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Abstract

Objective: To investigate the pollution and migration transformation of fluorides in the soil of a flu-
orine chemical industrial park, providing technical support prevention and control of fluoride
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hazards to the environment and human health. Methods: The total fluoride, water-soluble, ion-ex-
changeable, carbonate-bound, humicound, strong organic-bound, and residual fractions, as well as
the physicochemical properties (Ca, pH, cation exchange capacity, leaching amount, and particle con-
tent) of samples from 8 sites at surface, middle, and bottom layers were analyzed. Statistical analysis
of soil physicochemical indicators at different depths was conducted, and the correlations between
different fluoridiation forms and physicochemical indicators were analyzed. Results: The total flu-
oride concentration at some sites exceeded the threshold of 800 mg/kg for high-fluori Ecologically
active fluorides, such as water-soluble fractions, were higher than in other regions, while the resid-
ual fraction at some sites was significantly lower than reported values. The content of soil physico-
chemical indicators had varying effects on different fluoride speciation forms. Conclusion: The soil
in the fluorine chemical industrial park has been contaminated by fluorides; effective measures
should be taken to control pollution and conduct soil remediation.
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M EtE-EHAEAR, ENAMEIT R T B P HAIRAA RS WS SR [ 1]-[5]. TR,
AT AT 70 XA itk , FEIRAE I3 [6]-[8] I 25 0 A [4] [8]-[10]« ALY ATE 11]-[13] KUK PPAk[14] [15]+
B[ 16122 A, FRBR[17]. PMEE[18] [ 19124 4 T AV AL 115 YL BR 34T
WA F o AERAL [ X A= e A P A A 7 o LA GE [20], JCIHOR SiAL T 5 X 3 i M S AT 2 4k
5 THI ORI 7E i A WARIE o FelAk T X Aot A 3985 G 2 B R AR PR A X, R A7 XA R K . R
AL WHE XA . 0 IR G R R ROKHE . KADIRE. EENE . WAKMESE. @
L T X HIEFE A F IS FT R AL, NIRRT RS et b+ 3 m A IR AF T A5 . TR EE
TR AL .. V5152 S 70 35 e FE
2. 5/

2.1. RXEER

TR Tl X RN ARZ) 1815 “F A B, FEPEEMEAML T Btk AEIBEZ . Hraeda.
g, WURHESSE, EAKRERHME. EWEZ . HRIE— AT kA, T3 4 E ECET A R
NP L, SRR A BRI A ) ODS B RAIUR 285 ST TS MBS,
FMAE . BRSSO R A SR AW 2 77 Y B 5 5] R B 2 A A
oAk, AR XA AV IR EE .

22. FRAENHEERE

FR 4 ] X N A ANV oA . T E MR ELE A R R, LRI 8 A3 S AL, & 1w
FKH XY-1A Wi TSR HIIT R L FUASR TAE . SREEAEE 258 0~0.5 m. 0.5~1.0 m. 1.0~1.5 m.
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Figure 1. Distribution map of soil sampling points
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Table 1. Physicochemical properties of soil at different depths
= 1. NEREIRIBCM R

0~0.5 m 0.5~1.0m 1.0~1.5m
AL PR — \ - \ - \
AL T R PR B PO bREE RO ARIEE THE A RN
Ca 0.07~1.80 0.51 0.57 0.265 0.06~0.97 0.40 0.30 0.32 0.06~0.71 0.29 0.21 0.22
pH 5.13~8.98 6.79 1.31 6.97 5.12~8.65 6.88 1.36 7.23 5.37~8.75 6.84 1.23 6.865

FHES 728 i 3.69~7.62 5.75 1.31 583 3.85~6.72 525 1.13 482  3.77~801  5.67 141 5.465

VS 0~2.20 0.43 0.72 0 0~1.20 037 0.46 0 0~0.90 0.30 0.40 0

'https://www.mee.gov.cn/gkml/hbb/bgt/201708/W020170818581370563855.pdf
2https://www.mee.gov.cn/gkml/hbb/bgth/201711/W020171106339408983483.pdf
3https://www.mee.gov.cn/gkml/hbb/bgth/201711/W020171106339409837600.pdf
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0.2~2 29.30~64.40  43.15 1122 43.15 31.8~63.8 41.1 10.1 403 19.6~59.6  38.8 12.0 38.4
WKL 0.02~0.2 9.90~45.50  23.68 9.71 22.6  9.6~29.80  20.6 6.58 20.4 11.1~50.1 24.6 10.8 22.5
=N
S0

mm 0.002~0.02  12.80~24.10 17.85 3.57 17.45 13.6~242 184  3.31 17.2 13.5~26.4 18.3 4.21 16.7

