainly NOx) play an important role in the forma-
tion and degradation of tropospheric ozone through the catalytic 
cycles. Since NOx (NO and NO2) is closely related to NO3

−, the 
NO3

− preserved in the ice sheets could provide information on the 
climate change over the past several centuries (Dansgaard and 
Oeschger, 1989; Mayewski et al., 1993, 1994). Although nitrate is 
being routinely measured in snow and ice cores retrieved from polar 
regions (Dreschhoff and Zeller, 1990; Wilson and House, 1965; 
Zeller and Dreschhoff, 1995; Zeller and Parker, 1979), its interpreta-
tions largely remain uncertain (Legrand et al., 1999; Röthlisberger 
et al., 2000; Savarino et al., 2007; Wolff, 1995) because of contribu-
tion from multiple sources and regions. Preservation of nitrate in 
polar ice can also vary widely because of interconversions among 
different nitrogen species in the atmosphere (Jones et al., 2007; 
Röthlisberger et al., 2000; Wolff et al., 2008a). Several mechanisms 
are proposed for accumulation and preservation of nitrate in Antarc-
tic snow, such as (1) in situ biological fixation (Parker et al., 1978); 
(2) soil denitrification (Parker et al., 1978); (3) anthropogenic activ-
ity (Parker and Zeller, 1980); (4) atmospheric transport of aerosol 
(Parker et al., 1977); (5) volcanic activity (Parker et al., 1977); (6) 
nitrogen fixation (Parker et al., 1978); and (7) ionization by cosmic 
and solar rays (Parker et al., 1977; Zeller and Parker, 1981 and refer-
ences therein). Röthlisberger et al. (2002) suggested that since the 

factors controlling NO3
− concentration in ice core are complex, the 

data interpretation is likely to involve different factors significant 
for different locations and time periods.

Oxidation and interconversions of nitrogen oxides in the polar 
atmosphere influences nitrate retention in the ice (Jones et al., 
2007; Röthlisberger et al., 2000). Postdepositional processes may 
also lead to significant loss of NO3

− by isotopic fractionation, espe-
cially where the accumulation rates are low (Blunier et al., 2005; 
Röthlisberger et al., 2002; Wolff et al., 2008b). Among the pro-
cesses, evaporation of HNO3 and photolysis of NO3

− are quite sig-
nificant (Frey et al., 2009). Postdepositional processes are suggested 
to be controlled by air temperature, UV radiation, solar irradiance, 
accumulation rate and snow cover (Frey et al., 2009; Röthlisberger 
et al., 2002).

Importance of nitrate-N for photosynthesis by proton events 
are well established (Vitt et al., 2000). Some ice cores have been 
identified with large nitrate spikes corresponding to unusual solar 
events (Palmer, 2001). Inputs from continental, atmospheric and 
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Abstract
High-resolution records of nitrate (NO3

−), oxygen isotope (d18O) and non-sea salt sulphate (nssSO4
2−) were studied using an ice core collected from central 

Dronning Maud Land in East Antarctica to identify the influence of environmental variability on accumulation of NO3
− over the past 450 years. The results 

confirmed that multiple processes were responsible for the production and preservation of NO3
− in Antarctic ice. Correlation between NO3

− and nssSO4
2− 

peaks revealed that sulphate aerosols released during major volcanic eruptions might have activated the production of nitric acid, which was scavenged 
by ion-induced nucleation in polar ice sheets. The correlation between the nitrate and d18O records further suggest that enhanced NO3

− preservation in 
the ice occurred during periods of lower atmospheric temperature. Major shifts in the NO3

− record of the ice core presently studied and its comparison 
with 10Be record from a core collected from South Pole suggest that a reduction in solar activity influenced the NO3

− accumulation in Antarctica through 
enhanced production of odd nitrogen species.
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stratospheric sources also influence nitrate accumulation (Wolff, 
1995; Zeller and Parker, 1981). Various hypotheses on NO3

− and 
sea salt sulphate productions are still being debated, as all of them 
need to be corroborated (Wolff et al., 2008b). So far, no detailed 
studies have been undertaken on the interaction between ionic spe-
cies such as NO3

− and SO4
2− from the central Dronning Maud Land 

(DML). The present study examines the nitrate records along with 
SO4

2− and d18O records to identify the production, deposition and 
preservation as well as the transport mechanisms that are involved 
in the burial of nitrate in central Antarctica, using an ice core from 
the central DML region.

