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Abstract: Background, aim, and scope Precipitation scavenging is one of the major pathways removing
pollutants from the atmosphere. Freezing rain, a rare type of precipitation, has potentials in providing nutrients
as well as harmful substances to alpine ecosystems. Freezing rain usually occurs in cold seasons, causing great
impacts on traffic, power lines, communication lines, forestry and agriculture. Previous studies on freezing
rain focused on its physical properties and formation mechanisms, with little attention paid to its chemical
properties. The present study fills this knowledge gap through investigating chemical components contained in
freezing rain collected during a cold season in southern China. Source apportionment analysis of the chemical
components and potential impacts of freezing rain are also investigated. Materials and methods In this study, a
total of 38 freezing rain samples were collected at the summit of Mt. Hengshan from Dec. 2015 to Mar. 2016. The
concentrations of 25 trace elements in freezing rain samples were analyzed using Inductively Coupled Plasma-
Mass Spectrometry. In addition, source apportionment of chemical components was performed using the Positive
Matrix Factorization Receptor Model. Results The concentrations of 25 elements in freezing rain differ by up to 7
orders of magnitude, ranging from 2x10™* to 4x10° pg- L', with the lowest and highest concentration determined
for U and Ca, respectively. Discussion Compared with observations in other alpine areas, the concentrations
of trace elements in freezing rain in this study are overall higher than those in rainfall but lower than those in
cloud water. The concentrations of most elements, in particular Na, K, Ni, Cu and Th, increased with decreasing
temperature, indicating that these elements might play an important role in the formation of freezing rain or be
scavenged faster by freezing rain due to their size distributions. In addition, the concentrations of Mg, Ca, Fe,
As, Se, Cd and Pb dissolved in freezing rain were higher at lower pH, highlighting their potential ecological
risks since dissolved metals are more toxic in the environment. Heavy metals such as Sb, Se, Cd, As, Zn and Pb
were enriched in freezing rain relative to crustal sources (with Al as a reference). Conclusions Coal combustion
emissions contributed 31% to the total chemical components in freezing rain, followed by secondary sources
(30%), dust emissions (18%), industrial emissions (15%) and biomass burning emissions (6%). The main source
areas of crustal elements and heavy metals in freezing rain were distributed in the northeast and southwest
directions of Mt. Hengshan, respectively. Air masses from the south direction of Mt. Hengshan carried relatively
low concentrations of elements. Recommendations and perspectives The findings in this study advanced our
understanding in the chemical components of freezing rain. The dataset of elements obtained in this study
provided information that is much needed in evaluating the ecological and environmental risks of freezing rain.
Key words: freezing rain; trace elements; source apportionment; precipitation chemistry; Mt. Hengshan
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WiE R F2E 7= ( Malcolm et al., 2003; Garcia
etal., 2006) . [ 2 i b AW DRSS /L, i
R 5 A A b AT L M X R T2, T H AR
TR, B X5 YRR RE I B KT
K& T (lavorivska et al., 2016) . AH % [ W A1 %
T, — SRR TR TR, W25 MR KAL)
W58 k= (Liu et al., 2012) , TiiixLepadEiE

J8 (Desboeufs et al., 2018 ) , 4F5H3&7E 5 L X
(Malcolm et al., 2003) . 2%, A RHEMLF
S I 5 145 6 LG o

B VKRS AR, ©S5EE/KT 0°Chy
YRR 5 7 BIARSS , SRR BRI UL —
Tk FEPERS (Chenetal., 2011) . fiXTF 0°CHIF
R EALT 0°CHz P BRSO v RS2 R
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TR Y BLALRRTE ( Stewart and Crawford, 1995) . #%:
FIXTACHE | FHE AR . IR . Mol Al A e
FE K (Cober et al.,, 2001; Changnon, 2003) .
20084E 1 H 10 H—2 A 2 H, —37HmAY 7R K
FERAEG TRER I, 2005 B M, b
B OBIAE . RBOCRTPEAE 20 M (XL 1), HE
B 2K M ad 210 42.325C (Chen et al., 2011) o
PSSR IS 5T, URAN 4 & AR AR AT S fin s 3
(Jeongetal., 2018; Tropea and Stewart, 2021 )
SR, DMEM RIS L BEALS], s
BRI, Al B QAT S AR T SRR AN
o BRI, EVREE AR A RS
AR FE 1 R ZS (Diehl and Wurzler, 2004) . iX
— P SHE IR AR AP PRI, fak
REREERr , Ht, JFREM LT A
A H B R SCRA Y BT oK

