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ABSTRACT 

A quantitative analysis of the total concentrations of Al and Na in the Antarctic ice sheet during the past 340 kyr was 
performed by applying the acid digestion method to the Dome Fuji ice core. Atmospheric fluxes of mineral and sea-salt 
aerosol to Dome Fuji were calculated from the total concentration. The average fluxes of mineral aerosol to Dome Fuji 
in the periods of glacial maximum, 18.6 ± 10.1 mg·m–2·yr–1, were larger than the value in the interglacial periods, 3.77 
± 2.20 mg·m–2·yr–1. Conversely, the fluxes of sea-salt have no significant difference between the average value of gla- 
cial maximum, 130 ± 55 mg·m–2·yr–1, and that of interglacial, 111 ± 54 mg·m–2·yr–1. The results obtained in this study 
suggest that the variation of mineral aerosol flux in Dome Fuji, together with climate change, was much larger than that 
of sea-salt aerosol flux. This result may have occurred because the variety in the intensity of the source and transport 
during the glacial-interglacial cycle is more significant for mineral aerosol than that for sea-salt aerosol. 
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1. Introduction 

Atmospheric aerosols have controlled the energy balance 
of the Earth through radiative forcing [1,2]. Moreover, 
their chemical properties have contributed to changes in 
the climate and environment of the Earth. For example, 
chemical species in aerosols play an important role in the 
CO2 absorption mechanism of the ocean accompanying 
climate changes. The iron hypothesis, proposed by Mar- 
tin [3], states that the iron contained in aerosols activated 
the biological pump in the glacial period. Oba and Peder- 
sen considered that the CaCO3 contained in mineral aero- 
sols was supplied to and dissolved in the ocean to acti- 
vate the alkalinity pump in the glacial ocean [4]. Changes 
in the environment of the Earth’s surface accompanying 
a climate change would modify the generation, transport, 
and the removal processes of mineral and sea-salt aero- 
sols. Modification of aerosol circulation as a result of en- 
vironmental change further accelerates climate change 
through the feedback power of atmospheric aerosols. To 
quantitatively clarify the role of aerosols in past climate  

changes, analyses of mineral and sea-salt particles in ice 
cores obtained in the Arctic and Antarctic were perfor- 
med [5]. Measurement of the metallic components in ice 
cores is a useful method for quantitative analysis of the 
particulate matter in these cores. Previous studies include 
continuous flow analysis (CFA) of the dissolved ionic 
metals in melted ice cores [6,7], particle induced X-ray 
emission (PIXE) measurement of metals in the particles 
collected from ice cores by filtration [8,9], and induc- 
tively coupled plasma-sector field mass spectrometry 
ICP-SFMS measurement of acid leachable iron [10]. It is 
expected that a large portion of the metallic components 
contained in snow and ice sheets in Antarctica exist as 
insoluble particulates. It is well known that nearly all Al 
and Fe in these mineral particles exist as insoluble alumi- 
nosilicates in snow and rain [11,12]. Several recent stu- 
dies that discuss metallic elements in ice cores also report 
the significance of insoluble metal in the cores [6,10,13]. 
Therefore, analysis of the ionic species only is insuffi- 
cient using ice cores to reconstruct aerosol climate changes. 
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It is very difficult to collect very small amounts of inso- 
luble particles in an ice core without loss by using a fil- 
tration method. In addition, such filtration methods can- 
not distinguish metallic components originally supplied 
to the ice sheet as particles that have melted at the time 
of core melting. Analysis of acid leachable metal is gen- 
erally recommended, but some minerals continue to re- 
lease metals into the solution over several weeks [14]. In 
order to solve such problems, full-digestion analysis of 
particulate matter in ice cores by using acid and a high- 
temperature and pressure bomb is effective. While the par- 
ticulate matter in the ice melt solution and on the filter 
are inhomogeneous, metallic components in the sample 
solution prepared by acid full-digestion is completely ho- 
mogenous. Thus, full-digestion analysis provides accu- 
rate and representative data for the total (dissolved + par- 
ticulate) concentration of metals in ice cores. Few exam- 
ples of metal analysis in ice cores that apply the full- 
digestion method have been reported. Gaspari et al. ob- 
tained only 16 data of the total concentration of iron in 
the Dome C ice core by using acid-assisted microwave 
digestion and reported that the results of acid leachable 
iron occupied only 30% - 40% of the total iron during the 
Holocene [10]. 

