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& E: WX RARIE M AR, ARG RN A A RS R R, A SCRI IR k4 (REOs ) 7tk
A, W= AR, ARG E KR (50%HE7KE (T50) vs. 100% HFHEE7KE (T100)) FRRIERREL (0
W 3WL 6K 12 UCF1 20 IR ) XFRISRMARIAR M . I AR (MWD) DL R R G R sm . 255880 Wl—
VIR SR, BB RBIEFR AN, MWD, >0.25 mm #1<0.053 mm 1 Z A& 5 B E R, 0.25~0.053 mm H R A5
HRFHI (P<0.05). 6 WIHEEMEIFG, T50 4bF R MWD S35 T T100 4bBE ( P<0.05), 5~2 mm F1<0.25 mm FZR{A
THILMEZES . B 5~2 mm FERIKSN, AHSBRIZA R AR Z 0] J8 5% 50 R B s AR —VRAVEFR AT, 5~2 mm R {4
0.25~0.053 mm HRRAIBERFELAE T100 AMHE N B3R T TS0 4bF (P<0.05 ), VRAMEFMIERE T7>0.25 mm AR IR AR FEAT <
0.053 mm PISRMAKA A, F£MH 0.25~0.053 mm BIRER BB, RRERSFET, MWD 588042 B R AFIRIE il 5
FIEADG, SRR 5 A UAHDE (P<0.05 ), BEE VRAMGFR UGN, 25 R0AE PSR A ) e bk ) S 35484 i (.P<0.05 ),
) —ZRRE R UCEC T, >0.25 mm AT SRR A4 JE B4 IR 25 T7<0.25 mm HIEMAKR, T100 bR B9 1 S04 S5 54 0] 52525 T T50 &b
HE(P<0.05). £ TR, FRRAMIEFRUCEOR + e by 5 /K 3 i 52 i) P SRR BNl ol A i A8 + s i i e . Ao
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Guangxi 541004, China; 2. Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China)
Abstract:  Objective To elucidate the effects of freeze-thaw cycles and initial water content on soil structure, rare earth
oxides(REOs)were used as tracers to separate soil aggregates formation and breakdown processes. Method REOs-labelled soil
was reformed and investigated herein. Two initial water contents(50% field water holding capacity(T50)vs. 100% field water
holding capacity (T100)) and five freeze-thaw cycles (0, 3, 6, 12 and 20 cycles) were involved in the simulation experiments. Soil
aggregates distribution, mean weight diameter (MWD), and the aggregate turnover process were measured accordingly. ~ Result

The results showed that freeze-thaw cycles significantly reduced MWD, > 0.25 mm aggregates and < 0.053 mm aggregates
proportions, but increased the contents of 0.25~0.053 mm aggregates under the same initial water content. After 6 freeze-thaw
cycles, MWD was significantly (P < 0.05) higher under TS0 compared with that under T100, but there were no significant
differences between the contents of 5~2 mm and < 0.25 mm aggregates. Except for 5~2 mm aggregates, the intensive
transformation between neighboring size aggregates was observed during the whole simulation experiments. In the same
freeze-thaw cycles, the transformation proportions from 5~2 mm to 0.25~0.053 mm aggregate were significantly (P < 0.05)
higher under T100 compared with T50 treatment. The freeze-thaw cycles promoted the breakdown of > 0.25 mm aggregates and
the formation of 0.25~0.053 mm aggregates both under T50 and T100 treatments. Also, MWD was significantly positively
correlated with the relative formation of soil aggregates and negatively related with the relative breakdown of soil aggregates (P <
0.05). The turnover time of soil aggregate remarkably increased with the freeze-thaw cycles (P < 0.05) and the aggregate turnover
time of > 0.25 mm aggregates was higher than that of < 0.25 mm aggregates. Comparatively, the aggregate turnover time was
significantly higher under T100 than that under T50 with the same freeze-thaw cycle (P < 0.05).  Conclusion The freeze-thaw
cycles and soil initial water content significantly affect the aggregate turnover. Both parameters change the stability of soil
structure by affecting the aggregate formation and fragmentation processes. The results provide a theoretical basis for further

exploration of the structural changes of black soil under freeze-thaw cycles.

