De#&mony Reti®r ee

Thank you for
t o

ywgma n ks enrdi ptevi ew of
I pameased eply

r to your constructive comment s
Referee Jeong (2019) studied Asian dust transportedeea for long term based on mia&ygical

and elemental compositions. Since there have been very many studies on the mineralogical and
geochemical studies for Asian dust, | do not think that the novelty of this study is very high. However,
there are seval things as suggested below that can be improved based on the data given here, which
can make the novelty higher than that in the present form. If it will be successful to increase the novelty,
it might be possible to suggest that this manuscript iswarblishing in ACP.

A Re Thank you for your comments for improving my manuscript. | will revise the manuscript
particularly focusing on the further treatment of geochemical data, following your recommendation.
One of the aims of this study was to predent-term data set of Asian dust and source soils obtained

by consistent mineralogical and geochemical analyses. Although there have been lots of data on Asian
dust in previous works, data are scattered and inconsistent each other due to a wide ratgticaf a
methods, goal of study, sampling locations, and particle sizes-teamgconsistent data set would
contribute to the multidisciplinary research of leragpge transport dust. This study found the
temporal/spatial variations of Asian dust propertivhich were interpreted with regard to transport path,
reaction, and fractionation as well as the identification of dust source and a mineralogical and
geochemical consistency between dust and source soils.

Referee (i) Source of the dusf you could ¢early show that the Taklimakan Desert is not the source

of the dust studied here based on the geochemical data, that would bamnptowever, this study

uses remote sensing data to distinguish the source, but the remote sensing data are natethdtmain

of this study. There have been lots of REE data of sand in Taklimakan Desert (e.g., Honda et al., 2004),
which may be useful to distinguish the source. If other data included in this study are also useful for
this purpose, that would be also good.

(i) Development of other tools Major element data can be more useful. For example, CIA (chemical
index of alteration; Nesbitt and Young, 1982) may be good to show the clay mineral content based on
theelemental data.

A ReGeochemical c o ncpaanrdii sdoant etso isso uerscseent i al for tr
eolian depositgdayl lusasesadfelprideasentemote sensin
mi gration of Asian dust. However, georcditeimorc awi tdha
remote sensing data. | -pdapdfFredSedmiNEe@® Tikeiwg .di 2)gr
CNK (Fig. 3) diagrams which wil/ be added to re
manuscript (Fig. 4).

Geochemicalf rdeadtai oonf offi nfeakl amakan Desert soil s
Shi mi zu, 1998; Honda et al . | 2004 ; Jiang and Yan
Gobi Desert soils and Asian dust i n ctilricd est) udy
di gwii sfhreodn bot h t(thd auedi Monduaobtan Gobi soielss (gr e
with GobBotlsotihe. Mongol i an Gobi soils and Asi an
formed in the tectosdiamds atrtci,ngvhaofl ec dratkil menatkaln is
from source rocks formed in the passive margin (

The range ofAsCduastv ad wiersc io@e@elsi ws @ ihl ¢ hladat oift i s d
t hat of Takl amagkan3 sionidisc a(tFei gt.ha3t) .t hFei source roc

rather enriched with illitic clays in comparison
and mineral ogical analysis indicanmad thywtt ttd agh e
weat hering of rocks in the arid environment, but
wi despread in the Gobi Desert.

The major elemestdata ofthe TakamakarDesert added on Fig. 6 of the original manuscript (Fig.
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4). The Al, Fe, Ca, and K contents of the Taklamakan Desert soils greatly deviate from those of Asian
dust and Mongolian Gobi soils, confirming that dust source is the Mongolian Gobi Desert (Fit). é).

| oA, Fe, and K concentrations ofh e Takl amakan soils indiimate | o
comparison to those of Asian dust astdheGeiri cdimes
of cal cite i n tHere is Sank lindtatiankira usingsthe igéoshemical dsHtahe

Taklamakan Desert by other works because of differences in size fractions of samples selected for
analysesAsi an dust and Mongoliamk Qopi TODesamakawomi Dss e
in Jiang2@nhe) é&xnglrakl amakasi Dés in Hondad4mand Shi
Nevert hyelgeesosc,h enmi c anh fdraa cat iodn <i n6 3Mdcrogveldi ean c@mksii sd
with the@Ghatfasocl Homg.

A: Oceanic island arc B: Continental island arc
C: Active continental margin D: Passive margin
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Referee | have tried to plot Y/Ho vs. Zr/Hfsee the attached .le), which shows systematic variation.
These plots suggest the degree dfuence of aqueous phase reactions. Generally speaking, phases
formed in water (e.g., carbonate) is deviated from their chondritic values (Y/Ho = 28; Zr/HBalB8;
1996). For example, these values decrease frorchondritic value to more chondritic value in the
order of D21 > D22 > D23 (see the data in the attafite)dd This may réect decrease of carbonate
content, which can be an important topic to disciMoreover, | think that this kind of information is
related to the provenance of the dust, and the data of D21 to D23 may suggest the shift of the source
during the event. Anyway, this kind of new data is strongly needed to make this work worth pgblishi

A Re: Data are plotted on the Y/Her/Hf diagram (Bau, 1996) (Figs. 6 and 7). Bau (1996) defined
CHARAC (CHArgeandRAdius-Controlled) field of rocks preserving the Y/Ho and Zrhdtios of
chondrite. Fig. 6 shows that all the data of Asian dust, Gobi and Taklamakan soils fall into CHARAC
field, indicating little fractionation. Fig. 7 shows that the Y/Ho and Zr/Hf domain of water and water
related minerals (Bau, 1996) are locatadffom CHARAC fields. Thus, it is difficult to discuss the
variation of Y/Ho and Zr/Hf ratios of Asian dust in relation to the fractionation caused by aqueous
reaction in the dust source.
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Although calcite content decreased from D21 to D23 with time in single dust event, it is certainly due
to calcitegypsum conversion rather than changing calcite content in pristine dust or changing
provenance. Ca contents of samples D21, D22, and D23wtohanged (Table 3 in manuscript).

wit% D21 D22 D23
Ca 5.8 5.98 6.02
Calcite 11.0 8.5 5.2
Gypsum 0.0 3.3 7.9

The decrease of/o from 32.7 (D21) to 28.7 (D23) during the same dust event may be related to the
change of mineral composition Iparticlesize change. Quartz and feldspar contents decreased with
increasing clay content from the first sample (D21) to the last sample (D23). The particle size of sample
D23 suspended in air for longer time decreased within (shown in Fig. 2 in manugmabably
resulting in the selective removal of some minor heavy minerals. However, it is difficult to assign Y
and Ho to specific minerals.



Referee Similarly, other trace element signatures should be mnighlis study. | think that the plot of

Cs/K vs. Rb/K may show the illite fraction among the whole minerals (Derkowski and McCarty, 2017),
which is also effective to distinguish provenance of the materials.

A Re: Cs/K and Cs/Rlwere normalized using compositions of upper continental crust (UCC) (Fig. 8).
Fine fractions of Taklamakan soils are clearly discriminated from both the Mongolian Gobi Desert and
Asian dust, supporting that Asian dust was originated in Mongolian GobirtD&szkowski and
McCarty (2017 showed that Cs is almost partitioned to ilsi@ectite minerals. Fig. 8 suggest that fine
fractions of Mongolian Gobi soils are enriched in illitic clay minerals relative to those of Taklamakan
Desert soils.
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Referee (iii) Other minor comments

(1) Sets 1, 5, and 6 and (ii) sets 2, 3, and 4 are different groups in terms of the grouping method. | think
that it is not good idea to plot them into the same group.

A Re: | agree. Itis not good to put both groups into one diagram. | have tried several alternatives using
averages of sets 2, 3, and 4, or vertical alignment, but been more complicated. | hope to keep current
setting by changing the shade of sets 2, 3, and=s. 4, 9, and 10.

(2) Reaction of calcite with sulfuric acid to produce gypsum has been studied also by spectroscopic
methods, which may be better to cite, since the method clearly reveal the process of the reaction in
natural samples (Takahashi &t 200).

A Re: Takahashi et a[2009, 2014) will be cited in the revised version.

L15 in P10: fioul i erso should be Aoutlierso.

