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Abstract. Recent climate change, especially during therelated with annual average precipitation in the Mongolian
2000s, may be the primary reason for the expansion of thelesert-steppe zone. Higher specific activities and a higher
Asian dust source region. The change in the dust source ré<’CsPOSr ratio were found in grassland regions that experi-
gion was investigated by examining anthropogenic radionu-enced greater precipitation. These findings suggest that the
clides contained in surface soil samples from Mongolia. Sur-increased specific activities and the activity ratio detected in
face soil was globally labeled by radioactive fallout from nu- atmospheric depositions in Japan during years with frequent
clear testing during the late 1950s and early 1960s, but therdsian dust transport events in the 2000s are a sign of grass-
are no current direct sources for anthropogenic radionuclidetand degradation.

in the air (before the Fukushima nuclear power plant accident
in 2011). Radionuclides in the atmosphere are therefore car-
ried mainly by wind-blown dust from surface soil, that is, ae-
olian dust. Asian dust carries traces’8®r, 13’Cs, and other
anthropogenic radionuclides; the heaviest deposition occur . . .

in spring and has been recorded in Japan since the earl?/'1 Aeolian dust studies and available tracers

1990s. Th_e compqs_ltlon of anthropogenic radlonuchde_:s "Nasian dust is the second largest aeolian dust source on Earth.
atmospheric depositions would be affected by a change in th . -
:%urrent estimates of global dust emissions range between

dust source. F_’rewou; studies 9f atmospheric deposition 000 and 3000 Tgy*, and Saharan dust and Asian dust con-
long-term monitoring sites (e.g. in Tsukuba, Japan) have de:

I . ) — 0 -
tected changes in tH€’CsPOSr ratio and in the specific ac- tribute about 50-70% and 10-25% of those amounts, re

e ; . : . spectively (Tanaka and Chiba, 2006; Tegen and Schepanski,
tivity of the radionuclides. These changes in the composition . . .
of observed atmospheric depositions are supposed to reﬂegtoog)' Aeolian dust impacts the global climate by scatter-

. SPA P PP -~ _~Ing and absorbing solar radiation, changing cloud proper-
changes in the climatic conditions of the dust source region,.

To investigate this dust source change, we conducted a fielagslbémlzficttgg gégf_e&fﬁgrm'g?;rygggémﬂi(g/lrzr(;roggél"
survey of radionuclides?Sr and'37Cs) in surface soil sam- ’ ; ’ ; ’ ’ ’

; . : ssen et al., 2003). It also impacts human health through
plesin September 2007 in the eastern and southern regions AL otfect on air quality in leeward regions (e.g. Chen et al
Mongolia, where dust storms have occurred more frequently2004_ Ichinose et al.. 2005: Kwon et al 200'2_ .Tamamura é't
since 2000.37Theospecific activities of both radionuclides asal” 2’007). Thus, ré’searcﬁ on Asian (;I'ust ha's not only sci-
well as the'*’CsPoSr ratio in the surface soil were well cor- entific but also social implications. Although research on
Asian dust has advanced rapidly in the past decade (lwasaka,
2006; lwasaka et al., 2009; Mikami et al., 2006; Osada,

Correspondence to¥. Igarashi 2007; Shao and Dong, 2006), further research is necessary
BY (yigarash@mri-jma.go.jp) to gain a full understanding of temporal changes in dust

1 Introduction
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sources, features of transportation, and related controllingource region. If the source of aeolian dust extended to a
factors (Hara et al., 2006; Tian et al., 2007). In addition, theregion with substantially differing precipitation, the compo-
possibility of an eastward expansion of the source of Asiansition of the®°Sr and'3’Cs in the uplifted dust would change
dust was suggested by Kurosaki and Mikami (2003) and Limaccordingly. Distinctive9Sr and3’Cs signatures in the soil
and Chun (2006) and later confirmed by Kim (2008). We could be used as tracers between source and receptor regions.
have been investigating features of the continental and local In the present paper, we describe the results of a 2007 sur-
dust sources usingSr and'3’Cs, which are anthropogenic vey of 90Sr and3’Cs levels in soil in Mongolia, one of the
radionuclides contained in the surface soil with half-lives of source regions of the recent Asian dust outbreak. We gener-
30 years (Igarashi, 2004, 2009a, b; Igarashi et al., 2001ated an average annual precipitation map of Mongolia based
2005, 2006, 2009; Fukuyama and Fujiwara, 2008; Fujiwara,on long-term meteorological observations. We used the map
2010; Fujiwara et al., 2007). to examine the relationship between annual precipitation and

