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Reconstruction of an ice core record of changes

in dust flux related to the periodicity of climate change
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SUMMARY

(3 & 2 o B
I. Title

Reconstruction of an ice core record of changes in dust flux related to the
periodicity of climate change.

II. Purpose and Necessity of R&D

O Analysis and interpretation for Pb and Sr isotopes in NEEM ice core from
Greenland

O Age dating of Antarctic Styx ice core and investigation of changes in dust

flux during the recent times

III. Contents and Extent of R&D

O Analysis of Pb and Sr isotopes using TIMS and trace elements using
ICP-SFMS in Greenland NEEM ice core

O Establishment of the relationship between changes in dust provenance into the
high latitude Arctic region and climate change

O Analysis of dust concentration using Coulter Counter and major ion using ion
chromatography in Antarctic Styx ice core

O Tracing the Pb pollution source into the Antarctica during recent times

IV. R&D Results

The variation in concentrations of trace elements (lead, barium and strontium)
from NEEM ice core is observed to have strongly varied with changing climate
conditions. The variation in “Pb/”Pb isotopic ratios (also ¥Sr/*Sr) linked to

climatic conditions reflects changes in the source areas of dust deposited in



Greenland. The combination of Pb and Sr isotopic ratios suggests that
Taklimakan and Sahara deserts were identified as the primary contributor to the
Greenland dust during the LGM. This result is different from those from previous
studies suggested that dominant dust sources of Greenland are Asian deserts (the
Northern Chinese and Gobi deserts). It means that dust provenance could be
regionally different in Greenland. From GS-5.1 to GS-3, most of the dust particles
entering Greenland are similar to those of the Taklimakan desert or the equivalent
of the sediment core data from the northwestern part of Africa, whereas during
GS-2, the large numbers of the data are similar to those of the Gobi desert and
the sediment core data from the Mediterranean Sea.

A new method for determining major ion and dust concentrations in ice cores
by continuous melting and contemporaneous ion chromatographic and coulter
counter analyses was developed. The reliability of analysis was confirmed by
comparing the data from our method to those from previous analysis using the
Styx Firn B core. Also, we traced sources of lead in snow from the central East
Antarctic Plateau over the past few decades using the method of lead isotope
measurement developed by this research.

V. Application Plans of R&D Results

NEEM ice core data confirmed the possibility of a long-range transport of
mineral dust from Sahara desert besides Gobi desert to northwest Greenland.
These data could be used as a clue to identifying changing dust sources and dust
fluxes with climate change and eventually to a model simulation of these
climate-related changes.

A fast ion chromatography method will be widely used to reconstruct the
high-resolution records of ion and dust concentrations related to climate and
environmental changes from various ice cores.
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Dust 282 S WAYSS sEve2 = AWsr] oy 7] wFdd 2 &t #&35hy 24
ojuf FHHEA B4 T Udd ZEAE &8sty FE4 AR HAAE FHsH e AT
A Z % A tH Maggi, 1997; Biscaye et al., 1997; Burton et al., 2007). &A%k =& 59 dust

=]

G Ao tigh =gho] AGE Q= vl W7o+ EE g nkgH(Taklimakan) AFEa W& =
TH(GobDAME 5 oA} X Yo AletES WAXE X Es 9o (Maggi, 1997,
Biscaye et al., 1997, Burton et al., 2007), 7ty 7]ol= o}Ao}¢] A2 (Biscaye et al, 1997,
Bory et al, 2002), AF&tekAbet (Lupker et al., 2010), ¥1 9] A= (Donarummo et al., 2003),
a8l aU#E 2 A9 (Burton et al, 2007) 5 UWYd A 9S dAA R A&en ) F

= 714 al

[e}
ol Y71 dust BAAEA ololE@Le WHHAES AR ATARE W

Q
9l

%5
A (Prospero et al, 2012). =3 FEA WA 7| &3 7|E9 AFELS W3H7]|/72H 7]
715 wE @b wgte] Aol wHA x| EwRisel wedx] Wl
coupling/decoupling @} #-2 A2 olA7A = A A#7F A gl dEjolth

dRkre]l ARl dust A= @v] FdEIY oL A9y 55 e : =
James Ross Island ¥ stz oo Al &= 20417] o] & wukfe] Hat7]o] ¢ 1T F7hstAA @]
greparyolst o= dlE Y 5 XY AbEst Srje 5 E
=718k 71 20] EAEtH(McConnell et al.,, 2007). &
< dust 829 T/ 5 #A4 d™”H] gig WA 7] Fo] EUFAI, Mount Johns A &l
e dust Y27 gad o 2Qo® oF v AAFEAHCataldo et al, 2013). 7L
el A Qo= dust 2H27F Frbsta da Fs @Rk vEAY] S % FExlE
(AAO, Antarctic oscillation) =+ ENSO (El Niho-Southern Oscillation) (Yan et al., 2005)
T U B4 weste] AR S AAstaL Aot AT AV A5 Wskaio] 9] dust
ZEANZA mFgdad Al (McConnell et al, 2007) i 584 oA%< nss-Ca2+ (Yan
et al, 2005; Cataldo et al, 2013)& ©]-&3til Aoy} nss-Ca2+9] A5 a9 7|¥o] b
3 3F7] W&ol (Lambert et al.,
2011), dust =925 B} AEsA Ast7] e e nEFdiet 84 o4 T U

gk dust Z=A(Al Ba, Fe, Si, nss-Ca2+) 7] 5% 93t 2lo] #Aos)

(v o
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M3 EHATHLSY He ¥ 2ot

A 1 3RIZEE NEEM WstaojollA TIMSE ©|-&3F Pbe} Sr F¢|H4
£413} ICP-SFNSE o] 83 mjakla B4
af A= Alm BAS 9] 2370 NEEM Al RWslaio] Alg9 oo dAA AAg=S
AA G TE kA R QAAAE ] 1mm FAZR ARLHS 33 HHEE S A AT
TH(1st, 2nd, 3rd layer). A& Haw e dAky Hako =z A3 AEe  Z(ceramic
knives)S o]&atda 3 JHel =& Hakd Hole vE Zz wA ARgsto] Algty Zo] 9
sk 9SS HAgSsIA Y NEEM etz Alx5e oFed dAg dye & 19 HeEhd Atk
3% 1. NEEM W3tzo] e|F09 WAg A3 (F 237 A=
Bag Depth_top (;2%?_3 AE)EX' 1st- 2?1d z_?%?r 3(r ?;gr{ﬁr Inner-core*
Number (m) b2k) d™*0 layer* LDPE)* LDPE)* (1L LDPE)
2570 1413.15 11543 -36.60 943 944 733 734
2590 1424.15 11932 -41.54 941 942 638 640
2630 1446.15 12955  -38.25 631 635 633 637
2650 1457.15 13411 -38.76 519 613 522 619
2670 1468.15 13842 -39.05 490 497 542 544
2690 1479.15 14308 -37.13 604 612 731 732
2710 1490.15 14737 -42.47 488 538 729 730
2727 1501.15 15568 -43.21 479 480 727 728
2750 1512.15 16427 -41.62 13 14 632 726
2790 1534.15 18124 -42.77 655 719 651 653
2810 1545.15 18911 -42.36 624 641 646 650
2830 1556.15 19771 -41.63 622 623 532 630
2840 1561.65 20198  -42.79 515 516 534 536
2860 1572.65 21087 -43.68 945 946 642 644
2880 1583.65 22082 -43.27 943 944 638 640
2890 1589.15 22578  -42.05 941 942 633 637
2911 1600.70 23587 -44.25 519 522 613 619
2930 1611.15 24739 -42.71 490 497 544 542
2950 1622.15 26028 -44.19 631 635 733 734
2970 1633.15 27144 -41.29 604 612 731 732
2990 1644.15 28068 -44.00 479 538 632 730
3011 1655.70 29021 -44.58 480 488 728 729
3030 1666.15 30200 -43.06 13 14 726 727

x* Z} layero] ¢} 99+ oA+ Bottle HE Y.
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Y Ph)H ZEEF(Sr) wH9L A4S FAATRAA HAstL = TIMS (thermal
ionization mass spectrometry)S ©]-&3Fth EAMHE B Aol 1, 23 d R ZxH o7
grg A Vs &35t FIstdon £47)Ee] A5 dAdE A 9L ZF
=2 SRM 9813 SRM 987% o|&3atqitt. & A AL #45 s do = AH
ANBE %9 FHo] 15ml Teflon beaker® %7 wi @Ak B4 ClALS FH7bste] AW
S g3t} Isotope Dilution Mass Spectrometry (IDMS)E o] 83 A ZFEAS 9Jdto] 2
S AEE sty ¢ #Hlste] bEBa) AHS ¢ 137-Ba spike®t @ A =S 9%k 204-Pb
enriched spikeE H7F3F & % 80C 9 plated ] AZXsIAT AxH Am+= EA3HA2 si-gel
7 &338te] Re filamentol] 29 ake] TIMSO] 28, @ g5 da v 248 WA 3

g3 = F3 vtE AFS A AEE S5 AH

2EE2ER FYYLr+= dust A Z 7)o wE fractionation &3 (Chen et al., 2007, Wu et
al., 2010)7} =1L, soluble® insoluble & ol we} 1 gho] o]zt Avkal e vk (Lupker
al, 2010). & AFelAe dAAe ¥we defste] nlas)E A3} Tsp/Msr wirp deEbA =
g = YJATHZH 1). o]o] we} 2EEZF SAAdLE A oF 10mle] A EE ¢
glsto] HAYANES g FH A EAto R &
HF@Rb)Y HAaH AAE ¢s8] Sr-spec resine ©]
23t H TaO< =33+ Re filamentoll =9 35}

.

oo &
Mr o o

0.722 : : :
1 O no digestion
A [ : A digested with HNO; 15 days
0.720 =i B S [ digested with HNO3 and HF overnight |
] | f o s z
o 5 | 5 |
0718_ ..........................................................................................................................................
| ; ; ; ; =
. 0716_[":'5[‘
D E ! : | | (] : :
Qg: § . D . s
W BT RN, AU ST ST L A S P SO P R S 4 o e S iR B 2t O R
= o AT 5 | 5
T O : : : : :
(g -1 ERUTREIRTR IR S D0 A e R TIRIEteY R
| : . O A 5 :
: A : : :
: . A : : OF
0708_ """ D """""""""""" """""""""""" """"""""""
T T T i T T T T i T T T T i T T T T i T T T T i T T T
10,000 15,000 20,000 25,000 30,000
Age (years b2k)
a9 1. AAE Uy e ~EE2F 5994 v ¥
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oF 5mle] MRS

=

ICP-SFMS (inductively coupled plasma sector field spectrometer)
[e]

g o
BAT H ARAAL Wt HFHOoR AWEE
.

