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Abstract Re%pqu,ble partlculate matter ( PM2 5).sarn{lres wete collected at dlfferent locations (1#@1019 and outside the tinmel)” at the-"
Zhdng Zizhong Tﬁnnel in Tianjin in September 2015+ Seventet‘en inorganic elements’ w?b medsured and the sources weré analyzed by
the PCA freceptor model. The results show that the dall}’ averagé concentration 'of PM, ¢ inside and outside the tunnel is (94,79 +
62. 78) Hegrm 7 and=(83.92 +61.60) g+t }, respediively. The concentration/during the workingday is higher than on a non-
worklﬁty day, and, toja certain extent, PM, s concentration in thP tunnel during peak periods is correlated with the vehicle flow, which
indicates that PM'; concentration is affected by motor” VehicTe. po-l-hltlon seriously. In the tunnel, the concentrations of Si, Fe, Al, Ca,
and Mg are hlgher the mass fraction reach 98.48% of all’ analyzed elements and these elements are less affected by vehicles. Fe and
trace healwy metals (Zn, Cu, and Pb) are related closely to motor vehicle pollution. From the Wilcoxon Signed-Rank test, there are
significant differences in Ba, Cu, Zn, Mo, Sn, and Sb inside and outside the tunnel. Enrichment factors inside and outside the tunnel
show that the enrichment factor ratios of Co, Mn, Cr, Ca, Mg, Ba, Fe, Mo, and V are less than 5, which are mainly from the crust.
In addition, the enrichment factor ratios of Cu, Zn, Pb, Sn, Sb, and Cd are greater than 5, which are affected largely by
anthropogenic sources. The factor analysis indicates that the main pollution sources in the tunnel are the mixed sources of wear and the
combustion of fuel, the dust, and the combustion of diesel vehicles. In addition, in order to analyze the source of motor vehicle
pollution further, a factor analysis indicates that the main pollution sources are tire wear and exhaust emission, brake wear and exhaust
emissions, and diesel emissions.

Key words: tunnel ; inorganic element; enrichment factor; factor analysis; Tianjin
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WE B PR T R E R K, 5 Lawrence %5
X [ W R FE R PR T RS T AR A R — B Fe 1Y
[T et VA B R T N A 0 s T REGE AR, WO Fe 5
M 5 e 5 — 2 X &, Sanders 251 F1 Clarke
SR TP AR B T AR ZE 0. A, R E A
J&ILE, 4G Zn, Cu, Pb 55, FERRERIREE PN B
R S TR IE SN, BT R R T 5L
HGTG YA ICEK, 5 Sternbeck 22 (Y 5T 45
R—F 3L Wilcoxon Signed-Rank 3 & B ( %
2), Ba, Cu, Zn, Mo, Sn Fll Sb iy P {E/NTF 0.05,
VLI ST R TRE I N SMFTE i 2 P2 5
F 1 SR R T 5 H At T R UK ) rh oT
RAFWERXTLIE. WAl LU, X THbse e s
(AL, Si, Mg, Ca%§), KH:, J7MIERE AR BRIk
JEE s v T AT, 1A A 52 5 2 S
F; YT Zn, Cu, Ba, Pb ML A FKICE, &I
T ) 1 5 3 22 AR [ o ) 22 S, ST R 2
BT AN [RI3 TT SEA A [ AR Tl A v B R IR Y 4
BAKE B R A [] 4 A7 s T 0 85, A B 9 X
%E%ﬁﬁ%ﬁ%ﬁﬁ?ﬁmﬁmuﬂﬁﬁ%ﬁ%
S /NI 2 BB PR T A
SR N BRI B G ok R AL R R A
1876% 4 BRI 14 BM, YR 7 620. 38 jug-m ), &
¥ ‘ !

