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Evolution of Iron Oxides in Aggregates of Paddy Soil under Long-term
Returning of Chinese Milk Vetch and Combined Application of Chemical
Fertilizers

XIE Kun', GENG Mingjian', NIE Jun®, LU Yanhong?, LIAO Yulin>, HUANG Li''

(1. Key Laboratory of Arable Land Conservation (Middle and Lower Reaches of Yangtze River), Ministry of Agriculture and Rural
Affairs, Huazhong Agricultural University, Wuhan 430070, China; 2. Scientific Observing and Experimental Station of Arable Land
Conservation (Hunan), Ministry of Agriculture and Rural Affairs, Soil and Fertilizer Institute of Hunan Province, Changsha 410125,
China)

Abstract:  Objective Iron oxides are important cementitious substances in soil aggregates, which mainly exist in soil clay
particles. This study aimed to reveal the transformation of iron oxides in soil aggregates and their enrichment characteristics in
clay fractions of different particle sizes under the conditions of returning Chinese milk vetch to the field and applying chemical
fertilizers. Method Four treatments including a single application of Chinese milk vetch (MV), a single application of chemical
fertilizer (F100), Chinese milk vetch applied with chemical fertilizer(MV+F100)and Chinese milk vetch combined with 80% of
chemical fertilizer (MV+F80) were selected. Soil aggregates (>250, 53~250 and 2~53 um) and clay particles (<2 pm) were
separated by wet sieving and centrifugation, and the content of iron oxides in soil aggregates and their clay particles with different
treatments was determined. Also, the relationship between iron oxides and the stability of aggregates was analyzed. Result
(1) Compared with MV and F100, the content of >250 um aggregate was increased and the content of 53-250 um aggregate was
decreased, and the mean weight diameter (MWD) and geometric mean diameter (GMD) were increased by 8.2% to 20.5% and
4.1% to 8.5%, respectively. (2) Compared with MV, the combined application of Chinese milk vetch and chemical fertilizer
significantly increased the contents of amorphous iron(12.7%-55.6%, 52.4%-54.9% and 45.9%-48.6%)in aggregates of various
sizes, clay particles of 2~53 pum and free clay particles. The enrichment rates of amorphous iron in >250 and 53~250 pm
aggregates were decreased (32.8%~36.8% and 17.2%~28.4%). Compared with F100, the content and enrichment rate of
amorphous iron in 2~53 um aggregates and clay of aggregates were significantly reduced (3.5%~21.3%, 29.2%~30.4% and
10.9%~26.9%). (3) The content of >250 um aggregates was positively correlated with the content of non-crystalline iron and
activation degree of iron in the clay of aggregates, and positively correlated with the enrichment rate of amorphous iron and the
content of free iron in aggregates. The MWD and GMD were significantly positively correlated with the content of >250um
aggregates, and significantly negatively correlated with the content of <2um aggregate. The free iron in the clay of >250 and 2~
53um aggregates and free clays was the most important factor influencing the MWD and GMD. Conclusion Combined
application of Chinese milk vetch with chemical fertilizer could increase the content of iron oxide in the clay of different
aggregates and promote the formation of >250um aggregates, thus, enhancing the stability of aggregates.

Key words: Chinese milk vetch returning to the field; Aggregate; Clay; Iron oxide; Paddy soil
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8 W TR R O S SR RN R 0 S I
Y, PEBIE S S RE I R AL S L s
R B AR R AR ) R R, B nd
W A] S E I H>250 um KFEVE I RIK SR, IR R
8 A R AR B2 E i B4 ( Mean weight
diameter, MWD ), JLf[*F-3¥EH 1% ( Geometric mean
diameter, GMD ) ' %8 753 AE S i A B AK A3 i
[, 3 2% 52 i) - 48 PH SR AR b Bk B AR T 25 R0 4
fii o W LB, EAFGARA R, % a3 50
e it Ak S S AR R T A5 G AT SR AR ) Al R TRk
RN 15.5%~22.3%, MG T I B skm & &
IR R 1.0%~7.5%"", Wim A KWL =0 - WA
RAERMKRE L, 55Ul 55 = 90 b, 22 2 5L 80%
PRI I 5 7 2 I SR A 11 U 15 2k B e 304 PR BRI, B
IR 1.4%~8.0%, il b Tk & 5 0 fin, 34
7 18.5%~49.4%121,