Material and methods
An ice core of 62.2 m (IND-22/B4) was collected from the central 
DML region (70°51.3′S and 11°32.2′E; Figure 1) during the 22nd 
Indian Scientific Expedition to Antarctica. The annual mean tem-
perature and snow accumulation reported at this site are ~−20°C 
and ~170 kg/m2 per yr, respectively (Anschütz et al., 2007). Drill-
ing was carried out using an electromechanical drill (diameter ~10 
cm) during the austral summer of 2003. The core was preserved 
and transported in frozen condition (−20°C) to the National Centre 
for Antartic and Ocean Research, Goa, India. Subsequently, the 
core samples were processed and subsampled at −15°C. As a 

precaution to avoid contamination, the outer layer was chipped 
using microtome blades and only the inner part of the core was 
studied. The core samples were melted in a class 100 clean room 
before chemical analysis. Major ions such as nitrate (NO3

−), sul-
phate (SO4

2−) and sodium (Na+) were measured from the melted 
ice samples using an ion exchange chromatograph (Dionex™ 
Model ICS-2500 equipped with EG50 Eluent generator and CD25 
detector). The sample injection volume was 100 ml. Chronology 
of the core was obtained from volcanic stratigraphy using the non-
sea-salt sulphate (nssSO4

2−) records (Thamban et al., 2006), and 
was further confirmed by tephra records (Laluraj et al., 2009). 
Calibration was done using IV (Inorganic Ventures) high-purity 
standards and the concentrations are given here in micrograms per 
litre (µg/l). The detection limits of the RF-IC system based on 
bottle blanks for all ions were <1 µg/l and the approximate blank 
levels of the cleaned LDPE bags were 1–5 µg/l. In order to confirm 
the quality of measurements, chromatographic standards were 
analysed on a daily basis throughout the period of analysis. The 
estimated analytical precision based on the daily scrutiny of stan-
dards was better than 10%. The repeatability for all ions reported 
here based on the repeated analysis of international chromato-
graphic standards were in the range of 5–20 µg/l.

Oxygen isotopic ratios were measured using a dual inlet, Isoprime 
Mass Spectrometer (GV instruments, UK) using conventional 

Figure 1.  Study area and location of IND-22/B4 ice core within Dronning Maud Land
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method of equilibrating sample water with CO2 following Epstein 
and Mayeda (1953). All measurements were calibrated using Vienna 
Standard Mean Ocean Water (VSMOW) and Standard Light Antarc-
tic Precipitation (SLAP). The external precision (1s) of d18O mea-
surements obtained using a laboratory standard (CDML1) was ± 
0.05‰. Density estimated using weight and volume of the individ-
ual core sections was used to calculate the accumulation rates. The 
calculated average annual accumulation rate of present ice core was 
109 kg/m2 per yr.

Results and discussion
The NO3

− profile of the IND-22/B4 ice core revealed concentra-
tions varying between 10 and 306 µg/l, with an average value of 
107 µg/l (Figure 2a). The NO3

− profile clearly showed large-scale 
variability with high values (average 151 µg/l) before ad 1750 and 
low values (average 75 µg/l) thereafter. The d18O record of the ice 
core during the past ~450 years fluctuated between −21.2 and 
−32.1 (average −25.5; Figure 2c). Since the ratios of d18O in snow/
ice generally indicate the temperature of condensation, ice cores have 
been used for reconstruction of past climatic changes (Dansgaard 
et al., 1989; Grootes et al., 2002). The major negative spikes of 
isotope data were coinciding with high NO3

− values (Figure 2a and 
c), thereby indicating a positive correlation between temperature 
and NO3