In this study, we measured the total concentration of 
metallic elements by applying a full-digestion analysis to 
the ice core obtained from Dome Fuji, Antarctica. Such 
data of total concentration of metals have not been sys- 
tematically obtained in previous ice core studies. Our 
results enable quantitative analysis of the role of mineral 
and sea-salt aerosol in climate change. The Japanese Ant- 
arctic Research Expedition conducted deep ice sheet drill- 
ling at Dome Fuji (77˚19'S, 39˚42'E; 3810 ma.s.l) at the 
peak of the east Dronning Maud Land, Antarcticain 1996 
and succeeded in collecting a 2503 m ice core, known as 
the first Dome Fuji ice core (DF1 core) [15]. Watanabe et 
al. determined that the profile of oxygen isotope ratio 
recorded in theDF1 and the Vostok ice core have good 
agreement over the past three glacial cycles, concluding 
that the climate change occurring in East Antarctica may 
be essentially homogeneous [16]. Kawamura et al. per- 
formed an analysis of the O2/N2 ratio in air trapped in the 
DF1 core to clarify that the ice core covered the last 340 
kyr of climate change and that the climatic record in the 
core supports the Milankovitch theory [17]. In addition, 
analysis of the concentration of soluble ion species [18], 
the volcanic layers [19], the number of microparticles 
[20], and the chemical composition of salt particles in the 
DF1 core [21-23] was conducted for clarifying changes 
in the Earth’s climate and environment. In this study, we 
measured the total concentration of Al and Na in the DF1 
core, and we present the record of atmospheric fluxes of 
mineral and sea-salt aerosols occurring over the past 340 
kyr. 

2. Experimental  

Anice block with a thickness of 7 cm was cut from the 
entire layer of the DF1 core. To remove contamination 
on the surface of the ice block, a thickness of approxi- 
mately 5 mm was sliced from the surface with a ceramic 
knife. The ice block was then placed in a polyethylene 
container and rinsed with approximately 1 ml of ultra- 
pure water from a wash bottle. The solution in the con- 
tainer was discarded by decantation. This washing pro- 
cedure was repeated three times. Next, the ice block was 
placed at room temperature until 10 ml of the ice melted. 
The melted water was discarded, and the same washing 
procedure was repeated again three times. The ice block 
was then entirely melted within the polyethylene contai- 
ner, and the solution was adjusted to 0.1 N-HNO3. The 
solution was entirely evaporated in a Teflon vessel, and 
the residue was decomposed by the microwave acid di- 
gestion method with 0.3 ml of concentrated HNO3 and 
0.2 ml of concentrated HF [24]. The microwave decom- 
position vessel Type P-25 (San-ai Kagaku) was used in 
this study. The concentrations of Al and Na in the solu- 
tion were measured by Inductively Coupled Plasma Mass 
Spectrometry (Hewlett Packard, HP4500) with a desol- 
vating nebulizer system (CETAC, Aridus). The multi-ele- 
ment solution XSTC-13 (SPEX CertiPrep) was used as a 
standard for the analysis. In addition, ultrapure water pro- 
duced by Direct-Q (Millipore) and an ultrapure reagent 
produced by Kanto Chemical Co. were used in the expe- 
riment. All apparatus were soaked in a 1 N-HNO3 solu- 
tion for more than three days to remove metal contami-
nation before being used in the experiment. All experi-
ments were performed within a Class 100 laminar flow 
clean bench. 

3. Results and Discussion  

Profiles of the concentration of total Al (t-Al) and total 
Na (t-Na) of the DF1 core for the past 340 kyr are shown 
in Figure 1 together with the profile of δ18O [17]. We 
can consider that t-Al is a proxy of mineral particles in 
the ice core; however, we must be aware that t-Na is de- 
rived from sea-salt in addition to mineral particles. The 
concentrations of t-Al in the DF1 core ranged from 1.14 
mg·kg–1 to 262 mg·kg–1, and the maximum concentration 
was approximately 230 times the value of the minimum 
concentration. The concentration peaks of t-Al appeared 
in the periods of glacial maximum at the past three gla- 
cial epochs. In periods other than glacial maximum, par- 
ticularly the interglacial period, t-Al concentration show- 
ed a lower value. This variation qualitatively coincides 
with the results of the terrigenous metals in the ice cores 
from Vostok [25] and Dome C [6-10]. It is well known 
that the arid areas on the continents expanded, and the 
frequency of dust storms and the activity of meridional 
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Figure 1. Profiles of (a) δ18O (Kawamura et al., 2007); (b) 
t-Al concentration (closed triangles) and mineral flux (plus 
signs); and (c) t-Na concentration (closed circles), sea-salt- 
Na concentration (open circles) and sea-salt flux (crosses) of 
the Dome Fuji ice core during the past 340 kyr. 
 