SGJR D I BR S  Eos, R R
BAE A SN . W R A AL SR R T Il X, I
LS e A P H (Peng et al., 2021) . 1981—
2010 4B i 110 5 AR H vk KON
62.3d, IKTIREIL (148.0d) , BRVKEREA
SRR 20, AR L R B 45 kR B v R A
HiIX ( Zhao et al., 2010) , 2 FF & = LA S 2R 19
W R BLALSE SEF I, T 2015 44 ZEH1 2016
BB ILTF R TR AE RS, I HAk
HRHEAT T T, H BJe 4 7 38 1 BE 7 R ) 5
ARV AR AE I AT R R, R A5 AU
T HRWAE R RS A, F5 TR
FEHFRHMA R, KA B TR AR W BIE &
R, PP HIS ARSI E .
1
1.1

5 TR LI i A7 A7 o 1 00 ) e v L
MG %% N (27°18'00"N, 112°4124"E, #4Kk
1265.9 m) o RFER, FERNEAR RS 2 2T
IRLAE, 08 : 00 FFAGUCEERE ML, H72E 24 ho RHE
By 2015 4F 12 1 —2016 4E 3, - REHN
FEGH 38 o TR AR FEAS Pk B R SS, SE
W HAF IS T 0°C /AT AARARTR, Bl /0263
30 mL PET JifiH —20°CY27RF
1.2

fift 7R S5 B9 RE &R R ( Sigma-Aldrich,
TEE) WA pHMEA% T 1, #HE 24 h fFlll, X
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%14 %

JH FRL R 5 45 B 1 R i3 X (ICP-MS 7500ce,
Agilent, EE) M T Ca (F5) . Na
(#9) . Mg (B) . AL(#) . K(H) .V
(L) . Cr (%) . Mn (#i) . Fe () . Co
() . Ni (8) . Cu () . Zn (¥F) . As
() . Se (fili) . Mo (41) . Cd (%%) . Sb
(). Ba(®l) ., Be(#)., TL(4) . Pb
(HY) . Th () . U (4h) . Ag (4R) 25Fp
G ld. BAFEM MG 3 W, RIE R FRICE PSc
(1) . "Ge (#8) . ""In (40) . *Bi (%) .
Part#5188-6525 ( Agilent, 3&[® ) AY Al X} A U I
2 (RSD) f &AW AR A e (Z RN IL R
RSD<3%, WMH ke ) o S28e o Hrid 72
Jo £ 45 ) R0 5T 1 O 4 R U5 75 22 % Pan and Wang
(2015) . HAWYBALSH, 45 pH (A,
BA MK (total organic carbon, TOC) . AL
(total nitrogen, TN) Al /K & ¥ & F ( NHj .
SO;™. NO;HICI) A% Panetal. (2010)
F1 Wang et al. (2012) .
1.3

R FHIE 2 R Y 71 2 AR (PMFS.0, 56
[ EPA ) fif B VR M A i v Ak 22 4 7 K . PMF
( positive matrix factorization ) F5 LKA AR B i A1
YIRS BEVE—A nxm WM X, j), FE X3, j)
Bl 53 A o VR I FORE 5T iR 4 G PMF i
Hrss B iy H b5 2 T4 p A4~ 15 G 0 o3 ik A 1
F(k, )y T P AT5 G AE B — D EAS Y DTRRHE P
G(i, k), KRRV 5 i DAEA I SE I T 12
HEE X, AT Bk

P

)(‘7:/{2::1 Gikkaj+Eij (1)

X ie,n), je(l,m), ke(l, p), niCEREEAR
B, m R P, E; S8 A FEA
Jo VR S AT 0 R 25 . HRTHE iR L
Desboeufs et al. (2018) .