R TAREIE PM, R (94. 79 pgem ),
B Zn | Cu, Ph VS JE R R 225 T AR
. [, W ShingMun B% 28 % 7 Bt i% 51 600
W-mF 7, SR B2 50% , M Cu, Zn, Pb,
Sn, Sb AFIJLR WL B E & TAMIME. &L HE
Malraux fEE TR 45 1.5% ~2% , SAPR 4
SRS B fBL, HE 36 o B 5 A B S ek BT,
PM, N 52.7 pg-m°, WAL TABSEME, H
FORBAE UM SN 4547 B 0 T AR, WA e —
I SE. N LU PR SRR & B, Ba JC R VY
T 8 FICABFSE, BT AR b TR I A B (24
6°) W14, HLEh AR 0 B S8 Moh, XA
Chung-Liao %8 A [a] SR A #5019 T & Br i2 ¥k ¥
R BT P T 3 R J7 v i 2 TR S, 5 A
BFICHIAS.
2.3 LR L
2.3.1 FHEET | " # |
BRI (B T3R5 T T4 TR V54 A
VSRR ARG | FLLIT (1 SR U ) R TR 10
BT AR SR, Y1 HIE R
BE RS ¥ BN F o h, TR Ak
VYN FLHBR IR T LR iz i 70 3 AF 5 W)
E AERIRA IR AR AT T R
STV, AL [ SRR 4 S 5
i, RIIZIER B E TR, 2™

%17 EUARERE RN, T ERERE

i i
N - J Table 1 ~ Comparison of element mass cofleentrations in PM, 5 based on tunnel environment in other cities
s . Chung-Liao SRIBEI,  Shingbun BEIEE, Mol B, et
TE B, i) P e g2 mERm2 L e
T TONENC TN I
Bhifi 5 BEifi Y BRUSE BN (BEEN)
Si 5.88 £3.10 6.00 £3.39 — — — 0.99 — —
Al 4.24 £1.33 3.95+1.27 0.71 1.27 7.726 0.26 — 2.37
Fe 3.62+£2.79 4.08 +£3.49 1.35 2.99 8.427 1.1 1.46 2.72
Mg 2.26 £1.59 1.99 +1.20 0.21 0.33 3.545 0.15 — 0.39
Ca 2.00 £0.74 2.06£1.19 0.82 1.47 56.761 0.69 — —
7n 90.50 £78.53  120.77 +131.30 150 335 6 898 430 64.8 326
Ba 31.16 +14.70 42.95 £25.19 49.5 21 — 37 — 210.5
Pb 23.40 +21.68 26.06 +25.97 36 90 929 72 11.4 25.05
Mn 21.12 £16.94 24.43 £20.38 46.7 115 266 28 13.1 46.25
\Y 17.99 +£5.99 18.55 +7.12 4.25 15 24 12 5.19 6.64
Cu 17.36 £10.80 26.19 £17.56 5.7 30 480 63 94.5 168.25
Cr 9.23 +5.81 9.04 £4.57 50 80 63 6.5 — —
Sn 3.43 £2.66 5.59 £4.46 — — — 18 13.1 —
Sh 2.24 £2.69 3.10£2.79 5.1 1.05 — 8.6 13.5 —
Mo 0.78 £0.49 1.07 0. 86 — — — — — 6.97
Cd 0.45+0.50 0.56 =0.60 0.8 1.25 5 — 0.331 —
Co 0.23+0.13 0.27 £0.18 2.3 5.3 — 5.6 0.216 2.12

1)Si, Al, Fe, Mg, Ca AY2( A pg-m >, HALAY A Ang-m 3
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Table2 Result of Wilcoxon Signed-Rank test

JLHR Al Mg Ca Fe Ba Si Cr Mn Co
P 0. 627 0. 336 0. 754 0. 430 0. 001 0. 482 0. 905 0. 658 0.214

LR Ni Cu Zn Mo Cd Sn Sh Pb v
P 0.112 0 0.048 0. 030 0.117 0 0. 024 0.770 0.265

(Xi/AAl)%!ﬂﬂi%
(Xi/XM)uL!ﬁ

A, X, FX S ARICE § MOTER AL IWIREE, &%
TCEM R SERATE A 2557
{E[ZQ].