circulation increased during the Last Glacial Maximum 
(LGM) [26]. A considerable amount of evidence implies 
that the atmosphere of the glacial period was generally 
dustier than that of present conditions [25,27-31]. The re- 
cord of t-Al concentration in the DF1 core obtained in 
this study also supports this climate scenario. The maxi- 
mum concentration of t-Al obtained in this study, 262 
mg·kg–1, was twice that of the maximum concentration 
of Al, approximately 130 mg·kg–1, in the Vostok core ob- 
tained through Instrumental Neutron Activation Analysis 
of a vigorously shake nice melt solution [25]. We sup- 
pose that shaking may not produce sufficiently homoge- 
nous particulate matter in the solution for effective che- 
mical analysis of the metal. The difference in the maxi- 
mum concentration of Al may be due to the difference in 
parameters such as sample depth, coring site, and analy- 
tical method. Although we cannot entirely explain which 
reason is principal, we expected that the difference in the  
depth of the sample cutting or analytical method may be 
more significant than spacial variability. The average t- 
Al concentration and its standard deviation (1 s) during 5 - 

15 kyr, roughly corresponding to the Holocene (HOL), 
was 10.9 ± 6.01 mg·kg–1, and that during 15 - 30 kyr, 
roughly corresponding to the LGM, was 106 ± 57 
mg·kg–1. Therefore, the LGM/HOL ratio of the average 
concentration of t-Al was approximately 10. The LGM/ 
HOL ratio of mass concentration of micro-particles ob- 
tained by the particle counter was reported as 11 in the 
DF1 [19]. The LGM/HOL ratio of the t-Al concentration 
agreed with that of the micro-particle concentration, which 
reflects the extent of LGM-HOL changes in mineral ae- 
rosol deposition. Marino et al. [9] measured the concen- 
tration of Ti contained in the Dome C ice core, in which 
the stable and insoluble crustal marker was the same as 
that of Al. The LGM/HOL ratio for Ti concentration cal- 
culated from their results was 14, which was also com- 
parable to the results oft-Al concentration analysis ob- 
tained in this study. In particular, the results indicate that 
the mineral aerosol comprising the t-Al concentration in 
the ice sheet of Dome Fuji increased by approximately 
ten times and was deposited in LGM in which the cold 
and dry climate reached its peak. In the Holocene, the 
warm and wet climate progressed. Glacial-interglacial va- 
riations of mineral and sea-salt aerosol fluxes are dis-
cussed subsequently. 

The range of t-Na concentration in the DF1 was 11.8 - 
262 mg·kg–1. Although concentration peaks observed in 
the periods of glacial maximum were the same as those 
of t-Al, the ratio of the maximum concentration to mini- 
mum concentration was approximately 20, and the extent 
of concentration variation together with climate change 
was smaller than that of t-Al. For these reasons, we sup- 
pose that the transport of Na through the glacial cycle 
does not correlate with that of Al because the source of 
Na to Dome Fuji, generally the sea and sea ice, is signi- 
ficantly closer than that of the source of Al, continental 
crust. Thus, Na was supplied to Dome Fuji from both the 
sea and crust, while the most significant source of Al is 
the crust only. The average concentration of t-Na during 
5 - 15 kyr was 41.6 ± 18.1 mg·kg–1, and that during 15 - 
30 kyr was 115 ± 43 mg·kg–1; the LGM/HOL ratio was 3. 
Although no previous studies have measured t-Na con- 
centration by full-digestion of the ice core, the concen- 
tration of the dissolved Na in the Holocene and LGM in 
the Dome C ice core have been reported by Bigler et al. 
[7]. The LGM/HOL ratio of dissolved Na calculated from 
their result, 5, was somewhat larger than the ratio for t- 
Na obtained in this study. This ratio difference may in- 
dicate that the insoluble fraction of Na in the ice core 
gained significance in the Holocene. While sea-salt par- 
ticles are relatively soluble as compared to mineral parti- 
cles, there is no assurance that anentire sea-salt particle  
dissolves when the ice core sample melts. In addition, the 
melted solution of the ice core contained Na, which was 
originally included as ions in the snow that were dis- 
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solved from the particulate matter at the time the ice core 
melted. Thus, some difficulties persist in the interpreta- 
tion of the dissolved constituents in the ice cores. Hence, 
measurements for total concentration of elements by us- 
ing the full-digestion method provide meaningful data with 
clear definition for ice core analysis. 

