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Abstract: Studying the differentiation characteristics of selenium (Se) in Se-rich soils is of great significance to promoting Se-rich
agriculture in Guizhou Province. This study took yellow soils developed from the Permian coal seam in southwestern Guizhou and
the Cambrian black rock layer in Zunyi as the research object, and studied the total content, the chemical speciation and the available
content of Se in these soils, as well as their influencing factors. The results showed that the average total contents of Se in yellow
soils developed from the black shale formation and the coal-bearing formation were 0.76 mg/kg and 0.99 mg/kg, respectively. The
organic bound state, residual state and Fe-Mn oxide bound state were the main forms of Se in these yellow soils. The average
bioavailable Se contents in yellow soil developed from black shale formation and yellow soil developed from coal bearing formation
were 67.2 pg/kg and 71.8 pg/kg, respectively, accounting for only 8.57% and 6.98% of their total Se content. Plant-available Se in
soil, including Se in the water-soluble, exchangeable, and carbonate-bound states was very low. In addition, the yellow soil

developed from the black shale formation was generally acidic (average pH 5.88), and its bioavailable Se was mainly affected by
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organic matter; the yellow soil developed from the coal-bearing formation was generally neutral (average pH 6.84), and its

bioavailable Se was mainly affected by soil pH. The affecting factors for Se availability in the two types of Se-rich yellow soils are

significantly different. Therefore, the development of Se-rich agriculture needs to be adapted to local conditions.

Key words: yellow soil; selenium; black shale formation; coal-bearing formation; differential characteristics

0 3%

M2 AN AR 26T 1) —FP U e R, B B A b R
e I3 (Sarwar et al.,2020; Sabatino et al.,2021)., K
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al.,2018) ., — M\, KIS | 7] A8 40 385 etk R #41
Sh A S e HEEA SOE S B (EA L, 2012) 1A
BLES A 2500 ) DA A 2 9 76 W] RS A (Dinh et al.,
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RS RIS ol o e ol S WM E 1 e sty = B LY E ok = B -
TR PRI PE R (Tolu et al.,2014;Xiao et al.,
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JUAR  HA M T A PR Btk SO O R B R €, A A
(AZRBESE,2020) . HHEAI ISR £ K+ &
R Z (M IR A IMAE,1994)

VU N AL T 5t N 48 VU & L 2= 5 8 D AR A i
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K2 (S IR A B ,2017) o - HEZR A DL
B K B RATHE R F (BN A R R A A
% ,1994)

12 HmRESLE

R4 P 0 25 RN 28 2 B HL % 6 1) G 4
OIE I, PR R — VAR AN T km? 3%
F K BB 164 RAE X, FHoA B PY R N 64~ L% ST

811

104 (1), REE0~20 e+, BRI R JEH Ak
G, BR1000 gfei A7 A A BH4E  UKFE R IR AT . R
BRSO LA /km? ) BEAS SRFE X PR A 1A FERE A
3AN TIPS RIS R E 148, TEERE
A, FH DU 203 O ER 2100 g+ REEA TR R T4 . B i
T B4 B 10 B A100 B i, FHF 43 #rimi

1.3 MEEHRSHIE

1.3.1 E3EEMmME RAIR/NE(2020) 705
HEAT 3 SIS . B SR RRIGEE 100 H G Y AR
0.1000 g 150 mLI% 3 Lb (245 v, 58 BE I ACKT e 2 1Y
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Fig.1 Map of sampling sites and geologic map of the study area (modified from Guizhou Provincial Institute of

Geological Survey,2017)
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1so IRZEARHEY I (GBWO07404) (hRHEMH0.64+
0.14 mg/kg) A Bids , HILMAE A (0.63+0.03 ) mg/kg,
X IR251.56%