0.002 BL'F 6.70~43.1 1533 11.14 10.1  8.00~41.4 199  9.96 17.6  6.70~40.4 18.3 10.9 15.35

3.2. BRI EFR SR
BT S 'L 2.

Table 2. Contents of fluoride occurrence forms in soil at different depths

# 2. TRIRETEZSSEHMIRERSEE(mgke)

0~0.5m 0.5~1.0 m 1.0~1.5m

TATERE  CPE bR POk RWERE CPIE bREE P RWIERE PIE fedER b

Ws-F 0.13~112.0 17.16 359  3.685 0.13~101.00 16.70 34.4 3.22 0.13~13.20 4.59 4.26 580
Ex-F 5.16~516.0 77.06 166.4 947  2.55~482.00  76.41 165.6 9.42 5.02~59.60 19.86 18.19 285
Cap-F 0.42~1564.0  199.65 515.7  1.175  .36~1395.00 199.9 87.9 0.8 0.43~14.4 3.54 439 10.76
Hs-F 0~1399.0 187.23 4582 154 0~1456.00 215.9 506.4 9.4 3.68~56.80 15.05 17.78 1.54
Fe/Mn-F  3.85~1525.0 207.67 4982 12.65 4.14~1174.0 173.3 408.6 5.74 3.68~56.8 15.05 17.75 5.6
Or-F 7.74~650.0 105.13  207.2 2135 8.14~456.00 81.8 153.0 19.8 7.39~71.50 2644 19.22  5.295
Res-F 346.0~775.0  497.63 138.2 448 310.0~945.0  499.1 192.6 446 355.0~1309.0 641.63 29242 20.25

T-F 404.0~6184.0 1291.63 18569 692  400.0~5510.0 1263 17488 469  491.0~1371.0 727.63 277.71 580

3.3. RELRDBHNBEFRSRESHHHE

T2 EREW, FBAESILEENRANET: HES > BRESEE > RS > WERS >
AN > BFRHmE > KES. SREFSET[21] 8 TR [22] AR AP R [23] 2 #24].
WIT[25] SEMI[26] FAR27)S5 M XA S RIE X b, BRI S & ELA B, o A S RE S S HOR
B 10%; BRERERAS . FEHMAS . B MESAKERSEEES SIS EAZ W, BEA RN
WHt.

1) SR EEVE ) 404.0~6184 mg/kg, “FHIMH 1291.63 mg/kg. 45 R EH, MBS E 100%EE 200
mg/kg HITHE IR SHE, 75%Hd 453 mg/kg RIE HHEHIIT SAE[28], 25%:HA 1 B Hh 507 X 1
BHA29 AT F B AR HLE I 800 mg/kg, 35 i T4 S 10 [l X A 980201 BA S R L [22] IS, 98
WG YL ™ E . Hh RN 6184.00 mg/kg Al 5510.00 mg/kg s A7 T ALY 32 B A 7= G AR R A 25 4
REERFIF= 5, CLAONHAE . ST AR SHCERE. BES AN T GRS 0 S5Ok
RGPS TOKERIR . WMkt M — Akt IR SRS A LI T 5 K T HiyR B X3,
T8 YAt E R KR DIRE13].

2) AKIEBFKESRIAEAEREERR, KESMEER F . HF, « H,F, . HF, . AIF, fil FeF;
LA, BRI, KBS ALF KEYI(AIE . AIF, . AIF?, AIE ). Fe-F &&WI(FeF>.
FeF, . FeF)). [MnF]"s [ZnF] FI[HF]® 4 &R (9). AESHAMLAT LK EVRR TR EVRAHIF
1 g 5 H AR = RR A R A R N I IR FEYE ] 0.13~112.00 mg/kg, “F3MH 17.16 mg/kg, &
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FOPIIME 1.3%. 4550ERW: KT R IR EKIESHIER & & 0.50 mg/kg H=1A 87.5%, 8T
P [ Hh U kA X 3R 2 E KIS SR P E H FEO AR R 2.50 mg/kg 1108 75% [29], W& = T40
R I[22]. WEETRACED . W MK, EI23]. TR 3015, NTHFAREB. NEE
TE[32]. MR R AR T RN [33]0 MR U it ST A R St be s 57K [EIRNS . KRG 55
T YR IEIE, Bk U R A