4) Tabl e 1: Meaning of ATravel o is not <clear.
ARe fATravel 06 was replaced by fATransporto

(5) Table 4: Concentrations of Cu, Zn, and Pb are actually high in aerosols. Thus, low concentrations
of these elements cannot be reason why the authors reported these elements only in a part of the samples.
A Re: Mass of some dust samples were very saradl not enough to analyze full range of elements.

Thus, analyses of Cu, Pb, and Zn were not done for several samples.

<Preparation of revised manuscript>

A One new Figure 11 (including Fig. 1, 2, 3, and 8 discussed above) will be added on manuscript.
A Figs. 4, 6, 9, and 10 in manuscript will be revised.

A Fig. 5 above will be added on supplementary file as Fig. S3.

A Tables 1, 3, S2 will be revised

A Text will be revised also.

Sincerely

Gi Young Jeong

Department of Earth and Environmental Sciences
Andong National University

Andong 36729

Republic of Korea

<Corrected and added parts of thananuscript are shown in next pages>
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2Sampl es

2.1 Asian dust

2.1.1 Outbreatfaddsmi gtat men

The aitbreak and migrationf duststorms crossing Korean Peninsulgereinvestigatedor 14 Asian

dust eventsising an aerosol indexderived fromdata obtained byhe CommunicationQcean, and
11



Meteorological Satellite (COMS)hich waslaunched on 27 June 201National Meteorological
Satdlite Center 2019) Pre-2011dustevents werdrackedusingthe InfraredDifference Dust Index
derived fromdata obtained byhe Multi-functional Transport Satelli#R (MTSAT-1R) (National
Meteorological Satellite Cente2019) Data br 2005 dust evestwere not availablefFour satellite
imageswereselected from theerialimage se{(1~0.5 h intervalspf each dust everb show1) the
extent of thedustoutbreak(i.e., the pointwhere the dust storm reachet$ maximumsize without
notable migratior), 2) dust migration toward the Korean Peninsula, @)st crossingthe Korean
Peninsula, and 4lustleaving Korean Peninsula towatde North Pacific OcearThe dist region
identified fromthedust index imagewasdrawn orageographic mamcluding theGobiDesert sandy
desers of northern Chinaand Loess Plaau The outbreak and migration edchdust storm identified
from satellite images are providedSupplementary Fig. SFig. 1is a summary of the outbreak and
migration of all the dust storm$heoutbreak ofdust stormavasconcentrateih the GobiDesertand
sandy desertencompassing southern Mongolia and northern C#ia 1a) The 2013 duststorm
occurredin the LoessPlateauas well as deserts (Supplementary Fig.. $he dust stormmigrated
eastvardand southeastard(Fig. 1b). The migration routes of dust stormsvirdtheKorean Peninsula
can balivided into two groups: thosecrossinghelLoess Plateau and 2josema k iachgt aruo un d
t hnerth of Loes$lateau.Six dust storrs (D3i 6, D7, D16 11, D12, D1920, and D2i 23 in Table 1)
crossedoess platea(Supplementary Figsl). Dustladen aiparcelgpasing theKorean Peninsulare
dispersed and dilutgatogressivelyand migrate eastirdand northeastard tavardthe North Pacific
Ocean(Figs.1ci d).

2. BiXdestribution

Volume size distributiorwas measuredwith an opticalparticle counter (OPCGRIMM Aerosol

Technik Model 18 at dust monitoring station nearest to sampling site operateddrga

Meteorological Administratioj2019) OPC reported particle numbers over 31 size bins from 0.25 to

32< g&m. Sampl e air was directly fed i nto _t he

passing through a TSP he@PC data for pr2010 duskevens were not availableThe volume size

distributionsreveaéd thatthe modal volume diameters of makitstswere between B5 € nwith an
averagesizeof 4.6¢ n(Fig. 2). The volumesizedistribution ofvery coarsedust for 2012 dusevent
showedanalmostmonotonic increase toward larger sizésong et al., 2014¥danowicz et al. (2007)
reporteda modal volume diameter ofedn of Asian dustransported long distancés April 2001, (to
theYukon Territory, Canadalarger particles (10em) werealso found, indicating rapid tras®acific

transport in the midroposphereSerno et al. (2014) reportedgarticlesize modeof around 4em for
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2.35ampling

TwedAtiwampl Asi aarfwed tessto} & ¢ 2aOdt 50 82abthiree sites, including
Deokjeokisland off the western coast of Korea, Andong National University in Andonghaierea

Institute of Science and Technology in Seoul (Bignd Tablel). Dust particles were collected on

Whatman No. 1441866 cellulosefilter paper; viaTisch Environmental and Thermo Scientific high

volumetotal suspended particulat€SP samplerdnstalled on building roofsleong2 008 ) r epor t e
o he miincearlal pwmbd p e tgihes dust S adpd aers (cHA D @@s5t)e.d d L
HoweWwWeéessampl es wer e ac@laimpd tetedtbe gdlswbdnigs @ Mpartarcl es,
i mportant compones(t)emfngs cermE oad us ¢ mxluiamplestwere d
collected at three sites, wherehe samplesfor other events were collected at one or two sites,
depending on théust migration path For short events (a few hours in duratiomecsample was

collected while 2~4time-seriesof samples were collected one siteluringlongerevens (several days

indurationN) The mi neradl e b heTeSERiaenspri eepsoryf edng et wearle. (20
ranaltyareslecorne icgytne atnhael yt i cal procedures.

2.2 Source soil s

The 34 surface soils were sampled in the Mongolian Gaésert alon@ track of 1700 kmlongin the
region ca. E100%-109° and N42%4@fg. 3 and Table 1)The surface soils of Golilesert are not
dominated bythe sands typical of sandy desdristeadbeing characterizedy amixture of pebbls,
sand, siltand claysalthough sand dunes are locally distributétie ktareground, comprisindgoose
silty soils withsparsevegetation andhe dry beds of ephemeral lakggromotesthe outbreak of dust
plumesunderstrong wing caused by a cold front systeamn by a strongpressure gradient at the surface
(Chun et al., 2001)About 1 kg of sil samples were taken from the surfafter coarse pebbles were

removedAll the soil samples were in the naturally dry state at the sampling time.

BAnal ytical Methods

3.1 Sammlreatiproeam
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Thecellulosefilter papersvereshreddednto several piece®ach approximatel$ x 5cn in sizg and
subjected tailtrasonicagitaton, in methanol in a 250 mL glass beakerdetachdust particles from

the filter.Cellulose fibersvereremovedrom thedust suspensidoy passinghrougha270 mesh sieve

The dustsuspension wadried ona deanglass plateandthen collectedvith a razor bladdor X-ray
diffraction (XRD) and chemical analysiSoil samples werpassedhrough clean 2 mm sieve to remove
pebbles. The -2nm fraction soils wasievedunder dry conditionghrougha disposable nylon 26 m
sieve using a Retsch sieve shakegofthes 0i | separate (< 20 e€m) was
using a McCronenicronizing mill for 7 min withzirconiagrinding elementsThe dust samples were
not groundor XRD analyseso avoidmasdoss during the millingbecaus¢hedust samples were very
small (<300 mg) and alreadsufficientlyfine for XRD analyseddowever, one sample collected during

the coarse dust evengground in an agate mortar.
3.X@RD anal yses
Since theweight ofthe dust samplesvasinsufficientfor conventional XRDanalysis XRD data were

collectedover along timeperiod(~12 h). Duspowders weréoaded oto asmallcavity (~ 7 x 20 mn)
in a silicon plate for XRD analysis by side packing to minimize preferred orientd#timimeral grains

(Moore and Reynolds, 1997The XRD analyseswere performed using a RigakWltima IV
diffractometerat the Center for Scientific Instruments, Andong National Univer3itye analytical
conditions weras follows:counting time20 s per 0.03°ste2 d3i 65° divergent slit 2/3% scatter slit
2/32 receiving slit 0.15 mm andC u  #adliation 40 kV/30mA. The munting time was doubled for
the samples of very low weighgiven their higheweight the soil powderswereloadedon the20 x
20 mnt cavity by side packing, andnalyzedat ascan speed of 0.25° per miktineral identification
based on th&RD patternsvascarried ouwith DIFFRAC EVA software(Bruker AXS).

