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Time Series Distribution Characteristics of
Heavy Metal Concentrations Determined via Tree Ring Analysis
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A study on the environmental pollution history in a zinc refinery and background areas was conducted by
analyzing heavy metal concentrations and stable isotope ratios ('>C, Pb) in pine tree rings. The 5'3C ratio of
pine tree rings in the zinc refinery (SN1, S6) and background areas (B3) increased from 1968 to 1987. How-
ever, since 1988, there have been regional differences in this value. The 8'C value of the pine tree rings in
the S6 area was found to be negatively correlated with those in the SN1 area, and that in the B3 area showed
a positive correlation with the average atmospheric temperature in the winter season. During the 1980 to 1990
period, the concentration of five heavy metals (Pb, Cd, Cr, Mn, and Zn) in the pine tree rings was 2-10 times
higher than those during the last five years. Particularly, the concentration of zinc ion appeared to be higher
(28.8 pg/g) than that of other ions such as lead (3.1 pg/g) and cadmium (3.1 pg/g). This indicates that there
has been a higher correlation between heavy metal concentrations and environmental pollution history since
1970, when the refinery construction was completed. On comparing the lead isotope ratios in the pine tree rings
using Laser Ablation-MC/ICP/MS, it was estimated that the lead source could vary with the seasons, but the
changes in the heavy metal absorption mechanisms of pine trees will be considered.

Key words: Tree rings, Environmental pollution history, Tracking method, Stable isotope ratio, Laser ablation
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2.1. A EHF

TEE LA A[D) 12 A99] 29 o]
g8 AP 98l 2998 F4C=R S 10 km
A 12R17389] 24 ZAME A & 1R
L 28 Abis firma, Pinus densiflora, Larix lepto-
lepis, Pinus koraiensis® 2, ©| % Pinus densiflora’}
117"l f1xI3le] 24 oY FFo= 93K th(Fig.
1). A 22 Pinus spe JEFe] HEFo=w
AE|etr o g gglrrnt EAtoA &) Ak
olFo] AL Zoz Hus ok L o) A5
He ofdAEA A=A F wiAEA S, SRR edA
AEE A, FE5e] 5L ARA d2AA

(SN2 thde= &3t

2.2, 4T Lo[H| & Bix QHEESSHA BE B4

ofdAEA 1A (SND), AlH 4 3H741%1(S6), Wl
73X B3)e] Al AA-elA AFHE UFF)E HolE]
w19 SelE Aol U AR Wel Fr1eRE

e b angh tad By

e R

g AAE 98] IN FAez 1287 vgAl & S5
= 38] AFsle] AlEse] HREhe AlASIT -
7Ietgo] AAR - AE= 5471331 Tin cap-
suleel] 53322 EA-IRMS (Elemental Analyzer-Isotope
Ratio Mass Spectrometry, Vario Micro cube-Isoprime
100, Elementar-GV Instrument, UK, ¢F59d4 &
A7NE ol &dl] NEE BAEITD

2.3. Laser ablation-ICP/MS system & %
=25 24

2.3.1. Laser ablation-ICP/MS A|2=H] ==

B Atoa] ALg® Laser ablation(Fig. 22 ArF
Excimer laser EFY2 2, UV 34193 nm)e] #ol#=S
Fate] EE YAE 2 B olsAE ok 3L
A A8 B Ko go)xHl(laser beam)S FAFs)
of w4 YAH(fine particle)’t L= He 7}(carrier
gas)ell ©J3fl o]E=o] Ar 7kxo E9HE § ICP/MS=
EEo] Y94 EAo] o]Fo|RtkFig. 2). Laser abla-
tion?] 7171 2743+ ICPMSS] 7171271L ol Table 1
7} 2}