3) BT A EE T A TR I F I TR0, /K G E AN HLTUBURL 2 | 7] A2 e 1E H
WS, 55 BRI ELRTCE TR B LR (-OH) S M i R it [34], B HGR AT
FE M FIAET VG M, FHE AR T /KB AT 35] - IR B Y5 5.16~516.00 mg/kg, “F¥{H 77.06 mg/kg,
b 6.0%. 2 TR 1L [22], s KAE AP (E 3 i ik 5 kit b X [30], 2 H AT Py 50 1) i R A -

4) PRIRELEE BB RIRIR LA GR R F E UGB AR S . s . S 2 0w 8582
W, BT HA AW ST, AR R SRR E NI R, A G [36]. R R R
ST RGN 2.5%~10%, H=E EACE FETUE S5 & — 2, HH 09 26.98%.24.07%-
42.65% [37]. BRERERAE G ARAENE T N 1%, CRKPIRIRI S A& SFL AP HA. —H
BN YRR T 6 8 2 IR 45 B = 2R o ) e R R B S SRAE Rl AR 1R T, B IS 7] A8
SRS, 015 R 545 G5 WA LA =381 MMk EEJE ] 0.42~1564.0 mg/kg, P31
199.65, Lt 15.4%. HAREE N 1564.00 mg/kg s R B A KR AT ORAE AL, B8 SCHR[39]
HOE B ER L 25 G AR, AT A AR A b () AR N 127 A2 2 B DTRROR YR

5) FEARRES & A RN RS G A RV 5 IR K AL 45 G AF A —FORES . TRERSS A&
SRS IR A 25 A A U IR B RGP AN AR Wi M 77 T R A S, A Guih o [36]. IR A R L
f1R%-COOH. -OH H:fA. xStk (A1 n] DL LS 22 e i 7 30 B 398 rp (R 7KV R, AT [ 5 . 1358
BT S g KSR S S AER, TR G S TREE MR AT, AT PR 338 s oKV PR
TR, R YA B RRC[40]. BRIREEVEE 0~1399.0 mg/kg, “FIAME 187.23 mg/kg, il
14.5%. H AT E PN IS FR0E, RS R R RS % .

6) P AR FEE CERER G - AL S OE T - MR, ARRE s
PIRTEIEAS, R Hdisk. SAMESH . KEEA . SEACYIA T2 18] (R B I R T e
Vi, J& T AR A T4 1] 5 mUBRLAS M AR B2 Y ] 3.85~1525.0, “F-¥{H 207.67 mg/kg, 5L 16.1%.
B TEERIL22], FFm K TAE 42 E AR 3, SHE W RIS RN E . B S G S TR
beiiese, (RAESEAL - I8 5 rAr IR ERE A 261 T, PTREAE AL - 38 S5 A2 FHORE U Ui B A5 (R 98U [40]

7) AP A RRIEAAIORE, RABEEMREt, EANRER RN T R Pk
VA G KBRS EERS . m B B A N R S %0 e . T s, JES AR ST RA L
. IR EEVEE 7.74~650.0 mg/kg, “FIIME 105.13 mg/kg, b 8.1%. EEmTRFILR22], Nibk
KAEIE &P IME 3R T 4 5 b ik BV R S o B A [43 ], N IRISEI A i) e . BAR TR HLAS &8 LU
fasE, (HTEmBEPER I, A fRIE HUT T O 5 A WLR A ARG MR 48 & P RBEA A him
SR KA S R B AT S T [44]

8) MRS FE L A SN . BT B AR, S IR R R S A
e AT, iR . — oL MZE BB, RS, XS RG
A B B A o W 94K P2 Y TR 346.0~775.0 mg/kg, “FHI1H 497.63 mg/kg, it 38.5%. il T &
RuEA RN HTA[33]. HNEERAHE31]. 7 2 Sl 1 EE30]. SN TEH41], E2/0 TR
Fil[22]. TP E S AN 38.5%, /N T SCER[21] T 4R E 3 b g UK A O 5 R AR
93.3%~99.8%Z5 R o Horh AN f AL AR 10%,  IXFERE A B LU BB I B 75 AR BRI T
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34. TRMERUYRELSHOEXEDH
B RMIRAFTE SRR BT 85 SR % 3 P

Table 3. Correlation between different occurrence forms of fluorides

3. NEEMIWMERSZEREX M

E=RIRY] Ws-F Ex-F Cap-F Hs-F Fe/Mn-F Or-F Res-F T-f
Ws-F 1 0.554"" 0.395 0.468" 0.679"" 0.408 —0.134 0.349
Ex-F 0.554" 1 0.631" 0.738" 0.353 0.516" —0.393 0.151
Cap-F 0.395 0.631" 1 0.589" 0.554** 0.698™ 0.056 0.537"*
Hs-F 0.468" 0.738" 0.589" 1 0.471* 0.866™ -0.462" 0.156