L

K

A A= 3E 20 YER AT
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3% 2. NEEM " 3a}3iof

Al g9 TIMS¢ ICP-SFMS 241 23}

TIMS TIMS
Bag  Depth_ (f(‘a%ers Period Appx.d'®0 I%Ensb I%Enc?a Igopnfr Pb Ba 22(:)67Pb/ U 22<z)87pb/ U 22<:)ipb/ U %sr®sr U
No. top (m) b2k) (P (Pt (ppt) conc. conc. Pb Pb Pb
(ppt)  (ppt)

2211 1215.50 8056 Holocene -34.43 24 4 34.7 83.5 15.2 27.0 1.153 0.007 2.429 0.013 17.435 0.377 0.71153 0.00024]
2241 1232.00 8266 Holocene -36.03 1.7 30.0 63.0 2.3 68.2 1.179 0.004 2.456 0.007 18.024 0.212 0.70838 0.00006
2280 1253.45 8538 Holocene -34.83 6.2 91.3 57.9 3.3 759 1.201 0.007 2.491 0.013 18.776 0.194 0.71260 0.00017
2310 1269.95 8760 Holocene -34.49 4.5 59.6 92.7 2.7 539 1.172 0.002 2.452 0.005 18.223 0.109 0.71444 0.00045
2320 1275.45 8840 Holocene -35.22 1.5 28.2 40.1 2.1 42.7 1.205 0.004 2.466 0.004 18.778 0.199 0.71854 0.00032
2330 1280.95 8920 Holocene -34.17 14 17.7 35.5 3.1 426 1.201 0.003 2.481 0.006 18.635 0.307 0.70805 0.00005
2360 1297.45 9166 Holocene -34.47 1.6 62.6 31.3 2.0 30.8 1.197 0.002 2.453 0.003 18.581 0.085 0.71224 0.00041
2378 1307.35 9328 Holocene -35.19 1.9 35.3 60.7 1.9 555 1.201 0.002 2.463 0.004 18.749 0.115 0.70824 0.00012
2391 131450 9442 Holocene -34.83 0.9 16.6 30.0 1.6 33.3 1.196 0.003 2.461 0.006 18.399 0.166 0.70907 0.00020
2400 1319.45 9525 Holocene -34.66 0.7 22.9 32.5 1.3 242 1.200 0.003 2.493 0.007 18.482 0.206 0.71560 0.00024
2408 1323.85 9603 Holocene -35.13 14 30.6 554 1.7 53.3 1.214 0.002 2.459 0.003 18.883 0.076 0.71800 0.00056
2420 1330.45 9715 Holocene -34.62 1.8 33.8 54.6 1.6 355 1.193 0.002 2.467 0.004 17.463 0.112 0.71000 0.00008
2431 1336.50 9819 Holocene -35.12 3.0 27.3 43.8 1.5 419 1.197 0.005 2.470 0.012 18.207 0.187 0.71517 0.00047
2440 134145 9910 Holocene -35.26 24 51.0 58.6 1.9 385 1.191 0.001 2.461 0.004 18.586 0.106 0.70824 0.00004|
2450 1346.95 10015 Holocene -34.94 4.6 550 119.0 58 62.2 1.200 0.001 2.476 0.003 18.640 0.113 0.70970 0.00044]
2461 1353.00 10133 Holocene -35.45 4.9 41.0 58.0 47 63.7 1.208 0.004 2.484 0.008 18.770 0.165 0.71357 0.00033
2470 1357.95 10228 Holocene -35.93 1.8 23.3 59.2 2.1 394 1.198 0.008 2.486 0.017 19.192 0.350 0.71889 0.00019

_14_



ICP Ba ICP Sr TIMS TIMS
ii? t[o)gpz:;) ()t/fgier)s Period Appx.d'®0 Icc)(:snsb Cc):onc:.a Sonc? copr?c. coBr?c. 22(?:,%/ U 22(?:,%/ U 22(:;';%/ U %sr®sr U
ppY) (PRt (PP ok (ppt)

2479 1362.90 10327 Holocene -36.01 17.0 66.1 87.4 22 629 1.189 0.004 2.467 0.005 18.521 0.136 0.70994 0.00014]
2491 1369.50 10472 Holocene -35.53 1.2 12.8 35.2 1.6 26.5 1.160 0.003 2.436 0.004 17.934 0.124 0.71019 0.00051
2511 1380.50 10715 Holocene -36.05 4.6 58.7 91.2 3.3 1004 1.194 0.002 2.469 0.004 18.504 0.100 0.70782 0.00006
2520 1385.45 10830 Holocene -36.59 3.3 28.2 51.9 71 66.9 1.171 0.002 2.454 0.004 18.203 0.111 0.71533 0.00032
2531 1391.50 10979 Holocene -38.01 2.1 24.3 46.7 1.9 29.3 1.186 0.002 2.466 0.003 18.430 0.108 0.70769 0.00007]
2540 1396.45 11105 Holocene -37.11 2.2 23.6 61.6 2.0 33.3 1.204 0.003 2.481 0.006 18.695 0.192 0.70793 0.00027
2560 1407.65 11389 Holocene -37.11 2.6 103.6 = 70.9 24 944 1.208 0.002 2.489 0.004 18.818 0.116 0.70820 0.00021
2570 1413.15 11543 Holocene -36.60 4.0 57.7 83.4 29 63.2 1.182 0.002 2.457 0.005 18.123 0.149 0.71526 0.00046
2590 1424.15 11932 (GYS[-)']) -41.54 340 5154 966.6 188 5626 1.198 0.005 2.483 0.009 18.694 0.148 0.71194 0.00007]
2600 1429.65 12189 ;) 4140 309 6472 8258 19.0 6963 1.208 0.003 2.489 0.003 18.901 0.131 0.71201 0.00034
2620 1440.65 12710 (GYS[-)']) -41.95 39.2 834.7 9139 26.8 967.1 1.218 0.002 2.497 0.003 19.011 0.106 0.71205 0.00002
2630 1446.15 12955 BA (GI-1) -38.25 10.1 223.0 2046 7.2 264.6 1.218 0.002 2.490 0.006 18.555 0.105 0.71158 0.00006
2640 1451.65 13186 BA (GI-1) -40.08 18.2 3651 3575 10.6 406.3 1.208 0.003 2.492 0.006 19.000 0.271 0.72057 0.00014
2650 1457.15 13411 BA (GI-1) -38.76 8.8 122.0 204.0 58 169.9 1.195 0.003 2.477 0.005 18.391 0.164 0.70902 0.00031
2659 1462.65 13625 BA (Gl-1) -39.64 134 271.0 279.7 128 279.8 1.209 0.003 2.484 0.003 18.688 0.114 0.70918 0.00018
2670 1468.15 13842 BA (GI-1) -39.05 113 1894 523.2 7.8 201.7 1.198 0.002 2.477 0.004 18.592 0.277 0.71341 0.00024]
2678 1472.55 14247 BA (Gl-1) -38.42 16.7 281.3 3759 91 2964 1.203 0.002 2.483 0.005 18.684 0.069 0.70966 0.00003
2690 1479.15 14308 BA (GI-1) -37.13 7.5 131.9 159.3 50 149.1 1.195 0.003 2.477 0.006 18.462 0.179 0.70901 0.00005
2700 1484.65 14551 BA (GI-1) -36.14 94 146.6 203.1 50 130.1 1.199 0.004 2.486 0.004 18.570 0.140 0.70881 0.00005
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Bag  Depth_ (f(‘a%ers Period Appx.d'®0 I%Ensb I%Enc?a Igopnfr Tg\gs TIIBI\:S 22(:)67Pb/ U 22<z)87pb/ U 22<:)ipb/ U %sr®sr U
No. top (m) b2k) (P (Pt (ppt) conc. conc. Pb Pb Pb
(ppt)  (ppt)

2710 1490.15 14737 (é(;_hg) -42.47 429 7851 940.8 25.5 920.6 1.207 0.003 2.483 0.006 18.777 0.174 0.71567 0.00008
2720 1495.65 15133 (Iécg_l\g) -40.12 126.4 2270.1 3093.3 53.2 1718.1 1.196 0.002 2.489 0.018 18.361 0.129 0.71721 0.00022
2727 1501.15 15568 (IC';CS;_I\g) -43.21 79.8 1480.2 1591.8 57.9 1682.7 1.199 0.008 2.481 0.012 18.828 0.546 0.71397 0.00008
2740 1506.65 15999 (Iécg_l\g) -41.94 619 1352.2 1316.3 30.1 1419.2 1.202 0.007 2.499 0.009 18.641 0.536 0.71795 0.00021
2750 1512.15 16427 (Iécg_l\g) -41.62 946 1906.3 1614.3 57.7 2361.5 1.206 0.006 2.489 0.010 18.523 0.227 0.71560 0.00005
2760 1517.65 16834 (IC';CS;_I\g) -40.64 164.0 3618.0 2777.2 100.5 4772.5 1.199 0.003 2.479 0.006 18.541 0.266 0.71674 0.00004
2770 1523.15 17240 (Iécg_l\g) -41.24 964 2188.7 1984.3 138.6 3499.4 1.207 0.002 2.488 0.007 18.699 0.195 0.71513 0.00002
2780 1528.65 17666 (Iécg_l\g) -40.89 86.9 2162.2 1677.5 54.1 2781.2 1.200 0.003 2.488 0.009 18.682 0.338 0.71438 0.00007]
2790 1534.15 18124 (IC';CS;_I\g) -42.77 138.2 2762.6 23255 82.3 3306.2 1.208 0.003 2.490 0.010 18.776 0.245 0.71572 0.00004|
2800 1539.65 18498 (Iécg_l\g) -40.04 1271 2928.6 27604 73.1 2676.6 1.208 0.005 2.494 0.006 18.250 0.178 0.71482 0.00004I
2810 1545.15 18911 (Iécg_l\g) -42.36 85.1 1865.5 15954 53.1 1711.3 1.205 0.003 2.486 0.003 18.743 0.152 0.71481 0.00005
2820 1550.65 19342 (IC';CS;_I\g) -41.28 119.5 2872.6 2208.5 74.5 2778.5 1.198 0.009 2.487 0.015 12.230 3.591 0.71491 0.00005
2830 1556.15 19771 (Iécg_l\g) -41.63 914 2207.1 14925 59.2 2526.1 1.208 0.001 2.497 0.005 18.870 0.072 0.71505 0.00004
2840 1561.65 20198 (Iécg_l\g) -42.79 1452 3682.8 24111 87.4 34511 1.207 0.004 2.486 0.008 18.903 0.343 0.71522 0.00019
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Bag  Depth_ (f(‘a%ers Period Appx.d'®0 I%Ensb I%Enc?a Igopnfr Tg\gs TIIBI\:S 22(:)67Pb/ U 22<z)87pb/ U 22<:)ipb/ U %sr®sr U
No. top (m) b2k) (P (Pt (ppt) conc. conc. Pb Pb Pb
(ppt)  (ppt)