To identify the source region of Asian dust, researchers’’Sr and'3’Cs composition at the sampling sites. We con-
have studied various tracers; ratios of stable isotopes sucfirmed our hypothesis that the composition of the anthro-
as87SrPosr and“3Nd/A44Nd (Chen et al., 2007; Grousset pogenic radionuclides in the surface soil is largely controlled
et al., 2003; Kanayama et al., 2002; Lee et al., 2010; G. Liby the precipitation rate in the dust source region. Finally,
et al., 2009; Nakano et al., 2004), electron spin resonanc&e use this evidence to argue that a change in the Asian dust
and crystallinity of quartz (Nagashima et al., 2007; Ono etsource would be reflected by a variation in the composition
al., 1998; Sun et al., 2007), and various luminescences (Naef anthropogenic radionuclides in atmospheric depositions at
gashima et al., 2010). Naturally occurring thorium was useddownwind deposition sites. Hence, even without matching
in the observational studies of Hirose and Sugimura (1984)deposition signatures to source signatures, we can use long-
but anthropogenic radionuclides in the surface soil could alsderm deposition monitoring to detect whether changes in the
be used as chemical tracers. In addition to¥tg& and'3’Cs  source region have occurred, even if we cannot precisely sug-
described here, plutonium isotopes are also candidates fayest where the new source regions are located.

use as tracers (Hirose et al., 2003, 2010). The March 2011 accident at the Fukushima Dai-ichi nu-
clear power plant has understandably raised concerns about

1.2 Anthropogenic radionuclides in surface soil as the potential health impacts of anthropogenic radionuclides.
tracer for aeolian dust However, this paper addresses only the dust source shift. We

do include a brief discussion of the negligible health impact
Global radioactive fallout caused by atmospheric nuclearof anthropogenic radionuclides contained in Asian dust in
explosions, especially during the late 1950s to the earlyAppendix A.
1960s, resulted in widespread contamination of land and wa-
ter (Aoyama et al., 2006). Surface soil all over the world ) ,
still contains small amounts of these anthropogenic radionu? Sampling and analytical methods
clides. Given that there are no longer any major atmo—2 1 Soil sampling and shipment
spheric contamination sources (prior to the Fukushima nu-""
clear power plant accident in Japan in 2011), the main SOUrC&ome of the authors conducted a local survey in eastern and
of anthropogenic radionuclides in the air is wind-blown dust ¢ \thern Mongolia in autumn 2007. Sampling was con-
arising from surface soil. Becausé’Cs is tightly bound  gycted at 60 sites, which ranged from 700 to 1500 m in alti-
to soil particles, it has been widely used for land erosiony,qe- care was taken to avoid areas disturbed by human activ-
studies (e.g.Othchle g’;‘d McHenry, 1990; Liu _et al., 2008). jjieg (Fig. 1). At each location, at spots as far from vehicular
The use of*Sr and=>'Cs as tracers for aeolian dust re- yafic and ruts as possible, an approximately 1-kg sample of
search, however, is a novel approach based on the long-tery, yisturbed surface soil was collected to a depth of 5cm by
monitoring of_ atmospherlc depositions (e_.g. Igara_shl et al"using a core sampler. The sample was packed into a plas-
2001). The inventories ot°Sr and**’Cs in the soil col- ¢ bag without eliminating stones, pebbles, grasses, or roots.
umn are expected to be proportional to the amount of pre-re 5ol samples were later repacked into heat-resistant bags,
cipitation because t'helr gIoqu fallout was deposneq.over theyng the bags were packaged in tightly covered containers to
earth’s surface mainly by rain and snow. In addition, be-\iq any damage and were airlifted from Mongolia to Japan.

90 7 - -
cause™Sr elutes faster that’’Cs (e.g. Miller and Reitte- Ay 4oclave treatment, which is required by Japanese regu-
meier, 1963; Forsberg and Strandmark, 2001) owing to theifaions, was performed at the Plant Protection Station at the

different distribution coefficientsy, Kamei-Ishikawa et al., Narita Airport in Japan. After treatment, the samples were

2008), the'3’CsPOSr activity ratio in the surface soil directly yanqported to the laboratory at the Meteorological Research
reflects the amount of precipitation (lgarashi et al., 2001,}qtitute (MRI), Tsukuba, Japan.

2006, 2009). Accordingly, the specific activities of the two
radionuclides and thE’CsPOSr ratio in dust depositions can
be interpreted as a proxy for climate conditions in the dust
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60 sampling sites: blue dots

z

Fig. 1. Sampling sites of a survey of anthropogenic radionuclides in surface soil in Mongolia in the fall of 2007. Red and yellow lines
indicate Mongolian and aimag (prefecture) borders, respectively. Small blue dots are the sampling sites, and the large ones are cities anc
towns, which were avoided for sampling. The background land color image is from TNT Global Data Sets (Microlmages, Inc., Nebraska,
USA).