− accumulation (r2=0.36; n=210).
In Antarctica, the NO3

− records exhibit a seasonal variation with 
minimum during winter and maximum during summer (Mulvaney 
and Wolff, 1993). It has been opined that insolation during summer 
causes maximum sublimation that results in an increase of nitrate 

in the snow surface (Dreschhoff and Zeller, 1990; Laird 
et al., 1987). Based on the odd nitrogen concentrations at atmo-
sphere, it was suggested that NO3

− concentrations in ice are ulti-
mately controlled by solar activity (Dreschhoff and Zeller, 1990; 
Laird et al., 1987; Palmer, 2001; Zeller and Dreschhoff, 1995; Zeller 
and Parker, 1981). Nitrate peaks corresponding to intense solar 
events are distinguishable from meteorologically derived nitrate 
peaks (Shea et al., 1993). The nitrate signals in the ice sheets are 
possibly associated with dissociation of energetic particles derived 
from solar and geomagnetic events (Dreschhoff and Zeller, 1990; 
Dreschhoff et al., 1993; Laird et al., 1987; Palmer, 2001; Zeller and 
Dreschhoff, 1995; Zeller and Parker, 1981). The dominant processes 
influencing NO3

− concentration in Antartic ice are snow accumula-
tion rate and temperature of the site (Legrand and Mayewski, 1997). 
The average accumulation rate derived for the present core is ~109 
kg/m2 per yr, which is comparable with an earlier study in the coastal 
DML region that revealed large spatial variability (Anschütz et al., 
2007). Such moderate accumulation rates can prevent high loss of 
nitrate by photolysis of NO3

− (Röthlisberger et al., 2002). The spatial 
and temporal variability in snow accumulation may be due to the 
large-scale variations in precipitation owing to cyclonic activities 
along the coastal areas of DML (Schlösser and Oerter, 2002).

Based on compilations of NO3
−- data from more than 50 Antar-

tic sites covering various temperature and accumulation regimes, it 
has been suggested that temperature is also a key parameter in 
determining NO3

− concentration preserved in Antartic snow and 
ice, with lower temperature resulting in higher NO3

− concentration 
being preserved in the snow (Röthlisberger et al., 2000). The high 
concentration of HNO3 found at low temperature also indicates its 

Figure 2.  Concentration profiles of (a) nitrate (NO3
−), (b) non-sea-salt sulphate (nssSO4

2−), (c) oxygen isotope ratio (d18O) of the IND-22/B4 
ice core, and (d) South Pole 10Be proxy data for solar variability. Star symbols in NO3

− and nssSO4
2− profile denote major correlation in peaks 

between the two. Lines in NO3
−, d18O and 10Be represent the average values of pre- and post-ad 1750
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increased accumulation in snow during cold events (Abbatt, 1997; 
Wolff and Mulvaney, 2000). Thermodynamically, an increase in 
temperature facilitates the release of HNO3 from the ice surface 
(Abbatt, 1997). The HNO3 accumulation in ice is initiated when 
the acid concentration in fresh snow exceeds the levels in the 
cloud. Thus, activities of HNO3 by co-condensation, riming and 
adsorption determine the intensity of nitrate accumulation in the 
ice. Furthermore, the NO3

− distribution in snow is influenced by 
air temperature, humidity and the initial concentration of HNO3 in 
the atmosphere (Thibert and Domine, 1998). The low temperature 
also leads to better preservation of HNO3 in the ice as it reduces 
the exchange between ice and atmosphere.