1.3.2 BIEA AN E  SHPEE S (2023) 907
P HEAT T A SO R o e ARG 100 H G Y g
F£445.0000 g, iA25 mL 0.1 mol/L KH,PO,-K,HPO,
(0.1 mol/L PBS)¥HW, = (25C) F LA # 200 rpm
P2 h, SR LARE #4000 rpm 250230 min, b3k
0.45 pmiE B8 . R BURIIE 2% 2= /0 45 (2004)
B s BB 2 mL, A0.5 mL 5% K,S,0% W, T
WK (90~100°C) FPHNHA30 min, 485 PN A HKHCI
2 mL, T KIS N30 min, B HGEARE SmL,{f
JHAFS-85 108 5 5643 6 6 BE T e Al 5 5. DA
0.1 mol/L PBSZH4& iz (%t B, [6] —F 4 5 213 1K
253 HT A ) 3 RS 285 B8 ARG IR 25 /N T75%

133 XEMBESB SN Rt LHRo 11
TG 4 T8 25 43 AR RRAE AR A - 4 SR i, A ZY A
QXN - S v 43 771 358 B34l 55 i i A1 381 1 0 AT 7K
— B R S (BRI EAT) . S H A
(1997) By % B2k 2417 B L T + S S 004740 9. K
A (SOL-Se) | W] A8 4 25 M flk iR #h 45 & A5l (EX-
Se) 4R AW LS5 M (FMO-Se) A HLES & A
(OM-Se) FlI5% i 2500 (RES-Se) o 3 49 2506 14 43
BT R FH S e HEVE VMR [0S0 5 32 4 TR it 23 A FR R
B AR Y MR FE93.9%~109% 2 1], 45 )E
AN ) 3 YK H A2 0 (L =2 [ 1) A U B o AR 25 (RSD) 75
10%LAN .
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T 889-2004 )% .
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¥ HIMicrosoft Excel 20103F474ds %3 R H
IBM SPSS Statistics 26317 57 /R AH 4 Hr Bt 3%
4387, >R H Canoco 5.0 477043431 (RDA ) (Liu et
al.,2021), %M Arcgis10.5florigin 202147 & {4
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2.1 TEEAHRE DM ERFIT
SRR (R D) BN, ZY RS B pHAE N4 .46~
7.76 , ¥{E }5.88,70.0%FF 5 B pH<6.5 , +HE B KRR
P QXNAE S B pH 4 5.68~7.76 , ¥I{H 4 6.84 ,66.7%HE
SWpHA F6.5~7.52Z 8], HHE SRR ik, ZY 4
AP & 21.0~76.2 g/kg, I H49.8 g/kg; QXN
A LT AR T72.8~119 g/kg, Y9 4 93.1 g/kg,
AR 4 [ 58 R A G P S Gbn i R B 5
2021), A HLZ & H AP S R R -, It
Gb L ZY - B TSR A RO T Y A A i
238 mg/kgf34.0 mg/kg(F 1) , QXN 1 ity 3 2k 4 A
HR Y SR N217 mg/kgM31.3 mg/kg
(1), Ul WP b+ B3 B B iAol & 4
OYATEE R (F 1) AR, ZY R R 5 B 0.46~
1.48 mg/kg, ¥J{E N0.76 mg/kg ; QXNFE Y LAl & N
0.46~1.47 mg/kg , ¥J{EH 70.99 mg/kg. i i 18 B
B i3 BN A BT YA i Y 15645 F12.03 4%
(BR RN ,2021) 2T OV 3500 & 1Y 2.91F
37945 (75 M55 ,2020) o 55 A H Al X A 398 A
A LG T B ST A VY SR AR
ML AE,2017), m THIIL &4 HIE(EHEH S,
2013) , o TRl Ab T v G XY T P R T A 0 (4

F1 HRRTEEUEREATRESHEER

Table 1 Statistical table of soil physicochemical properties and selenium distribution characteristics in the study area
ZY (n=30) QXN(n=18)
et