2.2 Analytical procedures for anthropogenic
radionuclides

Once in the laboratory, the samples were immediately air-
dried at room temperature. Stones, pebbles, grasses, an
roots were carefully removed by hand. After the samples
were dried, particle size distribution was measured with
screens on a mechanical shaking apparatus to obtain the ar, 406
alytical sample. The fraction that passed through a 53-ym E
mesh (nominal) was then subjected to radioactivity analysis Precipitation (mm/year)

because this fraction was regarded as capable of being sus-

pended and transported by strong wind. The screening procé:-ig- 2. Raster map of interpola.te.d qnnual average precipitation in
dure was the same as that applied to soil samples collected ffongolia derived from the precipitation records of 24 meteorolog-
areas neighboring the MRI in Tsukuba. Details of the analyt-ﬁiltﬁsge(;\g?gftsfgfg';g;g%%::i?ggeu;;fnzﬁ)g'n'mum curvature
ical procedures are given in Otsuji-Hatori et al. (1996). After '

being packed into a uniform plastic container, each sample

was subjected tg-ray measurement using a Ge semicon-
ductor detector (EG&G Ortec/Eurisys) f&#'Cs. After the
y-ray measuremem?Sr was concentrated using radiochem- To investigate the relationship betwe®sr and3Cs in

ical separation. The procedure involved several precipita—the soil and precipitation at the sampling sites, a gridded
tion separation steps, including f[he fuming nitric acid methodmap of the precipitation of Mongolia was created (Fig. 2)
and others. Finally, th&’Sr was isolated and fixed as stron- based on the annual precipitation data collected by the In-

tium carbonate on filter paper in a metaéodish. The sa}mplessmute of Meteorology and Hydrology of Mongolia for 25
were Ieft for a few week_s' S% th8Sr and®Y reach radio- sites from 1950 to 2007. The data were compared to mean
equmbrlum, and the purified®Sr source was then measured annual precipitation data for the same sites from 1961 to
with a low-background 2-gas flow f-counter (Tennelec). ;g9 published by the Japan Meteorological Business Sup-
Quality management of the analysis was achieved using ort Center (JMBSC) to assess consistency. The data for
reference sample of fallout that was previously prepared b Igii (49.0° N, 90.0 E; WMO# 44214) were removed be-
the MRI (Otsuji-Hatori et al., 1996). cause of inconsistencies (the present data was shown three
times as the IMBSC data). So, the map uses the data from 24
sites. Precipitation data for areas outside Mongolia were also
necessary to estimate the distribution of precipitation at the

2.3 Mean annual precipitation in Mongolia
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Fig. 3. Relationship between the specific activities{a))‘QOSr and(b) 137Csin Mongolian surface soil samples and estimated average annual
precipitation data at the sampling site(g) Relationship between the’CsPOSr activity ratio and precipitation. The error bars indicate
counting statistics ofd in the measurement.

Table 1. Specific activities (dry weight basis) for anthropogenic radionuclides and their activity ratio in Mongolian surface soil and compar-
ison with related data of surface soils collected in Taklimakan and Tsukuba (other than Mongolian soil, the data cited are based on Igarashi
et al., 2005, 2009). All data are decay-corrected as of the time of sample collection in the fall of 2007.

Sample 187cs mBqgl) 99srmBqg?l) 137csPOsy
Specific activity ~ Specific activity ratio
Mongolian soil ¢ = 57 for 137Cs;n = 36 for 905r)
Max. 102 23.0 5.8
Min. 3.29 5.9 1.2
Median 26.2 11.7 3.4
Taklimakan dustf{ = 1) 6.12+1.20 1524+0.22 4.0
Taklimakan soil ¢ = 6)
Max. 22.3 7.82 3.6
Min. 3.38 1.47 1.7
Median 11.3 4.52 2.2
Tsukuba soil § =9)
Max. 13.3 2.80 104
Min. 3.27 0.66 5.1
Median 11.9 1.47 7.9
Monthly deposition sample at MRHuring springs in the 1990s and 2000s (Bthy (n = 45)
Max. 21.2 4.73 6.0
Min. 3.09 1.24 0.8
Median 5.68 221 2.6

@ Meteorological Research Institute, Tsukuba, Japan

boundary. The precipitation data of neighboring countries,3 Results and discussion

such as China and Russia, were taken from the report of the

World Meteorological Organization (WMO, 2009). The grid 3.1 °°Sr and 3’Cs in Mongolian surface soil

data were generated by the minimum curvature method us- N o

ing interpolation and extrapolation techniques (Fujiwara et'he 0Sr and137Qs specific activities and .th1e°'7CsP OSr ra-