An important aspect of variability in NO3
− concentration in ice 

core records is the effect of H2SO4 from volcanic eruptions. Volca-
nic eruptions during the Holocene showed that H2SO4 concentra-
tions enhanced immediately after the nitrate concentrations peak 
(Röthlisberger et al., 2000; Wolff, 1995), indicating that during 
recrystallisation, nitrate accumulation succeeds sulphate deposi-
tion. In order to examine this relationship, the nitrate and nssSO4

2− 

records were compared. The nssSO4
2− [(nssSO4

2−) = (SO4
2−) 

−0.252(Na+)] record yielded a significant correlation with nitrate 
records (r2=0.31; n=210), suggesting a close relation in their depo-
sitional characteristics (Figure 2a and b). The nssSO4

2− anomalies 

(Figure 2b) in the ice core have been interpreted as the aerosol 
anomalies related to major volcanic events in the past (Thamban 
et al., 2006). It is well known that volcanic eruptions emitting SO2 

and other gases have a large impact on atmospheric chemistry. The 
SO4

2− could provide nucleation centers forming multi-ion com-
plexes with HNO3 in the stratosphere. The NO3

− deposition in the 
polar ice caps is considered to result from stratospheric-tropospheric 
exchange of clouds (Adachi et al., 1992), where HNO3 is seques-
tered as NO3

− into the snow. The undersaturation of aerosol ionic 
particles for the nucleation is commonly referred to as ion-induced 
nucleation (Adachi et al., 1992). Arnold (1980) suggested that 
presence of other ions in the atmosphere could lead to large multi-
ion complexes that mutually coalesce. It was suggested that ion-
ization in the polar atmosphere induced nucleation of H2SO4 vapor 
at an altitude of 30–35 km (Arnold, 1982; Hofmann and Rosen, 
1982, 1983), which eventually lead to an increase in the concentra-
tion of HNO3 in the ice through the formation of multi-ion com-
plexes within snow precipitation. In addition, increase in H2SO4 
shifts the reaction H+ + NO3

− <=> HNO3 towards the right-hand 
side, leaving elevated levels of HNO3 in the ice. Nitric acid either 
is rained out as free acid or reacts with ammonia (Talbot et al., 
1992). Within the snow/ice, the main fraction of NO3

− is HNO3 

because of its easy scavenging property and its association with 
ammonia (Legrand et al., 1996). It is presumed that similar pro-
cesses had taken place in the study region in the past leading to 
enhanced NO3

− during periods of anomalous SO4
2− deposition.

While correlation between d18O (a proxy for temperature) and 
nssSO4

2− records appears to explain some of the significant varia-
tions in NO3

− records, a drastic reduction in nitrate values corre-
sponding to ad 1750 as well as the large spike corresponding to ad 
1800 can not be attributed to them. The atmospheric odd nitrogen 
(molecules which contain an odd number of nitrogen atoms) is 
considered to be precursors for the NO3

− deposition in polar ice 
(Vitt et al., 2000). In fact, the atmospheric HNO3 is the second 
most important mineral acid implicated in the acid rains and nitrate 
accumulation in the ice sheets. The deposition of odd nitrogen 
(sum of all oxidised form of nitrogen) in snow/ice mainly depends 

on the rate of production of nitrogen oxide molecules in the atmo-
sphere. The odd nitrogen production in the middle and upper atmo-
sphere is through reactions of O2 and N2 by solar and geomagnetic 
charged particles (Dreschhoff and Zeller, 1990; Vitt and Jackman, 
1996; Zeller and Parker,1981; Zeller et al., 1986).

The NO3
− record of IND-22/B4 core revealed good similarity 

with the 10Be record of South Pole ice core record (Figure 2a and d). 
The 10Be levels in the ice core from Antarctica had been used as a 
proxy record of solar irradiance (Bard et al., 2000; Raisbeck et al., 
1990). 10Be is a cosmogenic isotope produced by galactic cosmic 
rays. Since cosmic rays are affected by the interplanetary magnetic 
field, the rate at which 10Be is produced reflects changes in solar 
activity (Beer et al., 1990). A more active sun would result in low 
10Be concentrations. The residence time for 10Be in the atmosphere 
being not more than few years, it can be used to study solar mag-
netic cycle. Hence, 10Be is the best indicator of solar activity and 
production of odd nitrogen (Dreschhoff and Zeller, 1990; Zeller 
et al., 1986). Some of the 10Be deposited are archived within the 
annual snow layers and hence, cosmogenic 10Be can be used to 
reconstruct the history of solar activity. Raisbeck et al. (1987) found 
that 10Be flux in Vostok ice core from Antarctic depends on solar 
variability rather than geomagnetic variability over the last 150 ka.