R AE KRG b B TR NG 1k 32 B A2 Kk Bk
A E R, 7R RS, SEELE
UK 7FSE 3T RTATE T A= i SF:E Ll F =1y w01
PR R (1 5 ) BT L 0 W ALk, Bk
HhE IE HL A (9 2k AR A BE S S5 B fer P B )
SEA TR A RRT AT R, EIE R
X A e r i B Ak A AL X A R AR R 4 8
Tk, A B TR, XL Rk
s R, MWD 5ZR i s S ek L A7 1
e i 2 IEAHSCOC F, 15 it 4k S Ak 4 1) R G
gy,

B R PR H AR LR KA WL R, 2
HE A R ATE K, I KRS 150 % B
WAk E s, Jir, X TEx
Hif X g e SE L ISR B 2 A iRAE, (HOG
TE WA SMERE T, 2P R R
A R R A e AR, DA AT SR A P ok A ik
A5 R RIEREENSCRMAEE, Hik, &
SCLATHIRE A e B 2R 5 A 5 OR [a] Ak A i
KRR RIS XE 5, HO R AN TRl b 2 P 38 4 B HE Bk
K EREAIES MG EES, IS FREK
R TG RIFATH0HT, BRI RS Rk
ANl ARG T, 4398 A R R e AR Hh 2k Ak
(A ARRRE, 2R 0 A BUR AR (LR A
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1.1 EACRIEHER

AL R H I A E A0 2 T T A
(29°13'N, 112°28'E ) By (50 H o iz X 8
T BE TR X, RRAR R A, I
30 m, 4SRN 16.6 °C, 44F H AR N 1 775 h,
AR [T R 1238 mm, AR5 K 1236 mm,
B - R DU A E RS

K@ AR A T 2008 4F, W'E MV ( FIELE
=YL, NitifbAE ), F100 ( ABIEE =K, 4t
JIE ), MV+F100( 81 % = ¢, jifi 4> AL IE ), MV+F80
(FEE ST, i 80%fLAE ), 3t 4 PabFE, £ 4bFE
3WEE, HVLXAHES] . %5 = 9 Bk 5k
22.5 thm?; R (100%fLAE) iEHE N N.
150 kg-hm?; P,Os: 75 kg-hm?; K,0: 120 kg-hm™,
Jit 80% Ak AL A B rb SRUNE [ L A5yt , 38 AT R IE
AR, FBEEALIE SR BN R L T RS AN
FALH, R RFCY WL 157, KRS R
WA WAL 257, BRAE M “EAERLT.
1.2 HmXRE

T 2018 4 4 H S R0 AL I | 4% REBEALEURE 1
HRER)ZE (0~20 cm) THEFESL, A7 I XTI
FrRER R Ak, AR50 10 H. 20 H. 60
H A1 100 H i f5
1.3 BAREAS s EMEBFAARE

O3B 45 A B A AR AL 4y, HR IO i B kL
(<2 um ), BAR 2  FRBGE 2 mm G H3ERESS T 1L
F AR, N 100 mL 2588 T/KIRI 10 min, 4R
JEAEFEIR L LA 150 r-min' ZKSEHE S 5 min, 2805 B9
B UG i 250 153 um B AR AET T A4
Oy R B TR 2K 2 28 W #<53 pm B IF Il
FAR R R E Ol (1-26XP, Beckman, EE ) Bl
I, HE B TR B AR BR & IT RS Stokes T
FRUSSRAS . BIFWOH 250 mL B .0HUEA S 200 mL,
1200 rrmin", 4 CE.C 2 min, B OB HTTE N 2~
53 um FkL, LEWC A< pm B HSFRLL5 .
B0 B AR R A TR AL/ 7E 40 CHEARS b 055t
FreE . HIREREERF S EE ER (MWD) #
JUTEE E4 (GMD) MM, i ARIT .
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B 5 AT AR A SRR th RRL A 03 1Y 03 5 . FR
B — 3505 3 K P SR A Al AT SRR B 43 A 1 L
JBERR R, AIA 100 mL B 7K, HEHks RS
P R4 (VCX800, Sonics, FE[E ) 75 2 min,
AYEUE BB MR 1T 53 um 7, 15 31<53 pum BIF
W (B ). SR, AR B E R
B (FE) 58 R P RR Ay . Hrkigk
VSR A 75 R R i, R FH B 00k 0 B A5 B R
e, o B AR B0 AR A R AR R B RLE T L AR
JE 25 FA O
1.4 MEMHESAHZX