ME 4 7] IFEH, Co, Mn, Cr. Ca, Mg. Ba,

LMo ATV B E SN F/NT 5, ULIALERR B RS
Iﬁbm%?xkjaﬂfﬂﬂfr AN, FEORIE TSR, X
FUR%E NS ICE R EF &3, Ba, Fe, Mo Ml V (¥
EF RS T8 P93 T REIE SN, Ba Al Fe VE MR 4 H B
P 7R B ot 'Y, 2 L 3h ZE HE R R AR K
Weckwerth S48 111 Mo BR T 3€ F 48 i A4 Jr
MESE, 4k Mo RS AP R STk 4 54 )
30% , HV FE AR TLE @$%@%F” ik st

EF =

m%%m@mirﬁ%ﬁmm Cul 7/ P s

%ﬂmd%ﬁﬁﬁ?ﬁ?S‘%%ﬁ%mﬁﬁiﬁ
VR LB e ) R
THRABS( >40% ) , VLIS T3 S50 8 A 5 14
e b B e s e e L O

L BEili i
I i

41

WIRET
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120 L
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Fig. 4 Enrichment factors of elements inside and outside the tuunel

2.3.2 JTEMAXMEST
s Sternbeck 2510l Lin 25132 FRDIE

T

TR AR

I8 ESCEER 5, KB Cu, Zn, Sb 559 Ff
TR GBI T Y B — e M e, Mo ik
ﬁ%ﬂ:'ﬁr Spearman *Hﬁé’@ﬁ'*ﬁ( = 3), Horp F=f
FORBEIENITRACNE | N =ARRBRESN TR
Kb,

gERLEN ) BEIEN Cu, Zn, Sb, Sn, Pb, Cd Al
Mo ZRIFH M54 (r >0.80). H1T Cu fERHLBH
RoE3 b2 o S N I L DR S S LG5, s
AT LIy 8 B AT AR R gy it — 2B ]
XUETTR FER AN 4I5S, T Fe 5 Ba RFIAH
KIEHAF(r>0.7), Wﬁ'ﬁ,ﬁ\mm%ﬁ*ﬁi&ﬁ%@ [34
i Fe Fil Ba N W?‘E?J‘EJ& il iﬁﬁ‘ﬁﬁiﬁk’% B
LR BTS2, A gL, RT3 Fe n Ba, xdﬁ‘
MK, *ﬁf%qﬂ Fe Al Ba z%}l@ﬁﬂﬁmﬁ
ﬁﬁéﬂfl*ﬂitlﬂxjvﬁd%;ﬂn&jt P e F SO
o, A BN TNT 5, 18 e BT S
B R A e lﬁﬁﬂideJiﬂFﬁﬁlﬂ?ﬁﬂﬂi’x
K, BRICEER B AN, e B B S
KILBEEH Cu, Zn, Pb, Sn, Cd.
Mo 1 Sb A SEE (r > 0. 70) BEAK T 5% 18 N 5.
2.3.3 TERERS S

HUPM, 1% 17 FocE R SPSS 16. 0 # 4k
TP T8, PP 28 ar A0 B I AR 45 R FH T 7 260K
WERE T, IEACTERS Ji i DR —F 28 for 4 B L3 4. Akl
REEAR KT 1 B D7 g BRI, | 3 DA i b7 75 31
3AFE NSy, BT 2 0THRIAE] 85.89% , HEAS
R T AR EEE R, BT 1 VIR 2=
H49.42% , MR EFIICE N Cu, Zn, Pb,
Sb, Cd. Sn %, Cu, Sb 1E NI HEMRFIETTE,
Zn VENFE IR BE I BOAR IR, DL BRI R e th 2> HiE
HOXEETTR, B 1 AR BB BHE R B 1Y
BAT,; HF 2 hybmsE s 2R 25.22% , Hh
Al, Mg, Ca. Fe Ba I Si {948 R ¥, AL Al Si
AN SR T, MH T 2 AT R R
Ui, T3 IR 20 11.25% , V I8R5
e, HEZOREF Sl £k be , SOz AR
FEMAERRSE. BEIE SN RS 2] 3 A R B KSY,
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Table 3 Correlation analysis between elements inside and outside the tunnel
Cu Zn Sbh Sn Ba Pb Cd Mo Fe