Comparison of the South Pole 10Be and NO3
− records of ice 

core demonstrates an excellent similarity between the two (Figure 
2a and d). There are several major peaks in the nitrate data, which 
are similar to 10Be spikes. The drastic increase in nitrate before and 
after ad 1750 (151 and 75 µg/l, respectively) was similar to the 
10Be spikes (410 and 350 parts per mil, respectively) in the South 
Pole ice core for the corresponding periods (Bard et al., 2000), 
suggesting that solar activity is a major source of NO3

− in atmo-
sphere. The 10Be flux in ice cores was also exhibiting variations 
related to unusual solar activity (Beer et al., 1990; Mayewski
et al., 2005; Steig et al., 1996). Major periods of reduced solar 
activity (and increased 10Be) such as the Dalton Minimum (~ad 
1790–1830) and Maunder Minimum (~ad 1640–1710) were char-
acterised by relatively enhanced concentration of NO3

− in the pres-
ent ice core (Figure 2). This indicates that NO3

− accumulation in 
Antarctica is mainly controlled by the changes in production rate 
of NOx in the upper atmosphere, which are in turn, modulated by 
the solar activity. The present study reveals a strong correlation 
(r2 >0.5; n=145) between increased nitrate concentrations in 
Antartic ice and 10Be production caused by solar activity. 

Nitrate-ions generated in the Earth’s atmosphere from nitric 
oxide are captured by aerosols and are deposited in the polar ice. 
Hence, the NO3

− values in the ice core indicate some of the atmo-
spheric disturbances during that period. A large portion of NO3

− is 
oxidized to HNO3 and incorporated in snow crystals together with 
NO3

− from tropospheric sources. Since the nitrate concentration 
correlates positively with solar activity, it is likely that its origin is 
the result of ionization by ultraviolet or charged particles emitted 
from the sun in the upper atmosphere over Antarctica. Hence, from 
the study it is deduced that the nitrate content in the Antartic snow 
was not only influenced by the temperature and availability of con-
densation nuclei, but also by the rate at which odd nitrogen species 
was produced by solar activity.

Conclusion
Nitrate records along with sulphate and oxygen isotope records 
in the ice core revealed that the temporal variability in nitrate 
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records in Antartic ice core are influenced by complex processes 
of production, accumulation and preservation of atmospheric 
odd nitrogen species. We propose that the scavenging of nitric 
acid in atmosphere by the non sea-salt sulphate forming multi-
ion complex could be a mechanism influencing the deposition of 
nitrate in Antartic snow. The relatively cooler periods (more 
negative d18O values in ice core) were characterized by high 
nitrate deposition in the ice core, suggesting a temperature con-
trol in the accumulation of nitrate in snow/ice. The prominent 
variations in NO3

− profile before and after ad 1750 correlate 
well with the 10Be records from Antarctica, suggesting the influ-
ence of solar activity on the NO3

− accumulation in snow. The 
nitrogen species produced through solar activity would ulti-
mately define the NO3

− deposition in association with scaveng-
ing of nssSO4

2− ions, that may preferentially preserve NO3
− in 

Antartic snow during relatively cooler conditions. Although the 
present study provides improved understanding of some of the 
processes involved in NO3

− accumulation in Antarctica, further 
studies are required to quantify the processes involved in the 
nitrate accumulation and preservation in snow within spatially 
distinct areas in Antarctica.

Acknowledgements

We are grateful to A. Rajakumar, Witty D’Souza, Ashish Pain-
guinkar, Anand Chondankar and Keshav Naik of Ice Core Labora-
tory at NCAOR, Goa for their contribution in the laboratory 
analysis and Mr Karunagaran for preparation of the site map. 
Thanks are also due to two anonymous reviewers for their valuable 
suggestions to improve the quality of manuscript.

Funding

We thank the Ministry of Earth Sciences, Government of India for 
the financial support.