1.4

WAE TR o1 ik [ F 50 M1 (potential source
contribution function, PSCF ) 2 HIWr K< 754
Wy v A R X ) — Fh G2 11 75 % ( Ashbaugh et al.,
1985) . PSCF fH /& 28 it W A% i 1% 75 4% %1 3k %X
(my) 5iZMHs L2t BIFTA B (ny) YL
{, R PSCF; N my/n;. PSCF {H A3 HZ M 4%
SRS S I T BE DTHRBR R . AR SO ERURR A AL
#2537 #E47 PSCF 43 #r, 55T TrajStat 2452 BLEk
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PEAb PR 0 Hr ( Wang et al., 2009 )
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Bk Ca. Zn 1 Ba Ab, R R H H Al oo 3 19 ¥
BESEE R AME (r=0.6, P<0.05) , JUH
Na. K. Ni, Cu il Th % Jt & 7£ < iR <0°C B} 1
W FE 29 R SR> 0°C I 1Y 2 %, 5 JE 3 e vk B2 1Y)
A2 1 A7 R TS KRR R RS (Hoffer,
1961; Bertram et al., 2000 ) , PifiZ5 ik )& REAK T vk
JEEBE TN )3 HE 0 FR AT BETE R FRE J ek A g 0 T
MO, FE, KEHICE (Ni flSb FRSM)
E@%E'—ﬁpHE’aﬂlﬁﬁéé (r=0.7, P<0.01) ,
Jt. H: Mg. Ca. Fe. As. Se. Cd il Pb & ¢ & 7&
pH<<5 B} MR JiZ S pH>5 HMU“H’JM—H{

U IR pH H A F T3 26 4 I 1) 7 A 22 T 34 o
W (Colin et al., 1990) . H T ¥ it M4 KW

BEBAFTER, XITEME RN B AMEG
P A= 25 2 5 5 e {15 2F — 2P OC 1 (Heal et al.,
2005) .

Bk T IREE AN pH AE R SZIE , AR SADREAL
M VR AL A s e IR R RN R S

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
Al Fe K Ca NaMgBaMn V Zn Cr Ni Pb Cu Th Co As U Mo Be Sb Tl Se Ag Cd
TER

Elements

LR P2 R T R AR EE AT

Elemental concentrations in freezing rain sampled at Mt. Hengshan

maE (£ 1) LB, RICKHEHRA Ca, Na,
Mg Fe. Ni fll Al TR KR EER F, XLEEHSEICR

e A IF 52 #4742 (Herut et al., 2001) A1 Tl
{ﬁzjj ( Garcia et al., 2006 ) FysZm; V4R AR
K. Cu. Th fl Ag JTTH MR EE#r, "I RE S5 A% o
JR5e (Song et al., 2001 ) FIAME ( Miller et al.,
2002; FRBESE, 2017) AK%; K H B HB A BR
Ba fil Sb 71:%%%, HABSTR W BT AR LA I
VYRGS, U B A L 3 DX A RS PR B T A
Xﬂ‘ﬁﬁ?o

F T BT SCHk H 1 TG R W AR 2 B A3 i 9 4
Wt R 2 X T VRIS E A s
i SR K A = K I A5 5 . SRIKAHLE, BR T
Fe Fll Min, 5 Wi A JHAth 70 28 0 v B 0 AH X0 4 5
Fe 2T 4 8 Pb. Zn I Ni 25, 7EAT LR 32 Hb X
JFRERY I 7K ( Zhou et al., 2012) F1 KR ik )
(Ma et al., 2019 ) WL ot % 8L T &5 46 BE A9 Pb
M Zn, XEE4JE TR SRAEFNE R Tl 25 UIAHOC
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( Furimsky, 2000; Adachi and Tainosho, 2004;
Baez etal., 2007 ) .

5 Z KM, YRR NI, As il Cr TG 199k
B TR 2 iy Sl il i, A T 3R vk T
RT3 2 ity E AR Z 8 X, . 21l

#1
Tab. 1

%145

/KA Zn, Pb Al Cd ¥ ¥ (Liuetal., 2012) J&
IR A CR ) 5—6 15, WASMK (55
W) AR S R ARR RS Tk, Hini
T Gy R R, PRIV BEARXT3EAIE ( Anderson
etal.,, 1999) .