O

2.3.2. Laser ablation-ICPMS #24 =7 243}

Laser ablation-ICP/MS 1A A|l&8le] 7]7] =4 =
3t AL flste] FF=ENIST SRM 612, metal
in glass)S ©]-&3sk 717127 He flow rate, rep. rate)
o 2A A4(Ph, Cd, S; Zn, Cr, Mn, Fe) =53 Al
SAEE vlaste] HA] 278 A

glolA ®ol ogk A olE (crater)7t AE W, A7
HE Agolee] Zo7t Zojds 7t d4d] o)FH
7t gEAe 5SS Hol7] Wil ols7kSl dE
(He)ol 55 At HA9] 7I71210& = Aol
dasith. webs dFHe)o 55 7F 04, 0.5, 0.6,
0.7 L/min® 2 ®¥Is}E o] A olHe] A Al7ks<t
208pho] NF =S Z4sle] 7147 (slope)ts ¥l

R T TR | DIPED EEET UWET I ae R

g e A Y BRI A B R N SR e PR S B SRR B T

Fig. 1. An example of wood core samples.
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Fig. 2. Laser ablation-ICP/MS system.

Table 1. Instrument conditions for laser ablation and ICP/MS

Laser ablation ESI NWR193UC
Laser ArF 193-nm Coherent Eximer laser
Pulse width < 5 ns
Repetition rate 1~200 Hz
Laser beam purging gas N,, 2 mL/sec
Beam spot size 2~150 um
Resolution < 1l-um resolution
Sample stage 100-mm XY stage movement
Camera CCD Resolution of 1024x1280 pixel
Sample carrier gas He
ICP/MS Elan DRC-e
RF power 1300 W
Coolant flow rate 19 L/min
Auxiliary flow rate 1.3 L/min
Nebulizer flow rate 1 L/min

B89t} T3, Rep. rate= 10, 20, 30, 40, 50Hz 610, 612, 614y °]&3f F=<(Pb, Cd, St Zn, Cr,
2 Fo| Avjolle] R B AsYwe] QLS ¥4 Mn, Ferd ARFAS )

ate] 22X ] Rep. rates A7G3IAtt Al WA=, #lolA]

9 oA Ml71E 23310, 20, 30, 40, 50%)31 1<t 233. VP Uold] 24 A 2M8 g2EA 7]

BN

A HAe] 21S AYsIATh U T35 AHE g8l UF A F 74 A
Y4 oA Ao AAd s7|8A HHEA 3 B AEZ 2 71 (Cellulose powdenel] $54 ¥
Sl

o NIST SRM 6122 o|&3ale] 103 wHEEX(spot) JAS FEHE F(spiking)dte] mERA A T4
}»7— z} BA) A4 (Pb, Cd, Sr, Zn, Cr, Mn, Fe)2 21 (matrix matched calibration) &g A&}, é%

& 7%= (intensity)E Hlwsle] ofH A7) 7Y eFgE 22 (Cellulose, sigma-aldrich) 2 g& w|%F &4
QS 7R BR1EITE Tk BFEZINIST SRM 20% Z4HHNO,) 15 mLe}b 447 59 wnksio]

Ti‘
%

)
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g Wl EAlsle 2 T35S 8341712, 045 um
PVDF filter® Z# Alo]= AelZ = ), 1,000 class
A F2oM 7AZEle] oMAO|ER 387 FA HUTE
AzE AEZ 2 71 (Cellulose powder) 2 goll zt
10, 50, 100, 200, 500 mg/Le] &% multi ¥
oM (Accustandard, Korea) 13 mLS &3tst] 4A|7F
QF wRksle] Fsles aflon, Al ot wdsh
702 dydste] Adx 9 st 3 49 7t
FAHS] ZFE AIEE 45 ¥ 71(Perkin elmer, UK)
£ o83l 120 barollA 1048 <t =S Tsie] A
74 13 mm pellet’dele] 78 BA=Z Az T
oJZ AEE oF 0.1 g& 175°Cellx] Axtat ksl
2 3NZE 3 8] AREsfste] ICPMSE <83l &
& FEE B4 5 LAICP/MS 44 XFEdEA

R F34 Fgel AHeset?

