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Distribution and risk assessment of soil fluorine morphology in the high fluoride zone of Hotan, Xinjiang

SHI Wenwen', ZHOU Jinlong™, YIN Lihe', ZHANG Pengwei'

(1. Urumqi Natural Resources Integrated Survey Center of China Geological Survey, Urumqi 830057, China; 2. College of Water
Conservancy and Civil Engineering, Xinjiang Agricultural University, Urumqi 830052, China)

Abstract: To investigate the occurrence and environmental risk of soil fluoride in wheat fields in the high—fluoride area of Hotan, Xinjiang,
soil samples were collected from the plow layer and soil profiles. The total fluoride (TF) and fluoride speciation were analyzed to explore
influencing factors, compare pollution levels, and assess potential ecological risks associated with TF and fluoride speciation. The results
indicated that the TF content in the plow layer soil of the study area ranged from 552 mg-kg™" to 761 mg-kg™', with an average of 629 mg-
kg'. The distribution pattern of the various fluoride forms was as follows : residual fluoride (Res—F) > organic—bound fluoride (Or-F) >
water—soluble fluoride (Ws—F ) >iron—-manganese—bound fluoride (Fe/Mn—F ) >exchangeable fluoride (Ex—F). An average Ws—F content of
4.35 mg- kg™ was observed, indicating significant bioavailability. In soil profiles, the maximum values of TF, Res—F, and Or-F occurred in
the surface layer, whereas Ws—F content increased with soil depth. Vertical variations of Ex—F and Fe/Mn—F were not significant. Soil TF

showed a highly significant positive correlation with Res—F, and Ex—F had a significant positive correlation with Ws—F and Or-F; there was
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no significant correlation between Fe/Mn-F and other fluoride forms. Ws=F and Ex-F mutually converted under certain conditions,

maintaining a dynamic equilibrium. Overall, the results suggested that aluminum oxide (Al;O;) was the main factor influencing TF and

Res-F contents, and boron (B) was the primary factor affecting Ex—F content. Soil organic carbon (SOC) played a key role in influencing

Fe/Mn—F contents. Ws—F and Or—F showed no significant correlation with soil physicochemical properties. The soil accumulation index

and potential ecological risk index evaluation indicated a generally low pollution level in the study area. The ecological risk assessment

based on fluoride speciation was lower than that of a traditional total fluoride-based assessment, providing a more accurate perspective

from a biologically available standpoint.

Keywords : Hotan region; fluoride; soil; speciation; risk assessment
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Table 1 Proportion of crop cultivated land area in Hotan area

T s PN X e B ] S i DX AR 7 Y] g S
PN, FE RS 16 AL i) P 2% T TR, B2 R0 P g X 3= 5

AN itk AN it LN H  SRAEEBE 29 100 em, 55 20 em BU— R T AE,
o Tt e Pt R RIS kg bR SRR R
Ek Corn 29.66 R Fruits 1.90 BBRAT WL 1 mm F10.15 mm 6y, CRAF55
Hi4E Cotton 11.35 WHUE Oilseeds 1.70 1.3 7[:':'2 anil E
B Alfalfa 9.14 HAh Other 337 1.3.1 HIERF LSS E
i3 Vegetable 5.29 4338 R (TR ) >R FH A AL B a2 B - 2 1 1ok

0259—2016) Bl & T 3550 % f m(E X (B D), S A X
LR EROIR 23 A3 AE AN X R, R RV L
560~888 mg-kg ',

F2021 456 A 5E B AME S RS TAE SRR A o5,
FEZELLT LA R A2 SR : (1) 5% 5
{HIX 43 [p (F)>550 mg - kg™']; (2) % & 2 /INA2 Oy Al HH
X FEREVEY 22—, BRI /NZ A H 135
(3) 2% SR RN FT X 5 4F Al F b R /K (F 1997 4E 1
IR K EEWE , 105 T & LU i K |, v
1 ke VI BT P9 A ME SR PR B9 A B 38 0 SRR B - S
i AT — B AR « (1) SRA A R AR FH 11 1Bl P i
P75 (2) SRR A P st S 2% | P 2 320 1T 10 S0, v o]

PR AR I E R A A A G R R 1 82 4%
PP FRBURT L3RR 10 ¢ F 250 mIL H 3€
S F R 3 AL BRI T B A BRI, W L
15, B GV FIR 50 5 Ja FAR I 19 7 ik
It 3% B R AR A E TR 4R A% B TR
1.3.2 L3Rtk i