References

Abbatt JPD (1997) Interaction of HNOs with water-ice surfaces at 

temperatures of the free troposphere. Geophysical Research Let-

ters 2(12): 1479–1482.

Adachi M, Okuyama K and Seindfeld JH (1992) Experimental stud-

ies of ion-induced nucleation. Journal of Aerosol Sciences 23: 

327–337.

Anschütz H, Eisen O, Oerter H, Steinhage D and Scheinert M (2007) 

Investigating small scale variations of the recent accumulation rate 

in coastal Dronning Maud Land, East Antarctica. Annals of Glaci-

ology 46: 14–21.

Arnold F (1980) Multi-ion complexes in the stratosphere. Implications 

for trace gases and aerosol. Nature 284(5757): 610–611.

Arnold F (1982) Ion nucleation – A potential source for stratospheric 

aerosols. Nature 299: 134–137.

Bard E, Raisbeck G, Yiou F and Jouzel J (2000) Solar irradiance dur-

ing the last 1200 years based on cosmogenic nuclides. Tellus 52: 

985–992.

Beer J, Blinov A, Bonani G, Finkel RC, Hofmann HJ, Lehmann B 

et al. (1990) Use of 10Be in polar ice to trace the l1-year cycle of 

solar activity. Nature 347: 164–166.

Blunier T, Floch GL, Jacobi HW and Quansah E (2005) Isotopic view 

on nitrate loss in Antartic surface snow. Geophysical Research let-

ters 32(13): L13501, doi:10.1029/2005GL023011.

Dansgaard W and Oeschger H (1989) Past environmental long-term 

records from the Arctic. In: Oeschger H and Langway CC Jr (eds) 

The Environmental Record in Glaciers and Ice Sheets. New York: 

Wiley, 287–318.

Dansgaard W, White JWC and Johnson SJ (1989) The abrupt termina-

tion of the Younger Dryas climate event. Nature 339: 532–534.

Dreschhoff GAM and Zeller ED (1990) Evidence of individual solar 

proton events in Antarctic snow. Solar Physics 127: 333–346.

Dreschhoff GAM, Zeller EJ, Qin D and Parker BC (1993) Major solar 

flares and long-term variability an Antarctic ice cores. Advanced 

Space Research 13(9): 443–446.

Epstein S and Mayeda T (1953) Variations of O18 contents of water 

from natural sources. Geochimica et Cosmochimica Acta 4: 213.

Frey MM, Savarino J, Morin S, Erbland J and Martins JMF (2009) 

Photolytic control of the nitrate stable isotope signal in snow 

and atmosphere of East Antarctica and implications for reactive 

nitrogen cycling. Atmospheric Chemistry Physics Discussion 9: 

12 559–12 596.

Grootes PM, Steig EJ, Stuiver M, Waddington ED, Morse DL and 

Nadeau MJ (2002) The Taylor Dome Antarctic d18O record and 

globally synchronous changes in climate. Quaternary Research 

56: 289–298.

Hofmann DJ and Rosen JM (1982) Stratospheric condensation nuclei 

variations may relate to solar activity. Nature 297: 120–124.

Hofmann DJ and Rosen JM (1983) Condensation nuclei events at 30 km 

and possible influences of solar cosmic rays. Nature 302: 511–514.

Jones AE, Wolff EW, Ames D, Bauguitte SJB, Clemitshaw KC, Flem-

ing Z et al. (2007) The multi-seasonal NOy budget in coastal Ant-

arctica and its link with surface snow and ice core nitrate: Results 

30 from the CHABLIS campaign, Atmospheric Chemistry and 

Physics Discussions 7: 4127–4163.

Laird CM, Zeller EJ and Dreschhoff GAM (1987) Nitrate variability 

in South Pole ice sequences and fossil surface effects. Antarctica 

Journal US XXIII(5): 80–83.

Laluraj CM, Krishnan KP, Thamban M, Rahul M, Chaturvedi A, 

Naik SS et al. (2009) Origin and characterisation of microparticles 

in an ice core from the Central Dronning Maud Land, East Antarc-

tica. Environmental Monitoring and Assessment 149(1–4): 377–383.