Fe/Mn-F  0.679™ 0.353 0.554™ 0.471" 1 0.649™ 0.168 0.612™
Or-F 0.408 0.516 0.698 0.866 0.649 1 —0.092 0.468"
Res-F —0.134 —0.393 0.056 —0.462" 0.168 —0.092 1 0.708™

T-F 0.349 0.151 0.537" 0.156 0.612"* 0.468" 0.708"* 1

#H: "SRR P<0.05 "HRRP<0.0L,

3 HRR:

KIER: BYESEE EMIER, 512 DMEMH22]. (h7h K FESEIHEIIX[44]. SEM(& VD 90
BT ARG [41] NS Ik B R R S IR [43 ] 4 AR — B

BT SRESEEEMEIRR, WAESER &M TRE AT UL [25]. 29k MA5[40] &3,
TR - B R AL TR E IR T, ATRETE AL - RS AR PR U i A R, X E 2 8 IE
FHRM G . BT 5 RIS R IEAHGR R, W FACHMEER SR A ASEME, EH
[ (1) %A 350 5 S A R A T PR B R

RIREEAS . MU S HAESEWN S TS MEHER S A RE EHKCR, SR
BRERA LA ZREH EAHKLKR

JRERE: SRBSEFEZE MR, HETRME. BANSREE EAHXKR.

BEAAA: SKEEEZFEMARKR , ERICFEARIX 23/ 5 AT w455 A
FVRRAE . 5B FRHEZFIEA KRR , SWUTE 8 NME[25]. HMA VG50 X 9547 Sk 275
AR A, SEEESMEREEE FMHXKR, SRS HRANSREE EAHX KR,

SEANLA: A SIRKEREAS . RS AR SR IEA OGO R o N Sk B RIA[43] B
AR 3], BriE S S ATFIERE46] O MHCIRIE . AHLR SRS YL A AR ML EE &4
NRTRURAE H A, AR EARE R SIS A FRR AT

PRI : N5 R EWNE S EAX KR OV EPRIER 5 &k 38.5%, FTCAW#E 24k % I
FHRRAR, Y LI EE RS UE10] [47] [48].

3.5, TREAERUYBELSS LR RIOEX Y

FAIRAT T2 5 AR bR 8] (AR N LR 4.
4 GRRY
Ca(%): S/KFESWEE EMRK R, HIEPRZE] Ca® S TR, A TREEMA49]. 555
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PEAS & B AR 2 IR OCE, U] e rp A S e VR B 7 B RO, 5 3 S S T R S 1 IR B
BBlb s T KR I & B3 R[50 5351 Ca(%) & 870 Hl S HRIR s A A LA KRR R, 705l 584
SR ERZEIEMACKR.

Table 4. Correlation between different occurrence forms of fluorides and physicochemical indexes

4. TRIANMRERSSEBUIERZ EHEXMY

Ws-F Ex-F Cap-F Hs-F Fe/Mn-F Or-F Res-F T-F

Ca 0.606™ 0.129 0.414* 0.104 0.724"™ 0.359 0.515*  0.737"

pH 0.230 -0.290 -0.023  —0.498" 0.250 -0.201  0.746™  0.603"

FHE T ae e -0.181 0.567" 0.555™ 0.619" 0.034 0.487°  -0.291  —0.071
Vi -0.019 —0.485" -0.111  —0.586™ 0.104 -0.275  0.696™  0.376
0.2~2 0.096 -0.530"  -0254  —0.602" 0.186 -0.315  0.589"  0.382

%Ei? 0.02~02  0.556™ 0.515" 0.305 0.543" 0.369 0340  —0.297  0.000
éiii 0.002~0.02  0.051 -0.115 -0.489°  —0.281 0322 —0.541"  -0347 —0.412
0.002 BL'F  -0.320 0.351 0.152 0.358 -0.430" 0.035  —0.619 —0.433"

A "R P<0.05, "FRP<0.01,

pH: 5B T KR, Y pH FHE AR TR RS Y . BRERE A5 52 145 pH (1520
W3], pH SHRESWEZE MK KR, pH 5 REN R E EAHX KR SCHRIRkIE[44]7E pH 5.13~8.98
O PR S5 A, BB AR o AR R AR AS . X B [71He B S A AR S pH R
FAIG, RS S8 E pH T2 /KIS S H A LA FIEAT RN . SRS
MZEIRANE, A el 23 b s B TR AR SR FEA %