2850 1567.15 20621 (I(_;C;-I\g) -41.89 139.3 2280.1 1652.6 49.0 2453.3 1.203 0.006 2.491 0.006 18.866 0.134 0.71913 0.00043
2860 1572.65 21087 (IC_;C;_I\g) -43.68 98.7 1784.8 1830.7 62.0 2030.6 1.202 0.005 2.496 0.009 18.766 0.335 0.71423 0.00028
2870 1578.15 21579 (I(_;Cg_l\g) -41.02 2094 4623.3 3127.0 119.3 5337.1 1.202 0.005 2.484 0.008 18.639 0.165 0.71875 0.00008
2880 1583.65 22082 (IC_;CS;_I\g) -43.27 104.2 2109.3 1789.7 57.5 2120.2 1.199 0.003 2.486 0.006 18.549 0.147 0.71868 0.00021
2890 1589.15 22578 (IC_;CS;_I\g) -42.05 110.3 2281.6 17156 58.5 1766.2 1.202 0.002 2.483 0.004 18.817 0.106 0.71967 0.00015
2900 1594.65 23046 (IC_;C;_I\g) -42.06 107.0 2169.4 2087.3 64.5 2166.0 1.188 0.003 2.466 0.005 17.753 0.123 0.71748 0.00010
2911 1600.70 23587 (Iécgl_\g) -44.25 201.5 3927.6 4175.6 95.7 3457.7 1.200 0.003 2.486 0.006 18.519 0.428 0.71808 0.00017]
2920 1605.65 24145 (Ic_acgl_\g) -44.30 2535 5263.2 49404 162.3 6518.5 1.201 0.004 2.484 0.003 19.020 0.408 0.71733 0.00006
2930 1611.15 24739 (Iécgl_\g) -42.71 167.4 3146.3 3017.5 102.3 4528.1 1.200 0.006 2.484 0.005 18.801 0.118 0.71799 0.00006
2940 1616.65 25370 (g(;l_\g) -43.40 256.9 5207.0 4076.7 90.4 4718.4 1.200 0.006 2.484 0.012 18.102 0.230 0.71833 0.00005
2950 1622.15 26028 (g(;l_\g) -44.19 171.5 2501.9 26614 92.1 3374.1 1.204 0.002 2.481 0.005 18.701 0.225 0.71525 0.00007
2960 1627.65 26575 (g(;l_\g) -45.54 124.0 2682.0 21789 78.3 2898.6 1.204 0.003 2.478 0.013 18.951 0.503 0.72041 0.00021
2970 1633.15 27144 (Iécgl_\g) -41.29 112.7 2359.9 17432 62.4 2397.5 1.199 0.003 2.474 0.007 18.479 0.177 0.71527 0.00010

2980 1638.65 27641 GI-3 -39.39 265 5721 5055 13.7 4993 1.198 0.006 2.474 0.011 18.527 0.250 0.70886 0.00004
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TIMS TIMS

Elag Depth_ (f(‘a%ers Period Appx.d'®0 I%Ensb I%Enc?a |SOPn§r Pb Ba 22(:)in/ U 22(:)in/ U 22(:)in/ U %sr®sr U
o. top (m) b2k) (o) (ppt) (opt) conc. conc. Pb Pb Pb
(ppt)  (pPpt)
2990 1644.15 28068 GS-4 -44.00 198.8 3741.8 4095.8 104.1 3945.9 1.200 0.006 2.491 0.010 18.444 0.259 0.71750 0.00017
3002 1650.75 28691 Gl-4 -40.17 19.0 383.6 4233 121 4172 1.196 0.003 2.477 0.003 18.454 0.130 0.71005 0.00016
3011 1655.70 29021 GS-5.1 -44.58 136.4 2619.0 2659.9 71.2 2437.5 1.200 0.003 2.483 0.005 18.862 0.171 0.71979 0.00049
3020 1660.65 29585 GS-5.1 -44.61 164.2 3322.0 3860.3 117.6 3923.2 1.197 0.003 2.477 0.005 18.694 0.122 0.71528 0.00004|
3030 1666.15 30200 GS-5.1 -43.06 414.6 8076.0 8833.6 252.6 8679.2 1.195 0.007 2.473 0.014 17.342 1.010 0.71581 0.00004I
3040 1671.65 30787 GS-5.1 -42.01 58.0 1108.3 1523.6 32.8 1139.4 1.197 0.004 2.479 0.007 18.623 0.143 0.71665 0.00011
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5'%0

P S — - T, Ca———— PR —

0.02 0.04 0.06 0.08 0.10
Pb/Ba

a9 3. X W3le] w2 Ph/BaW]. UCCE Upper Continental Crust #k(Wedepohl, 1995;
McLennan et al., 2001).

LERgtd] mE w F=sh Ph/PbH] WEE AWEW, 650 g —40% VEoR W
TRoh Felda Aol WatetE e & F odvh AuHoR F A7]6E=(6"0 <—40%)
e W vk, B bAAQ PhAPhr] #e Hela glon], uEgu Al7]d=(810 > 4
%) St W k=, &b MPb/PbH] 3t& Holal Ith(T® 4). 7] §-ste] whe} 7] W
ANALE] el et i st WEghe BE o dgENds =W sl e
s Ae WAAe] BaATE MekE = glohs S v dth
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O Pb conc. (ppt) : : : : : :
@ 205pp/207pp : : : : : : ‘ : :

250

200
& 2
o
& 150 8
£ 2
e 2
100
50
4]
5'%0
a9 4, =gl 2 W wEe YA 24 W
NEEM H3alzole o ot 594 v (*¥Ph/Ph)= 2 &= Summitell A A 53+ GRIP#
GISP2 Walaofel A B o&@%j:oq olg moli JUtHzd 5). &, F A
7191 A Waly] Bk NEEM W &}so]d] X6 ﬁ’h) Hl= GRIPZ GISP2olA] H-24&
OPb/MPb WlETE ofzh wrE ke mola glom, FRA 27]dE GRIPS #EUh tha =
TS Hola 9t olgldk ol AR A= oo 2|3 Folgtu Al HT AL
ol AGE Eo aUT=E FUdWE HWAFA] VYA FAHE F o e o £ IS

Aor Atsdt
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1.24

Holocene

5'%0 (%a)
Ad,02/9d g0z

-O- NEEM ice core Pb isotope ratio (thIS study)
11 GRIP ice core Pb isotope ratio (Burton et al., 2007)
: -A- GISP2 (Blscaye et aI 1997) : :
: — —
10000 15000 20000 25000 30000
Age (years b2k)

a9 5 adds Jsta NEEM, GRIP, GISP2elA] 7t7} Hd€E o dAsLdL Y

o<l

(*Pb/X'Pb)e] W3l @A W3 FA NEEM Watzole A8 sd=rt o)d dFrr
A =5 GISP29] Atg = Al HAdH 7ol et 671 AlmolArt 243 28

o)
2EE2R 5992 24 ESr/MSr)el wals Auud, A5 sz mE 4 g Wt
FelskA vebdoh 18 69 HS2 (Heinrich Stadial 2) 7]17Fe] dataS elsirw, arajAbx=<l
NEEM¥} GISP29] A&+ kol HlszebAl vebvha 9lar, A=< GRIPS 4% =L kel u
w2 T WetFolehE Apo]lE HQlt GRIPH GISP2 Watzole] f1X7F w9 71431 NEEM
Wetaol= Hey "old e AS AShstd ol A= Aol wE Fhe Wsieta AR

A

1Eastske] GRS stetety] sl 2ERE EAUL @ & AFE wHRE(
) ZEEF BN gel Wbl J1Fustel mel ugsl weta 9ee #9 ¥ &
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HS2 . !

Holocene BA HS1

- 38—l O]y AR
& -0.715
O
« 40— 1-&- Wt PSP YN e TR B~ N
o)
—0.710
42
-4411.0- NEEM icé core Sr isotope ratio (this study) A 1 0.705
T GRIP ice core Srisotope ratio (Burton et al., 2007) : ’
_a6- - GISP2 (Biscaye et al., 1997) :
: : — ——————T———
10000 15000 20000 25000 30000
Age (years b2k)
a4 6. add= Wekaielql NEEM, GRIP, GISP2olA 747} Edd 2EREF w9da

(*'Sr/®Sr) o] W3},

BA HS1 HS2 .

-O- NEEM ice core Sr isotope ratio (this study) i 0,705
11 GRIP ice core Srisotope ratio (Burton et al., 2007) : '
4 GISP2 (Biscaye et al., 1997)

Holocene

580 (%)

0.725

15600 I |20(|)00I I25000| éOOOO

Age (years b2k)

¥ 7. ad9d= etz oil NEEM, GRIP, GISP2oA Z+7t &HH ~EE
E]_]: =

(3'Sr/MSr) o] WMEl 18 Go|H AEER E99x 7l =&

LJ
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TP HE WX #ZAA v A (PSAs, Potential Source Areas): H-ybto] 3

I = =5
so) gl ore) A Tgstu AHAY 8).

US + Alaska

Canadaj

" Sahara .

Chinese Loess
1.19 ' ;

206pp, /207 ppy

Taklamakan =

1.18

Ganhan grassland

1.16—

Hebe bashang.A .

2.43 244 2.45 2.46 247 2.48 249 2.50 2.51
S

Y 8 IUREE FYHE WA FAH BAAE) b AHFADL 24,
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NEEM Halzojol ] £48 ¥ AR50 % 249 Aodds qdee 98 A9
A wAA7} Gt Ae welFa ok AUAon FUW AYER0 <—40%)E A
stebAbubs epFebgh A £99 B AY A9ozRy f98 WAL W 59
A 24E BoFH Yu, AR hEYD A7(670>—40%) = Astete] dS Zol
£ oAl erEevbgk Abvtelut Atk dER, wi WeE 2X9el Spitsbergen 4%
Pz

4~

AANA AR A=t Q1Y 9).

1.24 . _ . . : :
1 [© 8~30 kyr b2k (57°0>-40) : : ; e
1.23-....| EJ 8~30 kyr b2k (5'°0<-40) . .......

- 0 . A— S— . So— 2 AR— ;...,..,‘............kﬁ@?hﬁ!z?ﬁ??‘..\,’9'9?‘.'1"53.%.