Twelve minerals (quartz, plagioclase,-féldspar, illite, illitesmectite mixed layers, chlorite,
kaolinite, amphibole, calcite, dolomite, gypsum, dmalite) were quantified using SIROQUANT
software (Sietronics Ltd) with application of theRietveld refinementtechnique Background
subtraction was performezhrefully because samples enriched with poarystallineclay minerals
have high and unresolvable broad diffraction bands, particularly in the rangé4020 Tl dow
angle region (8109 was excluded from theefinement After initial refinement, the cell parameters of
chlorite, K-feldspar, albite, and aate were refined t@achieve thebest fit betweerthe observed and
calculatedXRD patternsAlthough smectite ipresent asminor clay mineral in source soils and dust

(Jeong et al., 200®ark and Jeong, 20}.6t was excluded fronrefinementecausehe XRD patterns
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of randomlyoriented bulk samples an®tadequatdor distinguishingsmall amourd of smectitefrom
illite -smectitemixed-layer clay minerals. Thesfinementoften showedthat low crystalline illite is
difficult to be reliably distinguistked from illite -smectite mixed-layer mineralsin dust This was
confirmed bytransmission electron microsgpanalys of clay mineral¢Jeong and Nousiainen, 2014;
Jeong and Achterberg, 2014hd singleparticle analysis using scanning electron microcgigM)
(Jeong et al., 2016Yhus,in this study, he illite-smectitemixed-layer minerals illite, and smectite
contentsare summed and definediliite -smectite series clay minerals (ISCMa3 in previous works
(J eong e).Fivedust sam@dsdleeted inthe lasffive yearswereindependentlyjuantified by
singleparticle analysis usingEM combined withenergy dispersive Xay spectroscop (EDS)

analysisfollowing the methodiescribedn the supplement of Jeong et al. (2016)

3.8ochemical anal yses

The major and trace elementtentsof the soil separates were determiriadActivation Laboratories
(Ontario, CanadaDust and soil samples wenaixed with a flux of lithium metaboratend lithium
tetraborateand fused in &urnace. The melt was dissolved in a solution of 5% nitric acid. The solutions
were runon a Varian Vista 735 inductively coupl@tasma(ICP) emissionspectrometefor major
elements (Si, AlFe, Mg, Ti, Mn, Ca, Na, K, and Rnhdseveralrace elements @ Sc, Sr, V, Y, and
Zr). The soltions also were run onRerkin EImer Sciex ELAN 900CP mass spectrometer for the
other trace elementBor theanalysis of selected trace elements (Cu, Ni, Pb, S, andamplas were
digestedo solutionswith hydrofluoric, nitric, perchloricand hydrochloric acidand analyzed using a
Varian Vista ICP emissionspectrometerAnalytical quality was controlled by usingSGS and
CANMET certified reference materiafer calibrations, internal standards, and duplicate analyses
Detection limits of major elements were under 0.0D%tection limitsof trace element&ere provided

in Table4. Loss on ignition was naneasured in either the dust or soil sampldsge dustsamples
prepared fochemical analyses ranged from 30 to 100imgeight The Cu, Ni, Pb, andZn contens

weremeasureanly for 11 samplef enough ample weigls.

4 Resul ts

4.1 Mineralogy

4. 1.1 Amiaerdbsegy
15
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Clay miaceoahs ed f dB8owdntdwenergat ehS8CMs were t he
clay miner al ( 42w do nb ya veelr laggrei) t, e f (64T%)B)] Aentdh okuagohl i n
| SCH$ so cemeatimegmde mi nat ed bysmddtiittee atAMmlxald | |i & yee
pealbrrespergindetws méet et keed iDyofXRDt laynlad ryes gl ycc
Jeong,PaZz®k0 8;nd )JX¥xRPgagn a2l0yls6i s o0 2emgd flaly&E&hminreesrea Il s0 e(s <
which is a deposifitrhoafd dAcsliaayns daurset ,dosimeat ¢ d eb yni X le
l ayer ,wii bdmmdIn®mmo und me tflietoeng et al ., 2008) .
Theragq t z ocfo ndtuesntt saa rnpulneds—2vdalsy , or el at i c
wi—tH-otthad—clcapi(REFECIL-ES Amp | e scyodd wet I 0 DHans ag Dtl 0
110Fi g.ho2thde hi ghesbwgsesar trantdia®ditheel ea gledspar
(pl agi ocfl alsé@dc g rKtl 8 %av dmmagea o of pl agifoeclldasspear( 1:
(5. t®ht esnt2.vba wNapbi botme cdmasede2@& on average).
Carbonates and gypsumftlarte beempafurst et r coema ¢ ti it wienh
Theeaage conwabt, obutwalddielyeveen O Th eeeadaglel %.ont er
of gyws u Bildw t t hviasd waeld shdeyt ,we e n 0. 2 and heni dwr Dol
componebreti ng rpapecretaitoorusn dpfl %. A s mal | guamitp ty of
adusamploé¢ | ected i n( De&?DXK,jtdhoek i dh@gdltta Aetivtemnacugh i ron o
(goethite and hematii2z%)) rae ®p am niokrb reoivineerrcadl llser(yefl |

they were not quantified due to their | ow crysta

4. 1. 2 Twanrpioatailon of Asian dust mineral ogy
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Fi.4gs hotwltee mpor al vari ati otnhdeo $§ & mp In &cdl @aly croionteemat! i n
vadiire the opposheéeé eqgdartezxonmd@und eli e B iwa)s ampl ed
dur itrhgg coar sTehagduuasrtt ze,v efnetl.d s pcaorn,t eanntds cdloa yn omii nsehroaw
correswathboite aadt.ggppsum

Three isetsenpfs adpdtel , 5,i aingdwebt® | | ect ed at t he
Setsalmpslheesd i t t leev einnt vaar 5 @ tsia@pslheest il fenrcr easay i n
angypscuonm ttemwasr d tthhdeu 8 h deelecemg ,wi t hquafcekegds@ardi n
calcont®atsainpsilhecosmad d cr e asmi mdr all advatthemto notabl e
i guartz. content

The esehersampdsesitdi n Fweagreal | ect etd adurdsmeh me e n
dueventand Isihtptalégdaasli at i on i n nHovweavaer s ehggpd8auim i on
contiaentmpflredm ok j eokD1)gd sanfdar hi g hsearmptl eAmaloendy t o
(D1)3

4. 1.3 Soi l mi neral ogy

Thei mmer al compositi oans)i © hosnugrofl ai cien s sEmopblie s ¢ m2 € d
Suppl ermmam@8Bhyg miner al coammpmonl gt $§mrmegb avdedrgirteddhreg

l ocal TDreldlgyy miomderapeidi damgagmploars ,25f.r3% ( G18) t
(G34) s anwgae wi detrhatmvamgd ushemp(l F. 8~9 ay%)mi ner al s
domi nated,floy | b®@€Ms by chlorite (4.3%) and2kaol in
em)t reat ed wgltyrc eltehad raeda tohseme ca d nteSmutp pl e meRt.ary Fi
Al t hough swomsmee nsraincph eed ( sva 1G8 U th MRt n tteerod i tsimesrta t e
geneweahiklyl i t esmadtitéi mexedddimapat sT hlaBalfMisz cont en
varwiedlamgng sfarmpme&., 8% ( G34)ntbhd82ohbPobtlB8l)ydi r ec
m—heral dadveetreamgid o of p | ag ifoec|dasspeawd 4(45a. 35980)D x . m&t e |
Calcite content = Swielr es @b 198 BN, aavnedcag2e3n teiexchhi nbei ntte d
(> 20bkogal wriitcen saarnep | eelsulnidraendptedrmdE28)nsiecondary cal c
preci pGl1atansd G2) .a QyipnsourmfETompoe@esdi |l s (0.6% on
was more abun@aldt $@und s(@3Inpflaeocsm dr s | &arkdk s BEABI e

4. 3% @dnry ri ver bed.