BN ofit oo

N
B
—
1o
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S
T
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S =M

241 F9% BX B4 B4E 9% AR dAE

FTEE X A4S Qg W 3o AR A=
1,000 class clean boothollx] 24x]7F o)A A& Axs}
3 322 WS silicon carbide 1,500 grit AFER 1~2
mm A Zol BHE F2A sk, 1% A 5
Fr=E 23] vHE AFE 5, oA 919 FYe 20
Azl B4 AEE AMESITLY

2.4.2. Laser ablation ICPMSZ
Tas& BEEY 4

AAEE W Soje] HHd us As el 4

olg8 U ole]

Table 2. Laser ablation conditions for the scan modes

Line scan Spot scan
Repatition rate 20 Hz
He flow 0.7 L/min
Energy 30% 30%
Beam size 100 pm
Scan speed 5 um/sec Fixed

Beam focusing Z auto movement Manual (fixed)

Aelsted, AME $ds] Dastal AN, 72 30
7 E9E ¥, ICPMS Z8=rks Ax 9F §92
2 mL/min¥ 0.7 L/min7HA] 1438 SHFAh A 55
B A, PlolA 24 AL 95le] NIST612Z ©)
g3lo] HHzsIA 38 o) A F ERAC®Ph:

T wel Aol zfol7t W] witel] R BEE
A=A BCE 3 B8, ¥4 )
3}(normalization)dte] #-&31T}.

2.5. Laser ablation-MC/ICP/MSE 0|88} L}FL}
OlHE H S¢lalad| B4

2.5.1. Laser ablation-MC/ICP/MS A28 =

JAVG ANFL] FEE 9 BXE BAEP] 4

&}ed multi-collector ICP/MSZ laser ablation®l] 2|3

AZ3k (Fig. 3), W Uelel Als 59] SHAIE 24

Fig. 3. Laser ablation-MC/ICP/MS system.
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Table 3. Instrument conditions for laser ablation and MC/ICP/MS

Laser ablation

ESI NWR193UC

Laser
Pulse width
Repetition rate
Laser beam purging gas
Beam spot size
Resolution
Sample stage
Camera
Sample carrier gas
MC/ICP/MS
RF power
Analyzer pressure
Coolant gas flow
Auxiliary gas flow
Nebulizer type
Nebulizer pressure
Mix gas (Ar)
Pump speed
Cone
Analyzer pressure
Mass resolving power

ArF 193-nm Coherent Eximer laser
<bs
1~200 Hz
N, 2 mL/ec
2~150 um
< 1-um resolution
100-mm XY stage movement
CCD Resolution of 1024x1280 pixel
He
Nu Plasma II
1300 W
6.0x10" mbar
13.0 L/min
0.8 L/min
GE micromist
16.0 psi
1 L/min
18 rpm
Ni
6.0x10"° mbar
~8000

284S gRlsint.

glo]A oA HAAZ] FS MC/ICP/MSE A3
st7] 98t W7 3.0 mm PE M@ Wz &
MC/ICPMS®] 2] EX|(glass torchyell 23 A3k
ok | ek Aan] 4] 71714 A B8-S flst
of, WF-EFEZR! 9FNISTI7 TS AlolEE 871
(cyclonic chamber)E &3l 7|8tA|7]12L, TAF SAFL(t-
connector)E ©|-&-31o] #lo|A &3} A MC/ICP/MS=
FUEHES sixinh dlolA] Ad 2718 ICPMSS 5Y
st Ao = som, MC/ACP/MSS 7171 HA =4
4942 9lsle] E4 A NIST 981 Pbe} NIST 997 Tl
S &2 Zgk=2vi(wet plasma) AEE FUSHA] laser
ablation A|2=€]e] dF 7}~ 237 MC/ICP/MSY] of
232 7k fFe] vES sl HA 9| 7k Y H|
£ AAHFAN(Table 3).
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25.2. Laser ablation-MC/ICPMSE ©]&-3F V- A&
T YA 24
UrAEe) v S dX|sNT] AER s TH45 X
TEAE o83 LA-MCICPMS 4 257
EE FsiaL, Al UFAEE AL QI FojA|