Legrand M and Mayewski PA (1997) Glaciochemistry of polar ice 

cores: A review. Review of Geophysics 35: 219–243.

Legrand M, Leopold A and Domine F (1996) Acidic gases (HCl, 

HF,HNO3,HCOOH, and CH3COOH): A review of ice core data 

and some preliminary discussions on their air–snow relationships. 

In: Wolff EW and Bales RC (eds) Chemical Exchange Between 

the Atmosphere and Polar Snow. Berlin: Springer-Verlag, 19–43.

Legrand M, Wolff EW and Wagenbach D (1999) Antarctic aerosol and 

snowfall chemistry: Implications for deep Antarctic ice core chem-

istry. Annals of Glaciology 29: 66–72.

Mayewski PA, Meeker LD, Morrison MC, Twickler MS, Whitlow SI, 

Ferland KK et al. (1993) Greenland ice core signal characteris-

tics: An explained view of climate change. Journal of Geophysical 

Research 98: 12 838–12 847.

Mayewski PA, Meeker LD, Whitlow S, Twickler MS, Morrison MC, 

Bloomfield P et al. (1994) Changes in atmospheric circulation 

and ocean ice cover over the North Atlantic during the last 41,000 

years. Science 263: 1747–1751.

Mayewski PA, Maasch KA, Yan Y, Kang S, Meyerson EA, Sneed SB 

et al. (2005) Solar forcing of the polar atmosphere. Annals of Gla-

ciology 41: 147–154.

Mulvaney R and Wolff EW (1993) Evidence for winter/spring deni-

trification in the nitrate record of Antarctic firn cores. Journal of 

Geophysical Research 98: 5213–5220.



356		  The Holocene 21(2)

Palmer AS (2001) Ice-core evidence for a small solar-source of atmo-

spheric nitrate. Geophysical Research Letters 28(10): 1953–1956.

Parker BC and Zeller EJ (1980) Nitrogenous chemical composition of 

Antartic snow and ice. Antartic Journal U.S. 14: 80–82.

Parker BC, Zeller EJ, Heiskell LE and Thompson WJ (1977) Nitrogen 

in the south polar ice and snow: Tool to measure past solar auroral 

and cosmic ray activities. Antartic Journal U.S. 12: 133–134.

Parker BC, Zeller EJ, Heiskell LE and Thompson WJ (1978) Non-

biogenic fixed nitrogen in Antarctica and some ecological implica-

tions. Nature 271: 651–652.

Raisbeck GM, Yiou F, Bourles D, Lorius C, Jouzel J and Barkov NI 

(1987) Evidence for two intervals of enhanced 10Be deposition in 

Antarctic ice during the last glacial period. Nature 326: 273–277.

Raisbeck GM, Yiou F, Jouzel J and Petit JR (1990) Be-10 and delta-

H-2 in polar ice cores as a probe of the solar variability influence 

on climate. Philosophical Transactions of the Royal Society of 

London Series A-Mathematical Physical and Engineering Sciences 

330(1615): 463–470.

Röthlisberger R, Hutterli MA, Sommer S, Wolff EW and Mulvaney R 

(2000) Factors controlling nitrate in ice cores: Evidence from the 

Dome C deep ice core. Journal of Geophysical Research 105(16): 

20 565–20 572.

Röthlisberger R, Hutterli MA, Wolff EW, Mulvaney R, Fischer H, 

Bigler M et al. (2002) Nitrate in Greenland and Antarctic ice cores: 

A detailed description of post-depositional processes. Annals of 

Glaciology 35: 209–216.

Savarino J, Kaiser J, Morin S, Sigman D and Thiemens MH (2007) 

Nitrogen and oxygen isotopic constraints on the origin of atmo-

spheric nitrate in coastal Antarctica. Atmospheric Chemistry and 

Physics 7: 1925–1945.