The atmospheric fluxes of mineral (Fmineral) and sea- 
salt (Fseasalt) aerosols in Dome Fuji can be estimated from 
the results of total concentrations of Al and Na. Although 
Al is a major constituent in the Earth’s crust and occu- 
pies approximately 8% of the crustal substance, it is a trace 
element detected in seawater at only 0.8 ppb. Therefore, 
it is a suitable assumption that t-Al in the aerosol origi- 
nated entirely from detritus of mineral particles. On the 
basis of this assumption, Fmineral in Dome Fuji is calcula- 
ted from the following equation: 

 mineral dt-Al 100 8.23F R   ,          (1) 

where [t-Al] is the concentration of t-Al, 8.23 is the mean 
crustal abundance of Al in percentage [32] and Rd is the 
snow accumulation rate of the ice sheet in Dome Fuji at a 
depth of sample, d (Dome Fuji Ice Core Consortium, per- 
sonal communication). 

The flux of sea-salt aerosol, Fsea-salt is similarly obtai- 
ned by the following equation: 

 sea-salt dsea-salt-Na 100 1.06F R   ,      (2) 

where [sea-salt-Na] is the concentration of Na of sea-salt 
origin, and 1.06 is the mean seawater composition of Na 
in percentage [33]. While Na is a major element of sea- 
water, it is also a major component of the crust, occupy- 
ing 2.36% [32]. Hence, t-Na in the atmosphere cannot be 
assumed as a tracer of sea-salt aerosol at a time or place 
that included an abundant supply of mineral aerosol [34]. 
It should be restricted that Na in aerosol is treated as a 
tracer of sea-salt when the contribution of mineral aerosol 
can be neglected. Bigler et al. [7] reported that Na of acru- 
stal origin became significant at the high-dust period of a 
glacial stage in the Dome C ice core. Therefore, [sea- 
salt-Na] must be used for calculation of Fsea-salt. Assum- 
ing that t-Al in the ice core is of crustal origin, [sea-salt- 
Na] can be calculated by the following formula: 

       crust
sea-salt-Na t-Na Na Al t-Al   ,     (3) 

where [t-Na] is the concentration of t-Na in the core, and 
(Na/Al)crust is the Na/Al ratio in the crust, 0.29 [32]. The 
results of the calculation of [sea-salt-Na] indicate that the 
percentage of [sea-salt-Na] to [t-Na] was a maximum of 
99.3% and a minimum of 37.5% (Figure 1). In particular, 
roughly 60% of t-Na in the DF1 core was of crustal ori- 
gin in the maximum case. The average proportion of 
[sea-salt-Na] to [t-Na] in the Holocene was 91.1% ± 6.7% 
and that in the LGM was 74.0% ± 12.1%. These results 
suggest that most of the Na transported to Dome Fuji 

during a warm and low-dust period is considered to be of 
sea-salt origin; however, a significant amount of Na was 
transported to Dome Fuji from a remote continental crust 
during a cold and high-dust environment in the LGM. 
The maximum contributions of crustal Na in the three 
glacial maximums, recognized in Figure 1, were 62.5%, 
36.9%, and 53.4%, respectively, in order of recent ep- 
ochs. In ice core analysis, Na of crustal origin must be 
considered, particularly in the periods of glacial maxi- 
mum. Transport of the sea-salt aerosols to inland Antarc- 
tica would not significantly vary in the time scale of gla- 
cial-interglacial cycle because production of the sea-salt 
aerosols occurred in the sea and sea ice near the conti- 
nent. Conversely, deposition of mineral aerosol on the An- 
tarctic ice sheet became significant in glacial maximums 
at the end of each glacial epoch because 1) the continent- 
tal shelf exposure increased, accompanied by a decrease 
in sea level; 2) the arid region on the continents expan- 
ded in cold and dry climates; and 3) the frequency of dust 
storms in the continents and the activity of meridional 
circulation increased. 