pH RAHEAIENZE (K2 1:25, Bl
868 HU pH i1 ); HHifif AL & Rk B4 HOE D A 5
B R FH 0.5 mol'L™' NaHCOs ¥ 45— L .75 2
(Uv-1600 485MAT WLAENCRETT )5 AT R F i R
B dR— )G E (HG-3 JHEET); +
e bR W TR (EBR ) BYL e
e LR 1,

SR A A PR A A TR 4N - EE kR4 ( DCB)
PRI HE SR AA K A R ARG i B Ak . PRI
0.5g HIERES, BT 50 mL 208 1 molL!
AIBRIR E 4N 2.5 mL, 0.3 mol-L ™" AR 4N 20 mL,
TERIEH T INAE 80°C, FFIMAZ 0.1 g i%E WAL
FRAM, BE+E 15 min, 9515 5504325 ( 2000 r-min !

~3000 rmin" ), 4 FIEWAIA 250 mL 2RI,
MELE FRBRERRE, F 1 mol L' NaCl %I
BEL, BER—REARR T, B4

SR FH R TR0 28 W R B I - 498 P R R % A 3R Ak
ki AR S FREL 1.0 g H3ERES, , A =R
H, SRR = A A BTN R A RUZ A A,
TWE R 150, MMARIRREEGE ik, InZE, AL
GRAS T, DMESESE, Bk 3. k% 2 h )5,
SERMEA BSOSy B W EEIE WA S — A =,
InzEs .

R TE AR A AL 1 4R BURCR: FH Ha B A 46
B TR K SHEREAL (ICP-MS, %5, £/ e ;
BREOTEALEE (% ) =100 x & 5/ s A 21

B WAl . FRIGE 53 B 15 2 10 4 b % A
RUEFRL (<2 um) #ATE R, SIS AR R, @it X
SR ATHHMY ( Bruker D8 Advance ) 43 #7445 A1 8 (A %
L SR AL, A BT (20) 3°~
40°, ARG (20) 1°min',
1.5 B

KAl SPSS 21.0, R B F S TR Gt
30T, SRR R J7 2250 Hriff 47 0 25 R 55, Origin
8.0 Mk T4 A,

2 4 AR

21 EZELFHTHEARGCREREM

AN T) A B A SRS AT SR A S 0 s AR B )
AR (1 ). AR AR B i B4R i E>250 il 53~
250 um B, HHH 73.5%~77.5%. 5 MV #Ht,
MV+F100 Fll MV+F80 &b BH i 2 5 T7>250 pm 41
TS, BAE 2350 28.2%F1 14.8%; T F&AK T 53~

F1 TREKREBAMR

Table 1 Basic physical and chemical properties of bulk soil

s H WLk A A EER e R LU AN i A S
bz
pH SOC Alkali N Avail P Avail K Sand  Silt Clay
Treatment
/ (gkg") / (mgkg") / (mgkg!) / (mgkg") —/%——
MV 7.68 24.4 211.2 8.14 64.57 247 495 258
F100 7.72 253 228.7 24.22 83.02 38.5 41.0 20.5
MV+F100 7.71 26.4 232.6 20.84 85.53 25.6 49.7 247
MV+F80 7.63 25.2 226.4 18.73 79.25 28.5 456 259
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250 pum FIRMRE &, BRI BN 17.2%H1 16.1%.
5 F100 #HH, MV+F100 AbFf § 247 7>250 um
PSR B, W 10.1%, 1 MV+FS0 &b {75
A