- HERE LS KA AR 13300, 445 pH L BH B 7 52 4k
H(CEC) A PR (SOC) , = F b — 41 (ALO,) A ALES
(Ca0) .k (Fe) (B (K) V& (N) (Al (As) (801 (B) 4

x3 TERARESRNELS RRRE
Table 3 Sequential fractionation extraction of different forms of

fluorine in soil

iy T RIS LT T € B8 25 (3) B o o R
/"E\'; T}E—Fﬁﬂ IZ:?]%] %EF?E X 3‘5% iig% ELJ ( % 2) 5 Morphology Extraction solution (()‘2:1:2:1%

AT 1T AARRNERE S (B 1A 2) , Bk
JEALIEOAS T TH L 84> o SRAEBIEZ LSRR AL,

70 CIR% 0.5 h
25 CIR¥Z% 1 h

LETIR
1 mol- L™ MgCL(pH=7.0)

KIS T Ws—F
] 2 A5 T Ex—F

PEFE 50 mx50 m LI Hh B | SR XA 28 A0 5 2 2 A0 A6 PSS A 0.04mol- L7 NHLOH-HCLIE T 60 CHk% 1 h
Fe/Mn-F 25% MR WL

BES ABURE L RAETRE N 0~20 em (VNE AR R 7041 Y
FEERERD A R FHR S SR R 2 kg A
ey (] S T R A R A 7E R

AHRMEHR  0.02 mol- L HNOs+30% H,O0.4b ¥ 25 CHR¥%5 0.5 h
Or-F J& L, FAIA 3.2 mol - L™ NH.Ac AT

AT Res-F BT T4 FITE S50 22 (H

R2 RESERFR

Table 2 Basic information of sampling points

BHE)Z 132 Cultivated layer of soil T A3 Profile soil
£ G HURE bR J e HiTeL Gt R b Rote &3
County(city) Number Sampling location Soil type Watershed Number  Sampling location  Soil type
I Tl Hotan City HO09 RIAw W+ F1H Y[ 37 38K Hotan River basin HO1 HGE A& VEIR
1% £ Luopu County H10 i &3 S A 1 HO2 WE IR S B fi 4
FHE Yutian County  HI1 BAAEhIE S R || SCHAERIE Keriya River basin - HO3 7 PR
&4 8 Minfeng County ~ HI2 Je A i b FITH AT 5358, Hotan River basin HO4 iz & #H+
H13 Al S [ZRL SN W A T3 Kaxi River basin HOS B S LAUES
J7111- 8- Pishan County H14 WE 7RSI A R HIHH T3 Hotan River basin HO6  ELAFAhr s ikt it 1+
HI15 i 2 PRt HO7 SEIATDIPER WER
F1H E Hotan County H16 PR A A Hif 1 HO8 TR IR ELAS A i B
H17 Wi % R
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Figure 1 Study area and sampling points distribution
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A L, L R BHEEL C o 35 & = SE , me -
kg3 BN IRICER T SoqE, 26 BURT IR 198 95UEF 5 (A (488
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Table 4 Physical and chemical properties of test soil

BT L 5 L5
2 Cultivated layer of soil (n=9) Profile soil (n=48)
Indicator JE Yl S Pl
Scope Average value  Scope  Average value
pH 8.36~8.86 8.55 7.85~9.02 8.64
SOC/% 0.370~1.490 0910  0.077~2.200  0.550
CEC/ 2.04~6.20 4.10 0.76~5.77 3.06
(cmol+kg™)

ALOs/% 10.44~11.90 11.01 9.82~11.58 10.76
Ca0/% 7.90~10.52 9.46 6.20~10.91 8.80
Fel% 2.38~2.82 2.64 2.24~2.78 2.53
K/% 1.77~2.19 1.96 1.71~2.16 1.93
N/% 0.039~0.140 0.084  0.014~0.160  0.056
As/(mg-kg')  9.24~15.40 11.94  4.24~15.80 9.78
B/(mg-kg™)  31.00~47.50 37.44  23.20~48.60  35.69

Mn/(mg-kg™) 532~630 591 491~690 571
P/(mg-kg™) 678~1 120 905 569~1 250 794
Zn/(mg-kg™)  54.90~72.00 65.12  48.20~74.70  61.80