Min Max Mean Median SD CV/% Min Max Mean Median SD CV/%

AL/ mV 148 306 246 248 453 18.5 205 297 237 231 329 13.9
pH 4.46 7.76 5.88 5.65 1.13 19.2 5.68 7.76 6.84 7.04 0.92 13.4
SRR/ (mg/kg) 27.5 238 118 104 59.7 50.5 112 359 217 191 101 46.6
FRHE (mg/kg) 2.86 132 34.0 25.3 37.6 111 3.43 59.8 17.3 8.24 21.7 126
AU (g/kg) 21.0 76.2 49.8 51.3 16.7 33.6 72.8 119 93.1 89.2 20.8 223
FRN/ (ng/kg) 30.6 154 67.2 57.1 34.6 51.4 28.7 139 71.8 69.5 39.0 54.3
T/ (mg/kg) 0.46 1.48 0.76 0.66 0.35 46.0 0.46 1.47 0.99 1.02 0.41 41.9
(5 34/ A ) /%0 6.64 10.4 8.87 8.67 9.90 112 6.23 9.42 7.28 6.82 9.42 130

4 :Min Max ,Mean ,Median ,SD ,CV 4 HIF 7R /M e KAE XM 50 1R8BS 240
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ANAE,2012)  (EAR T3 A4 58 1 5 i 21X 4 B 74 4% B
AL Ut 4 8 (H W, 2017) o MR 4 4 S A 5 i
AL A 1853 A Bl 4 4% (Se<0.125 mg/kg) | fIRAM + 35
(0.125<8e<0.175 mg/kg) . A0 £ 1E(0.175<Se
<0.4 mg/kg) . &l 1+ (0.40 < Se<3.0 mg/kg ) Flfii
1 (Se=3.0 mg/kg) (HILE,1996) , AT UL 5 85
B R A g, S S FEAR S (p=0.037,
<0.05) , QXN+ 1 B fifi % & B 3% = TZY + 5 B &
i, YT R R R B IR T ROS RZ 2L
H Y e AT E
22 TEBUWSENRWEESS MEFIE

R 1A D, ZY #F i A RO & 2 S8 30.6~
154 pg/kg, YIME H67.2 pg/kg, QXNEE A &>
28.7~139 pg/kg, I M71.8 ng/kg. M W HTHF5E A
by S B A AR B 2 TP F Y 57.6 pg/kg (B
HAE 2017) GEAR TRV 2 PHA 609 pg/kg (E B,
2020) . Rk — 20 Hr A 0 LA T (A Ak
), PTG B4 3% Ak 28 (A 28000 2 £ 55 G 3 o LUl OB
WF5,2011) SRRAE, AHras R (k1) RW, ZY T 160
HIE AL RN 6.64%~10.4% , YI{E 4 8.87% , QXN + HEfiff
BTG LR N 6.23%~9.42% , YI{H 117.28% , i Ff i 2 &
Y B b TR AR A AT K S o XG4 5 T SR R A T
IS AEAR G (p=0.002,<0.01) K I, Z'Y + HERM i35
L3R 53 KT QXN L HEMi A i AR . 25 b A T 21
A R MR R EHE R R R E B SO
o B BT AL R B T R )2 &
ELE e ZE RPN TPy 2 P

Gy A BN ZY FE 5 A58 A0 1) - 35 5 5l . SOL-
Se 5.00 pg/kg .EX-Se 68.1 pg/kg FMO-Se 230 ng/kg .
OM-Se 367 pug/kg FIRES-Se 184 ng/kg; QXNEE i 41K
A2 & &8 SOL-Se 4.25 ng/kg .EX-Se
65.3 pg/kg FMO-Se 283 ug/kg . OM-Se 448 nug/kg#ll
RES-Se 197 ng/kg. Bk LA, MFH 2 AT LM
Se Tt ZE FHE LI OM-Se . FMO-Se FIRES-SeJE R A7 7E , H
H1OM-SeFIRES-SeZ Fl (i S0 1) 3253531 4 64.5% il
64.7%; ZY FIQXN T3 ) SOL-Se \EX-Se s i #BIE %
1%, PRI A5 2Z AL 7 BT 19 8.57% F16.98% (K12) .
W5 2B, Wi SOL-Se [EX-Se2 #150.1 mol/L PBS
AR Bl R S g |