TR E R AR (MWD ), JLE S 4R
(GMD ) J il T 4 RAR M R/ AR, HAE
KR A SR AR 1) - 349 1A Rl LA Ml
G0, W 2 WL, RFALEE MWD I GMD #53#%
Pk MV+F100 > F100 > MV+F80 > MV 4bBE, 5
MV # [, MV+F100 Fil MV+F80 b B 442 25 1 - 4
PH 38 AR F 1 2 o AR R LA S 2 A%, 43 33
T 20.5%F1 8.5%VA K 9.1%F1 2.1%., 5 F100 AL,
MV+F100 Ab 3 A 54 1)1 34 5 5 ELAR ALl P2
EHARSBMT 8.2%M 4.1%.
22 ERBETHTHRLUYAER

MR PR RS RN 32.6~36.9 gkg!
(E 3), Hrif MV+F100 Zh B A F B & i de s, &
MV FI F100 AL, 2505 T 13.4%FM 11.5%. ¢
MR ARl 7.0~8.6 gkg!, 5 MV ML, £%
e G A AN Bt S B e T AR R i, 1Y
&R 15.6%~22.5%. 15 F100 Ak, fLARIEHE 20%
Ja, AR TR A A TR, FRIE R 4.4%.

B M HRPA AR (250, 53~250 1 2~53 um )
TR S R T by, H LT 53~
250 um PIRR, B ALl 53~250 pm>( >250 pm )
>2~53 um IR (& 3a), X5 Peng %522t = Fils

0.6 - b . 2)
; ?
c A T
= T
£ T
8 04t
=2
=
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1
021
.[_‘,:\v
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O O 1 " 1 " 1 " 1 )
' MV F100 MV+F100 MV+F80

ALFE Treatment

A Tr) it FES Ak S - S A 3R A vl it S R ) AT 9T 45 R AR
., 5 MV A, MV+F100 1 MV+F80 #&w 1
>250 pm PSRIKIE RS ER & &, 004 e 1 3.3%
2.7%, {HAR[RIALEEE] TC W 3% 25 55 . WA, MV+F100
e E R A SRR, R E RIS T MV
F80 Ab3fy, fH2ER AW E,

[ 1>250 um 53~250 um R 2~53 pm R <2 um

100 Da Db Dab Cab
X r \
2 ol Cab \ Bab \ Cb Ba
= \\.
3 L / /
2
& 60
g Aa Ab Bb Ab
- 7 7
1 40k / 7
41 7 -
=
B ol B Ab
c Aa Ab
0 1 L 1 L 1 L 1 N
MV F100 MV4F100  MV+F80
AbHE Treatment

I ARVNG PR FIAL B 2 8] 25 5 B 3 ( P<<0.05);
AR KRG FRRRAFA G2 025 8% (P<0.05). .
Note: Different lowercase letters indicate significant differences
among treatments ( P<<0.05); Different capital letters indicate
significant differences among components ( P<<0.05 ) . The same as
below.

BT ASTm] 4k 3 8 P SR AR 1 40 A

Fig. 1 Distribution of soil aggregates under different treatments
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Fig. 2 Mean weight diameter and geometric mean diameter of soil aggregates under different treatments
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T a =2 2 | o X
o r a 5 15| X %
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S 30F S % 0%l
5 N € 10 o BB 0%
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45 L XX KX
= 10 % XX / \nc X
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Ab ¥R Treatment Qb ¥R Treatment
3 ASTa] b 3 SN P SR A4 vh T A S A R Y 75 Tt
Fig. 3 Contents of various forms of ferric oxide in soils and aggregates under different treatments

HR AR AR B S Y s T by, B
FEAEPTE 2~53 um HRME, HAMBEERR 2~
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BRa B E ST MV B, Hf 2~53 pm
BB MARW S (N 21.6%~55.6% ), HK 53~
250 pum FRIEBEANT 25.0%~54.5%,>250 um [#15
PRIEINT 12.7%~17.7%. i # FL T F100, MV+F100
H MVAF80 [ T 2~53 pum KB IE GBS
i, MR 3.5%~21.3%. ItAh, MV+F80 4bHi4%
PH SRR A A W Bk 2 48 2 3 3 T MIVAF 100 Ab#

25 Kb 2P SR A v R 04 T B K A i R 33.8~
42.7 gkg ', HIgE THAREPREESSE, HE
BTS2 um FAREHF R, Al SRR
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S 30r
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AbFR Treatment