206pp207pp

Ganhan grassland

_® Hebei bashang

145
2.47 2.48 2.49 2.50 2.51
2L YPh
2% 9. NEEM HWstaolol A #2438 oA =9 dAs 2ph/2Phat 28ph/APhe] AbataA 9
7} PSAsY H99x B EA (680 =—40% 713).
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H e Hds 2AS A HAAIRE EEA 270 olEx HA EAVIbE A7

=2 U¥E 4 Utk Greenland Stadial 2
271 He Fo 7LAE =gzt At e R A Alstar Qlal, GS-2 Al7lell= Abskel AbERo
ZHE §49% Wx dx7 ad@=o Fo3 o 7YdxE 452 Younger Dryasell
aiFst= 3709 Alme BhEEbebxt AR Abebe} AbEb RSFo] RS e Zlo R AR W,
BA<| 3l¥3lE Greenland Interstadial-19] 74-¢- Add o= miest 7| 5ol = B3t 1)
2 Ats . kAR

SEYE FU@ WAGAY GRE AP WRe Ao Ak FEAel SolHuA
= oEse 240 WAl NAA GgsA BEaA sl Weole g F o depleted
of hehta gtk

O LGM GS-2 (14.7~23.1 kyr b2k)

@ LGM GS-3 (23.5~27.2 kyr b2k)

O LGMGI-3  (27.6 kyr b2k)

1229/ @ LGM GS-4  (28.0 kyr b2k) , ,
O LGMGI-4  (28.6 kyr b2k) o Sobi—

121 © LGM GS-5.1 (29.0 ~30.8 kyr b2k)| ~: :

1.24 . . - . : :
O Holocene (8~11.6 kyr b2k) ; : : : : ;
1A YDGS1  (11.9~127kyrb2k) | : ; LA :
103 & BAG  (129~146kyrb2k) | i SO S . ............... s

206pp207py

Ganhan grassland

1.1 6 —| @Iy ARy
i , r
145 IlllililllllllillIIIIlIIIiIIII l:l.lrl:l-i.l.l I..I.ll.lIll.‘.l'.ll.l‘.'ll.rlI..rl.l“.i::.llll-rll)lIIIIII.IMIIII..I(IL::ihi':.llul
2.43 2.44 2.45 2.46 2.47 2.48 2.49 2.50 2.51
RBELATPh
3 10. NEEM Wstzolol A 243 o bdE el da “OPb/*Pbat *Pb/Phe] kA o}
7} PSAs?] 5994 BE 54 (A7)
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H &5 7 o] (GRIP, GISP2)e] <
AoH g 11). 1dd=

- T
Summit A9 F8 WA 7|LA = meAolgk= 71E A2 Hek= =4 NEEM W st
oo 715 22 A7ld ad@E=E=R #F4€ WA Fo 7|AAVF BEeheigt = Abstet
AtEto ' etk om o= IR oAk Ao dxqiate] wA I vEve As
ojul gttt s NEEM H3tzo] 4 Asf& FgotAore]l aujALel o] 9o .t Al&}efAputo
Al ZAAE olsEE WAYAY] FY e AdS #RlEFe Aol o] Rl A &3] F
wstel 7)o WA Y~ WstE AT ¢ de Avkgrt

H Weae 94 uxe] wax
4 sow 7Y

1.24

1 | ©O NEEM 20~27 kyr b2k ;US +Alasks?

123 GRIP 20~27 kyr BP
GISP2 23~27 kyr BP

Chlnese Loess:

206pp207pp

Taklamakan

2.47 248
2L YPh

a9 11 adfEeA AlFE 3749 WetaojolM A E wA e Ao et i A E Sl
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W QHAE UL PSAS MR 2EEE FAULE 0§ /194 FHL ko]
7 PSASl ZEEF BU9% 24 1Y 120 TAGAT 2EEES 45 QR 2]
e FEEArE A7) ol Thed 3k dAbAv)el wel PSAS 2ERERFE €A #Es o
2/ RESFAR(E T AP, Abgkek Abehe] A% Abeteh Bro wAdae] L we A
ool HAE I tlolE et Alstel AR EE F9Fe] 9FS w2 ODP 658C EHAHE Fo
HolHE FH3ste] EA89 Tt End memberd] £3tE 347199 HE 2ERZE 994 1
7]' 7]';53]— 17%% ~0.703 o= l%ﬂ’l%ﬂ Elgtﬁ, _J—_’_H]/\]-E]l'jl]- X]—%L-E‘HQJ 13,,]79]% ioi*“f' %}\»o] H];\;'(:S]—
A YEbGE 5ol k.

0.735
1 us
0.730
0.725—-
1 ODP 658C (Northwest Africa)
= 0.720 (<75 um)
& J
% Alaska
& ]
0.715 Gobi
=il My
0.7‘[0—-
0.705—-
Volcanics
0.700 + T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1.16 1.17 1.18 1.19 1.20 1.21 1.22 1.23
208p},207pp,
a9 12, 2AHPER FYE s WA Y FAA ddAEY 2EEF B sAdE 4.
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AZIE R ZEA A 71

= A(‘)] 1O Rid }. [e] %
of 54o] & Yy AL IAF F At (ZH 13). GS-515H GS-37HA = 2dHdHE==Z F
s e WA Eebvb Abe EE ohzelsh BARe] HAR oo Hold
S fAbS Al Vehbe B40] ok ebEebulzk Ao 4% A2 Sumelstel e Al o
FHo= 75umeoldte] bulk A= G @Wol FHEo] YERY=t], NEEM Wstiold
e WA 42 A7) 7F Hit S5umolstete Ao® & uw ol eE ezt Afute] g R}
= Atstel AbEre]l kS ol e Zlow AL HTHOyabu et al., 2015). GS-2A]7]dl= 7]+
o Wkl ME @S elVlE AW Yol ARt AFde HAZ ey E: 1
wabebe] @) FAE o]l Utk b obd B9l ane] PSA A7t mulAbute] dgko] wol
UERA] 2 Ao=Z & uf o= AFdd dFS T Aletdt B A9 S @Wol v
UAY AFsE TSt a™d=R WA f9d" Ayt AZET YDA 7] =
Sr/MSr gkol oF 0.7122 AAsHA vEhta Qal, A Z27)dE T994 A WA A
9lo ™ depleted ¥]o] YEIUE= 5 o]
0.735
O Holocene
] YD (GS-1) e
] ® BA(GI-1) fakiamat us
] LGM (GS-2)
£ LGM (GS-3)
< LGM (GI-3)
1 WV LGM (GS-4)
0.725 LGM (GI-4) ,
LGM (GS-5.1) ODP 658C (Northwest Africa)
_ 0.720 —‘#!‘0—““
& .
3;" Alaska
A |
” 0.715
ro——
0.710 —Q—
0.705—-
Volcanics
0.700_ ------- L [Trr T [rrT T LR [T T rrTTT RERREEET | R I T
1.16 117 1.18 1.19 1.20 1.21 1.22 1.23
206Pb1207Pb

(Burton et al., 2007).
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A 38 &5 Styx WstRoloA o] A RuEI=|IE o]-&3t 873
o] 282 EA3} Coulter CounterE o]£3t dust =% T4
0 2as) 282 dust BRa Wsle) AP, BIUE,

ENSO S¢] 7]% - Shguisiete] Qv A

i

W= Styx Wataole] A&l AL o] 2AE ARE FHEY] fste] VIE FERH

o] 2= 2w E 13 9] (normal condition ion chromatography) 2] ¥ oA 14 o] A ZwlE 1)

3] (Fast Ion Chromatography, FIC) 49 /&S Al=8t}. o]2azntE 18y 179
A Z(quantitative)- A A (qualitative) &4 WAYZ EAJ 02 Qldle] EA oA RS AZ3E7]
TAHe A5

Fol&(F, MSA, CI, NOz, SOs, Br, NOs, POs) °F 25% —1¥]
K', Mg”, Ca®) °F 1589 &4 RTo] 2%t} olgjd RT#S #a =
(ice core melting module)? A% ¥ A& &5 Al2®l(continuous flow analysis, CFA)S
% A5 49 g8 TS ¥k ofyet Alge ¥4 HE(analysis interval)e =Y
Aol HFA o m Hatao] Age wsfdE ol2AHR A5 g5o] Jhestth sHAY RT#
AAsH7] HAaAA B 1 o 2w Ame A=A -AAHH A7 st AE 9
g AstAZ 7hsAol 9 L = | A= AlEEA o
of AF-&EAof vt RTS A gL st7b ks ofoF gt
b 2 AT g ojARntE I d #FAMS Jidstr] s ICS-5000,
ICS-2100, ICS-2000, ICS-1100 24 = 54 olxa=zwtE1dy 7|7|E 83tk ICS-5000
o A% stue] 7]71ell &F-gol FAEA ] JhsskH, 1ICS-2100 # ICS-20009] 78-¢ &°l
A 283 ICS-1100 2+ Fol= Ao &&= At ICS-2100 2 ICS-2000 18] a1 2th ¢
ICS-11002 & Yol TAAS 9389 System-1 (ICS-2000(°]&++4), ICS-1100(Fo] &
A1) 283l System-2 (ICS-2100(50]41), ICS-1100(Fo]=2) o2 2| x=7sto] o] 2
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E 3 3% ojeamvtEaey ool B AFE7
Anion Cation
ICS5000

Instrument ICS-5000 ICS-5000

Analytical Ion Pac AS15-5um Ion Pac CS12A-5um

Column (3*150 mm) (3*150 mm)

Eluent 45-90 mM KOH, EGC 36 mM Methanesulfonic acid
(Eluent gradient) (isocratic)

Flow Rate 0.90 mL/min 0.60 mL/min

Pressure 2356 psi 2032 psi

Temperature 35°C 35°C

Detection Suppressed Conductivity Suppressed Conductivity

Suppressor Dionex ASRS 300™ 2mm Dionex CSRS 300™ 2mm

Applied Current

64 mA

156 mA

Injection Volume 300 uL 300 ulL
System-1
Instrument 1CS-2000 ICS-1100
Analytical Ion Pac AS15-5um Ion Pac CS12A-5um
Column (3*150 mm) (3*150 mm)
Eluent 45-90 mM KOH, EGC 34 mM Methanesulfonic acid
(Eluent gradient) (isocratic)
Flow Rate 0.92 mL/min 0.65 mL/min
Pressure 2665 psi 2197 psi
Temperature 35°C 35°C
Detection Suppressed Conductivity Suppressed Conductivity
Suppressor Dionex ASRS 300™ 2mm Dionex CSRS 300™ 2mm
Applied Current 65 mA 160 mA
Injection Volume 300 ulL 300 ulL
System-2
Instrument 1CS-2100 ICS-1100
Analytical Ion Pac AS15-5um Ion Pac CS12A-5um
Column (3*150 mm) (3*150 mm)
Eluent 45-90 mM KOH, EGC 34 mM Methanesulfonic acid
(Eluent gradient) (isocratic)
Flow Rate 0.92 mL/min 0.65 mL/min
Pressure 2375 psi 2167 psi
Temperature 35°C 35°C
Detection Suppressed Conductivity Suppressed Conductivity
Suppressor Dionex ASRS 300™ 2mm Dionex CSRS 300™ 2mm