Key words: Freeze-thaw cycles; Aggregate turnover; Mollisols; Rare earth oxides; Soil aggregate stability

T ] e 750 B B R AR 2K 1853.33 1A, M Wang ZPHRIETE 9 WA R 2P ,>0.25 mm

TUBR T A EDE 14 AR, R S A
LR 173, SRR E R R EZ 2 mit AU,
R, KM i B i R R Al A O 20530
A g ar 22 5 20 {42 80 AE{RUAMIEL, B
+ X B2 3 A R AR R b K A= ok BE 1 2 4 R
P Iz R A X i ab w4, A FRRIREK,
RGN I ., P a R g™ Hik,
FFE VR A BR T 138 45 44 (1) 2h 2548 fh ) BH4% 22 4 Hh
Ak BT T B AT

398 A R A LA R T AR AR, W
SRR R R A A AR e M B R e - 4 )
RECT . P SR R B s Tk % A1 R IR 2 R R AR
(MWD ) £, KEWFFREN, FRaEH KB 1
SRR T 7K A S5 i A R AARLAR 4 A A MWD B 2
TREE T ENERURRIGIA LR, TN
ST Y B 2 R BB 3EN, >0.50 mm A R AR
HIH, <0.50 mm HRE S G, MWD FE(K;

PR AR S /N, <0.25 mm ARSI, MWD 2
BN T RE . X254 40T & B IR
MMM, 2 5 WHRRFAME, >0.25 mm KBIRIASE
A MWD B 5 2 P A o T B 2 W 9 48 S — 3
TE 30 YRR RlAE P10 52 56 Hh B 2 R Rl 088 3G
>1 mm PRR G5B ERIL, <1 mm FIRES &
EHOm, 2B MWD TR, HizBghE IS K
RSB TR e | DT RE S et | T B e RS 0 SR
Wl, £ 50% M ERKEAMFT, FEE URAh R ) 3
hn, >0.25 mm PSR &, MWD 2 8
TR TR 100% H [EIFREK 54T, B & ARk
UBUEEIN, >0.25 mm F R LI, MWD &
& TRE. HAT, TS5 BE ) 4R &K B R R
PEA DB N TC 2 18, 2R ET T R Ak
B RHEF MWD S84 1k, 28 T ZRml G A AE
FHF A RRTE sl At el B2 52 m okt — g
Bt T HES5H 2h 52 A I TE IR S AL
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FTS -+ A4 ( REOs )5 +-HErh 15 B FE 1
B 5 B PESRIO 42, DRGSR R B X
53 PR ATE ORI . A 43 07 11 2R e
SLRO R REOs /REREAR, BIAJERHIT
B AL 0 20 A+ R PG
SR B SEIRLIE AN BLO VA0 2 L
BUEPER R IR AL W0 LR o B B 5T
HIIE T PR S AR TR eV AN B B
FE UG R, BUER AR RS
ORI IR R R Fe B, 220 T SCBRA AL T
L SRS R CHVRRIRIRS ) AR . A
SCHARIA REOs ZRBRHEA , AR R kit T
VTR 5 U 8 L O SRR3R MWD
O, PR PR S T B . BT e
FIBh A S L LT, TP Sl i
VR EE T 3 2 AR

BB

ik 1

AR A R VAR T (] S8 S ARk A O I AP 5 3y
(47°26' N , 126°38'E), fi TRILITA AR
i, HiAb /N2 ) A T S 0 L A, e TR
M X R 2k o AR Y SR ORAR 35 ROBUR 4 0 R
1.5 CCHI 2450 °C, 4FEHFERM TR 530 mm, 4EHH
M 2600~2800 h, JCFEMIN 125 d, 5 HERIE K
AR AR 11 ARITEBAE S AR, K2k
HIRELA N 160~230 cm™, BFARRAERTFH 100 cm?
WIIREFZZFIR L (0~20 cm ), F3EFARPH{
J I 5 1k 2 IR e b Ak o B dm i vk Pk
7o RAESEAL (=33 kPa ) il 5% Al 3k i, Mt
TR E R E, e CRA S SURBURGRE, £