The average of atmospheric fluxes of mineral and 
sea-salt aerosol in Dome Fuji during the glacial maxi- 
mum and interglacial stage of the last three glacial ep- 
ochs are presented in Table 1. Abbreviations of climatic 
divisions, IG (interglacial) and GM (glacial maximum), 
were defined by the range of age mentioned in the table 
and were numbered in order of younger stages. The divi- 
sions IG1, IG2, and IG3 roughly correspond to stages 1, 
5e, and 7e, and GM1, GM2, and GM3 roughly corres- 
pond to stages 2, 6b, and 8d of the Marine Isotope Stage, 
respectively. The whole mean of each stage of IG and 
GM is also shown in the table. The average atmospheric 
fluxes of mineral aerosol in Dome Fuji at GM periods, 
14.0 - 20.2 mg·m–2·yr–1, were approximately one order of 
 
Table 1. Average atmospheric fluxes of mineral and sea-salt 
in Dome Fuji, Antarctica, during glacial maximum and in- 
terglacial stages of last three glacial cycles. 

Climatic 
division

Period 
Kyr 

Mineral flux ± 1 s 
mg·m–2·yr–1 

Sea-salt flux ± 1 s
mg·m–2·yr–1 

IG1 5 - 14 4.15 ± 2.42 112 ± 54 

GM1 15 - 30 19.9 ± 9.9 126 ± 49 

IG2 120 - 134 3.22 ± 1.67 115 ± 66 

GM2 135 - 149 14.0 ± 8.0 133 ± 55 

IG3 235 - 249 3.71 ± 1.03 105 ± 34 

GM3 265 - 279 20.2 ± 10.8 155 ± 85 

IGmean  3.77 ± 2.20 111 ± 54 

GMmean  18.6 ± 10.1 130 ± 55 

IGmean and GMmean represent the whole mean for IG and GM periods, re-
spectively. 
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magnitude larger than the value at IG periods, 3.22 - 4.15 
mg·m–2·yr–1. These results indicate that the generation 
and transport of mineral aerosols were activated during 
periods of glacial maximum. The mineral flux in GM2 was 
somewhat smaller than that in GM1 and GM3, which 
may have occurred because interstadials were more fre- 
quent within the period of GM2 than those in GM1 and 
GM3 (Figure 1). The average fluxes of mineral aerosol 
in the periods of interglacial and glacial maximum were 
3.77 mg·m–2·yr–1 and 18.6 mg·m–2·yr–1, respectively. The 
ratios of the mineral flux in GM and that in IG, the 
GM/IG ratio, were 4 - 5, and the GMmean/IGmean ratio was 
4.9. Gaspari et al. [10] reported that the LGM/HOL ratio 
of acid-leachable Fe flux in the Dome C ice core is 36. 
Moreover, it was reported that the LGM/ HOL ratio of 
micro-particle flux in the Vostok ice core is ~15 [5]. The 
ratios obtained in this study were smaller than those in 
previous studies, which used different methods. We con-
sider that the ratios obtained in this study are highly ap-
propriate for explaining differences in mineral aerosol 
transport between the periods of glacial maximum and 
interglacial because our results were obtained by a full- 
digestion homogenous particulate analysis. As evidence, 
the LGM/HOL ratios of the atmospheric mineral flux re- 
stored from the deep-sea sediment core, 3 - 4 [31,35-37], 
were comparable to the values obtained in this research. 
The fluxes of sea-salt show no remarkable differences in 
IG and GM, and the values of IGmean and GMmean were 
111 ± 54 mg·m–2·yr–1 and 130 ± 55 mg·m–2·yr–1, respec- 
tively. The GM/IG ratios obtained in this study were near 
unity. This result indicates that although no significant dif- 
ference was evident in the average sea-salt flux in Dome 
Fuji between the period of glacial maximum and inter- 
glacial, the flux varied widely among data. The results 
obtained in this study suggest that the variation of min- 
eral flux in Dome Fuji together with climate change was 
much larger than that of sea-salt flux. Conversely, the va- 
riation in sea-salt flux may be affected more by short- 
term phenomena than by climate change. To evaluate the 
relationship between climate change and variability of 
aerosol flux, the coefficients of variation (CV) of the age- 
moving average of Fmineral and Fsea-salt in various age in- 
tervals were calculated. The CV was obtained by the stan- 
dard deviation of the age-moving average divided by the 
average. Age intervals for the moving average were set at 
0 - 1 kyr, 1 - 5 kyr, 5 - 15 kyr, and 15 - 25 kyr and subse- 
quently at intervals of 10 kyr until 95 - 105 kyr. For ex- 
ample, 271 datasets were obtained by calculation through 
340 kyr at an age interval of 0 - 1 kyr. The average CV 
obtained by calculation in each age interval is shown in 
Figure 2. The CV of Fmineral increased with age interval. 
The rate of increase is significant in the range of 0 - 1 kyr 
to 5 - 15 kyr, which may reflect sudden climate changes. 
In the age interval of 0 - 1 kyr, the CV of Fmineral and 