3.1. Pinus densiflora sp2| Btz QFEEQIRIAH| X
sS4

A2 AZ(SND), 3H7(S6), ¥iEAGB)] Al AH
o] MAshs W Pinus densiflora sp.)2] o HE
Bl oFY 99l aHE B s

AL Q2 2UFENDE] B P dare
19733 (E71%k -25.6%0)5-E] S7+S whEsle] 19870
EHT 24.8%0) FAHA = 743kS Holthr} o]F 2014
W7 (FEF -265%0) B 7GR = A BATH
AL S B4 FYEALATE 19769 (7]
B 25.6%0y7E] SE WEIe] 20143744 (B 243
%o) A FANA= A YIS w17 A 4 (B3)
M= 1968 FFE (2713 -25.7%0) Z7HS nHEEe]
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Fig. 4. The comparison of 5'3C (%o) for tree ring samples in the zinc refinery (SN1, S6) and background (B3) areas from

1968 to 2014.

Table 4. Pearson correlation coefficient matrix for 8'3C (%o) of the tree ring samples in the zinc refinery (SN1, S6) and

background (B3) areas

Pearson correlation coefficient SN1 S6 B3
SN1 1 401 .621%
1968~1987 S6 401 1 813%*
B3 .621% .813** 1
SN1 1 -.469%* 374
1988~2014 S6 -.469* 1 -077
B3 374 -.077 1

*Significant correlation at p<0.05 level, **Significant correlation at p<0.01 level

19903714 (B -24.0%0) FAYAE 73S By o}
o]F 201437 (FHet -26.6%0) 7FHHA = S Hol
ATHFig. 4). AFAGoNA UF Lolele] gk
AhaME 19879714 35He= HA FANAE
S Blon, miAAG B3y A sHFS6, p<
01) 2 AHA 1SN, p<0.05) A7} o] A
AS Byl 28} 19889 o] FHE] 20149714 A
A QoA B BN 7R E AEE B
o, Alba sFF(S6RIFo] AHA (SN &
o] 2§AAA (p<0.05)5 YERIATHTable 4).

1980, o] €A HAEl A7t w7 =] (B3)
Z AHEA Q=X H(SNDIA 7HAaske 3RS Sakata
(2001l 2Jaf WEH A& et Yreyhre] 2|
w50 Bt Aol mhE BhA o EldaHe] A
oF A5l ol et e A7+ Tl 93t olitslgt
ao] WEe] Frlsle W7] & FAL B w9da
B2 Haz Qe Al Aoz JAZSY

olele] M FHUarE 71$Rstel FIzketar A

Q2 Hdz i 2 ol ot K

>

A7) %, HE, Az 53 e Tl 713 2l
A2 AEE g 7Fssitka dEA k0 o))
w2} 1988 o|F Aol A=H 7|5 F190E 7
w712, AL Ha712, Aot 2 Al A8 vold|9
B oPgE AN E B BAS A uj AR (B3)
volele] Bk ePgEA4u]7t AL Hi71 L3 0.05
Fzo|A o] ARAE BYoy) g T XA
= 713AES} o3 AEEArE e RIS
weh AAGNDS A4 5H5(S6) A Adl 25
S

= e o589 B4 HEsldad] #spl 715 <l
22 ool S PR TE acle] UF2 & 5 3
THTable 5). 1 7Feo2e thdst 842 QA8 5
o] YEFAE3] Aa)e] 227 A= o) rtsler
20 B TS AAA i P Eelda
7F 7 A S I g 9len B gAY
oME olrtstekast o FEoE viEE e F H Ea
Aslkze] t7]edEde] W 7159 AE friesto]

B QYA AN EY G FE

pav)
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Table 5. Pearson correlation coefficient matrix for 8'*C (%o) of the tree ring samples and weather parameters

Average temperature (1988~2014)

Pearson Correlation coefficient

Precipitation (1988~2014)

June Jan
S6 318 -.243 -.178
1988~2014 B3 .000 4017 -.055
SN1 -.247 -.024 .009
*Significant correlation at »<0.05 level
r NS
2 '\"hn(m;-m.,

Fig. 5. Photomicrograph of spot analysis in glass standard and the signal of ICP/MS.