1.1

M B 2 mm 0 e IR AT, pH
KA1 2.5 FOKHCHAITRIN S, 39 5 b R W A8
e, FHEA PR HE SR A ke . -
AR TE LR 1.
1.2 REEiEt

(1) # HE Y bric B 4l A . AR
EKJ lﬁlﬁﬁﬁi’ﬁﬂﬁ% La,05. Smy0O5. Nd,O5 il Gd,0;
Bt g E LA I AR A L, LA
>99.99%. REOs MY F-# E % (D50 ) 4 3.2~5.2 um,
Wik %N 6.5~7.6 Mgm >, +HEHH+EkY
La,0; . SmyO;. Nd,O; fil Gd,0; 1§ 5 1H 43 % K
41.72 mgkg ' 7.7 mgkg ' .28.58 mg-kg ' F16.49 mgkg ',

AW R IR AR ie 1) Hp R 4
AW B BRI R 500 mgkg ' LA La,O5 M|, 45
e 5000 g, AT 2618/K 1 1020 g, M4 3800
HEFREL 2.5 g 1Y La,O5 1 500 g 288 /K it & A W
YIS Wit T Rebric i B3, R 0 2 Ui Pem
e JE e A rp GRS B R R K R 60%, 3
Ahric HHEA B YR TR SR, 7R 4C4K
PR E 3 d LMK A, J5HBUROA 40°CHEA
gk 48 ho i 5 mm i, 153 La,Os bRic iy H4F,
it Elliott MR HfiAT RIS 1Z 0 FARic i AR [RIRLAR
AR VRIH T IE K 50 g MET A9 3 (5 5 mm )
MR T IE TFE 2 mm HAAH 20 cm 6 |,
TEZERK TR 5 min, K0T L TED, WEN
3cm, #F N 2min N 50 K, ZEshgER)E, RETE
i T L AR N 5~2 mm FAIRAK 85580 43 1A
PSR Y 0.25 mm, 0.053 mm BT 7, ZEhT
FAHE, [FHAE3] 2~0.25 mm, 0.25~0.053 mm F
<0.053 mm AYF A, 220K b A5 31 4 45 94 A
RIK, f£40CTFHET 240, FRE,

o . _N bt
B, R SAAREN ARRT IR 5 mm MWD =3, == —xw (1)
F1 X HIREAREBUMR
Table 1 Basic physical and chemical properties of the test soil

A BT FH ] 437 7K A W hE Hy ki Bkl
T e Al

Organic matter/ pH  Field water capacity/ Soil bulk density/ Sand/ Silt/ Clay/
Soil type

(gkg") % (grem™) % % %
22 1 Black soil 34.76 6.78 34.00 1.25 9.87 54.33 35.80
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Krfr, MWD P 548, r N | AT LR
(mm), ro=ri, r=re, wi RS i DT BRI
R R E

HoAth A £ 50 R bR ic i 38 P B R R 42 By
AR B EICE AR R] REOs bRid AU Ik, R
AR AR R S b A R AR o e E A A
Fl—ASF AT, FTRISE] (A) PL Nd,O5 MR
i 5~2 mm FRIE, (B) LU La,05 AhRiCH) 2~
0.25 mm HIERME, (C) LA Smy0; FricH 0.25~
0.053 mm F1 %K ,( D)LL Gd,05 AHRICHY<0.053 mm
FRAR Wm0 B PRR%3 A PVC 14
h(EHBEN S cm, mEN 3 cm), BEHIAEER
1.25 g'cm’3