Applied Current
Injection Volume

65 mA
300 uL

160 mA
300 uL
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F& olpAarvtEIN Y EANHO - Fole A F A (calibration curve) 2 flste] &

d e A ZEAGS olEsen, xAlE FZELAS A FHF(Mili-q water,

purity: 18.2 18.2 MQ-cm at 25°C)E 3|A 35t A&t IA| ZFA <Fol tigh M FAFS}
I EFEH FEHOE X 4 T893 F bl BAISAT B4 &8E BEE 77 A
T4 o] 28X 24 HPEA (High Efficiency Particulate Air) ZE7F AX " FH 2 (class-10) ¢+
o Ax W 28FJTH(1Y 15). AdAE W E w7, v wpAg, v I8y vy

o gF ul Al sk 3

20E Ao A9 BAT F Uk LHEAL 2 5 j eHE ¥
Ao Ab4¥ BEE 43 47](LDPE bottle, Pipet tip, glass flask §)& 32 SHF 55 ol &3}
o 2-33 ¥ AlHS F§F FH 24N T FHRFE EEHAS AA AT 29 AFH
(Sonification Cleaning at 35°C) & HF A= 32 THFE 33 A¥ F FAWXA
(class-10) el A HxzAF S AR FH AHgsAdn. 47170 dZ25 e AdAFE(Tygon
tube, PEEK tube &)+ #Hlul2g F2(IP, ISMATEC, US)E °l&3te 3a S/TE 24A1%F
Z o} 8% A H(reaching washout cleaning) dte] A}-&3} 91t}
® 4 2 F o] A EFACF AFALE
Anion solid standard reagent
Component  CAS no. id. Formula Formula M.W.  Component M.W,
F- 7681-49-4  201154-5G NaF 41.99 18.998
MSA 2386-57-4  304506-100G  CH3SOsNa 118.10 95.111
Cr 7647-14-5  S9888-25G NaCl 58.44 35.453
SO4* T757-82-6  238597-25G Na;SOy 142.04 96.062
NOs 7631-99-4  S5506-250G NaNO; 84.99 62.004
Cation solid standard reagent
Component  CAS no. id. Formula Formula M.W.  Component M.W,
Na* 7647-14-5  S9888-25G NaCl 58.44 22.989
NH," 12125-02-9  326372-25G NHA4CI 53.49 18.038
K" 7447-40-7  746436-500G KCl 74.55 39.098
Mg** 7786-30-3 M8266-100G MgCI2 95.21 24.305
Ca** 10043-52-4  746495-500G CaCl2 110.98 40.078
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F 5 s Yol 258 =W (F9: ppb)
Anion F MSA Cl SO4* NOs
Level-1 0.1 0.5 0.5 0.5 0.5
Level-2 1.0 5.0 5.0 5.0 5.0
Level-3 5.0 25.0 25.0 25.0 25.0
Level-4 10.0 50.0 50.0 50.0 50.0
Level-5 100.0 500.0 500.0 500.0 500.0
Level-6 200.0 1000.0 1000.0 1000.0 1000.0
Cation Na* NH,* K* Mg** Ca**
Level-1 0.2 0.25 0.5 0.25 0.5
Level-2 2.0 2.5 5.0 2.5 5.0
Level-3 10.0 12.5 25.0 12.5 25.0
Level-4 20.0 25.0 50.0 25.0 50.0
Level-5 200.0 250.0 500.0 250.0 500.0
Level-6 400.0 500.0 1000.0 500.0 1000.0

13 15. System—2, System-1 28] 32 ICS-5000 7] 7] A=A
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# 6. ICS-5000 & ol =A< 12 A4

Anion Calibration Equations Cation Calibration Equations

F- slope intercept Range Na* slope intercept Range

L 0.0054 -0.0010 0.1 5.0 L 0.0051 -0.0015 0.2 10.0

M 0.0056 -0.0018 1.0 10.0 M 0.0054 -0.0038 2.0 20.0

H 0.0061 -0.0074 10.0 200.0 H 0.0054 0.0004 20.0 400.0
MSA slope intercept Range NH," slope intercept Range

L 0.0013 0.0000 0.5 25.0 L 0.0060 0.0006 0.3 125

M 0.0013 -0.0003 5.0 50.0 M 0.0057 0.0023 2.5 25.0

H 0.0013 -0.0031 50.0 1000.0 H 0.0023 0.1362 25.0 500.0
Cl slope intercept Range K* slope intercept Range

L 0.0033 -0.0007 0.5 25.0 L 0.0033 -0.0027 0.5 25.0

M 0.0035 -0.0025 5.0 50.0 M 0.0036 -0.0063 5.0 50.0

H 0.0037 -0.0209 50.0 1000.0 H 0.0034 0.0150 50.0 1000.0
S04~ slope intercept Range Mg?* slope intercept Range

L 0.0022 -0.0014 0.5 25.0 L 0.0090 -0.0040 0.3 125

M 0.0026 -0.0057 5.0 50.0 M 0.0096 -0.0091 2.5 25.0

H 0.0028 -0.0265 50.0 1000.0 H 0.0093 0.0187 25.0 500.0
NO3 slope intercept Range Ca** slope intercept Range

L 0.0021 -0.0006 0.5 25.0 L 0.0060 -0.0051 0.5 25.0

M 0.0021 -0.0009 5.0 50.0 M 0.0063 -0.0113 5.0 50.0

H 0.0022 -0.0101 50.0 1000.0 H 0.0063 0.0085 50.0 1000.0
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# 7. System-1 &- ol w=E 14 WA
Anion Calibration Equations Cation Calibration Equations

F slope intercept Range Na* slope intercept Range

L 0.0049 0.0021 0.1 5.0 L 0.0039 0.0020 0.2 10.0

M 0.0046 0.0018 1.0 10.0 M 0.0041 0.0016 2.0 20.0

H 0.0048 0.0311 10.0 200.0 H 0.0047 -0.0142 20.0 400.0
MSA slope intercept Range NH,* slope intercept Range

L 0.0010 0.0025 0.5 25.0 L 0.0045 0.0009 0.3 125

M 0.0009 0.0023 5.0 50.0 M 0.0044 0.0007 2.5 25.0

H 0.0010 0.0265 50.0 1000.0 H 0.0019 0.1026 25.0 500.0
Cl slope intercept Range K* slope intercept Range

L 0.0023 0.0030 0.5 25.0 L 0.0025 0.0004 0.5 25.0

M 0.0024 0.0006 5.0 50.0 M 0.0026 -0.0005 5.0 50.0

H 0.0029 0.0377 50.0 1000.0 H 0.0030 -0.0284 50.0 1000.0
SO4* slope intercept Range Mg?* slope intercept Range

L 0.0016 0.0033 0.5 25.0 L 0.0072 0.0038 0.3 125

M 0.0017 -0.0003 5.0 50.0 M 0.0075 0.0026 2.5 25.0

H 0.0023 0.0260 50.0 1000.0 H 0.0079 -0.0252 25.0 500.0
NO3 slope intercept Range Ca** slope intercept Range

L 0.0017 0.0050 0.5 25.0 L 0.0052 0.0198 0.5 25.0

M 0.0015 0.0045 5.0 50.0 M 0.0056 0.0132 5.0 50.0

H 0.0017 0.0306 50.0 1000.0 H 0.0057 -0.0103 50.0 1000.0

¥ 8. System—2 - ¥ol &A= 13 WA A
Anion Calibration Equations Cation Calibration Equations

F- slope intercept Range Na* slope intercept Range

L 0.0063 -0.0005 5.0 L 0.0038 0.0012 0.2 10.0

M 0.0051 0.0022 1.0 10.0 M 0.0039 0.0005 2.0 20.0

H 0.0056 0.0013 10.0 200.0 H 0.0046 -0.0168 20.0 400.0
MSA slope intercept Range NH," slope intercept Range

L 0.0012 -0.0004 25.0 L 0.0042 0.0015 0.3 125

M 0.0011 0.0011 5.0 50.0 M 0.0040 0.0024 2.5 25.0

H 0.0011 -0.0001 50.0 1000.0 H 0.0018 0.0933 25.0 500.0
Cl’ slope intercept Range K* slope intercept Range

L 0.0033 -0.0016 25.0 L 0.0052 0.0297 0.5 25.0

M 0.0029 0.0032 5.0 50.0 M 0.0042 0.0539 5.0 50.0

H 0.0031 -0.0221 50.0 1000.0 H 0.0029 0.1067 50.0 1000.0
S04~ slope intercept Range Mg?* slope intercept Range

L 0.0020 -0.0024 0.5 25.0 L 0.0064 -0.0001 0.3 125

M 0.0021 -0.0041 5.0 50.0 M 0.0068 -0.0037 2.5 25.0

H 0.0024 -0.0281 50.0 1000.0 H 0.0077 -0.0388 25.0 500.0
NO3 slope intercept Range Ca** slope intercept Range

L 0.0017 -0.0008 0.5 25.0 L 0.0051 0.0177 0.5 25.0

M 0.0016 0.0003 5.0 50.0 M 0.0054 0.0141 5.0 50.0

H 0.0019 -0.0173 50.0 1000.0 H 0.0056 -0.0136 50.0 1000.0
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Type System NO. F MSA Cl SO NO;3
Normal method ICS2000-2100 179 0.33 3.09 155.45 63.65 35.83
FIC method ICS5000 179 0.44 3.76  163.41  73.69 43.77
Normal method ICS2000-2100 185 1.35 6.43 14424 109.67 36.47
FIC method ICS5000 185 1.47 751 152.16 12475  46.30

Normal method ICS2000-2100 195 0.13 36.00 107.35 192.91 27.81

FIC method ICS5000 195 0.20 38.93 111.68 200.94 36.17
Type System NO. Na' NH, K" Mg? Ca*
Normal method ICS2000-2100 179 71.13 0.81 2.39 10.34 7.42
FIC method ICS5000 179 81.33 2.60 3.02 10.74 6.81
Normal method ICS2000-2100 185 65.13 0.92 2.50 13.02 17.04
FIC method ICS5000 185 71.96 2.79 1.79 14.22 16.25
Normal method ICS2000-2100 195 53.60 1.25 1.84 7.68 5.25
FIC method ICS5000 195 61.81 3.61 0.61 7.76 4.24
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Persistent Pb Pollution in Central East Antarctic Snow: A
Retrospective Assessment of Sources and Control Policy Implications
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© Supporting Information

ABSTRACT: Well-defined variations in the enrichments and
isotopic compositions of Pb have been observed in snow from

Dome Fuji and Dome A in the central East Antarctic Plateau Dome Fuji Dome A
(EAP) over the past few decades. The Fb isotopic fingerprints - w {EF

indicate that the rapid increase in Pb enrichments from the mid- ~ = e e al
1970s, reaching a peak in ~1980, is due to the massive use of | s P O 2 e e 7]
leaded gasoline in northern South America, especially Brazil. Since =~ |'" Y =1 ¢ F
then, they show a continuous decline, mostly due to the significant T e e e e
removal of the Pb additives from gasoline in Brazil in the 1980s —_ e

and, subsequently, in Argentina and Chile in the 1990s. After the

phase-out of Pb in gasoline, Cu smelting in Chile has become the

major source of Pb, contributing ~80% to the total Pb emissions in

northern South America in 2005. Nevertheless, Pb pollution in the central EAP declined substantially until recently as a result of
the regulatory efforts to curb toxic trace metal emissions from the Cu industry in Chile. However, more than 90% of the Pb in the
most remote places on Earth are still of anthropogenic origin, highlighting the need for the continuation of environmental
regulations for the further reduction of Pb emissions.
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ABSTRACT: Wel-defined warbstions in the endcments and
otople compositions of Ph lave been observed in snow from [
Dome Fuji and Dome A in the central East Antarctic Platem
(EAP) over the past few decades. The Pb isotopic fingerprinis
indicate that the rapid increase in Pb enrichments from the mid-
19705, reaching a peak in ~1980, & due to the mosshve use of
leaded gasoline in northern South America, egpecially Brasl Singe
then, they show a continuous dedine, mostly due to the significant
removal of the Ph additives fram gasoline in Brawil in the’ 19508
and, subsequently, in Amgentina and Chile in the 19905 After the ©
phase-out of Pl in gasoline, Cu smelting in Chile has become the
mijor source of Pl contrbuting ~90% to the total Pbemisions in
northem South America in 2005, Nevertheless, Fb pollution in tie gentral EAP dedined substantially until recently a5 a result of
the regulatory efforts to curb toxic trace meta] emssions from the Cu indstry in Chile However, more than 90% of the Ph in the
most remote phoes on Earth are still of anthropogenic origin, highlighting the need for the continuation of environmental
regulations for the futher reduction of Pb emissions,