2 9994 It AgH oz 7lrke] AFX| oA ke
ST ATt MAEAEE B7), B 5 ASAY
o] 4, A fF, Al dE Foll oJeiM w4

AL gEA Yehhs Ao® oA

3.2. Laser ablation-ICP/MS 0|8 2% 249
Her 3 MUz

3.2.1. Laser ablation-ICP/MS A28 7=

Laser ablation-ICP/MS2] ¥4 =7 HZA3=E ¢Jsle]
NIST SRM 6125 ©]-8-5}¢d spot %2 (beam size 100
pum)yS REE Feleiar, QPgE Alsghke 7] S =7
W3l AlFE AT Laseroll A A€ A8 #2
ICPMSZ F9i=]o] AAZe 2 olefje} e 453k
TR, 84 U= dHolH #1-e Akt viE:
< BAFAUCHEF. 5).

tlo ¢

)

3.2.2. Laser ablation-ICP/MS &4 =74 %3} 2
Age 3 AUe

3221 7171 221 A=A s}

Laser ablationICP/MS 4] Al2=86le] 7]7] 274 &
3= ¢J5te] EFEZANIST SRM 612, Metal in glass)
S o]83}] laser ablation %71(He flow rate, rep. rate)
2 2 92Ph, Cd, S, Zn, Cr, Mn, Fe) 743 Al

I3k vlastal 7P HAe] 717 218 AR
A WA, dEHe) 71229 524 ZF 04, 0.5, 0.6,
0.7 L/min® 2 A& of, ¥4 215zke] 71871 (slope)
ol 7P 231(224.06) A% 73wt =(2%Ph: aver-
age 3560 cps) 7121 0.7 L/mine® HAxAL 44
S thFig. 6). F WA, rep. rates 10, 20, 30, 40,
50 Hz= o] FA#|o]E (craten)] = & A& 3ke] oF4
’d(%RSD)S 45t A=}, 20 Hz o, 50 Hzd wj =t
Aol Alsgre o Alsegido] 3.28] od ghol
20HzZ rep. rateE AG3ISTh Al WA, Fo]# | o
Uzl Al71E 2410, 20, 30, 40, 50%)5k] 219} Y
sHAl HA o] 2718 ST AluA] 30% oY
Alely] ZANF Tl HX (blurring) /o] AlskE o],
Aolg|e] Bofo] A3 2 AL ERIst 71
Zd%7h E=5L W3 (blurring) A7) W 30%% FHZAx
A8 ARHFAT. wety HHxAS A7 G
(He flow) 0.7 L/min, rep. rate 20 Hz, °|4%](energy)
30% (4.95J/cm®)E 36 sec ablation (% 32 (clean-
ing) 5 sec X3hHe g Gt