(<2um) WM& BRI, BN 2~53 pm>53~
250 pm > (>250 pum ) > (<2 um ) K1 (& 4a),
5 MV 1 F100 # Lt , 28 2= 95 5 A [m] d2 A0 N0 e it b 2
By >250 pm BRI D RORL I RSB E R, B
IR 1.5%~52%F 10.8%~14.9%., I4h, 5
MV+F80 Lt , MV+F100 Ab F & 2 38 i 1 45k 2% 141
RAURTPRURL I B R B i, BEIESH 3.6%~10.0%.
25 Ab A B AR R R R AR TR N 6.6~
16.8 gkg ! ([ 4b), FEEFLE>2 pm FRAKAF:
ki, AMEEK (<2um) SRR, X558k
i B R A —3, 5 MV M, MV+F100
A MV+F80 AbBi>250 um F 544 rh kL A4 R ) ik
ik B, KRR K 23.6%~26.0%, 1 2~53 Fl
<2pm PR T RRL A AR TR s G, 3 43 )

b)
20 ]>250 um 53~250 um Y 2~53 um B <2 um
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Fig. 4 Contents of various forms of ferric oxide in the clay of aggregates under different treatments
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H 51.9%~54.5%F1 47.0%~50.0%. 5 F100 A0, AL, MV-+F80 kb B4k 2% A1 5 A2k it 76 Ak i 15 1
MV+F100 Fl MV+F80 4bBH 2~53um H 544 b ki AR

AR R AR S AR T 29.2%~30.4% AT, 5 MV+ 25 A F AT SR AR AL rh gk 1 T AL 5 3R R TR Y
F100 A, MV+F80 AbFH G EHE /N T 53~250 um  ZSfb#a3AAHE (& 5b). 5 MV M, MV+F100 Fl
PR P R Al d BTk 3 6, 9IRS 7.7%. MV+F80 Ab3>250 pm 1SR4 ok 2k 1 1 10 2 2

B IR AR T AL EE R I 2~53 pm>  FREK, BEIER 27.0%~27.7%, i 2~53 FI<2 pm
53~250 pm> (>250 pum) (& 5a). MV+F100 Al PR AR ROR R TS LB B =, a3 n T
MV+F80 AbHA A7 4 A AR RIS L EE Y BB =T 45.7%~56.9%H1 40.2%~51.3%. 5 F100 MLk, %
MV AbBE, 90T 9.2%~26.7%F 143%~ =YL E ARG B EFEE T 2~53 um FE
57.6%. 15 F100 AL, MV+F100 Zb¥f 2~53 um  (RAEGRARTEILEE , FRIEIAR] 39.1%F1 34.4%.
AR IE MG E A BT T, FRIRh 21.3%, AN, 5 MV+F100 AL, MV+F80 b B4 ki 2% [41
MV+F80 &b BRI AT B A8 4k . Ak, 5 MVHF100 BRI Bk Ak AY 6 1 2 X 0 B4R v .

a) b)

70 - [_1>250 um 53~250 pm RN 2~53 um 50 L_1>250 pm 53~250 pm R 2~53 um Y <2 pm
3 Aa Aa | Aa
60 <§ N N
I 40+
| Ab Ba J Aa
s Y N 7 S M
o Ac Bb Bb £ 30H
= 40} Ca c Ca 5 Be CbCh
RSN Ry N < W%
w30 i CdCe
=) 20 —
=17 22NN
= 20k e
' 10F
10+
0 - - - - 0 - <. - s
MV F100 MV+F100  MV+F80 MV F100 MV+F100  MV-+F80
AbFR Treatment KPR Treatment

H: Ca) BIREPERATEE; (b) BIRE P FRZATELEE . Note: (a) Activation of iron in aggregates; (b ) Activation of iron
in the clay of aggregates.