4. 1. 4 Compgamiceghead weseimhinst ashaimpslod d
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Mi ner al camepaopibteieane en t h e Asso uarme admugsidiénse swhhansdk e r

pl ots $h@gwnipHestoswi mr bagis n eroanlt keentt vdelreen Asi an dust
sourcsampiCead cite and gypsdmften¢eadnd st msbhrmeaselr ,
source sowds,prgygysmumeeu(aw sirrmge C.oG%leinlte sdsal ci t e
abuntharetrage ohdseppl ofiarbhd r #) Ign hdéu s & mp lodve ver ,
the agepzwm wabhbwhil e t kel aivteewahenltY%e ntFalgl e 52

4.2 Geochemistry

4. TZommpimongedc hemeée sweseinanfAaddsssaompl| es

Th ana j-eolr e ntceonnip o sa ftluissta mpwea ree ¢ al o uslvatl eddr ieleecama s & s
presameedlvantuasd).Teace el eme ntf cdoaamppd seistiiaa idsalbil €t e
4The maj orelamteonttp @< iett hseoruss odafimp laelei s tSuwdp pilnement ar vy
TabfBNIU3 respEoctadamef g mafdréeramedMsisan dust and so
sampweaneor mal i zed balta@su@mper agent UG@E(NRuUd niccrku san d(
Ga,0 2)0 OaBnmpmkr e s e risgidB. i n

Ma j-@lrement comp t ddeths to nasamdp ldiediolt coi n daewreagvd t h
UCG al esri chmentsi f aovkorndeal=atli)veilry deptdl edaed soil s,
withe aWE@Ceafgrei c hmedit) ,f &bt ¢ e, Mn, Mgwe mGaml, a tKi, v €Tliy,
enriichhedlust (eamd c & mellg Ffi gk b B etnheea a gteh eo f4md e ne n t
contoefnstigauns & mpcloeisdevi & t hose (dfie)gdowe BeEReSoMd s
K, awmdgrsdi ghtly einmicbobmpaiifs@astyessoil| &t oremhda,s K,
of dampl esarweaveer t han 1tThes esaf faéhsdocultactee midsidliese r e
in both theammulse and soil

TheCaior matl i Zea ced nepnoeghidt a0 we du ssta mpwedse gni fi cant |
enrich@uw, win,h Snel &t ihseeusdased mp(l Fei sgT. h ar 3sta mpwe ¢ €
slightly enriched with Chseos@onp | Bt | by, a &itag Bld , r
were sl ightl ¢ FdegQolnépjaerde dismwii dtuhsstd ime lee elag thhRE E s )
of dOodtswns$edmat ioch edaevpyl eRiE Bosre I( &thigvhet tROBNH§ F( ba 8)
The t ®eadvVs Ga, Bhowandd | U ddit fufebdenesnt snmdp Iseog |

4. 2.2 Twanrpicafail dsi geodhemi stry
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Ti mrsee rdiaesbsh kthGT marha jzerd ebeseerpet ovi dedT hen ,FIAd , Fe,
Ticonssemawed t | & ovhil tudcri ruraitc hme nttV0f 8ct BloweMgr , a@d Na
consexniti batf gdicbnat over ti me

Ti seerdactsCe@ror mal i zed ctornssscneéd |Ih®E&Est aenxdh i Zri t e d
smal | var i ateinonsc haneofi,wh ea ®rd 8 u cdtsui agtne f(iFcibkgh.t | vy
Anal yses of WwWar e Znago malfngd Pbhat(sSTaMpdeees t o | i mited
guantiamy not .1sOh ofvare iirn efirg ic égdneditte ltfyaecetno rls avnmadr 1 0 0 .

5Di scussion

5.1 Source of Asian dust

Previousbackward trajectory analysis (Jeong, 2008) and satellite remote seasi(giusar et al.,
200;Zhang et al ., 2 (dingldet ¥.u2804; MeKendgy ket al,, 20@80Jeohg, et al.,

2014) indicated thd¥longolian and northern Chisedesers arethe source of Asian dustansported

to Korea.Thesatelliteimagesofd umt t hi s seddhytdaoefit bsme & kir ior le a
Goiesand yderssddi st rfirbounh esdout hern Mongol iaaThe nort
Takl amas@amt anot her s owe sctteh@fflDessfirtaaan gl,usdt al ., 20
et al).unf 20 Q 4hrJaatkel laye &tavst motc | udad aiih atohe sat el |
Alt héugh 1a and Supplemembapest &inpifgadh ea roeu t bbar seeadk
eadhbst , egmmigatqui red atlt &anoirandehuisayl osufe b ernach k d

not amb Ige atdiusarsof om t dfe Gwdeets evii tn.ecroanhp o so ft i Aokni satn

coi davii féh he2®) sugdialeasmp!| e dMoinrg otl h D& s €rBtb)pL o we r

cal cit e gympdcuwm sgeheetr btutt ed t o at sbla jpebleermecn tr ecaocn pi oosni t
oAsidamatcoi oi d & tMoonsgeoGathiese®o Fsg. ©6) .

Gemhempraperties of Asi an dust and Mongolian
Takl amakan Desert soils in previous works (Hond:
Yanag, 2 01 @) Fe,andKk eonckntrationsft he Takl amakan soils indioc

clay mhneoambsari son to those of Asi an dust and G

indicated the enrichment of calcite in the Takl a

(Neistt and Young, 1982) was calculated TENing sil

K diagramTh€&igan®@daWisi @InAdust was cGalsii ss ®@inlts wi |

cledrir guil sflreddh aTa lolff amakan sTohiilssde(dFa ey elnlraifc i rhd ntt i ¢
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clay minerals in Asian dusti cande@DdthieaknsddiS&T & der i
Zr /dliOscr i chi ngbrmBhat i a ansdh eCad obobtkh bA $t9MBeB ) dGGwodHti and
soils weeeimaedoftrypymdthe source rocks formed in t
whitlheem k| amakan hseoi ! ce f rspankisp a ghs d thée Fana radhiliinl b e

Cs/Ki Cs/Rbplot showed a discrimination dfaklamakan soils from both tiesian dust an@obisoils

(Fig. 11d. Since Cs is almost patrtitioned to illitic clay minerals (Derkowski and McCarty, 2017), fine

fractions of Mongolian Gobi soils were enriched in illitic clay minerals relative to die of the

Taklamakan deserfThe properties oima | a n d traceonpoessamtoast ed t hat

Takl amakan Dehsee rsbpduwdcsd anmt d u st . Tohbesr semeilesdation due Ko r e a

to differences inthe size fractions othe samplesanalyzedby investigators Neverthelesst h e

geochemicalemdat actohMorg@bBi anw6&obi cewibtihs ttehnots e o f

em fractions i&.this study (Fig. S

5 Path dependence of Asian dust geochemistry

Lartgmporaali avi oonwoiéapt€Ca mi nentAsfienans inr ec onft saatl | t o t
var isathiegn Ti |, kc,o nSsefitghigd 9apnid o MNtae aviasresdi g ni faincdant | vy,
Sshowediti veswi odh eh @FingotSru 9pl e me B3Sg My gFiagi on path
of itrhdei Wiusweeln8uppl eme.rtisalregd F@dr onti@rsts oci attheed wi t |
mi gratiobnApabih tddtdamtiddes i ans tdoursmis mi YKkeocarteianng Reoni nsu
crogded nesPl A3 7D 11 1 12, D DA @, nRIAT23 i n .A&liolg.h e9)
dust spaiogne he eBlsatvwearue enri ched with Ca (enrichm
Pot emtii git hhei @BEd ust asrteo rpmm o pTolsee df Shrashhee. ent r ai nmen
partict blsoefsrsonRl aheagltusmsomi gi nathdesgeromrt hwest
Loess ,Pltahteensawy @ m tmis neunat wrsali yn  ffirnoem ptahret ilLcoleesgsa rPIlyat e a