1. INTRODUCTION (Law Dome ).~ Very recently, a composite Ph recond from

Lead (Ph), a highly toxic metal, has become widely distributed an extensive armay of 16 Jc.e cores across  Antarchica was
and mobilied thhe environment, and exposure to and uptake repotied; which. ghowed 3 raptil Increase in T MMII“EM
of this nonessential element remain a global concern because of up be 1975 and o ipetalngid incresse g dl the mid- 190k, O
a public health ismuve of continuing Jm_pomme.’ Greenland ghe pittier hiynd, _q,u].'-i:.ntl.ll changes in ﬂﬁ nstative contrimeions
sow and ice records have dearly demonsgmted that the most s o mource: peglans, South Américs and. Anraly, wees
prominent hemispheric-scale atmospheric Ph pollution in the proposed to be linked to the sampling locations close to each
Morthems Hemighere is undoubtedly due to the massive source regon affecting the transpornt Paﬂnﬁyﬁ: E_E?]]mms o
consumption of leaded gasoline in the second half of the 20t the site on the basis of Pb botopic dygnatures. Howewer,

century.>~ These recands showed a remarkably simiar trend recent work suggested that Australla was consistently
consisting of 3 dramatic increase in atmespheric Pb deposition responsible for the anthropogenic Pb deposited over the
in the late 19605 and a subsequent dedline following the phase-  Whole of Antarctica during the past 130 years.

out of leaded gasoline in North America and Europe. Recent Pb The lick of well-established time-dependent features in the
concentrations in central Greenland snow are observed to be deposition and sources of anthropogenic Pl reaching
more than 2 tmes the preindustrial level, dve to the significant Antarctica over Hme b made it difficull to establish a
and lasting contribution from anthropogenic sources, such as quantitative baseline in relation to the envronmental

coal combustion and smelting processes, especially in China ™’ regulations designed to reduce the emisdons of Pb into the
In comparison, the timings of the Ph masima linked to the atmosphere dnce the introduction of akyl-lead additives in

rse and fall in the we of leaded gasoline in the Southem

Hemsphere are observed to differ between sites: the late 1970s Received: June 28, 2016

to 1980s at the near coastal Antarctic site (Coats Land ) of the Revised:  October 12, 20016

Atlntie sector™ " the lite 19805 at the coastal sites of the Accepted:  October 13, 2016

Pacific sector (Victoris Land), and possibly of the Indian sector Published; October 14, 2016

i i ©XWE A i | Sty 12128 Do T R
g ACS Publications T e 5. e, 2008, 50 131081214
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Open triangles represent the values determined in volcanic byes posibly related to prominent volcanic events (see text and Sopporting
Infrmation, Tahles 51 and 52). 5olid nes represent the fiverunning average after exchiding individuel values that are Heely associated with the

possible volcanic Lyers.

gasoline in the Southern Hemdsphere. Hereln, we present
detailed temporal records of the atmospherc Eallout of Pb and
its otopic stgnatures in two inland sites, Dome Fuji and Dome
Argus, in East Antarctica over the past few decades, during
which time the comsumption of lesded gasoline has become the
major contributor o anthmopogenic Pb relesed into the
atmosphere in the Southern Hemisphiere. The mafn objective
to identify the main sources of Ph reaching the central East
Antarctic Plteau (EAP) during the pedod imvestigated, which
to some extent reflect the efectiveness of matomal regulations
i redudng the stmosphedc Pb level throoghout the Southem

Hemisphere.

B MATERIALS AND METHODS

Sample Description. The sunples were collected at Dome
Fujl (T7°18" & 3747 E; elevation: 3785) and Dome Amus
(bereafter referred to o Dome A; B2 §, 77°21' E;
elevation: 4093) in the central EAP (Supporting Information,
Figure S1). The sampling site st Diome Fuji, the second highest
dome in Antarctics, was ~ 1000 km from the cosst, and that at
Dome A, the highest summit of East Antarctica, was ~1200 km
away from the nearest comst. At Dome Fujl, a continuous seres
of B0 samples was obtained ot 2 § om interval from 3 4-m-deep
pit by horzontally pushing an dtmdean coylindrical Tetlon
container (5 om m diameter, 35 am in length) in December
2007 during the Japanese—Swedish IFY Antarctic expedition.
At Dome A a total of 40 snow samples ot Dome A were
collected from the suface to a depth of 2 m in 3 snow pit when
a Chinese leam first tepped onto the summit of Dome A in
Jenuary 2005 durdng the 2004,/05 Chinese Antarctic Research
Expedition. Great precautions were taken during the collection,
handling, and storage of the samples, according to the
methodology previously reported, in order to minimize the
possibllity of the snow becoming contaninated." "

Sample Preparation and Analysis. All somple handling
and wirdem procedures were performed under a Class 10
laminar airflow bench or booth in dean hboratodes [ Clss
1000 at the Korea Polar Research Institste (KOPRI) as
described in detal elsewhere.' Briefly, ~10 g ol the sampls was
evaporated to drynes with a mivture of 10 gL of 65% HNO,
(Figher “Oplina” uimpure grade), 20 gL of 48% HF (Menck
“Uirapur” grade), 4 gL of dilute H,PO, (Merck *Suprapu”
grade; ~5% By weight), and 10 pL of a *™Pb tracer on a
Teflon-coated ot plite at ~80 °C. A drop of PL-7 silica-gel
activator was then dropped into the evaporated residue, and the
sample and silicagel mistue were trasfered to a degassed (4
A, 30 min), zone-refined dhenhim Alament [(990.990% Re, 0.7
mm wide, (L04 mm thick, H. Cross Company ). The samples
were then analyzed wsing a thermal jonization mass
spectrometer (TIMS; TRITON, Thermo Sdentific) ftted
with a 23 cm radivs, 907 magnetic sector containing a 21-
sample carousel 3t KOPRL The addition of the *Ph enddsed
tracer to the sample enabled both the Ph concentration (by
isotope dilution mass spectrometry, IDMS) and Pb isotopic
compogtion to be determined m the same aiquot Ouwr
ultradean aralytical procedures emsured an accumcy of less
than 10% (95% confidence interval) for the concentrations and
a predgon of ~028% and ~020% for the *®Ph/™Ph and
20ph AP Pl ratios, respectively, for a ew tens of picograms of
Ph, allowing for the reliable and stmultaneos detemmdnation of
the concentrations and sotopic ratios of Pb ot the extremely
low concentrations encountered in Antarctic snow and ice
samples

The Ba concentmations were mexsured by an indoctively
coupled plsma sector feld mas spectrometer (ICP-SFMS,
Element?, Thermo Sdentific), coupled with an APEX micro-
nebulization desolvation system | APEX IR, HF, ESA, USA)"Y
The detection hmit, defined as 3 times the standard deviation of
the blank, was 0.2 pg g, and the analyes of a centified riverine

R0 T Tyt L L
Ervrow &, Techng, J0is, 30, 12098- 1 4
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Table 1. Summary of Pb Concentrations (pg g "), Crustal Endchment Factors, **Pb/®Pb Ratios, and Mean Values (in
Parentheses) in Our Snow Pit Samples and Comparison with the Prevows Data Obtained at Varions Locations™

elsration rae (g
lomson pesind {m) an g} Po EF ey ph vef
Dvame Fofl (77718 §, 389747 19562007 a7HE 15 1.6-34 (76) E-191{59) 11321313 this
E) {1.157) work
Lé—15 [d4) 15—091 (81)  La3-aa3
(11457)
Dweme A (80712 8 77°21' B)  1960-2004 093 13 3218 (94) 4112 {49) L135—1.197 this
{1.158) work
A2—18 (93] 120 (52)  L3s-1.097
(1158)
NUSOF—5 (78739 §, 35738 1956— 1988 ELSE] 17 14-119 [dd) 12—-110{38) 14
E}
NUSIF—7 {4274 § 84753 B) 1963007 a7as 149 AE-192 {103) 13—-110{43) 14
Som# Pale {907 § 00 E) 1956 1994 2800 f4 33194 {90) 15—138(47) Li3-110 14
{1.043)
NUSOE—4 (51749 § 18754 19561008 1551 T 19-187 {7.7) 16—-194 {d1) uim—:m 14
E] 1.187)
WUSOE—5 (4738 § 17952 1956— 1999 1554 ar 42198 (78] 15188 (86)  1054-1.695 14
El {1214
B40 (75712 8, 0" E) 1956—2010 181 [ 1.1-24.1 (65) 5—169 {39) 1053—1%82 14
{1.168)
Law Dome [86748° 8, 112°21" 19561989 1370 15 (LRE—7.0 (4] 1359 33) 1.100—1.188 12
E) [ 1.150)
Coats Land (77734 8, 25722 195E— 1990 1420 a6 1-53 (38) 2-164 [51) 1101—1.1465 10
W {1139)
Vicwesta Land (73752 5, 19571994 1700 18 1.5-21.2 {66) 4—92 (12) L104—1.153 13

163°42' E)

{1.161)

“For Dome Foji and Dome A, the values excloding those measured in the possible volcanic layers are shown in italic type (see text).

water reference matertd (SLES-3 by the Natona Research
Coundl of Canada, Ottawa) agreed very well with the certified
value (137 4 0.2 versis 140 & 05 ng g 1) The bonic spedes
(Ma*, F~, C1" and 50, ) were simulanecusly analyzed using a
two-channel jon chromatograply (IC) swtem that combined
two Dionex IC sets: Dionex ICS 2000 with lonPsc AG 15 and
AS 15 columns for anlons and IC 25 with lonPac CG 124 'and
CSI2ZA columes for cations, with an analytical precigon of less
than 10%."