TF AL S 075 4 B 5 €k TF 5 it S5 E , mg -
kg™ Co ol TF 75 it 2 A, 16 BOHT 38+ 3 90T S (ELAE
9 IR, mg-kg™; Cois H Ws—F Fll Ex—F 75 H 52 {f
AR R R RS R AL R 1.55 Coo M
Fe/Mn—F Fl Or-F & & SCAE , A WA R0 55 , 3R 5
faERZ WAL R 1.0; Criio  Res—F 5 @ SEIAE , AN
HA YA RE WA N 0.5, 25 KU 5 R4 4y
P L 26 5101
1.5 #iEahiE

K FH Excel 2019 1 SPSS 25.0 #E4 7 53 4b B8 A1 AH
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FeM 43 HT 5 5% FH Duncan’ s # &2 # 25 55 (SSR) £ 0.05 7K
V- b AT 22 ST BT 5 2R Canoco 5.0 TUAR 73 #r
(RDA) , PEAY -3 P 5% U A8 15200 5 2R FH AreGIS
10.6 11 Origin 2022 il & .

2 #R5WR

2.1 HHEER T ESMESETE

FH & 9 X2 B TES RS i AN 6 iy
7N, XN T3 TF &5 i 80l 552~761 mg-kg ™', 1
B o0 629 me-ke !, B = T A IR S
1B (453 mg-kg™ )P, (AR T [ 1l 30005 X - 9 7 ot
SFH(E (800 mg-kg™ )P, FRIIZ X + 1837 5] — 5 # i
B I5 gs . Horh HO9 1 H10 W & - 38 56 & v T
TR AE L 43 915K %) 721 mg- kg F1 761 mg-kg'o A
B2 I S SRS &G HETF S EE
A3 R AR AR S MR B S K IEESBRER 45 5 >
LIRS o X R B EERE AMH  E HU RAEE
g — 0, 05 HAth X A 45 S BTN TR], 4 5
R X R 2 RN LR A IR AR S >

LI 25 > Bk 5 A 25 /K VS 25> AT AS #2510, ASHF
F AP TR DR AR S, 5 5N B A R
FRRIE ARSI HUR S SN, HF5E X 43 b Ws-F 55
AR, X A A B A RN R R e, —
PRI, F 5 R A v A L DX 3 B A7 B o SR G BT R
AR , 5 R i, b Na Rl P4 LA TR 8
(36 M, AL 9 NaF .5 % T K IERE KR8, A Ik
Ws—F & mt,

Ws—F S48 DL 25 8 /KA i s 4t R i 3t
FELEF S WIE e, AR S YA R
PE, R E R R W BOIF =S5 & e b s
B S KB 2 3 Ws-F & i {E by 4.35
mg kg, 5 TF &5 0.69%, .35 & T AR5 Y -1k
2 Ws—F %12 (0.5 mg-kg ™), i H [ Mo 5600 X 1 4%
F)ZE Ws—F AJE{H (2.5 mg-kg)™, HrH16 fIHI5
P Ws—F & 5 d5 i, 7391 4 6.08 mg- kg™ #15.89 mg-
kg, 5 TF SR 0.97% A1 1.01%., 3 Ws—F Xf Hi 51
AR, H B B <0.5 mg - kg B, RGO T B0
% ,>2.5 mg-kg ' B, 375 Y FEOB R, MR IX

RS M A ED RIRE

Table 5 Classification standard of evaluation method

R b SR FE E TG Y LR R TEA S AR 5L AR TR
Grade Geo-accumulation index (/) Pollution level Grade Potential ecological risk index(ER) Risk level
1 1,<0 Tei5Ye 1 ER<1 1%
2 0<,.<1 TG Y 2 1<ER<2 rpsg
3 1<1,.,<2 PG Y 3 2<ER<4 =
4 2<1,.,<3 R - T g 4 4<ER<8 R
5 3<l,.<4 i 5 8<ER T
6 4<1,.,<5 - Y
7 5<l,, J T
Fo HMEELEFEEESAEE(ng-kg")
Table 6 Contents of various fluorine forms in the soil of the cultivated layer
FE 45 Sample number TF Ws-F Ex-F Fe/Mn—F Or-F Res—F
HO9 721+22ab 3.806+0.054¢ 0.1250.010e  1.824+0.190cd  5.788+0.157bc  709.457+21.793ab
H10 761+<la 4.063+0.335bc  0.164+0.013de  2.082+0.045b  5.658+0.495bc  749.033+<0.001a
H11 552+125¢ 3.322+40.079d  0.183%0.002d  1.65140.022de  4.974+0.211c  541.870+125.525¢
H12 590+70bc 4.029+0.071bc  0.4730.017a 1.51540.122¢  6.987+1.757ab  576.997+71.276hc
H13 604+36abc 4263+0.072b  0.485+0.009a  1.998+0.078bc  7.272+0.994a  589.984+36.755abc
H14 590+51be 3.901+0.130¢ 0.429+0.009b  2.160+0.022b  6.622+0.255ab  576.888+51.378hc
HI15 580+16hc 5.8854¢0.318a  0.496+0.013a  2.489+0.103a  6.612+0.34lab  564.518+15.658hc
H16 627+42abc 6.0830.083a  0.419+0.052b  1.81140.137cd  2.712+0.198d  615.975+42.278abc
H17 633+168ahc 3.809+0.059¢ 0.287+0.009c  2.029+0.020b  2.386+0.065d  624.488+167.937ahc