st agejiuadt.t,er tlheawesgsrst i s a | ocoepebhisna@agsisjedi mant

andprisbably susceptTihbel ea vteor-negremdu CeCo e doids@oau § o e |
samp(lTetaBRPexcl udi ntbi ¢eths eGdu , @& 9 XedrsdizZGCR8J7or | o0e s
(Jeong et aAbun dizeddddBg e 2We doadlec i diesls odipartitnbaer y cal ci
i n cbwenatteer theaonn g eester d)ll., ad0hded ,is@0ellll i t e | mage S
out bowveark Loess PlZ3)t e(@%up ml mMelHBo & eDylédntg sgani S4di)on of
dust pfarrdmeéeBlsat eau i s ¢ onturnadceircstiMearsyd i troap sceurrvraetnito |
dust emi s sdasnaaen itelCch ngese L 0 sma sdrindlr etae@a y mi nor
souo e &thang et al ., 2)003; Xuan et al ., 2004
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Theecond @roit gdintei @fd us st bhseen dy sbésretr i e r,n whhhiicnha
arci stri buttehddo bh g o ivoebddre s@rdt hlmoess Hlhat eneun.er al ogy
geochenfiista ys wiflt hNeo ragd |i iolhess @dt p| e Mme b 6 &3payntdh e
Loe Pb at(Suapup | e me n$phray eTwlbdl den ¢ h aim a tslt iesdiyk eglr evi ous w
Jahn et . Holwe,t ébel D @fi)rl act i lseasn do/fsldyeisreg tb kGoviideesne r t
antdhleoess WwWémdéawnviersttilgpiandalvedyaadtdyemee@d evi ous
w 0 B.k h @obiDesert ranges from southern Mongolia to northern Chingsadered with silt, sand,
gravel, rocky outcrops, and sparse vegetation with scattered; doramtrast the sang deserts in
northern China (Badain Jaran, Tengger, Wulanbuhe, Kubugi, and Maaleserts) are covered with
dunefieldsSu b s al i ne tand dhyyakeanemdidularlgoemmon inthe interdune basin of
the Badain Jaran and Tengger desevta(n g et ; Yarg et,al., 20010N3 Ca, and Mg a
majoations in the h@@plecadrado nei § ammomwviakiecemwrr f aces
pal eoalnear eous | acustrwhmeaenhee diakestlseiveethpdo sit r € d ut
around | akes and dryCalasdmeso ysyaangmernt saland 239
carbonate wvulnreetrad s aanrdeo dd wrdruirmg g & uwshti & 8 pepst
cal caduwsotust o misgh aftriaoncild sotmomhra Wh b e r e s eanhfeor m o f
carbohmheés .XsRtbudaynal ysa&mp lods tthreom dust events t ha

Pl ateauarweaeklopdalispoantdr c@Qi®A)Tle role of the san

of northern China in the majorf uagltdment. nvempg o giatt i

I'n this stage of r-€aeamnch, st lofeunioleasaalinvwe d folbeehd agt
anal ytiacel idauadficiesdandypadéseut a.Mhfe warn tgher o f CH
Ca dust coubyduhdete onli areir fail ®dyi d anlv esnafggidloeomeam cya | d e
and the estimation on the possibility of dust en

53Fr acti oonfatmionndualt s

Thei ner al comphdee s amphegeofiver@hkwittehntt hose ,o0f sou
i ndi adadtaitbhgl e mi ner alocgiud a ke g ta osuitadmeetaikomhtd mi gr
i s notheed ctohaarts etsasdus thebD1lWw) th bduraeltky iathap Ifetl ad p
clay mThnekisal s ammiepas vfi d  stlt;s éReiedissthd® y st ematsi ¢ chal
i mi neroals ie nien g r ecd saiyn guniome realle c a egdusaamdre | dcsopnatrent s ,
towar d tthheeu €tn didhweé nte mp o rianl tchhea nngitenkeert asldong(y DePsl
239ppearaid ri budeadriematredt | aSli ed esitzda b gt i @mnshcogw vieh e
gradual decr ease om) cforabtne eDIrsraantpt!ieoshaso Gl te>snelols a |
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c hasogfe mi ner alwecnesgpva sdietritocni f f i cTuH dmadyor leetxapt! badi nt o
met eor odoongd icdailroiss@r m out br egarka v i miygmisad totogni, o @gd
proceMismemgal compositions 9ift eduisd d rcyvor dsysaal medtiveeantt ¢
sed2i4;s efFei g . 4 Yh os lodow i 0 u sa nbinfgf, esrietréésesat i ng t hat Kor
| i kteohogp r t ewhs pati alofvaAs igarpaodeuss t

54Fr acti onraatcieo ne boefmetr eda N d od U st

The r a ntghees jeolfe meomttoefnites Aas amp | ecso nwseiwsett o tsseo uar fc e
sojlwhrbhee sehednbmetfaca i @hanom, sehbsi¥g 24roweHf |, Ta,
heaREEons eFi gsPr7e fasmrde 18t)i. a | depl esdoml ofiiirdtavfy R
whiich a knowrhaolsd heavy REEs Grhern deo fiscerthe & % $h&4 ) .
mi nepalrsjezutraohyhdumimagwthenresponsi bleft fawage t he
el emetnwesemesoil and dust.

Thehondndrtmrera{( LakRdb)ichhondrite val ueseprystsBeenytnt on
fractionation of heakhg KREEmAdd DiAcIl duyhtt tREIEsS. st uc
wall, 6whvisc bnsi chdrganbelhya tthhaeb u¢ eded mp(8 §% probabhg due
depletion -nifcheaMega®Rwh v ¢ eaug olE)a oamad fy du ¥wls (
not dif ftereesnaOEkf)fvihm ch $shdwhaei o(nTreddth eAuppl ement ary
Tabl)be®Ause Eu is hdde€dd nlbogeddpsla & gsisdanlkassoeh n  d u st
nei ghbae s ailfigt eo n( krad oYib i ne s e |ionehsiss (asvteufd@d & s amp !l es)
(Supplemeany.iOdabhe2dPalalerfayy@ s amp(lSeusppl ement ary
S5). ThEeu andtwmal y he oGdianveeasd t | ei 6(nOa c6thi oinnatt hi s study
Jahn, 200fla)lom s o.iThed&iladiOgat e t hat AsherePRPldatsdauwepo
nei ghbdrhdemgt osopercieafideadithownat

Anal yti cREEIE dcaotngpamiatr ieoim® @gri evwdioofussi auordkusst tr ans
over | ong lde e teatn cels.RE(ESAbGia N me astur 8 andeelse dv eadt ftrhorm
a dusthavenook Kpreemarg ®thpe i iippbRrd4TdO66adrnddd
Eu/ Eruati ®esal chualsaectde dom t hei rwe RIEBIE. 5d aa md 0. 55, re:
(Suppl emeB86). arfibal/abdipebbai ned by Lee et al. (2010)
obtai ned iad tthioiBuhsa uadmal y i sT hseo neeBMhtaEtfn tiISAesw.an dus
ori gi natthéed IDE s eamtd t r antshfebor t €di 8 gYyuMdwentrait@adna d a
wer e rleyahdedtczal .ThE2@WFpY EuvatEuwadlsc blasteaddsonx t he
REE daha Yugdoxcldudi nparleo clall. 1d uvasatsl p(€utpiSovieenye nt ar y 1
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S6), which are cdmgorse &@amt d tws ti dsi ulipdpsost ehgeetohcahte mi ¢ a | al
mi neral ogi cal Axihans adnpstte Ve k has hed be i F eerent fron
dust s amp |l Recharkabty, tHérmdakvalume diameters Asian dusiparticles arauniform

among samples collected at thestern margin of the North Pacific (this studg)North PacificOcean
sediments$erno et al 2014, and in the subarctic mountains of the North Amercal(@a n owi cz et &
20PpFr evious studies showed that dust did not sho
transport-2do@g0o akhme ©ONakai; eReal and S&detah 4939914
Rather uniform properties d@fansPacific Asian dust indicate thaREE fractionationof Asian dust

occurredn a distance of 2 0 0 O frok sBources.