Dating of the Samples. On the basis of the wellidentibed
large wolcanic depostions from Mt Pimatubo (1993—1994),
Mt Cemro Hodson (1991—1992), My El Chichin (1982—
1983}, and Mt Agung (1964—1965), the dwonology for the
mmples ot Dome Fuji was previowsly estimated to cover ~51
years [ 1957=2007), with a mean anneal accumulation rate of
~& cm year ! (~& months per depth interval and 2.5 am water
equivalent per wear, w.ey. '}.”'"’ For Dome A, the
dwenalogy from the mow suface to the depth of B0 an was
deduced fom the strong non-seasalt 507 (ns-50,) and
Ba peaks, which ated & volcanic SOy and ash indicators at
depth intervals of 75=80 om and 135= 140 cm, corresponding
to the Pimatubo/Cerro Hudson and El Chichon volcande
dgmak, respectively (Supporting Information, Figure S2).
Below a depth of 80 cm, the dating was made wsing the §
activity peak observed at a depth of 220=240 cm in the snow
blocks, which were comnddently collected at the same site on
Dome A during owr snow pit sampling.™ This § activity peak
corresponds to the snow layer of 1964 and 1965 AD
Com bining the well-defined volenic signals and § activity peak,
the dating from the surface down to a depth of 2 m was
estimated to span a 36 year Hme pedod Fom 1969 to 2004,
Together with the density-depth profile, the estimated memn
accurmulation mte i3 ~5.5 om year™, comesponding to ~1 year

12140

per depth dnterval and 23 cm wey |, a value ﬂh‘t‘l.l.'l]]'!.l'
comparble to those at the other Antarctic inland sties ™

B RESULTS AND DISCUSSION

Overview of Pb Concentrations. Figure | shows the Ph
congentrabions and Pb isotopic mtios determined from the two
snow pits 3t Dome Fuji (19572007} and Dome A (1969—
2004 ). The concentrations of Ph are in the mnges of 1634
and 32-18 pg ¢ " at Dome Fujl and Dome A, respectively,
with a slightly higher mean value at the latter (94 pg g ) than
at the former (7.6 pg g" Table 1), The ratios of the madmum
to minimum Pb concentrations are ~21 and ~& for Dome Fuji
and Dome A, respectively. The strong vadability at Diome Fuji
may be partly due to the short-term (intra-anmul) vadations
resulting from the relatively higher sampling frequency (less
than a year per depth interval ) at Dome Fuji than tut [ ~a year
per depﬂt J.ﬂ:er!.ra]} at Dcune A, w previoudy observed in

The ﬂgnLﬁmt depositions of Pb might odginate ﬂ.nm
known volcanie eruptions dudng the time period Jnue:tlgated.

Previous studies identifed volcanic sigrak from large volcanic
erupﬂnm by combining various volanic peaks such & nss
S0, 2 Ba, and wolcanogenic Pt i the snow pit at Dome
Fl.njj.J "'* As shown in Figure 52 of the Supporting Infoamation,
these peals comespond to the wloanic byers of the Pinatubo
(15° N, 1903—1994) and Cerro Hudson (455" 5, 1991—
1992), Bl Clichon (17% N, 1982—1983), Ngauruhoe (37° §,
1974}, Deception Island (625" 5§, 1967—1970), Agung (8° 5,
1964 —1965), and Condon Caulle (40057 5, 1960). Besides these
volcanic events, possible valcanic depoations Fom ML Erebus
{77.55" 5, 167.17° E), the world's southemmost active volcano,
located on Ross Ishind, Antarctica, were alio assigned in the
Dome Fuji snow pit acoonding to the peaks in the main lalogen
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components (F~ and CI') enriched in volcanic plumes
(Supporting Infommation, Fgue 52).77'**° By comparison,
oo volcnic fallont Fom events in Mgmmdioe (1974) and
Deception Island (1967—1970) were observed for Dome A,
while the signals from eruptons fn Plnatuboe/Cerro Huodson
and Bl Chichon are preserved in the sow pit (Supporting
Information, Figure 52). The discrepancy between these twa
dtes could be doe to the different atmospheric droulation
patterns prevading in different locations of the Antarctic Platean
and/or postdepositional processes such & wind eroson "
We did not estimate the contribution of wlcanie eruptions to
Pb deposition in the central EAP, because it & beyond the
scope of our study.

AMter exchading the individual data points of the posible
volcanic liyers (Supporting Infonnation, Tables 51 and 52), the
frve-point running aversge shows the well-established temporal
changes in the Pb concentrations as a function of the age of the
snow (Figure 1), At Dome Fufi, an increase in their
concentraions sated i the aud-1960s, and they remained
high during the 1970, reaching a madmum of ~I1 pg g™ in
the late 1970s. The Ph concentrations dyow a dip to ~6 pg g™
in the early 19805 and a second masmum with 3 memn
concentration of ~11 pg ¢ compamble to the previous
maximum level Since then, a clear decrease in Pb
concentrations §s observed from the mid- 19908, with the
lowest mean value of ~4 pg ™" being observed in the 2000s,
which is lower than those in the mid-1950s to eady 1960s
(Supporting Information, Table 51). By comparton, the Ph
profile at Dome A digplys a prosounced concentration peak
with a sigrificantly ldgher valve of up to ~18 HE‘I {{m ean
value of 13 pg ') in the 19705 and then a'eontinuo s decline
from the early 19805 omwand, approaching a mean of ~5 pg g~
i the 20008 (Fgure | and Supporting Infonnation, Table 52).

The peaks observed at both sites are generally similar bo the
pattern of the composite Pb record from an extenshve armay of
16 ice cores in Antarctica, showing a peak in the 1970s and a
susdained imoease until the mid-1990s."* However, diferences
i the peaks are observed from site to dte. For example, a peak
i the Ph concentrations & observed in the lte 1970s to exrly
19805 in Coats Land and in the mid-1980s to late 19805 i
Vidoda Land' """ This diference was attributed to the
different contributions of anthropogenic Ph fom either South
Aamerica or Avstralia at different locations in Antarciica.

When compared to the few reliable natural P concentration
valoes (LI5—047 pg/y) previowly obtained from Dome C
Holocene joe (~2010 to 7600 years BP) in the East Antarctic
Plateaw, for which the mean snow accumulstion rate & smilar
to those ot owr sna,"i'w the lowest Ph concentration levels
observed at both sites in recent years are stlll an order of
magritude above the natural Holocene level.

Changes in Crustal Endchment Factors. The clunges in
the crustal endchment factors (EF) of Pb as a function of the
age of the snow are shown in Figure 1. The EF & defined a5 EF
=[Ph/Ba]__/[Pb/Ba]__, where [Ph/Ba]__ and [Ph/Ba]__,
refer to the concentrtion ratios of Pb to Ba in the sow and in
the mean upper continental erust,™ regpectively. EF values
dose to wnity indicate that the Pb in the snow & dertved
primanly from the continental crust, while valses larger than
urity indicate that there are dgnificant contributions from other
natural or anthropogenic sources.

The EF values at Dome Fuji range from 15 to 191 with an
average of 61 after excluding any individual EF values that are
bkely wsodated with konown lrge volcanic enptions (Table 1).

The profile i dwradedzed by a very well-defined dunge
during the past 50 vears (Figure 1), Folowing the cont inuomsly
increasing pattern from ~25 to ~45 between the mid-1950s
and mdd-1970s, the EF values dhow a dramatic inrease, fsing
up to 191 at ~ 1980, Very high EF values (mean value of [27)
are observed from the late 19705 to the early 19805 A
pronounced and contimions decline s then observed from the
meld-1980s onwand. The mean EF value (44) in the 20005 is
observed to be still 2 times higher than the lowest mean EF
value (23} observed between 1956 and the oud-1960z At
Dome A, the EF values vary from 20 to 121 with a mean value
of 49 without indoding the values in volcanic layers (Table 1L
The EFs at Dome A are dightly lower than those at Dome Fuji
during the corresponding time interval The EF profile reveals a
pronounced increase in the mid-1970% reaching a peak with an
aversge value of ~95 in the late (19705 The EF wvalues
subsequently dedined and dropped down to ~25 in the 2000
(Figure 1). Our EF values are generlly comparable to these
previously published from different sites for the lst several
decades (Table 1). Comsidering the few reltable natural
Holocene EF values (~1),%" it & thouglst that only a soall
amount [ ~2—4%) of the Pb deposited in the central EAP in the
20005 & of crustal ongn

The EF peaks in ~ 1980 at Dome Fuji and Dome A are in
good agreement with that observed at Coats Land*™* while
they are observed in the late 1980s in Vidora Land"" and at
the sites NUS0T=3 and NUS07-7 in the central EAP™
[Suppanting Information, Figue S1L

Diespite this difference, it can be concluded that the deamatic
increage in the EFs in the second hall of 20th century was
wrdoubtedly due to the very large e in the use of leaded
gaoling in the Southem Hemisphere a reported in previows
studies™ " However, the relaive contributions from two
major solwce regions, South Amedca and Australb, for
anthropogenic Pb serosok reaching Antarctica were proposed
to be Inked to the locations dose to each source reglon.” " A
crocal due to the identification of potentha] contrbutors to
anthropogenic Ph depogted in the central EAP will now be
discussed in the following sections

Changes in Pb Ratios. The changes in the
zmp'h.-'“m'i"b ratios over Hme are displiyed in Figure | The
2P A7Ph mitios vary fom 1032 to 1186 (excloding an
abnormally bigh valne of 1223 observed at the 20—25 cm
depth interval, Supporting Information, Table 52) at Dome
Fujl and from 1.135 to 1197 at Dome A with very similar
aversge values of 1.156 and 1I5E, respectively (Table 1) These
2Eph A7 Ph ratios are apparently less radiogenic in companson
to the matural Holocene valses of ~1.2 in ceniral Antarchic
ice ™ The relatively low madiogenic *“Ph/*"Pb ratios and high
EF values observed in our records suggest that Pb deposited in
the central EAP during the time period investigated & mostly of
afi e o

In GFI‘::;gu:J ki t]ga 2EPh AT Ph ratios at both gtes show a
significant increase from the mid-1970s to ~1980, before
sutsequently decreasing. Durng the period between the mid-
19805 and the mid-1900s, the “™Pb/™'Pb ratios remained
te'laﬂvezh.r low (average ~ 115} A pronounced mcrese in the
P VDL rathos & then observed from the mid-1990s to
recent years, i parallel with the steady decresse in the
anthropogenic Pb inputs, a5 reflected by the Pb concentrations
and EFs during the corresponding tme period (Figure 1), The
substanttal varations in the PPh/*" P ratios observed during
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the whale perod deady indicate that there are changes in the
major sources of anthropogenic Pb and/or the relative
sgrengths of the natural and asthropogenic contributions to
the Pb inputs in the central EAP, a disossed in the nest
section.