tb 2SR
Step 1: Blank soil

552 REOshRIE A £ FE(500 mg REO kg™ soil)
Step 2: REOs-labelled soil(500 mg REO kg™ soil)

=20 TIN5 R
Step 3: Aggregate separation

) 0

B:Sm,0O,

iU FAl AR
Step 4: Recombined soil

. A, B, CHil D44t 5~2 mm, 2~0.25mm, 0.25~
0.053 mm F1<0.053 mm F 24 Note: A, B, C and D indicate 5~
2 mm, 2~0.25mm, 0.25~0.053 mm, and < 0.053 mm aggregates.

(ESID W (1 S =R R 7 Ty ol wee 42 B 3 STk S|
Fig. 1 The flow chart of the soil recombined by REOs labelled four
different aggregate fractions

(2) 2= N EREE PRS0 o JE T HF A 2 M 5L PR
AR TR, WIRBOT T 2 MR 4G K,

B 50%F1 100% A9 H [ £E7K &, 43ic 2k T50 i
T100. A% M PVC ¥®J] ( HAE Sem, & 3 cm)

M SR K E, RS AR 5, ARk
TEAREERE FL/NLORFRE R . 456 S i S PR
PORE, WEIERLGSIRE N-15C, fRIEIRE N 10°C,

1 PVC T AHIR G FRAR 4°CF-85 2 hfe, #H
Al ICE F-15°CF 11 BRGNS SR T E A 10 °C
T 11 h ARG, IRRLAP- A 7K 43 i ] — 3k
24h, K 1 RERAEIR . N ORIkl Ab B AR I H
T H K o 2B S PTG Sk . WE S
FREMIERRALER, B0 0 Y. 3 K. 6 YR, 12 KA
20 WIHRRAIGIR, B E 3 AESL, A 30
ASPVC M. 3IFESE 00 3. 6. 12 Fl 20 KikAT
FAE, AR RIS A PVC 14E, J5
A 40 CHEFEHET 25 H

1.3 $5ERE

(1) i A Ao B2 B9 5 o A SCARL A 3R
PR B 0T A Y DN E R B A YL
0.1250 g HHERA A LRI T, SRIEA 1.00 ¢
ALY (NayO,) IREIFERMIIEE 025 g
Na,0,, HT 700°C 5 i frr b fRIE ML 15 min, FF¥2
HUE NI g I 0, SR JE A HOA BT FAOK
MIBEAR TR, BT 350°C 1 HL AR E AR AR 3 he 12
A, MEEE ST, Bt R PivE ik
B A WK 250 mL 2, 1% (i 20 40)
fiffiz (HNO; ) MEUiiE B ARNA 2 mL ¥
R (98% ), Z&MHKE R IR RS 10 ml 75 2 850
B, mERAE, LHRBERS SR TR BE L L
( Inductively Coupled Plasma Mass Spectrometry,
ICP-MS ) & .

(2) i LA DT FRid IR T
RAE REOs bridid REmIA R0, RITEN 25 1358 5t
EAYIERE b, HAE/EIEIF AT REOs S5 500 mg-kg
AN FAE O ARic TSR R, AR R
T LAY R BN

i L IC R AR IR AT ANT

100 (2)

LRy = 1€ —CBC §

A, LR Abric AR A #& i i dric meE (%),
LC Mtric)m T3 REOs AUHEE (mgkg ™' ), BC Al
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AC N 3R T 2 19T Sl B RTR Ik FEC A
SE RN BE S 500 mgkg ! ).