De espesae d i saamptlf € ® mc & hter a | Nor tve rPea cii v eas tOegeaatse do f
REE comnelent¢pmpadiaetecl|l i mati c changes. fincearebalbfedi
v ol c anmagretnii ccl ersa nagned tlroanngs por t , e €h e alposegdeussit rfed amed
sedi Jmerones g aellleyasedn encacgmd maear dafep d martte t he accumu
and proveanlgreoe. Taftlea/NnYb)oifosAsi an dust fractions s
sedi mearmtmbotriten Paciefcioc dwdlr @shr eePaeinftiral s &g It éehs ,
al ., 1993), 7.3 (11 samples from southern transe
et al (SudppO0émesIlaryhéalkl eal ues are tridegsihand odvest t
transported nahdiweidd mtland{e® 0at) ald s( 2THEB)yO mal y
of pel agi ¢ ,Neakiame netts a(ly. @0 4t 0a8dr RD0d{ 8l 732
(Suppl emenS7arsy sTianbilbehsr A$ b an et sst s(E@E@HD waltc,za |
200REE adrdtongnge transipmrt hiAsi anutdhues ted yol B rso v e

as a proxy of paleoclimatic change

55Mi xiamgl reacti omwiodpflo |Alsu taend dau st

Asian dushr guagdsiess r egl oB & slto,fWAhsedrae ai r appclvlieutei on
envi r on meAnstiaal nmidsassude avwitt h pol | ut ed ai rMdKe rsdchri yk,awa
et al HuaBgoO&t al ., 201@)y moSphecoacltpopdmt in@atisarfls
wi nter ands sywhiraslys os etahseo nmaj or ssea€awleii diléh edsmots t o u t
reactive mraactab wntidruatthai gtmoaspglyerseul f uirngspeci e
from pdelnuteinceral LaskbPBA6gt Malt.s,ukz0lOelobngl and2C8&n,

TakahasBODO0O2BO)Hilgggpsurmoawea | ci t e cormtusmpnerdo ft Asi a
souscielMahSepRl ement anyl Fadgd ggebSsHtl ,t lod caathece g yep ®mm

durt htgr anSpéarthas B0 0BX)LTasonversiainso suhgepmrt ad b
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averCage oabehhtdsutshte (5. 1%) .Budi sgi & mda( 6divdbhesde v ent
in thi(sst s®dmpullyeFsi;g,tsheds) i ngcyrpesausne dcrocht e ot cdend rdeaand ¢ y
calcitwecentéertir |lryodrhes gieosfau |dtie gotaf t apom pol | ut ant s
oft hdcust .Buwreamtg t heofdGssetéy @me emnt ednutsvmso fgr eatl y enha
concomit ahdedcyr emaisteh of acaDeokpeckhniwhivthed | owe4) t ha
hceal citatcAntenth s(slplp®jcebs veafsioombcgypsamvenel he

—

pol latreadspheuaed the demesteloypopop @leatfeedgdamnk eod
variation of both the calcite (0.5t damwsde gyop
pol laamanenveaawydehy b giwenaatthoenrdi. t i ons

I n Asi &€&n, ddat, /| gaatei @ Pmaj or plhddsutaimeat ambust i
rigin (DuanAkndodghesoBo0l3Qu., Zn, amaddldy Plblf wehe no
ampl es due t 0 esimalelk ednpsotr ag u avratrtiigméd p oels ® htt Smp c o a |
ari aheany pincait altFi g Thid 0% vadnutst soabmpd e gr adual
i ncr eSans dceoomfi wa rednadf h € he dustthcee m eoafnEESsawkdo Zesoi | orig

< ”»W O

decreased progr e pygiowea lmys,s bdragndsuissht ernetg iwintabHL P pol | ut
Ther aneswier ei howa ngpdtes ,2hamwd n4g onl y , mibnuawa sv ahriigaht ii

Dlb&ket)aB8 Deokj,eokslstand with high gypsum content

6Summar yCoarcd usi ons

Systemati cAsadas y s saompdflfeecst ed ovsehredah é omign @reali @ogi c
geochemi cado mpsriosptesgdifeven ¢ hs it h cthioafc ttihoen ssGluag e s oI
mi nerals wer,domd otwealb brydanuthelt dspphkagcatisca fae, KN
dust ctrhbesessBg Pl at e@e& omgeenntan dia §-b &t bd Up tnrettilcd te s
probamil gifrotmedcdar eous noedihmasta ndlyisadied eopegdog-eni ¢ C a
ri ch Dluddasdse.n amirx pwirtcle| &t mooplEesti c@Gadpiodaktse tfaonutnsd t o
reaadtt h padlol JtoamSsg ydouadutm. sfacenp t ke & o esshtosw acrhta nigne s
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Table 1. List of Asian dust sampled in Korea and desert soils from Mongolian Gobi desert.

Asian dust Mongolian Gobi desert soil
TranF . 4)
Sample Site?  Year Month/Date 2 D'St'3 conc. Sample Latitude Longitude
(sampling hour) (h)? (km)®  (ag/m3)
D1 AD 2005 4/20(09-17) - - 366 Gl N 45°19'21.39" E 106°32' 47.40"
D2 AD 2008 5/31(08-18) 54 1800 292 G2 N 44°40' 39.67" E 106°56' 13.41"
D3 AD 2009 3/16(09-18) G3 N 44°26' 46.20" E 107°08' 21.72"
D4 AD 2009 3/16(18)-17(09) 45 1900 428 G4 N 44°14' 17.02" E 107°32' 07.85"
D5 AD 2009 3/17(09-18) G5 N 44°04' 00.11" E 107°43' 32.88"
D6 AD 2009  3/17(19)-18(09) G6 N 44°04'01.97" E 108°16' 22.73"
D7 AD 2010 3/20(19)-21(10) 30 2200 1788 G7 N 43°37' 48.48" E 108°33' 42.42"
D8 AD 2011 5/1(09-18) 41 1300 300 G8 N 43°27'28.00" E 109°01' 39.26"
D9 AD 2011 5/12(20)-13(11) 49 1700 322 G9 N 43°14'50.26" E 108°10' 02.68"
D10 SL 2012  3/31(09)-4/1(08) o5 1700 215 G10 N 43°11' 28.31" E 107°01' 11.78"
D11 DJ 2012  3/31(09)-4/1(08) 220 G111 N 42°38' 16.75" E 107°18' 45.96"
D12 SL 2013  3/9(09)-10(08) - 1500 215 G12 N 42°32'24.88" E 106°55' 27.65"
D13 AD 2014  3/18(10-22) 42 1800 378 G13 N 42°32'41.71" E 106°29' 27.33"
D14 DJ 2014  3/18(09-24) 214 G14 N 42°28'43.44"  E 106°02' 20.82"
D15 SL 2015 2/22(09)-23(08) 1044 G15 N 42°43'57.89"  E 105°28' 30.02"
D16 AD 2015 2/22(16)-23(18) 23 1400 469 G16 N 43°06' 27.97"  E 104°58' 05.30"
D17 DJ 2015 2/22(09)-23(08) 1037 G17 N 43°05'29.85"  E 104° 13' 29.36"
D18 AD 2015 3/1(17)-2(11) 29 1600 281 G18 N 42°51' 36.78" E 104°08' 24.24"
D19 SL 2016  3/6(09)-7(08) a4 1700 168 G19 N 42°31' 21.33" E 103°51' 15.57"
D20 SL 2016  3/7(09)-8(08) G20 N 42°43' 41.69" E 103°45' 58.64"
D21 AD 2017 5/6(13-21) G21 N 42°52' 35.91" E 103°46' 44.04"
D22 AD 2017 5/6(21)-7(19) 60 1700 331 G22 N43°10' 52.04" E 104°00' 38.56"
D23 AD 2017 5/8(14)-9(10) G23 N 43°21' 00.20" E 103°34'18.01"
D24 AD 2018 4/6(15)-7(09) 47 2400 194 G24 N 43°10' 55.20" E 103°07' 34.28"
D25 AD 2018 4/15(15)-16(10) 43 1300 316 G25 N 42°56' 04.51" E 102°01' 39.43"
G26 N 42°56'43.06" E 101°39' 04.13"
UDust sampling sites G27 N 43°06'51.96" E 101°04' 28.67"
AD: Andong, 36°32' 34.76", 128°47' 54.92" G28 N 43°18'38.66" E 101°05' 31.79"
DJ: Deokjeokdo, 37°13' 59.47", 126°08' 56.70" G29 N 43°26'55.40" E 101°15' 28.02"
SL: Seoul, 37°36' 05.20", 127°02" 49.02" G30 N 43°56' 49.43" E 101°27'19.13"
2 Transportave! time when PM1o concentration abruptly increased in G31 N 44°02'09.93" E 101°30' 26.83"
the L . . G32 N 44°25'27.10" E 101°33'49.81"
monitoring stations in Korea.

3) Distance from the eastern boundary of dust air parcel in G33 N 44°41'36.96" E 101°52'59.77"
outbreak area to Seoul, Korea. G34 N 45°05' 25.65"  E 102°18' 03.50"

4 Peak concentration of PM1o measured in the nearby monitoring stations operated by Korea Meteorological

Administration.
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Table 2. Mineral compositions of Asian dust (wt.%) determined by X-ray diffraction. Samples indicated by shades were
collected during the same dust event.