al., 2007) on a grid with cell size of 2020 km. tio of the Mongolian soil are summarized in Table 1 together
with previously published values for surface soil and atmo-
spheric total (wet+dry) deposition (Igarashi et al., 2005,
2009). The data were decay-corrected as of fall 2007, the
time the soil samples were collected in Mongolia. The
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median levels of specific activity a¥°Sr and3’Cs in the  ranges from about 100 to 300 mnTy indicating that most
Mongolian soil were higher than those of Tsukuba, about 8of the sampling sites are in the dessert-steppe zone. Although
times the level fo°Sr and 2 times the level fd’Cs. In  the precipitation range was narrow (only 200 mmYy;, there
addition, the maximum values for both radionuclides from was a statistically significant positive correlation with spe-
Mongolia were more than 5 times those of Tsukuba. Thecific activity for both radionuclides ¥ < 0.001). The ar-
mediant3’CsPOSr ratio of the Mongolian soil was about half eas with higher specific activity tend to be grassland with
that of the Tsukuba soil. Liu et al. (2008) investigatéfCs shrubs, and conversely, shrubs are scarce in areas with lower
in Mongolian soil to study wind erosion rates. Although their specific activity. °OSr in the soil column elutes faster than
data and analyses were different than ours (they used a 2-mA¥’Cs (e.g. Forsberg and Strandmark, 2001), and the elu-
sieve), their data range (about 5-70 mBdyis consistent  tion of °°Sr in the soil would be affected not only by pre-
with ours. The range was also in agreement with the data otipitation but also by variations in soil characteristics, such
Fujiwara et al. (2007) for Inner Mongolia. as organic matter content and ion exchange capatit€s

In Tsukuba, the soil samples were collected in rice pad-and estimated precipitation were more strongly correlated
dies, vegetable fields, and similar locations where the fallou(r = 0.706) than were?’Sr and precipitation (= 0.549),
anthropogenic radionuclides in soil are diluted by plowing, which seemed consistent with ti#¢y values for each ra-
whereas the surface soil sampled in Mongolia had not beedionuclide. The'3’CsPOSr activity ratio was also well cor-
disturbed by cultivation. In addition, the low amount of pre- related with precipitation (Fig. 3c). In other words, in the
cipitation and freezing in the winter climate in the desert- continental grasslands with relatively greater amounts of rain
steppe zone should also help prevent the diffusion and elu¢the “moist-steppe” region), the specific activities of both ra-
tion of the anthropogenic radionuclides into the deeper soildionuclides and thé3’CsPSr activity ratios of the surface
column. Although the fallout amount of anthropogenic ra- soil are higher.
dioactivity in Mongolia was less than half of that in Japan
(Aoyama et al., 2006):37Cs in Mongolia seems to be con- 3.3 Cross plotting®°Sr and 13’Cs for various samples
centrated almost exclusively in the surface and exhibited el-
evated specific activity, which was also found by Fujiwara et To investigate the effect of the desert-steppe zone surface
al. (2007) and Liu et al. (2008) in Inner Mongolia and Mon- soil dust from the Asian continent on the atmospheric de-
golia, respectively. positions observed in Tsukuba, we created a cross plot of

Accordingly, it is reasonable to assume that depositionghe anthropogenic radionuclides for Mongolian soil, Takli-
of aeolian dust in Japan with elevaté®sr and3’Cs spe- makan soil and dust, Tsukuba soil, and atmospheric depo-
cific activities derive from continental grassland surface soilsitions in Tsukuba (Fig. 4). Figure 4 can be considered as
(Akata et al., 2007; Fujiwara et al., 2007). Mongolian sur- an analogue to plots widely used in stable isotope studies,
face soils have higher specific activities of both radionuclidesfor example,sNd over 8’Srf8sr (e.g. Nakai et al., 1993;
and a highet3’CsPOSr ratio than Taklimakan Desert soil and Nakano et al., 2004; Lee et al., 2010). There was a significant
dust. The difference in precipitation could be the reason. Thepositive linear correlatiorr(= 0.867) betweert*’Cs content
Taklimakan Desert receives less than 100 mniyof pre-  and the!3’CsPOSr ratio in Mongolian soil samples because
cipitation (Yuan and Li, 1999), and the precipitation in the both of them are controlled by the amount of precipitation,
middle of the desert is estimated to be less than 20 mrhyr as Igarashi et al. (2009) assumed. This linear curve appears
(Xuan et al., 2004), whereas annual precipitation is muchas if it was produced by the mixing of two end members (a
greater in Mongolia (see Sect. 3.2). Thus, the amount ofmixing line), but the linear relationship also could have been
global fallout and vertical fractionation betwe@fSr and  a result of simple bio-geochemical processes in the region.