TE [ — S AR NG FREROR 2 G630 22 57 K B2 7K K- (P<0.05)

Note: Different lowercase letters in the same column indicate statistically significant differences (P<0.05).
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Figure 2 Percentage of fluorine content of different forms in soil

to total fluorine content

BHE)Z 158 Ws—F & i Ab TS 7K, 20 A A fi
B YA KA —

Ex—F & 45 i 12 7 L 5 | 7 W B T R KA A
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Figure 3 Fluorine content of each form of soil in the profile
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Table 7 Net increase in soil fluorine(n=8 ,mg-kg™)

iR EC R

Sample number TF Ws-F  Ex-F Fe/Mn-F Or-F Res-F
HO1 188 -2.73 0.08 1.75 7.80  181.10
HO2 19 -246  -0.05 1.25 1.00 19.26
HO3 -26 -1.99 0.07 0.02 -0.36 -23.73
HO4 =716  -3.66 -0.09 -1.13 -5.17 -705.96
HOS 278 -6.04 -0.19 1.03 2.82 280.38
HO6 =7 2.14 039 -257 -3.12 -3.83
HO7 154 -4.34  0.05 1.80 -1.00 157.48
HO8 -14 3.97 0.41 5.36 -2.24  -21.50

Ml Fe—F (FeFi FeF*  FeF; FeF: FeF? Fll FeFe ) 454
Wy, X B2 A Wil A R BRI % 25 1, []
FEA XS Zn . Cu. Hg As .Pb . Cd EHE 4 8 LR I
B,

Ex-F 5 B K 2} 2 /8 3% A6, 5 Ca0 B i
FHIEM K. TR 500 K B B-F (BF; . BF:5%)
AW A5 T B AR A, B A RUAE 1 S
BRI A Sl A A A i s K5 RS SR A e T
HABKIER T, 5 55 s SRR 21
FE LSRG SIS, AR, LS Ca
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8 MM EFREE XM (n=9)

Table 8 Correlation between the occurrence forms of fluorine(n=9)

SRIRAFTE A
Fluorine occurrence ~ TF Ws=F  Ex-F Fe/Mn-F Or-F Res-F
forms
TF 1
Ws—F 0059 1
Ex-F -0.577 0.600% 1
Fe/Mn-F 0.109 0267 0233 1
Or-F -0.293 0200 0.583* 0.067 1
Res—F 0.996** 0.067 -0.567 0.050 -0.283 1

FE RN K P<0.05, ## FR B KT P<0.01. Tl
Note: * indicates significant level P<0.05, ** indicates significant

level P<0.01. The same below.

Gy I AR E (1) CaFy, HA BT A FEAEVE T B ACHIESY
W Ex-F 5 CaO B A 1B 35 1E A5G, X ol RE & th T4
B PE T, K OH 5 5 Ca™ (Fe™ (A AE BUTTE ,
W05 FRCA LS, B OH & 525 0™ Yk b
B B A A S I, M - 398 R A RS R

Fe/Mn-F 5 SOC 2 N &2 i 2 1EAH 2, X 5 X 44
E AT AR EAS TR AR A Fe/
Mn-F 5 Fe Al J- A7 5 2 AH M, X 0] g2 2 Y
X pH 52 . BFSE R, L3R D Rk A5 1
T, Fe/Mn—F A o TP 40 it 0 35 A0 O | [l 5
1 pH R A A OO R BRI h A
AR,

F®9 TRAEESRES TEEMERBIMELME(R=9)
Table 9 Correlation between different forms of fluorine and soil
physical and chemical properties(n=9)