AR b 2 K A AT 1 A S ARG L (R
BAAE R H0)ZE R LA S I EX-Se i B 1Y L
19126 573 B3, B KA 5 Je/ IMELZ T AH 223 . 2448 5
R KB I IUAFE S A EX-Se e B H Y U
JCHH 225 (1E12) o A 3R mT B3R R 7 T, b
THAEEHBNZES ., BROSRMEREEIEREN
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3SOL-Se [JEX-Se [ FMO-Se ] OM-Se [ RES-Se
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6.50 7.22 5.88 3.88
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Fig.2 Classification of various selenium forms in soils of

the study area

{OM-Se>FMO-Se>RES-Se, MM R b2 Kk 7 #1E
T OM-Se 5 AR KBS, FMO-Seth & 8 %240 43, He
HFMO-Se i B 1) fiz K H ] (QXIN3 ) 5 d5 /)N Eb 6]
(QXN2)Z b ik5. 2245 (Kl2) o Hr b nl W, R[] —
EHZE R L, ARt TR 22 S R IERTE
A2 BB ER 1925 8] 43 SR

3 itk
31 BEARMRSERMEM LB LEREG
R0

A i R E A TR RS REAE R
WA RS T e BN 2R T £ RS
(HHK,2017; FR-EE,2020), ABFZE X 3 X FFERSE
- B I 2 PR AB DU A B B 15.6~104 mg/kg (15
E5%,2010), ML MHMLIX FEREG RIFHAROA RN
i 5 5 A 4~40 mg/kg (R, 2017) , AT WL )2 Fn g xf
WA WA R, IAh MR T REH R, S
FRARE A T 2, W5 A A R R 2
BTV L2 I Al i 13,5 mg/kg (E 4 B4,
2023) , i it A7 A0 5 1 0] /35 146 mg/kg (AR,
2017). WFFERM, SHEMZ A BN HEAAER
JZ 5 BTG AR | 0 T o SR 5 1% 4 AR
(E44,2023), AR BOERZ LT
HE(ZY) M & 076 mg/kg , B R R K B B
(QXN) i fiff & H 40.99 mg/kg , B & (1) 55 8] 73 5
AT BB L REA A AL 2R 2 0 22 S

— BRI, ST R A v 1) - ERE A Sl R R A
WA, BOARWERETRIEZY) WAL
i R67.2 ng/kg, MERMZE KR EEEE(QXN) AR
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fili & 5 71.8 pg/kg. WRFERY, ZYFE AL (r=0.546,
p<0.01) FIQXNHFE N (#=0.895, p<0.01) Ay HilG &5 F 24
55 HA RO B A R LA G (Fe2) i RUE T
AR SRR R, HETROASRBZERT
58 R R R E AT RO A
A A % AL S A0 IR, IXAT R A M 22 S 3L 1 &
0 1 B A SO T (v 422 5% o) S0 14 A R0PE (Xiao
et al.,2020b). HAh, ZYFIQXNFiH K SOL-Se [EX-
Sefr w #RARFAL, PUFPIE S Z A0 i B Y E A8 43 S
8.57%.6.98% , H A & 2 HEX-Sedl il [F]h & il
I Bt IX 3 SOL-Se S EX-Se 2 Fl (5 Al i
e A1 R 15% , KT X 3 SOL-Se 5 EX-SeZ il
7 B 7.2% (S /0 B 2004 % 2019 ), Ak
AL UL BIFGE IX A 48 FL A ] R AR AR A
W3 Y A0 T (RN ) (E B I T A
AR S LR o B T 5 SRR S
S A5 S PR DR 6 - 98 e 1 A 0 1 5 e
AREZM(HR,2017;Xu et al.,2018; X K REE,
2023) , W E PG R N L3 SCT 29300 mm 4R R K
i, FEQXN e Fc EAHERZY 5 5 Tk
WA FETAE AL A P TS AR TS
3.2 BT 15 E R A