Total
Sample 0QtzYQ% PIP Kiskf ISCMsiSEMs Chich Kinka AmpA CalCa Dolb GpG HIH claysFetal Pl/kfPkE
clays
D1 23.6 14.6 5.4 38.4 4.6 2.6 2.2 4.4 1.2 2.7 0.0 45.7 2.7
D2 24.2 13.9 6.8 41.6 3.1 1.4 2.7 3.1 2.0 1.3 0.0 46.2 2.1
D3 23.5 14.3 3.8 35.1 3.4 2.1 1.0 54 1.9 9.5 0.0 40.6 3.7
D4 18.0 12.2 4.7 35.1 5.9 3.1 24 4.4 24 11.7 0.0 44.0 2.6
D5 21.1 12.7 4.8 33.8 54 2.8 1.7 6.8 2.6 8.3 0.0 42.0 2.7
D6 18.2 10.9 4.8 34.1 5.7 3.1 2.1 8.7 2.6 9.7 0.0 42.9 2.3
D7 215 13.0 34 42.4 4.4 3.1 0.8 6.3 1.0 4.2 0.0 49.9 3.8
D8 18.7 12.6 6.0 45.9 45 2.1 2.7 3.8 11 25 0.0 52.5 2.1
D9 21.9 14.0 5.7 43.9 4.1 1.1 1.9 4.6 2.5 0.2 0.0 49.1 2.5
D10 28.7 17.5 5.6 335 3.5 2.3 0.9 6.3 0.8 0.8 0.0 39.3 3.1
D11 31.0 17.5 6.8 28.5 3.8 1.5 2.5 6.2 14 0.5 0.0 33.8 2.6
D12 19.1 12.2 7.1 33.7 2.2 1.8 2.1 1.2 2.4 18.3 0.0 37.8 1.7
D13 17.9 12.3 6.1 47.5 3.8 1.3 1.9 55 0.6 3.0 0.0 52.6 2.0
D14 18.3 13.4 5.3 47.9 1.8 1.9 1.0 0.5 0.4 9.4 0.0 51.6 2.5
D15 20.1 10.9 3.1 53.2 3.7 2.2 1.0 4.1 0.7 1.0 0.0 59.1 3.5
D16 19.7 11.3 3.7 49.5 3.7 2.7 1.0 34 0.6 4.3 0.0 56.0 3.0
D17 19.7 10.4 4.2 51.5 3.7 2.6 0.7 3.8 0.3 2.1 0.9 57.9 2.5
D18 19.0 10.5 4.3 51.9 3.1 1.7 1.3 2.8 0.5 5.1 0.0 56.7 2.4
D19 17.4 9.9 4.5 47.4 2.8 2.7 1.2 6.2 1.5 6.4 0.0 53.0 2.2
D20 17.1 10.5 5.7 39.2 4.1 2.0 2.4 9.2 1.9 8.0 0.0 45.3 1.9
D21 24.7 14.9 5.0 33.9 3.9 2.0 3.0 11.0 1.4 0.0 0.0 39.9 3.0
D22 19.9 10.5 4.0 41.3 4.4 2.0 3.8 8.5 24 3.3 0.0 47.7 2.7
D23 14.1 9.0 4.9 46.4 5.0 24 2.6 5.2 2.6 7.9 0.0 53.8 1.9
D24 19.0 10.6 6.1 46.4 4.8 1.3 3.0 3.8 1.3 3.6 0.0 525 1.8
D25 19.6 11.4 6.0 49.5 4.4 1.2 2.2 2.9 0.8 2.1 0.0 55.1 1.9
Average 20.6 12.4 51 42.1 4.0 2.1 1.9 5.1 1.5 5.0 0.0 48.2 2.5
St.dev. 3.7 2.2 1.1 7.1 1.0 0.6 0.8 2.5 0.8 4.4 6.9 0.6
Mineral compositions determined by SEM single particle analysis

D13 19.0 10.9 3.8 53.8 2.4 1.1 0.7 7.0 0.8 0.5 0.0 57.3 2.9
D18 19.5 9.3 34 55.7 2.6 2.3 0.3 4.4 0.2 2.1 0.0 60.7 2.7
D19 16.9 7.9 2.6 50.2 4.9 2.3 0.6 9.4 2.5 2.7 0.0 57.4 3.1
D22 19.0 11.7 3.7 43.2 6.3 35 0.2 8.8 0.7 2.8 0.0 53.0 3.1
D24 21.0 9.7 4.4 50.9 4.0 1.5 0.8 4.8 0.8 2.0 0.0 56.4 2.2
SEM? 19.1 9.9 3.6 50.8 4.1 2.1 0.5 6.9 1.0 2.0 0.0 56.9 2.8
XRD? 18.6 10.8 5.0 46.9 3.8 1.8 2.2 54 1.3 4.3 0.0 52.5 2.2

D1z, quartz; PI, plagioclase; Kf, K-feldspar; ISCMs, illite-smectite series clay minerals; Chl, chlorite; Kin, kaolinite; Amp,
amphibole; Cal, caIC|te Dol, dolomlte Gp, gypsum; HI, hallte 2)3Averaqe of flve samples 19Q—e|Jchehttz—P—|9lag+e>elase—|a’a‘—l4—
feld D= a)
= —H=hali %A#eﬁag&ef—ﬂve—sample&
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Table 3. Major element composition of Asian dust (unit in wt.%) on volatile-free basis. Samples
indicated by shade were collected at different sites or serially during the dust event.

Sample Si Al Fe Mn Mg Ca Na K Ti P Total CIA*
D1 28.08 9.32 5.27 011 200 397 105 268 052 012 5311 703
D2 28.48 9.17 5.19 012 183 354 120 275 053 0.16 5297 681

D3 26.65 8.61 4.83 0.09 2.40 6.62 1.78 2.49 0.48 0.11 54.06 62.0
D4 25.67 9.17 5.28 011 265 659 157 271 048 0.12 5434 647
D5 25.66 9.62 5.16 0.10 246 668 139 254 049 0.10 5422 680
D6 24.98 9.08 5.17 011 268 793 147 277 047 012 5475 652
D7 26.93 9.24 5.15 011 239 530 126 269 051 011 5369 679
D8 27.24 9.69 5.54 011 220 387 117 280 054 019 5335 695
D9 28.11 9.02 5.35 011 205 382 105 283 051 026 5312 690

D10 27.72 8.38 4.95 0.11 215 534 191 242 051 012 5361 605
D11 28.82 8.47 4.69 010 176 461 150 247 051 0.12 53.06 643

D12 25.19 9.00 5.56 015 199 727 189 3.03 053 019 5478 606

D13 26.64 951 5.23 014 231 446 193 291 053 0.16 5380 619
D14 2759 9.37 5.35 013 189 380 142 316 055 0.16 5342 651

D15 2785 9.73 5.26 0.13 208 358 101 280 054 012 53.09 712
D16 2759 9.60 5.38 0.13 210 391 109 280 053 013 5326 700
D17 27.62 9.58 5.29 0.13 210 363 153 278 050 0.12 5328 658

D18 28.09 944 5.17 012 203 361 121 279 052 011 53.09 685

D19 25.73 9.25 5.35 0.12 267 593 169 290 051 014 5429 633
D20 2522  8.89 5.29 012 253 745 171 286 051 0.15 5471 623

D21 27.77 8.55 4.93 0.12 198 580 115 262 049 014 5354 676
D22 2596 9.36 5.76 012 247 598 111 266 050 0.17 54.09 69.7
D23 2511 9.64 5.77 0.12 312 6.02 107 291 050 0.14 5438 70.0

D24 2775 9.62 531 011 211 368 109 290 050 0.12 5319 698
D25 28.36 9.78 543 0115 190 280 084 282 055 019 5278 730

Average 26.99 9.24 5.27 012 223 505 136 276 051 014 53.68 66.7
St.dev. 1.21 0.41 0.25 001 033 148 032 017 0.02 0.04 0.62 3.5

*CIA: chemical index of alteration (Nesbitt and Young, 1982)
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Table 4. Trace element composition of Asian dust (unit in ppm). Samples indicated by shade were

collected at different sites or serially during the dust event.