T 0 [ R VO B 0 5 4 AN Big% N REOs i
5 RTPRIC 13N REOs JE & B8 Y HAE .
Horfr, MRS AR H R IA N REOs &, RIh
REOs SZFRmg & f, @it EHLIE REOs e 5
BB R 45545 h A R IR B ) H: REOs # 1
HRNVR 5% f5 £ 3 b REOs 9 5 5 o 12 07 [] Ac 28k
=, JWLH REOs 5+ 80k 45 & BE fy fis , Ui
BRiC 7 2 7E S 22 R Al A8 b BT ARG F SR IR R
AR T 5

F0 5 48P REOs TR MR (% ):

> wixC;—BC
= (3)

WR(%) = =5 ——x100

K, WR MR E -3 REOs AR (% ).
w; R 5 A A SRR R B L) (% ), CoMIR i s
REOs 7EA BRI IE (mgkg '), n NHRES)
G (n=4),
1.4 HFREEAEER

AHISY 2 M Peng 25 IREOs 7% 5144 A1 5 1k S s
SRR 7 PR A T s e e B FL R st g o1, B
4 FloREERARRTEIRIE (B 1): A (5~2 mm B
&), B (2~0.25 mm FI &), C (0.25~0.053 mm
%K) D (<0.053 mm HIRAK ), Qi 2 B,
4 P RARAEAE 12 2 A RIB T kA%, 505k
W R 18] /) a~f 6 FlUA2 AR O 01 ) g~1 6 Rl
e, W]t ] 6 22 (8] 1% 3 AT LRSS B i
L BE K (to-ty ):

l-a—-d-f g J /

a l-g—b-e h k
K(t,-1)= (4)

d b 1-j-h—-c i

I e c 1-I-k-i

L, K(tt;) AL B, CED Mt £ t, 1]
BT E 53 B AR 1 .

R ARDGE (BD) 80 (BU) L, tt £t
BRIl AL B, C 4140 R BE [ 4y LSk in R

BD(A) = (a,, —a, ) +(d, ~d )+ (f,, = f;) (5)

S 61 %
BD(B) = (b, —b, )+ (e, —¢,) (6)
BD(C) = (¢,, — ¢, ) (7)

(&, =& ) xmg +(ji, = Ji ) xme + (L, =L ) xmy

BU(A) = -
A
(8)
BU(B) = (htz —htl)xmC +(ktz —ktl ) x mp (9)
mg
BU(C):(ilz_itl)XmD (10>
mc

A, ma mg me W omp WA RIK A, B, CHIDH
WG Bt . TERERE Ty, Tl ( BD<0) R/ AHXT
THIR S B AR BRI, T E(E R ( BD>0)
HRBE, RSO L, IEEERR (BU>0)
A TR G 550, BRETEZ, MififE (BU<0)
FRMERE

SRR 6 2 6 B A A A% R (TR ) R

|atl —dy +f; ~(a, ~dy, + ;)

TR(A) = (11)
b4
+b, +e, —(g. +b_ +e
TR(B) = |gt1 y, Te, — (8, TH, t2) (12)
L=
o +h +c. —(j,. +h +c.)
TR(C) = |Jt1 y, TC, ~ U, T, TG (13)
b=
I +k +i, —( +k_ +i
TR(D)=|“ wth vk, ) (14)

t—t

VAT SRR ) J] e o T Ay JHC ) ok o3 ) 80
1.5 HiEAbE

K SPSS 20.0 GEit o ] B R 2R 07 22
4t (One way-ANOVA ) #1 Duncan % #E1 7N [R] 4k
N A FEFE bR Z [0 0 22 5 A 5S (P<0.05), H
Pearson Il - 35 7 it 15 4% 55 A1 SR AAAR X i 5 508
B A R (SPSS Inc., Chicago, IL, USA ).
% JH Origin 2017 ( Origin Lab, Northampton, MA,
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USA ) RBP4, AR a2 {E +
PRiEZE o

UOTIBIIIOH };{»

—~umOpNEIY TR

F: A, B, CHl D2t E#E 5~2 mm, 2~0.25 mm, 0.25~
0.053 mm F1<0.053 mm WM, FhE a~f RBRERKAE, g~1 2
¥ M4 . Note: A, B, C and D stands for 5-2 mm, 2-0.25 mm,

0.25-0.053 mm and < 0.053 mm aggregates. The letters a-f are
breakdown directions and g-1 are buildup directions.