Schlösser E and Oerter H (2002) Shallow firn cores from Neumayer, 

Ekstromisen, Antarctica: A comparison of accumulation rates and 

stable-isotope ratios. Annals of Glaciology 35: 91–96.

Shea MA, Smart DF, Dreschhoff GAM and Zeller EJ (1993) The flux 

and influence of major solar proton events and their record in Ant-

arctic snow. 23rd ICRC 23: 846–849.

Steig EJ, Polissar PJ, Stuiver M, Grootes PM and Finkel RC (1996) 

Large amplitude solar modulation cycles of 10Be in Antarctica: 

Implications for atmospheric mixing processes and interpretation of 

the ice core record. Geophysical Research Letters 23(5): 523–526.

Talbot RW, Vijgen AS and Harriss RC (1992) Soluble species in Artic 

summer troposphere: Acidic gases, aerosols, and precipitation. 

Journal of Geophysical Research 97(15): 16 531–16 543.

Thamban M, Chaturvedi A, Rajakumar A, Naik SS, D’Souza W, Singh 

A et al. (2006) Aerosol perturbation related to volcanic eruptions 

during the past few centuries as recorded in an ice core from the 

Central Dronning Maud land, Antarctica. Current Science 91(9): 

1200–1207.

Thibert E and Domine F (1998) Thermodynamics and kinetics of the 

solid solution of HNO3 in ice. Journal of Physics, Chemistry and 

Biology 102: 4432–4439.

Vitt FM and Jackman CH (1996) A comparison of odd nitrogen pro-

duction from 1974 through 1993 in the Earth’s middle atmosphere 

as calculated using a two-dimensional model. Journal of Geophys-

ical Research 101: 6729–6739.

Vitt FM, Armstrong TP, Cravens TE, Dreschhoff GAM, Jackman CH 

and Laird CM (2000) Computed contributions to odd nitrogen 

concentrations in the Earth’s polar middle atmosphere by energetic 

charged particles. Journal of Atmospheric and Solar-Terrestrial 

Physics 62: 669–683.

Wilson AT and House DA (1965) Fixation of nitrogen by aurora and its 

contribution to the nitrogen balance of the earth. Nature 205: 793.

Wolff EW (1995) Nitrate in polar ice. In: Delmas RJ (ed.) Ice Core 

Studies of Global Biogeochemical Cycles. NATO ASI. Berlin: 

Springer, 195–224.

Wolff EW and Mulvaney R (2000) Factors controlling nitrate in ice 

cores: Evidence from the Dome C deep ice core. Journal of Geo-

physical Research 105(16): 20 565–20 572.

Wolff EW, Jones AE, Bauguitte SJB and Salmon RA (2008a) Reas-

sessment of the factors controlling temporal profiles of nitrate in 

polar ice cores using evidence from snow and atmospheric mea-

surements. Atmospheric Chemistry and Physics Discussions 8 

11 039–11 062.

Wolff EW, Jones AE, Bauguitte SJ-B and Salmon RA (2008b) The 

interpretation of spikes and trends in concentration of nitrate in 

polar ice cores, based on evidence from snow and atmospheric 

measurements. Atmospheric Chemistry and Physics 8: 5627–5634.

Zeller EJ and Dreschhoff GAM (1995) Anomalous nitrate concentra-

tions in polar ice cores – do they result from solar particle injec-

tions into the polar atmosphere? Geophysical Research Letters 22: 

2521–2524.

Zeller EJ and Parker BC (1979) Solar activity records. Planetary ice 

caps. In: Murphy D and Hanover HN (eds) Proceedings of the Sec-

ond Colloquium on Planetary Water and Polar Processes. Hanover 

NH, 16–18 October 1978, 186.

Zeller EJ and Parker BC (1981) Nitrate ion in Antarctic firn as a marker 

for solar activity. Geophysical Research Letters 8: 895–898.

Zeller EJ, Dreschhoff GAM and Laird CM (1986) Nitrate flux on the 

Ross Ice Shelf, Antarctica and its relation to solar cosmic rays. 

eophysical Research Letters 13(12): 1264–1267.