Sample S Sc \% Cr Co Ni Cu Zn Ga Rb Sr Y Zr
D.L.* 10 1 5 20 1 1 1 1 1 1 2 0.5 1
D1 - 14 113 110 22 - - - 20 111 225 276 128
D2 - 13 113 110 33 - - - 18 107 217 269 139
D3 - 12 97 100 16 - - - 17 91 297 236 128
D4 2190 14 116 100 19 55 1280 500 19 101 326 249 119
D5 - 12 100 100 20 - - - 17 82 268 21.3 106
D6 - 13 111 190 17 - - - 18 99 315 23.2 108
D7 899 15 114 80 19 53 155 239 20 103 275 284 137
D8 - 13 101 100 19 - - - 19 101 208 25.7 111
D9 - 14 107 100 18 - - - 18 112 210 264 129
D10 1150 12 99 100 19 65 448 823 15 86 251 244 136
D11 440 12 96 100 17 54 218 415 18 103 237 26.7 148
D12 - 10 141 160 17 - - - 20 91 242 19.8 144
D13 - 12 102 90 18 - - - 18 91 224 224 106
D14 2500 12 113 100 18 68 1330 900 23 109 218 265 141
D15 420 15 118 190 20 53 166 157 21 115 218 29.7 125
D16 983 15 119 120 20 56 401 236 20 110 219 28.0 121
D17 581 14 104 80 19 51 219 184 20 108 203 26.6 108
D18 1190 13 108 90 19 53 2840 349 20 108 217 27.7 121
D19 - 13 97 110 18 34 1436 733 19 99 298 249 141
D20 - 12 95 100 16 - - - 17 88 290 21.8 144
D21 - 13 99 140 19 - - - 17 96 249 252 121
D22 - 14 123 110 21 - - - 19 100 272 26.6 116
D23 - 14 116 110 19 - - - 20 102 309 238 109
D24 - 14 105 100 19 - - - 19 109 210 25.7 109
D25 673 15 117 80 20 50 692 378 20 115 188 28.8 134

Average 1103 13 109 111 19 54 835 447 19 101 247 255 125

*Detection limit (ppm)
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Table 4. Continued.

Sample Nb  Sn Sb Cs Ba Hf Ta T Pb Th U La Ce

D.L* 0.2 1 0.2 0.1 2 0.1 0.01 0.05 3 0.05 0.01 0.05 0.05
D1 143 12 13 86 620 4.0 0.82 0.89 - 12.7 272 46.7 90.7
D2 124 61 0.3 86 622 37 072 0.72 - 122 273 413 81.0
D3 10.6 26 0.9 79 549 39 0.73 0.62 = 11.2 359 36.0 70.6
D4 116 29 4.5 91 571 34 069 08 250 119 3.78 355 717
D5 10.3 40 1.3 74 546 31 034 0.68 - 98 3.04 30.7 616
D6 11.0 39 2.6 84 589 3.0 0.69 0.60 = 11.3 364 331 665
D7 118 4 0.7 86 562 36 0.73 0.50 66 121 324 411 824
D8 121 7 <02 83 519 38 0.65 0.56 - 112 284 373 757
D9 116 6 <02 90 568 42 0.69 0.68 - 118 269 366 73.2
D10 130 5 0.2 65 589 39 059 044 199 109 250 441 855
D11 116 4 0.8 70 650 44 086 048 80 119 279 453 879
D12 10.8 96 4.0 7.7 788 4.0 0.67 117 - 101 285 344 635
D13 10.3 10 0.9 76 507 29 055 0.61 - 10.0 273 33.0 654
D14 115 41 2.9 89 699 42 077 087 264 126 3.07 386 77.1
D15 119 3 0.5 93 606 3.7 0.89 0.50 41 129 272 417 84.9
D16 125 3 <02 90 612 36 077 0.47 78 122 271 405 827
D17 113 2 <02 87 569 33 066 0.27 61 115 235 375 744
D18 127 3 <02 88 599 35 079 053 104 117 259 380 77.8
D19 122 56 5.0 80 747 39 077 048 725 11.7 343 359 723
D20 10.4 39 1.9 6.7 778 41 058 0.52 - 109 328 326 64.4
D21 130 6 1.0 6.8 627 31 075 0.31 = 11.0 2.85 447 89.2
D22 121 7 2.4 82 625 35 084 0.55 - 122 330 43.8 84.4
D23 10.6 14 8.5 93 583 33 066 0.97 - 123 396 371 715
D24 124 3 11 89 597 32 079 0.53 - 115 239 386 775
D25 139 5 15 95 602 40 093 050 195 135 272 427 88.2

Average 118 21 1.7 83 613 37 072 061 116 116 3.0 387 76.8

*Detection limit (ppm)
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Table 4. Continued.

Sample Pr Nd Sm Eu Gd Tb Dy Ho Er m Yb Lu

(La/Yb)NY Eu/Eu*V
D.L* 0.01 005 001 0005 001 001 001 001 0.006 0.005 0.01 0.002

D1 983 365 655 150 524 077 473 093 261 0.388 251 0374 125 0.78
D2 842 310 6.44 133 551 081 463 0.87 247 0.348 223 0348 125 0.68

D3 739 275 555 1.07 452 069 434 084 227 0332 226 0330 10.7 0.65
D4 762 267 564 104 430 067 398 076 233 0331 230 0329 104 0.65
D5 651 252 478 1.02 4.01 065 379 0.72 199 0.287 184 0261 11.2 0.71
D6 687 246 479 100 429 066 382 076 232 0.336 230 0.356 9.7 0.67

D7 919 329 6.09 134 511 075 464 091 265 0411 264 039 105 0.73
D8 800 294 555 133 485 076 440 091 246 0.359 244 0349 103 0.78
D9 8.13 308 6.27 130 492 078 451 085 250 0.391 229 0343 10.8 0.72

D10 933 355 6.47 124 448 071 429 081 245 0.323 210 0314 14.2 0.70
D11 9.74 367 650 130 514 078 461 085 244 0355 236 0345 12.9 0.69

D12 620 230 394 082 359 053 296 058 169 0.239 158 0242 147 0.67

D13 704 258 500 116 4.09 061 388 0.71 208 0.305 197 0327 113 0.78
D14 8.12 30.7 580 122 462 073 465 087 236 0.352 229 0366 114 0.72

D15 9.12 341 6.62 133 565 086 493 097 277 0415 2.84 0.432 9.9 0.66
D16 884 337 648 129 542 083 495 092 283 0391 257 0.383 10.6 0.67
D17 822 299 6.10 123 513 080 454 088 254 035 220 0.342 115 0.67

D18 821 303 6.77 128 506 076 457 093 268 0382 229 0.380 11.2 0.67

D19 751 289 563 118 449 069 4.03 0.77 222 0324 224 0326 10.8 0.72
D20 681 254 485 103 377 066 38 071 195 0290 194 0.292 113 0.74

D21 991 349 554 133 443 069 436 077 223 0301 202 0.324 149 0.82
D22 908 331 6.13 131 504 077 456 088 233 0364 239 0.348 124 0.72
D23 737 265 536 112 407 067 410 083 237 035 210 0.302 119 0.73

D24 8.18 299 577 123 445 072 425 081 245 0345 216 0.316 120 0.74
D25 922 347 739 130 550 087 512 101 275 0399 254 0384 113 0.62

Average 8.19 303 584 121 471 073 434 083 239 0347 226 0340 116 0.71

DValues calculated from chondritgormalized concentration. Chondrite values by Boynton (1984).
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Figure 1. Dust storm outbreaks and migrations dufidghsian dust eventilentified from theremote
sensing imagesbtained from theCommunication, Ocean, and Meteorological Satellite (COMS)
(2011 2018) andhe Multi-functional TransporBatellitelIR MTSAT-1R) (2008 2010) satellitesThe
outbreak andnigration path data fandividual dustevens areprovided in Supplementary Fig. 1. (a)
The maximum extent of the dust eventing the storm outbreak. (b) Migration of dusty air towtéae
Korean Peninsula. (c) Dusty air crossithg Korean Peninsula. (d) Migration of dusty air tow#ne

North Pacific Ocean.
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