Cu 1 0.857 ™ 0.940 ™ 0.948 ™ 0.388 " 0.905 ** 0.884 ™ 0.876 ™ 0.407 "
Zn 0.895 ™ 1 0. 829 ™ 0. 854 0.404 " 0.867 ™ 0.882 " 0.870 ™ 0.478 **
Sh 0.704 = 0.717 * 1 0.934 0.389 " 0.938 ™ 0.928 ** 0.872 " 0.440 "
Sn 0. 808 ** 0.834 ™ 0. 845 ™ 1 0. 359 0.919 ™ 0.926 ™ 0.873 ™ 0.377"
Ba 0.441° 0.400 " 0. 170 0.153 1 0.471* 0.471 ™ 0.396 " 0.724*
Pb 0.817 ™ 0.863 ™ 0.747 ™ 0.768 = 0.316 1 0.965 ™ 0.830 ™ 0.392*
Cd 0.732™ 0.842 ™ 0.703 ** 0.745 " 0.211 0.944 ™ 1 0.849 ™ 0.444 "
Mo 0.730 ™ 0.832 " 0.718 ™ 0.741™ 0. 346 0.712 ™ 0.626 ™ 1 0.541 ™
Fe 0.274 0. 356 0.097 0. 165 0.749 ™ 0. 140 0. 091 0. 343 1

1) % RIRTE 0. 01 A EAT RN+ /N7 0. 05 /KF A7 i 254

FI T Z TR INR] 81. 41% , AR T2 LXREE NS4 T5 Q43R SO AT 1 Cu,

HHFEEE. WP 1 Pk RBi s oo Rk
N5, VIR 220 43.20% , 1R B HE
R B IR AR T 2 WIlR s R r 220
21.80% , H:Hp Mg, Fe. Ba M3 R EER, Fe &
SHFERAR RSN, d2eok B A SRR 42 R A
SRS W BaSO, MR A4 B, R 2 K
HbSE IR A SR AU, BT 3 bt ey
%ﬁm#mhAl&ﬂVMﬁﬁgﬁhﬁ 5§73
I?ﬁ%@ﬂﬁﬁi}?%ﬁ {EE—‘FW‘PZE’J{E 5. Xftu%;
W%Emﬁﬁﬁ%ﬁkﬂ %ﬁ%%ﬁ#ﬁxﬁ
AFRIE SR S ﬁ’i*ﬁxﬂl%ﬁ%ﬁﬁ C ol ¥
VﬁTﬁ%MJﬁJ@%ﬂnE??m)ﬁ*
!

Zn. Pb Sb % 10 F L3N 42 AH G TT R AR 2Lk H Jy 22
WRTE R vk AT Ao i, R 3 s, &R
BURRE )7 22155 95.50% . MR 5, T 1 MG
7229 38.00% , Zn . Pb. Mn . Cd {051 S
%.hi%%ﬁ%%%ﬁ,%&ﬁ%ﬁ@ﬁAzn
AT 7 55 R 1%~ 2% Y %%ﬁﬁ il
S Zn B R HEE | Pb Al Zn (A i(r—
0.867) ¥t , MUETE R th B ik m;&@?
1&%?%%Lﬂ%mﬁm I 2 ) e
%99 33.30%, Gu. Sh B H R k. R4 T
w9 ER R SH L, BRI Cu 5 Sh g pRE
FEHE (r=0.94), CufENERIREY I S 1

2 VI & Ha p RS PM, 5 AR A S E AR A7
= o Table 4 Maximum variance rotdtion factor ‘ya-a'lysm of all elements inside and outside the tunnel

B : BRI PR SNHE

HF 1 H¥-2 B3 HF1 H¥ 2 A3
Al 0.17 0.81 0.44 0.014 0.49 0.78
Mg 0.25 0.70 0.29 -0.073 0.87 0.17
Ca 0.47 0. 69 0.17 0.26 0.71 0.38
Fe 0. 005 0.89 -0.028 0. 022 0. 95 0.17
Ba 0.33 0. 81 -0.20 0.26 0. 88 0.076
Si 0.21 0.75 0.36 0.12 0.41 0.77
Cr 0. 80 0.30 0.44 0.71 0.39 0.18
Mn 0. 88 0.36 0.18 0.81 0.13 0.36
Co 0. 88 0.33 0.23 0. 84 0.19 0.32
Cu 0.90 0.19 0.25 0.90 0.17 0.21
Zn 0. 88 0.30 0.05 0.90 0.25 0.18
Mo 0.74 0.16 0.54 0. 63 0. 092 0. 64
Cd 0. 95 0.25 0.038 0. 94 0. 066 -0.038
Sn 0. 96 0. 092 0.16 0.92 -0.050 0. 096
Sh 0.90 0. 080 0.24 0.90 -0.20 0.23
Pb 0. 96 0.21 0.02 0. 96 0.075 0. 052
A 0.28 0.23 0. 85 0.41 0. 040 0.75
R TT 22/ % 49. 42 25.22 11.25 43.20 21. 80 16. 41
RRURET 2/ % 49. 42 74. 64 85. 89 43.20 65. 00 81.41