137Cs has been suppressed in the Taklimakan Desert. The Taklimakan soil samples also exhibit a linear correla-
tion between'3’Cs activity and th&’CsPOSr activity ratio
3.2 Mean annual precipitation map of Mongolia with a similar slope to that of the Mongolian soil but with a

higher intercept. Although the higher intercept of the Tak-
Figure 2 shows clear contrasts between the forest-steppe réimakan soil is not fully understood, the similarity between
gion in northern Mongolia, which has a greater amount ofthe slopes of th&3’Cs-13’CsPOSr correlations for the Takli-
precipitation, and the so-called Gobi Desert in southern Monsmakan and Mongolian soils implies that the soil in the wide
golia, which has a lower amount of precipitation. The meanarid and semiarid areas of North China, Inner Mongolia, and
annual precipitation at the 24 Mongolian local meteorolog- Mongolia will show the similal®’Cs-37CsPOSr correlation
ical observatories over approximately 50 years ranged fronas that of the Taklimakan and Mongolian soils. The Takli-
about 150 to 300 mm yit. The relationship between the spe- makan dust had a highé?’CsPOSr ratio (40+0.99) than
cific activity of each radionuclide and the estimated precipi-the Taklimakan soil, possibly because of the relatively large
tation at each sampling site is plotted in Fig. 3a and b, and thenalytical error or the grain-size effect (see Sect. 3.4 and Ap-
relationship between the ratio of both activities and precipi-pendix B). Unlike the Asian continental soil, the Tsukuba
tation is shown in Fig. 3c. Precipitation at the sampling sitessoil samples are characterized by I1&%Cs specific activity

www.atmos-chem-phys.net/11/7069/2011/ Atmos. Chem. Phys., 11, 70892011
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Fig. 4. A cross plot of Mongolian surface soil, Tsukuba surface soil, Taklimakan surface soil and dust, and atmospheric deposition (monthly
and event samples) during spring (March, April, and May) in Tsukuba based on the relationship Beét{@sespecific activity (mBqg?)

and thel37CsPOsy activity ratio. The monthly deposition is total (wet +dry) deposition, and single wet depositions were collected during
the spring of 2007 (from Igarashi et al., 2009). Taklimakan and Tsukuba soil data are based on Igarashi et al. (2005). Fitting curves are
individually drawn for Mongolian, Tsukuba, and Taklimakan soils. All data are decay-corrected as of the time of sample collection in the
fall of 2007.

and a high-3’CsPOSr activity ratio. The atmospheric deposi- mid zones). A frequency distribution of tH8’CsPSr ac-

tion data are dispersed between the Asian continental soil antivity ratios and the decade averages of the ratios from the
the Tsukuba soil clusters, which suggest that atmospheric despring atmospheric deposition in the 1990s and the 2000s are
position in Tsukuba could be created by mixing the conti- shown in Fig. 5.

nental and local dust components as end members. Local Three of the four single precipitation events (wet only

dust can be raised into the air by small-scale swirls or QUStSSamples) during spring 2007 exhibited relatively higFCs

which occur when cold fronts are passing. Frontal_ S.ys'[.emi.;specific activity (25-80 mBqg@'), which could reflect a ma-
are composed of several sub-scale fronts, and precipitation is

. .. jor contribution from a relatively humid continental source.
not homogeneous but patchy. Because agricultural activitie S .
> o " . . ne of the data points is even located at the high end of the
occur during the spring in Japan, the conditions in the fields

Mongolian and Taklimakan soil curves. The dust deposited

in the Kanto area, where Tsukuba is located, favor soil par'during the event displayed the characteristics of grassland

ggﬁ Sgiﬁﬁnstly?: e(glrle f;igjseag;a;?;ien pel\%vnetd I(S)lé;fla gﬁzz'cgjlﬂ%_urface soil, which is consistent with the findings of a back-
Y 9 y s'ag ' ward trajectory analysis of the air mass (lgarashi et al., 2009).

be sampled along with the rain. The interpretation of the de_The air parcel that brought this precipitation was considered

Eﬁiwgg ;S tthﬁgz?ig%eIgoon;fkl]'igatmde' ;23]2:2? al. (2011)t0 have developed in northern China and Mongolia (Igarashi
yp P yp ' et al., 2009), which is evidence that the recent Asian dust
outbreak over the continent is related to surface degradation

The spring atmospheric deposition data for the 1990s are('desertification)

distributed along a narrow range f&t'Cs specific activity,
which may be a result of mixing of Tsukuba and continen-  Higher levels of*°Sr and'3’Cs were found in the atmo-

tal soils from a relatively dry climatic zone because the latterspheric depositions in Japan in the years of the 2000s when
have low13’Cs specific activity as well as a loW/CsP9Sr  frequent Asian dust events occurred. The deposition was
activity ratio. In contrast, the spring atmospheric depositionmost pronounced during March 2002, wh&sr and'3’Cs

data for the 2000s shifted toward those of continental soilsvere observed throughout Japan (Fujiwara et al., 2007; Fu-
from the relatively humid climatic zone, which have high jiwara, 2010; Igarashi et al., 2006; lgarashi, 2009b). At that
137cs specific activity as well as a higi’CsPSr activity ~ time, deposition was several times the normal levels, espe-
ratio, indicating the atmospheric depositions in the 2000s areially in areas along the Sea of Japan and in northern Japan.
created by mixing the Tsukuba and continental soils (likely Some of these events were tracked back to source areas in
to be two components from relatively dry and relatively hu- northern China and Mongolia (Akata et al., 2007; Fujiwara