Pl 5 ANTR] i R A SR A R LR v B ) 6 A 2

Fig. 5 Activation of iron in aggregates and their clay under different treatments

23 BRENT WHERK 24 HENYERHNPINEERERE

N [ kb B A SR AR R Y XRD K (1K 6) TE O it B b, SR A 23 1 B AR
YI&A 142, 100, 7.15, 447, 425, 3.53, 3.34, B FRThEREAY & SR REPRA Y &
3.19. 2.56 fil 2.28A ZEARAFATAFIGE, KLY B HERRRNE SR, HRERERREPNE
BAREHEE 1L 4nm T, RGO, @A, g S£REP . SKREAREPRERNEEEN
PAT . AR AT, 1 4.98, 2.69 Fl 2.45A fy 3, 1.40~1.85 (&l 7a), KW A SRAK i 25 214 1)
VLA B - A R AR PR A R, AR ks R, (ARG B R IR SR ER
SRR FRL W A B H A SRR <2 um) AR, IR 2~53 pm>53~250 pm> ( >250 pm )
H AT ST DA P AR R T el DA A AT SR A e A R AR 5 MV FF100 HH L, =35 R F e
Ak, 5 MV AL, MV+F100 fil MV+F0 Zb BRI Pl E e m T 2~53 pm KR ss 2kny & 4
TRFRRLY) 4.98 T 2.45A Tt A FTigm, HAE R, BIESHR 3.5%~7.6%F 11.3%~15.6%.

2~53 pm FERIRFRL AR IC I, RIPE R A6 dh BB AR L R AR TP R B SRR 0.84~1.74
5 AL BC AT 1T AR PR RRL b B R AT B (1 7b), Bk F100 LAAh, HAt kPR fh Bk A9 o 4
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Fig. 6 XRD patterns of minerals in the clay of soil aggregates under different treatments
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Fig. 7 Enrichment rates of various forms of ferric oxide in the clay of aggregates
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RELA>250 pm HRIE R E . 5 MV AL, ¥
e 5 AN [A] A it Y 2 R AT 1 >250 il 53~250 pm
PP rp el i Tk 1 B %, BRIR A0l 32.8%~
36.8%F1 17.2%~28.4%, TMi¥EH T 2~53 um H181E
el TR B AR R, B 3.6%~26.2%. 5 F100
L, SRS ARG 2~53 um FRA&
Tl TR Y B R R T 10.9%~26.9%. LAk,
5 MV+F80 /L, MV+F100 &b B T 45 ki 2% A 5
AR S BT 1 AR, IR 6.4%~21.8%.
25 HEUYSHEGREENXR

Sy B iy P SR R B LR R SR A A v 1 R A Sy

i KA e RS, 38T T AR A R AR & it S
PR IR B R E AL A DG (K 2). 45 %
Wl, >250 pm FTRKS &5 SRR AR & ik
P SRR TE AL R R A OG, SRS R
R R FEME; 2~53 um HIRIK S &5 BRIk H
JE AR B AR A TR AL R B AR O s <2 um HER
A i 5 A SR AR AT SR AR IR A o T Ak )
BRI A 5 0 SRR b 3 A OG

AN, EMBBRNEERS >250 M 53~
250 pm PR S E R BEEAC (E 8), HHEIRK
B MWD 5 >250 pm PR & 20 & IEAH,

x2 TRANEARKSESHARGBREFN I LRIERXE

Table 2 Correlations between the aggregate content of various sizes and iron oxides in aggregates and their clay

FE S A ity +HEF R IK &R Soil aggregate content
Types Indices >250 um 53~250 um 2~53 um <2 um
B4k Fed —-0.477 —0.064 -0.358 0.284
[P JVN
Ik Tk Feo 0.546 -0.321 0.690* —-0.630*
Aggregates )
15 1LE Feo/Fed 0.566 -0.286 0.698* —0.631*
N B4k Fed 0.599* 0.156 -0.032 -0.175
LI 2UNET
Ik B2k Feo 0.876%** 0.075 0.295 —0.762%*
Clay of aggregates )
15 1L Feo/Fed 0.790%** 0.074 0.262 —0.740%*

R il R EIRTE 0.01 F10.05 /K- |3 AE . FIRl, Note: ** and * indicated significant correlation at 0.01 and 0.05 levels,

respectively. The same as below.
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Fig. 8 Correlation among the content of aggregates of different sizes and enrichment rate of Fe oxides or stability of aggregates
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