TIEAL TR

Soil physicaland ~ TF  Ws-F  Ex-F % OrF Res-F

chemical indicators M=k
pH <0.001 0517 -0.050 0.300 -0.317 —0.033
soc 0494 -0.167 -0.233 0.683* <0.001 0.433
CEC 0577 -0.267 -0.267 0383 0.050 0.533
ALO; 0.971%% 0.100 -0.550 0.300 —0.333 0.950%*
Ca0 ~0.824%* 0.084 0.644* —-0276 0.469 —0.803%*
Fe 0.697% 0.008 -0.109 0.176 0.176 0.695%
K 0.845%% 0.033 -0.611% 0.444 —-0.510 0.812%*
N 0508 -0201 -0.184 0.636* 0.033 0452
As 0.695% 0.067 -0.533 -0.300 0.083 0.700%
B 0.586* —0.200 —0.800%* -0.500 -0.433 0.617*
Mn 0544 0.150 0083 0.133 0083 0.550
P 0577 -0.283 -0300 0517 0.117 0.533
Zn 0.820%% —0.167 —-0.400 0.183 —0.050 0.800%*

Ws—F F1 Or=F 55 - 3EVE B0 i 35 AH Gk, X 51
ZHFFE R PR Ws—F 5 1358 pH 8] HL AT 28 40 ¢
MY A5 RA — o 22 5, (H 5 SR S5 VRN B 1 AE Y
WFFE 45 R — 3%, vl e 2 i T 58 X /& 58 pH
(7.85~9.02) M LYo B4 , LA K Ws—F & 2 BT (5
Fe i i 8, W90 3R B, 75 1 3% pH>7.5 I, Ws—F
5 pH I TCH B AR [RIEBHE 2 -2 N g
M) K, 23l AE Ws—F 19— o0 A B . A B 4
K R BRI e TR I Ws-F St
2.3.3 HIEAEHE - HERLPE R ITA T

Ay ik B I i A - 3 I 5 A TR T 25 g )
M AR BAE G Z , #E4 7 T0A 20 i IF 2 il HE e 181 (A
4) 38 2 AR R OE [ BERE, A 7 AN i (Ca0 K
ALOs Zn As . SOC Fll P) 8 5 Z W £ 24 RDA BERY (1Y) g
FEAR B, AT 2 N HE R il X - 58 SR A TR 25 1 i R oK
4 99.98% , H: i 55—l 8 99.93% , 55 — 4l 8 0.05%,
ok IR A HE P 3l T TR 1 — 4k 2 M O &R 0T L e
S5 e - 38 G AT A8 5 P85 IR (e A o) (1]
B L G 2 o R DR Sk I B R e T B B 1
X Wi 15 AR ) i B, 0] L H ALOS . CaO (K As Xif
- 5 A A TR 25 00 52 e 4 P B S s A o Sk i e
FA RN SZ K B W] DA B FR 5 IR 55 R[] J] 25 RaD 1)
A, AT LA H Ex—F 55 CaO HLAT K 59 1E 1) ¢
&, Fe/Mn-F 5 SOC #1 P HA# KA IE 17 K& Z , TF Al
Res—F 5 ALO; (K. As B BRI IE 7] ¢ &, KV [l
# CaO @ BN, ALOs (K| As & & B Ik 2, Ex—F
B I, TF Fll Res—F &5 1 5Lyl /D #a 3 | Bl 25
P 1 SOC &= 38 T, Fe/Mn—F 528 #a 345 s Ws—F Al
Or—F B 4% 52 o5 A0 F A A5 J5 a5 BRI, AH Gk 323 F
Fe o B TR R S B e T A5 R AN - R AN R A
ST R AT AR, BT LA H HO9 FTH 10 (7] 9 31 7
AT, H12~H15 [0] 9 90 & S AH T, H16 AT H17 [[] /Y
T AR
2.4 REEES
2.4.1 JEF M BTG EW) - UTE YA

AF 5% DX - 48 G519 52 AR F 5 UL I S () v ) ]
6a(FHEZ) in . ATLLE & RS L 53/ T
LI R EAE TS Y B R s e 2 0], BHEZ
TR 1111% WRE AL F - B TS R A T4
88.89% I A s HA 4k F JC 5 YR A 5 i H b, H
SRR B 2 9 HO5 (-0.01) >H04 (-0.09) >HO1
(-0.13)>H07(-0.24)>H06(-0.28)>H03(-0.32)>H02
(=0.39)>H08(-0.40) Fy BL 4 , Hi v HO1 F1 HOS 1)1 -
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Figure 4 RDA analysis between different forms of fluorine and

soil physical and chemical properties
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