Prowenance of Anthropogenic Pb in Central East
Antarctica. Figure 2 shows the Botopic dharadterstics of a
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Figure L Pb isotopic compositions in snow from Dome Fuji (l) and
Dome A ([} in 19941999 and Dome Fuji (@) 2nd Dome A (O) @
the XMk, Also shown are varions Ph ores ™7 Chilean PP 0T
{shaded area),”" and aerosols from Brasil, Chils, Argenting, Mevico,
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three-totope plot (*CPb/Ph vesws TPLOTPE) of the
digtinctive Ph sotopic ingerprint of atrborne partides available
for the period between 1994 and 1999 in the Southem
Hembsphere ' ™™ The *®Ph/27Ph and 29/ 7Pl values in
aerosols are significantly lower in the southern region of the
Southerm Hemigphere | Australis, South Afrcy, and Southem
Chile ), while the mtios are relatively higher in the northem
parts of South America (Brazil Clde, and Argentina) and
dgnificantly higher in centrad America (Mexico) In South
America, there &5 an increasing pattem of the sotopic ratios in
the aerosols from south to north. This & espedally the cise in
Chile. The 2Ph/*"Pb mtios are charactertred by a distinct
increxse porthward from Punta Avenas (1.063= 1081} va Vills
Ric (1069) and Conceptidn (1103} to Santhge (L150—

182}, This pattern & probably due to either a relative increase
in the indwstdal Pb emissions or different tsotopic compodtions
of alkyllead additives used in diferent cties of the individual
counttes™

In order to trace the soume region regponsble for the
anthropogenic Pb inputs to the central EAP, we compared the
isotopic data of the Dome Fujl and Dome A snow samples
spanning the pedod 1994— 1999 with those in the aerosols As
shown dn Figure 2, the sotopic compositions in the snow
samples at both sites are ditinguishable from those for the
southern region of the Southern Hemisphere and Central
America, while they are doser to those dedved Fom the serosol
Pb isotopes from northem South Amedca, espedally Brasl
This indicates that the most important source of antlropogenic
Pb reaching the central EAP is the anthropogenic emssions in
northern South America Because Brazl was a major
contributor to anthropogenic Pb emissions o the stmosphere
in the early 1980 accounting for about half of the tota Phb
emissions from South America™ the shap increase in the EFs
in the snow from e mid-19708 to the early 19805 & presumed
to be due to the brge embsion of Pb from leaded gasoline in
Brazil This lypothess & supported by the dhanges observed in
the Ph/*"Ph ratios in our samples durdng this pedod.

The alkyHead additives in gasoline determine the isotopic
compodtion of Pb emitted by the combustion of leaded
gasoline. Broken Hill (Australia ) type Fb ores and Mississippi
WValley (U5.) type omes were the main Ph ores wed by the
waorld's two Lurgest allod-lead suppliers, Asociated Octel (UE)
and Ethyl Comp. (US LY Awstralan type Pb ores have
relatively low ndu:-%?um AT Py (PR PLPh) mtos of
105 [~233) M5 il Misdsgppi Vallay ores are
marked by highly radiogenic 6y, APl (P " Ph) ratios of
128 1=1.396 (251—261) (Figure 2)." The allyldead additves
prodoced by Asodated Octel were wually clarscterted by
relatively low mtios (LOS=L10 of Ph/™"Ph mto) in the
19205 and 1900s, because Asochted Ootel wsed about 50—
8% Austradian Pbooares™ In comparion, the sotopic signature
of the alyHead additives provided by Ethyl Corp. comprised a
relatively high *®Ph /P ritio, becase of the use of more
radiogenic Missisdppi Valley type Pb™ The Pb kotopic
vartations i the air at the spedfic sites, which are strongly
influenced by the Pb emisions fom leaded gasoline, will
therefore be deternined by the market-share of the different
allyi-lesd metalers ™ Az shown in Fgure 1, the PP
ratics o Domse Fujl and Dome A show a simdlar trend moving

Table 2. Annwal Emission Estimates of Pb from the Two Major Anthropogenic Sowrces (Leaded Gasoline Consumption and Ca
Smelting Production) in Brazil Argenting, and Chile (in tons year™")

leadad gasoline Cu smelring” natsonal wtad

year Baul™ Aagerting” Chille® Terazdl Aageniting. Chile Beazd Asgentina Chile regpomal total
1977 11 1517 Q53 a a 17352 &1 1917 L 12Er
1980 510" 1254 1054 1} i} 1859 S1a0 1256 .k 939
1985 O e 978 153 a b b 2183 1 E] 311
15580 aout 149 1337 304 [i] 2591 1164 149 Er] &141
1585 a el fk ] 165 a e 165 e 499 3450
0 a a 710 184 a 1450 184 a 170 ol
s a a o b a 1558 199 L] 1558 1757

“From Paoliello and De Capiani ** EThe vahies for 1980 and 1990 zre the 1979 and 1988 data presented in ref 42, respe dively. “Emision estimates
were based on the consumption of gasdine (dat from www.nationmester com: SectorT mnsportaion; Road Sector Gasoline Fuel Consumption)

and lead @ntents in

gasoline** FEmision sstimates were bosed on the Cu production rates from British Geological Survey's World Minerl

Statistics and Minera] Yearbook (U5, Burean of Minss} and the smizdon Sctors ™+

12142
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toward more radiogenic values when the EFs peaked between
the mid1970s and the early 1980z The *™Pb,/ ""Pb ratio of
guoline wsed in Braed was a relatively radiogenic value of ~1.3,
indicating the predominant vse of allyldead additives
manufadtured from the highly radiogenic Misisipp Valley
type Ph in Branl™ In contrast, leaded gasoline in Argentina
and Chile was charctedzed by a relaively low *®Pb/"Ph
ratio (~1.06), becawse of the primary wse of allyl-lead supplied
by Assodated Octel despite the fact that difierent allyMHead
miztures were supplied to different dties ™" Comsequently,
the increasing PP eatios from the mid-1970s 1o the
eardy 19805 could be conddered to support the hypothess tat
the large increase inm the EFs in the snow dufng the
corresponding period & primanly due to the large emissions
of Pb odgnating from the combustion of leaded gasoline in
Bradl

From the early 19805, on the other hand, the *®Ph /7Pl
mtios showed a prominent decresse and remained relatively
low between the mid-1980s and the mid-1990s (Figure 1) The
plase-out of lexd from gasoline in Brazl started in 1975 a5 a
consequence of the Natiomal Anhydrows Etanol Program,
promoting the vse of anhydrows ethanal s atomotive fuel**
However, the amount of lead in gasoline began to substantially
decrease in the 19808, doe to the elimination c:t'tet:er.bji lead,
widch was replaced by up to 22% of its volume by ethanaol for
ordinary gaoline after a regulatory disposition (Resohtion 14/
TO) was ssved in 1979, The total amount of alkyHead added to
gasoline in Bradl decreased from 5160 tons to 4 tons
between 1979 and 1987 % This reduction in thie wsé of leaded
g—.so.'li.ne resulted in a rapld drop of up to 72 1o E2% in tse
atmosphedc Pb levels in the residentisl areas of Brax] duding
that perod ™ As shown in Table 2, the Ph emisions fom the
combustion of leaded gasoline in Braml &1 significantly by a
factor of more tan 4 Fom 1980 to 1990, whie tyase in
Argenting and Chile remained on the same arder of magnituds
during this pedod In Argentina and Chile, the e of Pb
additives in gasoline was completely plased out i 1997 and
2001, respectively **** When corsidering that the **Ph /" Ph
ratios of the Pb additives added to gasoline in Argentin and
Clile were relatively low, due to the primary we of alkyHead
supplied by Assoctted Octel s described abowe, the less
radiogenic 2 o 2" P dgnatures observed in owr snow
mmples from the mid-1980s to the mid-[990s appear to be a
comsequence of the continuous increase in the relative
contribution of Pb emiisions fom the combustion of gsoline
in Argenting and Chie

Owr sssignment of northem South America a5 the most likely
source difiers from the very recent conchigon that the main
source of the anthropogenic Fb deposited in the central EAP &
Australis " However, this previous study identified the possible
Pb sources wsing the semiquantitative rtios of *®Pb and *™Ph
determined by the relitively low preckion single collector
inductively coupled plasma masm spectrometry (ICP-MS), a
compared to TIMS which has the capability of mexsuring
Diph-based mtios at the low ploogram per gram level® This
relatively Jow zgedsm of the Pb sotopic ratios offered
urussally high * Ph/™Pb rtios (1.3=17) in pat of the core
smples (Table 1), which are not expected even in the naturl
radiogenic sotopic ratios available from all Antarctic snow and
ice records™ In addition to their use of 3 semianalytical
approach, it must be noted that anthropogenic sources of Ph
are not well claradteriped when wsing only two (*®Pb and
) isotopes. Nonetheless, the possibility of a partial input of
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Ph from Australia could not be exduded, because Ausiralia was
proposed as a potentia] dust source in Esst Antarctica ™
Subseasonad multiple reconds of changes in isotopic and
elemental compositions in recent snow byers from different
sites in Exst Antarctica will emable s to better undestand
spatially and temponly varying anthropogendc Pb sources and
transport

Shift in the Major Source of Pb. The contimso s decrease
in the EF values since the mid-1990s appears to be coupled
with the trend moving toward more rdiogenic Ph/"
vaues (Fgure 1). Becwse a conbmous decresse in Pb
concentrations and EFs indicates a reduction of the
anthropogenic nputs to the site, this feature could reflect the
increasing influence of more madiogende ratural Ph (™ PhAPh
= ~1200." As dscussed above, however, only 3 small amount
(less than 10%) of Pb in the 2000s is of natural origin,
indicating that the contribution of matwral Pb to the trend
toward more mdiogenic ““Ph/™"Ph mtios appears to be minor.
Altematively, we suggest that the temporal vadations in the Ph
isotopic mbos coold be dee to a shift in the major
anthropogenic source(s) over tme Thi speculation is
supported by the estimated Pb emdsdons from Cuo production
i Chile and clanges in the Ph sotopic ratios in the post- 19905,
Az shown in Table 2, the contribution of Cu production in
Chie to the total Pb emissions indeed increased from 20% in
198D to ~00% in 2005 In Figure 1, most of the data points in
the 2000s are cloractertred by a shift toward the isotopic
compodtion of Chilean Co ores with their more mdiogenic
values. The relitive increase in the kotope ratios betwean the
mld- 19908 and 2000s & thus likely associrted with the steady
itcrease i the contrlbution of Pb emdssions from Co
production in Chile, comesponding to the eimination of lead
from gasoline in Argenting and Chile.

A favw wonds should be said abot possible contribution from
Auitralia, The observed lsotopic signatures toward more
radiogenic ratios since the mid-1990s eliminate Australis and
suppart northem South America a8 a potential source of
an ogenic Pb reaching the central EAP, because the
0P A P matios in Angiralive serosols emadned relatively low
(1.04—=1.126) between the mid-1990s and 20008, during
which the introduction of unleaded gasoline and the phase out
of leaded gasoline from the late 19808 to the beginning of the
20005 resulted in comsequent reductions of Ph emissions

Here, it is worth mentioning that the total Pb emisdons in
nothern South Amedca lave significantly decreased since the
mid- 19905, due to the significant reduction in Ph emisions
from Cu production in Chile caused by the environmental
regulations goveming trace element emisions (especally As)
from the copper industry over the past two decades (Table
3% It s therefore lkely that the substantblly decrexsng
trends of Pb concentraions and EFs in the central EAP dnce
the mid-1990s are a consequence of this decrexse in the Ph
emissions in northem South Amerca. Similar temporal duanges
in the EFs for As and Sh, which are emitted langely from the Co
smeling processes, were dso observed in Antarctic smow and
ice records ™ Diespite the eflective regulatory efforts to curb
tomde trace metal emissions from the Cu industry in Chile, our
data show that more than 90% of the Pb deposted in the
central EAP in recent years s still of anthropogenic origin. This
lghlights the need for the implementation and contimetion of
matioral and intemational regulations in order to further reduce
the emisgons of highly tomic trace elements resulting from
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buman activities and retum to the preindostdal level of
atmosphenc Pb in the most remote areas on Eath
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