PHES FAciiE: SuA NS IEAHRRR, A5 S THE WRHRA. HHERANEE EAHK
Fo PR 33 ep R ] 0 BE S 5 AL O W B AR RS A% S AN R], 5 S T IO 45 & BE ST s I /2 Cats
Mg 25 BB, BEME I 58 + 3 AL W IV 7675 CEC 3, KEMME FES5RE A%
o ) P N R o R o B 0 e w8 D e W e 415 e e 5 )| BRI v 7 = e R £ )
Ui B R A P B AR IR B, AR S B T A TEAS IR B B T A e R 3G N R, R UM
K451 [51]e AFEI TR B IR bR IR 22 5%, 7T REARIE A IR 45 R E ZE R 3% .

VekiE: HETRMENMIKR, SEHERSWEZE MR R, HES5RESZMEE IFHK
KR
TR T (%): BURL Y 5(0.2~2 mm) SRR B S IS A WS AN RES N U, (HERAEE., 55
TRHAS MBI AN A, YITE 0.2~2 mm Pk & B E X RIS . AN, B30
B EHERESAARI, HEZEEERREL. & T 5RESHEZ EHICR, HREAMHFRD . Bk
T EE(0.02~0.2 mm) S5 /KA TR A W3 TEAH G, 5 887 A8 4 i 2 R AH O, Ut WS A FH L i
SR B £(0.002~0.02 mm)- SRR h A4S B35 i AH G, HoRa MG G, UEIATEIX SRR B R Ya
SRR ERAS . A NS E BHEEM . k& E0.002 mm LA F) S SIS HEEE G, WER
AR E R R RS WA B EIEH .

Huang Z[52] K, B 7 LIEAFRIHAANA—S, MEESFR S EZ AR, &
LT AN, B P Bl 2 AR A 5 e e PR P 32 DR 2R [53] 0 b L JE X S A A AR i 10 IR A
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PEFT, RIXHMIE B S VR B BB 1 I [14] 0 BOHUAR X B BURTRE I 35, RORoREAR ), HOERIIIAUR, AL
BRIZEN, Bk, 2 B AT (54]. 45 REW], UKL E(0.02~0.2 mm)Xf BT S MUTEL A
HABGRMWNMAER], HeBks & ERAR, £28E 70X,

4. &

1) AHFFUER X A T el XRS5 S R R TT R R G T, 0 R FE IX 3 3
GREBIEEE. St RREENIRES AL THRX A RE DR R GBS m T A+
B FE(200 mg/kg), 75% F AN H 3 E IR FAE (453 mg/ke), HAT 25%FF AR I 3 G0 AU I
TR (800 mg/kg), BEARTT AL LRSS TR L, BRIRES S R s, B A A RIRERE. B
THRRASEE TS G R m T N FEIE T, WIER AR TR S EER Y, BRIk, AR
et (AR JRUXU:

2) LHESCHEPAL ML BN X — TR SRHERA B R . B S R 5KES. MREES. B
ZEA. FRESTIS RS R RIS, ML ESE LSRN 0E T pH B IR
RIDTIE TR AT, 5 IR PEIRSS & SR 35 UG . BT A NS IR 25 1EAR G UKL AT THT 0.02~0.2
mm REGUBRL 5 KA B TS . TR S & A MR B R IEHSE, <0.002 mm 4RFUAL 5 L L
255 A TR U OO, 1 WO 25 PC 368 1oL R i) S8R P s A 1 PR LB PR SR N A T S A, [
T ST e S o R T VR PR A P 25 (e s LS . AR R R AR 8 L PR A ) e R

3) BT LWL, HXWH X R RS N B SR RN — R XS AR SRR
PCRI RS AL,  DCSERE A7 A R 7K TS S KU IR v i kS X R e A RS i 1 X, Tl R AP . SRR E &
7 AV R A IER A, PSR R T AR AR M RO e R s S FIURIAS 5 & ORL R BC X T A&
TP, AT JE A B HE R L A R B ZRC K T 2, ARV R R SR S AL
SEILG G E R JRAL BB, A T KB A X IR RS . RS R 5 2 AR
FAEN R 2SR, HIER NS SRR A R BRI, NI 5 RIS .

B
AT 22 PR B RS S B K B et A SR 4 T 2
E&MHE

T H S tREA A REE T RITE ;
TH A AL X 3R AL 75 G i IR B AL AT S FE RS F4 AL IR 7L 5
WiH%5: 2024R009.
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