Atmos. Chem. Phys., 11, 7068880 2011 www.atmos-chem-phys.net/11/7069/2011/
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12 ——— - ——— through a 53-um mesh screen. The local dust, which is cap-
tured by an open-surface sampler, contains larger particles,
Ave. 1990s — ] . S
2.3040.42 up to several hundred micrometers in size. The present ana-
10 | B 2000s Cs/Sr| lytical sieving process seems adequate to extract the fraction
— P <0.01 suspended by wind from local soil samples. In the case of the
sl - | Mongolian soil, only dust particles less than 10 um in diame-
ter are transported thousands of kilometers in the air over the
Asian continent and the Sea of Japan. Sieving with a finer
mesh is needed to achieve higher precision in the measure-
ments of specific activity. However, finer soil particles will
exhibit higher specific activity not only fof¥’Cs (Tsukada
et al., 2008) but also fot°Sr, which is controlled by the to-
tal particle surface area over the mass; thus, it is unlikely
that there would be a substantial change in'fH€sPOSr ra-
tio. Therefore, the present conclusion is also not likely to
change substantially. Nevertheless, we cannot totally reject
05 15 25 35 45 55 65 the possib_ility and have begun a radiochemical analysis of
the finer sized fraction of the dust samples. Although the
Data range number of the samples is currently limited, preliminary re-
sults show that th&’CsPOSr ratios for dust particles of less
Fig. 5. Frequency distribution of thé3’CsPOSr activity ratio in  than 10 um are similar to those of the 53-um fraction (see Ap-
the monthly atmospheric depositions at the MRI in Tsukuba duringpendix B for a more detailed description of the preliminary
spring in the 1990s and 2000s. The decade averages of the two datasults).
sets are significantly differenP(< 0.01).

Ave. 2000s
3.31+0.75

Frequency
(<]

3.5 The Asian dust source change since the early 2000s

et al., 2007). The higher specific activities and activity ra- Xuan et al. (2004) defined the Asian dust source region as
tio in the atmospheric depositions found in areas along thehaving two parts or systems: the Mongolian Plateau and the
Sea of Japan and in northern Japan in March 2002 couldarim Basin. Although this definition seems common among
have been a result of contributions from the relatively humid meteorological researchers (e.g. Huang et al., 2008; lwasaka
grassland soils of Mongolia, Inner Mongolia, and northernet al., 1983; Qian et al., 2002; Shao and Dong, 2006; Sun
China. The climatic-biological system should, in principle, et al., 2001; Tegen and Schepanski, 2009), this classification
be similar in the arid and semiarid regions across East Asiamay be too coarse geographically. In the present manuscript,
Semi-desert shrubs and grasslands are distributed throughowte have focused on whether there has been a change in the
southern and eastern Mongolia, in the middle of Inner Mon-dust source toward the desert-steppe zones (especially for
golia, and in northeastern China (see Fig. 6 in Fujiwara etgrasslands) but have not attempted to identify the precise
al., 2007, Fig. 1b in Kurosaki and Mikami, 2007, and Fig. 1 source region.

in Lin et al., 2006). According to Tian et al. (2007), the dust  As a general trend, the annual incidence of dust events
storms observed at stations in Inner Mongolia and its vicinity over China decreased from the 1960s to the late 1990s (e.g.
have a stronger influence on Asian dust observation in Japapiara et al., 2006; Zhang et al., 2003; Wang et al., 2008).
(by Japan Meteorological Agency) than do other dust sourceThis decrease may have been due to declining dust storm ac-
regions in northern China. The soil degradation in north-tivity in the Tarim Basin. Dust events then increased after
eastern China, Inner Mongolia, and eastern Mongolia would2000, possibly as a result of the increasing dust storm ac-
therefore have the greatest effect on Japan as compared twity in the Mongolian Plateau and adjacent source regions.

other western dust source regions. This dust source change has been documented in previous re-
ports, such as Kurosaki and Mikami (2003), Lim and Chun
3.4 Grain-size effect on the composition of (2006), and Kim (2008). Kurosaki and Mikami (2003) re-
anthropogenic radionuclides ported that the outbreak of dust storms on the Asian conti-