 

Figure 2. Average of coefficients of variation (CV) of min-
eral (solid lines) and sea-salt (dashed lines) fluxes to Dome 
Fuji in various age intervals. 
 
Fsea-salt were 0.38 and 0.41, respectively, which suggests 
that the supply of mineral and sea-salt aerosols to the An- 
tarctic ice sheet have nearly the same variation in the 0 - 
1 kyr time interval. The CV of Fmineral gradually increased 
from the age interval of 5 - 15 kyr to 95 - 105 kyr, while 
that of Fsea-salt was nearly constant during the entire age 
interval. These results support the theory that the supply 
of mineral aerosol was much more varied than that of 
sea-salt aerosol, which may be attributed to the following 
points: 1) The variation in mineral aerosol may be much 
more sensitive to changes in atmospheric circulation than 
that of sea-salt aerosol because the source of mineral ae- 
rosol, continental crust, is significantly far from the Ant- 
arctic ice sheet; 2) changes in the surface environment of 
the continental crust together with climate changes, e.g., 
area [Remark 1] and dryness, may be more significant 
than that of the sea surface; and 3) the change in the sea- 
salt flux to the Antarctic ice sheet would not change sig- 
nificantly with the glacial cycle because both open sea 
and sea ice are significant sources for sea-salt aerosol. 

4. Conclusion  

The profiles of total concentration of Al and Na in the 
Antarctic ice sheet during the past 340 kyr were clarified 
by full-digestion analysis of the Dome Fuji ice core. The 
fluxes of mineral and sea-salt aerosol to Dome Fuji were 
estimated from the total concentration of Al and Na in 
the core. The average aerosol fluxes in the periods of in- 
terglacial and glacial maximum were 3.77 ± 2.20 mg·m–2·yr–1 
and 18.6 ± 10.1 mg·m–2·yr–1, respectively, for mineral ae- 
rosol and 111 ± 54 mg·m–2·yr–1 and 130 ± 55 mg·m–2·yr–1, 
respectively, for sea-salt aerosol. On the basis of the re- 
sults obtained in this study, we consider the following sce- 
nario for the variation in aerosol flux to the Antarctic ice 
sheet with the glacial cycle: Transport of sea-salt aero-  
sols generated in the sea and sea ice near Antarctica did 
not vary significantly in the time scale of the glacial-in- 
terglacial cycle. Transport of sea-salt aerosol may be affec- 
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ted by short-term scale phenomena such as meteorologi- 
cal conditions rather than climate change. In the glacial 
maximum at the end of each glacial epoch, deposition of 
mineral aerosol on the Antarctic ice sheet reached amaxi- 
mum because the exposure of the continental shelf increa- 
sed, accompanied by a decrease in sea level, the arid re- 
gion on the continents was expanded by the cold and dry 
climate, and the frequency of dust storms in the conti- 
nents and the activity of meridional circulation increased. 
Further investigation including analysis in high time-re- 
solution and examination of the chemical compositions 
of particulates in the DF1 core will be performed to clari- 
fy the role of atmospheric mineral and sea-salt aerosols 
in climate change. 
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