D FET0.65 AR ETER, TR
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A, BERSAEHL O, BN 2 AR E R 4
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24.20% , Mo f#Zk R ¥ H =, Mo Al RES5 48 4= HEL
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Table 5 Maximum variance rotation factor analysis

of partial elements within the tunnel

JTE HF 1 HF 2 F3
Cr 0. 40 0.64 0.59
Mn 0. 69 0.43 0.55
Co 0.63 0.53 0.51
Cu 0. 49 0.76 0.38
Zn 0.85 0. 30 0. 40
Mo 0.35 0. 37 0.84
Cd 0.76 0.55 0. 30
Sn 0. 60 0. 66 0.39
Sh 0. 40 0.77 0.43
Pb 0.77 0.56 0.27
T2/ % 38.00 33.30 24.20
BB 22/ % 38.00 71.30 9550
3 &g i

(1) SRAESI il B TE Y 51 PMZSB/JEIﬂJ iﬁkf“
ﬁ%jﬂﬂi(% 79 +62 78) ug-m 37Fﬂ(83 92/ 1 60)
pgm I{/EH m?ﬂFIVE H. ZFIEHH_" Ifl
i/iﬁf“ﬁﬁ%riﬁﬁ (2SN RS = HFU*EW%
PN, 3 5 el 5. tmnﬂaﬁnmm*a%,&m
ﬁﬁblb%'ﬁ PM2 ﬁlﬁfh?'iﬂ o I B i{nuiﬁ
E%PM“/&%FIBL FE AR, ﬁﬁrﬂﬁj‘ﬂy’ﬁlﬂ A
Uit i A M PM, VR BEfY SR %

(2)BEIBIAEEH Si| Fe, Al, Ca FI Mg ¥k %
T, A ECT R AN o A e E
98.48% f198.75% . #FEILE (AL, Si, Mg %) He i
5RFEH ST R, AZ LB AT A AR
EEAA AR . Fe X EALE (Zn, Cu, Pb
) ML 15 Ye A 5. il i Wilcoxon Signed-Rank
i %3 Ba, Cu. Zn, Mo, Sn 1 Sb FREiE N /MF
R EEZER. WA, AR HLSE TR (AL Si,
Mg, Ca) W EERBHAMAN M=, Zn, Cu, Pb FFILHR
P18 J5 e 3 i 1K

(3) i i & 4 T Kot E M M Hr, Co.
Mn, Cr, Ca, Mg, Ba, Fe, Mo Ml V B EF <5, F%&
S [ HFEIR, Hirh Ba, Fe, Mo F1 V {ERRIE A&
AEFLJFRE; Cu, Zn, Pb, Sn, Sb Ml Cd iy EF >5,
Z N RPEFmE AR, HA Cu, Zn, Pb, Sn, Sb fil Cd
SHlah 475 YA OC, BRI N HAHOCHE R r >

0.80; Fe 1 Ba #HCHEAF(r>0.7), AlHER H
R AL, BEIE N A& OT R B ARSI T BE
A

(4)PM, P 17 FhICR M 45 3R W - B 1 N 41
Sy AN AS B 3 A TRy, H BRI 2 5TioR
3353 85. 89% M1 81. 41% , BRIE N, fRHTHE] =
FG YR, 535 A B A HE AR RHER e R A TR
ii%%/"dﬁn ST A BRBE TR s BEIE AN, AT %IJB@
RV YLIR A3 A B A HE ORI TR A TR A
HhFE RS R AR TR AR, Hh AT R R 44T ik‘fkbﬁ
U5 K HLsh GG Y IR gk S g B 3 A~ sy, 1531
3 AN EZERUE AT R e G EE AR B AR R A
PR ACHR RIS S 4 HE k.

B ARSI 1) B R AE TR R R T R I
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