nent had dramatically increased in areas other than the con-
Because the particle size distributions are different for soilventional dust source regions during 2000-2002. This geo-
samples and deposition samples and because anthropogemjraphical expansion seems attributable to the desertification
radionuclides are surface adsorbent, the above-mentionedf the less eroded grassland regions. The extent of temporal
comparisons do have limitations, as has been discussed fatesertification over the Asian continent has been studied us-
the comparable case of grain size and stable isotopes (e.@ng satellite images and the normalized difference vegetation
Chen et al., 2007). All soil samples in this study were passedndex (NDVI). Zou and Zhai (2004) noted for the first time
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the relationship between vegetation coverage and spring dusturfaces were exposed to strong winds, which resulted in the
outbreaks over northern China based on an NDVI analysisdust storm outbreaks during the 2000s.This scenario is fur-
Lin et al. (2006) reported that, “desert areas were expandether supported by J. Li et al. (2009), who discuss the recent
from 2000 to 2002, were shrunk in 2003, and were expandedveakening of the summer Asian monsoon and refer to the in-
from 2003 to 2005 again. The hot spot areas of desertificacreasing “northern drought and southern flood” moisture pat-
tion are mainly distributed over southeastern Mongolia andtern (Yu et al., 2004). A change in the humidity distribution
eastern Inner-Mongolia.” In the case of a severe drought, th@ver the Asian continent would be of fundamental impor-
NDVI values decrease by 19% in taiga, 30-55 % in forest-tance to the pattern and characteristics of outbreaks of dust
steppe areas, 55-78 % in steppe areas, and more than 648torms.
in desert-steppe areas as compared with the corresponding
values in very wet years (Bayasgalan, 2005). Recently, Sug-
imoto et al. (2010) considered the role of vegetation cover4 Conclusions
on dust emissions from the Mongolian Gobi region during
spring 2007. They concluded that the growth of grass hadrThis is the first report that provides a detailed discussion of
significantly suppressed dust emissions there. the Asian dust outbreak, with an extensive presentation of
A major concern is the question of what is responsible fordata on anthropogenic radionuclides in continental surface
the change in the dust source toward grassland. Is it humasoil. It was revealed that, in the East Asian desert-steppe
impacts (over-grazing, over-reclamation, land misuse, etc.)zone, levels 0f°Sr and'3’Cs in the surface soil had a no-
climatic changes, or some combination of both? Zhang etable correlation with precipitation. Their specific activities
al. (2003) stressed that “meteorology and climate have hads well as thé3’CsPOSr ratio were consequently shown to be
a greater influence on the Asian dust emissions and assasseful as a proxy for climatic conditions in the dust source re-
ciated Asian dust storm occurrences than desertification.ion, for which conventional isotope tracers were of almost
Ding et al. (2005), Han et al. (2008), Hara et al. (2006), no use. The Asian dust source regions are spreading eastward
Wang et al. (2008), and others have argued that the variand northward from the conventional source as a result of the
ation in dust storm occurrence is related to the change irdegradation of the relatively moist zone (grasslands) in years
large-scale atmospheric circulation. Kurosaki and Mikamithat have experienced frequent Asian dust events (during the
(2005) found the suppression effect of snow cover on dus000s). The major controlling factor may not be direct an-
emissions. On the other hand, Wang et al. (2006) con-thropogenic activities but possibly climate change, especially
ducted a comprehensive analysis of “proxies for human acslightly reduced precipitation, which has amplified surface
tivity to evaluate the key contributors to desertification” for degradation due to the fragility of the ecosystem. Dust par-
the northeastern part of Inner Mongolia, where the desertiicles less than 10 um in size are most likely actually trans-
steppe occurs. They concluded that human activities werg@orted thousands of kilometers in the air, and a radiochemical
not the primary driving force of desertification in the region. analysis of this smaller sized fraction in source soils is a task
Because the Mongolian grassland is rather fragile (Xuan efor further verification of the present study, although we do
al., 2004), the grass cover may be susceptible to small renot expect any major change in the conclusions. Also, future
ductions in precipitation. Narabayar (2009) found that thecross-over studies with other tracer techniques could offer
area of arid regions has increased by 3.4 % during the pashore insights into temporal changes in the source region of
decade and that 78.2 % of the all land has been somehow deésian dust and related factors.
graded. He ascribed such wide degradation in Mongolia to
warming without any increase in precipitation. A recent as-
sessment in Mongolia indicates that the percentage of desefppendix A
zone (net primary productivity: 60 Ch nT2) tends to expand
to the north (MARCC2009, 2010). According to Xuan et A1 No direct link to past nuclear tests
al. (2004), simulated dust emission rates increase from north
to south across Mongolia by 5 orders of magnitude, with theThere are significant social concerns over anthropogenic ra-
maximum appearing southwest of the Gobi area. Xuan edionuclides in the atmosphere, and some people worry that
al. (2004) stated that “The poor alpine ecosystem of Mongo-Asian dust may convey contaminants as a result of past Chi-
lia is fragile. In the 1950s, the exploration [exploitation?] of nese nuclear tests in the Taklimakan Desert. The data in this
dry grasslands for farming near Ulan Bator resulted in seri-study do not show that Asian dust conveys direct contami-
ous soil erosion and desertification.” nation from those nuclear tests, but the dust does sometimes
Consequently, the scenario that appears to best describmarry ordinary continental grassland soil. Although relatively
the dust source change, and which would be consistent witlhigh levels of radionuclides are not frequently detected in
the conclusion of Fujiwara et al. (2007), is as follows: a slight the air by general radioactivity monitoring in the absence
reduction in precipitation in the desert-steppe zone causedf nuclear accidents or serious contamination, it should be
the widespread increase in fresh bare surfaces. These bameted that the Asian dust phenomena can generate enhanced
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atmospheric radioactivity. For example, radionuclides con- 7
veyed by Asian dust are most likely the reason that Hirose et P
al. (2010) observed high specific activity of Pu isotopes in at-
mospheric depositions in several springs with frequent Asian
dust events during the 2000s in Japan.