7L R 5 T R VR B K-

Elemental concentrations in freezing rain sampled at Mt. Hengshan

(Bfy; Unit:pg L")

JLE CFME mOKME JUTERE PE ARIERHE PEREAE R AIR<0C  <I>0C
Element Mean Max Geomean  Median Northeast Southwest South PH=3.6 " pH=56 T<0°C T>0°C
Ca 730.93  4465.00 380.48 330.05 1195.42 689.86 390.95 783.02 535.61 497.75 825.93
K 283.32  1728.00 173.06 147.40 341.78 342.52 157.89 282.67 285.75 439.58 219.65
Na 209.78  1252.00 100.15 95.89 271.70 210.48 149.83 180.76 318.61 353.00 151.43
Mg 99.75 450.70 59.19 61.47 129.29 100.96 70.22 103.22 86.74 83.34 106.43
Fe 61.24 355.10 44.51 50.90 79.69 61.84 43.03 65.55 45.08 60.07 61.71
Ba 48.26 359.80 8.67 5.32 78.16 24.78 48.60 56.49 17.40 53.41 46.16
Zn 44.51 209.50 24.88 17.95 59.27 48.88 26.10 43.04 50.02 48.84 42.74
Al 25.09 160.30 12.39 12.35 40.01 24.57 13.20 26.64 19.31 23.11 25.90
Pb 9.21 57.67 4.79 491 12.60 10.29 4.98 9.95 6.43 11.99 8.08
Mn 8.24 50.67 3.70 3.31 14.49 8.11 3.32 8.35 7.82 6.66 8.88
Ni 7.41 109.50 0.58 0.42 18.52 4.37 2.21 4.77 17.33 13.14 5.07
Sb 6.80 15.35 6.38 6.51 6.04 6.82 6.84 6.69 7.20 7.09 6.68
As 3.57 18.66 2.18 2.76 4.44 3.84 2.39 3.77 2.82 3.58 3.57
Cu 3.17 22.77 1.46 1.20 3.61 3.92 1.83 3.13 3.34 5.58 2.19
Se 1.04 7.56 0.64 0.53 1.51 1.01 0.66 1.11 0.76 1.04 1.04
Cr 0.65 8.11 0.20 0.13 0.96 0.72 0.31 0.59 0.89 0.85 0.57
Cd 0.53 3.79 0.29 0.29 0.84 0.52 0.29 0.56 0.42 0.52 0.54
A% 0.46 3.38 0.33 0.28 0.68 0.41 0.33 0.48 0.41 0.45 0.47
Co 0.17 1.53 0.05 0.04 0.37 0.13 0.06 0.14 0.27 0.23 0.15
Mo 0.09 0.58 0.05 0.05 0.12 0.09 0.05 0.09 0.07 0.11 0.08
Tl 0.07 0.56 0.04 0.03 0.11 0.07 0.04 0.08 0.05 0.08 0.07
Th 0.04 0.28 0.02 0.02 0.03 0.07 0.02 0.04 0.04 0.06 0.03
U 0.01 0.08 0.01 0.01 0.02 0.02 0.01 0.02 0.01 0.02 0.01
Ag 0.01 0.14 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Be 0.01 0.05 0.005 0.004 0.01 0.01 0.005 0.01 0.01 0.01 0.01

2 WL SRR IAFE , F T EL IR,

R VEAR AT LU R T o 43 R T 2 AR T ST I
ERE, AIASI LR, R THW 4T
ZIEENT (enrichment factor, EF ) ( Duce
etal.,, 1975) :

S = (€ CaDreering rain™ (€ Caerust (2)
K for WILER x W E LT, (¢ Ca)recring rain
NEFHICER x 5 ALREEZ I, (¢, ca)ons HHBTE
HILE x 5 ALRIEZ . e e R W F Rk
H Taylor (1964) . # L% x I EF<10, /R E
FEOR AMATIR; AI0E x 1) 10<EF<100, F/R
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F7ICE x [ EF>100, F/RILICER R B E 5 T
ik, B2 AZE0E 520 (Kylldnen et al.,
2009 ) .

i1l N 4 )8 JC K B EF WA 2. Hidr, K
Ca. Na, Mn. Th, V. Co. Cr. U, Mg, Be HI
Fe 1 EF {H25L 15y 10— 100, S BLA R A
fiE, ULHIX TR Z R ARG, 5 b
WAL, 4 J8ItE Sb, Se. Cd. As. Zn, Pb,
Ba. Ag. TI. Mo. Cu I Ni (Y EF {48k 35 [l hy
10°—10°, SEHHFERE, ZECER 5

SN o
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