Wil 1 SRR R R AT, B B X A S Y 5 e
2B WIS, T pH | Eh A Bk 1 5 25 % - S A
IERS e AL AR 0 52 e D 25 72 T HE 5 (Xiao et al.,
2020a; JAHESE,2022) 8 H AR R FLA A5 E T 3
TP R (SeO3 ) I ASAEAE , XER A 1 S,
255w - b 4w A AR A BILBT I B sl 4% (Naka-
maru and Altansuvd,2014;Dinh et al.,2019) ,iX 54
FEMAERME 2514 F LLOM-Se FIFMO-Se Jy 3 1Y 4% S 4

FHASCEE . SN SRR AR )2 05 7 ) A B S o G ) 2 ) 3-SR A

— B, MIAERRE S 06 3 2 U R £ (SeOF ) X
TETE R by B shbEgeah R 5 1 4 | R Ak o [
(Dinh et al.,2019; XI{g4%,2022) . A] WLpHME & , Al
5y TR Mg ) W . X R R R
(QXN) By A Al 2 B AR XF Z Y 38 4 v 19 25 SR AR W
Gro T HEpHANERXT 4= 58 p il 712 285 1) 52 i) J2 AH 5 AH AR
B4, T b, - A ORI % 34 5 ER AR 3 0 TE A DG OG
F L AUNAE S FoR U, - AP R i AR A
KPR R o TR R R 55 T S 1R 45 5 5 A A s
FH(Dinh et al.,2019) , tEPIE TiX— ., 540, MIE3
W AT AL, +EpH Ehn] L3 28 52 0§ 14 A 25 f i 25 i
A R DT B0 4 S8 O (9 L 45 KO o AR BF 5%
B4 R b 2 & B 9 R A G LA B B R £
HSeO3 4 &, A5 IX. A S A7 250 D AR i IR
AHIEFE X P A b 2 R A B R s
LA G M & &, X 5 RIEP AL (SOM) & B
BYIME, —J7 T, SOMRAR A W B & Ve
ST LA A AL 7 R v 10 4 XoF A 9 G 174 W
T 2 BE ) A B, - 98 v oA AT A S AG ) A
X4 (Dinh et al.,2019; Ji9E%E,2022) . B2z, BB
FVE S A LT AR T4 03 88, AR R 9T + 3
A AT 75 e 5 pHAH 52 b 3 SOAF DG I 5 SOM& il 3 1F
FHOG , E— 25 EIE T 55 e P RN s (0 A AL vl ol 3
J2 T HERN Y AR A R S (E AR SE,2023) Oy
— J7 T, 5 SOMAH 5& 11§ 7] LA 2% 12 1 i 3] + 8 7% T
Hp I 4R v A A R K (RN AR, 2022) .
AR bR R R E I SOM & i 2 I 2 5 TR
o R 02 & B W, N A LA, A A b BT
) B e 2 T RS R MR R E R W R
TR )RR T AR TR AE R )RR A

&2 ZYFQXNI & E5EA M RAIERX IR
Table 2 Correlation matrix between Se content and physicochemical properties of ZY and QXN

PR TR R AL Ak eyl Ak e
—0.643" -0.128 0.097 0.541°" 0.474"" 0.372" 0.176 AR5 HL
QXN(n=18) 0.091 —0.263 —0.434" —0.583™" —0.489™ -0.208 R
PRI EE -0.816™ 0.743™ 0.467" —0.12 0.452" —0.304 AR
T 0.303 0.019 0.356 —0.091 0.636%* —0.427* EER
R 0352 0.089 —0.160 0.645%* 0.682%* 0.084 LT
AL 0.314 -0.204 -0.228 0.494" 0.546%* 0.553** EER ]
ARG 0.510" —0.833" -0.465 -0.153 0.076 -0.291 LG
SR 0.769™ ~0.955™" —0.265 -0.091 0.346 0.895™" ZY (n=30)
L -0.033 -0.355 —0.605™ -0.173 -0.306 0.781"" 0.427
B SR L PR R AR AHLIT Eep i Py