Researchers in France (Menut et al., 2009; Masson et al.
2010) needed to solve a similar problem for transported Sa-
haran dust because it also contains a trace but detectableis
amount of'3’Cs and other radionuclide$3’Cs contamina-
tion detected in France during a Saharan dust event was sus- e
pected to be the result of leakage from past nuclear test sites '3, 2 p
in French Saharan territory (Danesi et al., 2008). lgarashi et = .
al. (2005) pointed out that close-in fallout from atmospheric %3 , 0 T y=429+0.102x r=0.07
nuclear explosions should have been an insignificant source« @ e y=0.097 +1.19x r=0.700 |
of surface contamination d°Sr and!3’Cs around the test . . . . .
sites, thus negligible in aeolian dust transport; and French 0 1 2 3 4 5 6 7
researchers drew similar conclusions (Menut et al., 2009; 137 190
Masson et al., 2010). Only 0.7 % of the Saharan dust was 53 pm “'Cs/TSr
ascribed to the test area, accounting for only a small percent-
age of the atmospher3’Cs peak concentrations recorded Fig- B1. Correlations of thé37c_sPOSr activity ratio in the silt (10-
in France during the transport event (Menut et al., 2009).”m) and c!ay-snlt (2-pm) fra(?tlons of the Mongolian surface soll
These results indicate that the Saharan dust episode migﬁ?‘mpleS with the 53-um fraction from the same sample.
have a common background with the present Asian dust case
— degradation of grassland where the surface serves as

raction 1¥7Cs/%°Sr

f

m
~

o

reservoir for anthropogenic radionuclide fallout. Newly bare \?eyed by Asian dust are far below those of Fukushima, espe-
Pog ' y cially in eastern and northern Japan. Local resuspension of

suriaces resuliing from grassland degradation over the du§ e Fukushima radioactivity will control the level of atmo-
source area could generate abrupt increases in the concentrgﬁheriC deposition for the time being in Japan
tion of anthropogenic radionuclides in the air, despite the fact ’
that nuclear testing or accidents have not occurred.

Appendix B
A2 Other source of 1¥7Cs in the atmosphere than soil

dust Grain-size effect on'3’CsPOSr — a preliminary test

137Cs is semi-volatile in fire and spreads with smoke. Firesas discussed in the Sect. 3.4, it is necessary to extract and
in the forests polluted by the Chernobyl accident and fuelgnalyze fine particles with a diameter of a few micrometers,
consumption of the contaminated woods are considered aghich is the size of the long-range transported fraction of
sources of-¥Cs in the air (Igarashi, 2009a). Although the dust particles, to understand the effect of grain size on the
effect is significant in the neighboring and source areas oft37CcsPOsy activity ratio in surface soil. Accordingly, we pre-
the polluted boreal forests, such as in eastern and northergared a pneumatic type of separator using cyclones and deter-
Europe (Igarashi, 2009a; Lujanieet al., 2009; Bourcier et mined the size-separated fractions of the soil samples for the
al., 2010), it would be insignificant in East Asia, except in 137CsPOSy ratio. The results for 6 Mongolian soil samples
the case of a specific transport event such as the one thafe shown in Fig. B1. The 10-um size fraction (the silt frac-
occurred in the spring of 2003 (Kaneyasu et al., 2007; Jeongion) had a mode diameter of 10 to 20 um, and the 1-pm frac-
et al., 2008). Consequently, this effect is negligible in Easttjon (the clay-silt fraction) had a mode diameter of 3 to 6 um
Asia and was not considered in this study. as determined by a Coulter counter and a laser diffraction ap-
paratus (more detailed methods and results will be published
A3 Effect of Cs isotopes from the Fukushima nuclear  elsewhere). Data from the 10-um fraction were not correlated
accident with those from the 53-um fraction, whereas those from the
1-um fraction were correlated. Although the number of the
Since 11 MarCh 2011, the aCCident at the Fukushima Dai'samp|es ana'yzed iS Sma" and we have no good exp|anati0n

ichi nuclear power plant has dispersed an abundant amouet for the results, the clay-silt-sized dust particles may have
of radio-Cs as well as other anthropogenic radionuclides to; simjlar37CsPOSr ratio as the 53-pm fraction.

the environment (IRSN, 2011). The environmental radioac-
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