3.2.2.2. Laser ablation-ICP/MS #2]¢] A3w

e

LA-ICPMS®] 4 ALAg=E R3] flsie A

¥ HHxA sl NIST SRM 6125 tioz 24

et
o
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Fig. 6. Change in intensity of 2®Pb with varying He flow rate.
20
18 f
i 16
2 i [ &Pb
£, . e ° 4 o " mcd
E E s e . & ol = X ACr
= X N & K K k&
%. E i i * % 8 & 5 ;—;5—;; X Mn
.:a,e z 9 XSr
4 ®in
2
+Fe
6o 1 2 3 4 5 & 7 8 9 10
Replicate (NIST612)
Fig. 7. Results of signal stability test for 7 metals analysis by LA-ICP/MS.
912:Ph, Cd, St Zn, Cr, Mn, Fey 215 SPAS 1] o 0.9890(Co)lH 24 0.9142(Fe)2 LFERiLE.
wselet. 2t A 108 08 RSl 2 A5Gl
B EFHAZH%RSD)E Blagt A3, gol AlsergAd 33. LIF LIO[HI2| 335 o4 4 SRlea 22 §
o] g FA VIEROR(48~T7.7%), FHEE ofeie] 7 o 24
L A3 SEgAo] W 7 (11~15%) 02 Ve THFig. 7). 3.3.1. Laser ablation ICPMSE ©]&-3F - volH]
2.2.3. AAZA 24 Z3& BHYEN BY
25 72 B4 3FWNIST SRM610, 612, 614) SFE QY EA A™A) o AH (0.5 km) U
o F74 7EPh, Cd, S; Zn, Cr, Mn, Fo) AB8FA 1% yolHE F5&% EX B4 24, 48 5350,
S A, A 0.9999~1.00000] & AL Cd, Mn, Zn)°lA H= 532 80~ 90dthel 28)(Cd
Holz= ZE ERIsKITh B8, W YolHE T55% 4 3.1 ug/e)~1081(Pb 3.1 ng/g) =%kem, ofde] 749
3o Ylale] AEREQ N(cellulose) 55 BFEAS Al HIL 284 nggl® HAHAE =A(12.1 pge) YERE
Zs8lal, 5eAIR 9% 34 (Ph, Cd, Cy, Mn, S, Zn, THFig. 8). AHA oF A1-Q 19709S 71He= dA)

Fe, Co, Ni)°| AA=1e 2Hsislon, JaArs 2

7 FEE T BE eH olEd s dud
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Fig. 8. Dendrochemical patterns in the chronology of a site affected by a zinc refinery, SN1.
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332. Wi AlEY ' FHEAN] £ 54

- Al RS o BN BEE AL fl8te]
multi-collector ICP/MSE- laser ablation®ll 213 A43}
3, ICPMSAIA A=A HH ZAHe flow 0.7 1/
min, Ar pressure 13.5psi, rep. rate 20 Hz, energy
4.22 J/em?, spot scan (50 um), 300 sec)S 233
ThFig. 9). TA1et T4 & SLlLaHE vl 4% 2
I EA2] F T an]= 27PhY%Ph 1405314, 27Ph/
206pp 0.215232019, FA19] & FLAH= 2Py Ph
1.297253, 2"Pb%Ph 0.197305C.2 UERSTE ¢ A3}
2 Hol g3 7k AIZTHEE W] fYdde] tE 4 3
= 7FsAE RIS O, B3 7R Al719] W A
o] A& Zpolof] w2 T S 7Rk R 7|Is 4
ARE B F QR 25, Yie) o] @ 7t Hiol o
gAY A4S Bl BEE siXo] e Zlolth

4.8 £

1. IRMSE ©o|-g3lof LH- Uolelg 243 A3}, Ald
& FH(SND), Al-ba 5H7(S6), Hi78#1% B34 <] C

9= 1980 TR FAYAE %
el om 1980t FHt o] Foll= AldaA 3HFH(S6)
Ho| AL AIZ(ONDH &-9] A (p<0.05)2 B
I AR GBI AL Ht 7 o] A
$<0.05)2 R}

2. LAICPMSE ol-&3td W7 volele] Ao &
=4 x B4 84 45, 55 55D, Cd, Cr M,
Mn, Zn)¢] FEE H sdRH AlREA A1 (1970)
3} 77k 80~"90dthol 24H(Cd 3.1 pg/g)~10:H(Pb
3.1 pglp) E}OH, ofde] g Hi 284 pg/glo =
H2HAE =A(12.1 pglg) YER}, Al@xe) 3409
olgo] ] S-S BRI

3. LAMC/ICPMSE ol&-3lo] Ui Yole] & FAle}
A Fe) & P EAdAME vlwet Ax, FAle]
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