T 70 0.05 AR ) AR ;78 0.01900 (MR ) A2
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EWTER. WS AE T, EAFIT AL, BT
T8 Ao 55 0 A R AR % T A W B2 A, DA TR S i) -
HER A RCE (Lee et al.,2011) . Y4 304 80w & &
Bl et T 2 0 A SR A BT SRR o A DT A
- S 5 AT TG 14 W B o 75 A SO S 4 o (4
A5,2014) . R, ZER IR ) - B S50 i R
AT RN H SBITRM LR

Ry i AR M A RO R R R i R
FARME KT EIE(ZY) AR R )ZE LT HIE (QXN)
TR 5EAME T HETT TRDAG AT (814) o 45
TR, ZY PR HE Pl A R 14 311 70.9% , BB A 6 %%

20

HSeO;

1pE=1/0.059Eh
3 25 °C.0.10 MPa R pE-pHIE (1524 A Séby et al.,
2001)
Fig.3 The pE-pH diagram of selenium at 25 °C and 0.10 MPa
(adapted from Séby et al.,2001)
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114 J2 e - 498 B AR T A A FH o T 9 A 5 ) Je R
[ /ESOM, fift A 44.0% (p=0.002 ) ; HLUCRA R,
filt e 14.8% (p=0.002) ; FHACEH, fi# FE3 N8.60%
(p=0.008) . HAHFEIAEA BEM(p>0.05), M
SOM A Ul FpHXS 8 €55 7 b )22 % 7 - A A8t 2
IS M S K T I PR 3 . QXN Sl DA HE ST il Y
it B AR IR 5 96.9% , IT - 58 % 14 S e - S BAL A T Y
VEFH o %o 38 A50TG  E 5E i fe K A 2 pHL, B
80.3% (p=0.002) ; H R JE A, i BR M 13.2%
(p=0.002) ; FIKJESOM, it BE % H2.6% (p=0.006) .
HAHFYARRA B (p>0.05) , BW pH | B
FISOMNT 4 28 b )22 T 4 1 A7 280R0 5 174 572 il 3t K
FHAFEZE.

SN R i R LA A AT L R
WERERERERES TROASZMZREEE, X
Fpas (8] 43 STk A T35 Y i 25 5 DL K+
HepH . SOM A7 %5l R <A 45 A 85 R 7 1 2L RV

4 i

(1) BEA MR MR AT IR S48
= 500.76 mg/kgf10.99 mg/kg ; FiFh L Z & & 145
TR DA EE &8 G S MR A58
SRy 3= A AR AR 2 43 T 66.0% A
64.4%,

(2) B FRME R M E & T WA S
TR N67.2 ng/kgf71.8 pgikg, 43 o5 H AT Y
8.57%16.98% , A R (AL FE KIS | T S AS SRR TR
G55 AS) AEZS KRR

(3) By ZH)ZEE W EEE SRR (pHY
{5.88) , 5% M 4 & A &80 & & 14 5 K% ) [+ R
SOM, HAffREFEALU N 44.0% ; iR 2 Kk 7 1Y v 48 ik
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x X
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s | % |
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Fig.4 RDA analysis of soil Se content and soil physicochemical properties
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S (pH ¥1H6.84) |, +3EA S & B 1Y R B pHY
Wi, G PR 14 80.3% ., Rk, 78 & E@i%&ﬂﬁﬁﬂlﬂ
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EERIAER: M3, BALH S LFRE iK%, £
EIt SRS A R L R R RS E Rk B
4’% HamiEL TR,
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