K2 PRI 5% At

Fig.2 The 12 possible transformation pathways among four
different aggregate size fractions

WIS R A, La,O A BRI [l i3 A i [l 1 2R i
% S FRRE S , La;0;. Smy05. Nd,O5 Fil Gd,0;
BRI MR 25k 83.77%~129.80% . 89.26%~
123.88%. 91.52%~115.02%71 84.83%~116.40%
(£ 3), Fl—WHEKET, LayOs Fll Nd,O5 [ i
(TSGR AE TSO AL B R 5 12 YR R Bk 2] i s {543
Sk 129.80%F11 115.02%, Sm,Os IR FH A1 R AE
T100 4bFE R 55 20 YRR AlAE R 5 2 i = {E 123.88%,
Gd, 05 F G575 [ 28 7E TS50 A0 3R 45 20 IR Rl IE 3R
RE R E 116.40%, Al —VRELTEARELC T, TS0
AhPETR LayO5 (R 0% MICR KT T100 AbHE, i
Gd,O5 AW [P A AR fb R 3 5 22 A R

x2 RRZEICARKNF L EAWIRIC BRI
] 4 Z&

Table 2 The labelling recovery and wet sieving recovery (%) of
REOs in aggregates

Fric i T [ e
2 4 IR
Labelling recovery/% Wet sieving recovery/%
_ . La,03 62.87+4.86 91.23+1.09
2.1 REOg#Ri2 [ % 538 i [ i 2
N e e . Sm,0; 63.24+1.94 95.97+3.34
e A bR IS B R A LT R BRI el o S 21406 o2t 16
N N N 203 214, 3241,
RN 62.87%~86.21%, MRHfi IR A 91.23%~
N . Gd,O3 72.34+3.28 96.24+4.18
101.32% (36 2), HH, Nd,O5 (AR 0 T3 R b
%*3 ARLETHL SRR E R
Table 3 The wet sieving recovery of REOs in aggregates under different treatments
IRRUCE T [ e
b B
Freeze-thaw Wet sieving recovery/%
Treatment
cycles La,05 Sm,05 Nd,O3 Gd,0;
T50 3 95.54+2.30Ad 97.93+£2.67Ab 95.61+3.10Ac 94.49+2.29Ac¢
6 103.77+0.76Ac 99.88+0.33Ab 92.81+4.28Ad 99.80+0.82Ab
12 129.80+3.08Aa 110.734+3.28Aa 115.02+3.91Aa 114.41+4.51Aa
20 109.22+4.05Ab 112.66+1.86Ba 103.27+4.44Bb 116.40+3.03Aa
T100 3 88.27+£2.91Bb 93.224+4.43Bc 91.52+6.13Bd 84.83+6.40Bd
6 84.48+3.33Bc 89.26+2.12Bd 94.00+4.24Ac 92.26+4.10Bc
12 83.77+£2.94Bc 110.14+7.61Ab 104.23+1.59Bb 108.76+5.41Ba
20 96.06+4.47Ba 123.88+5.77Aa 113.23+4.80Aa 102.15+5.78Bb

e TS0 fRER M ERFKEAY 50%, T100 fR3E A B RIFFKE 100%, RFEKSFERN E—GRaia e 8T, RIEWG &K E
AEFRENAE P<0.05 /K-F-22 5 BAT W8 RIR/ING F R W] — IR &K AL BN, AN TR R BE BB A P<0.05 kP22 5 HAT
WM. TR, Note: T50 represents 50% field water holding capacity and T100 represents 100% field water holding capacity. Different

capital letters indicate significant differences among treatments with different water content ( P < 0.05), and different lower-case letters

indicate significant differences among different freeze-thaw cycles ( P < 0.05) .The same as below.
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22 HFRERNEAREHESHREKBELEMN

A

Rl OE PR AR T >0.25 mm AR R
<0.053 mm SRR & &, HIN T 0.25~0.053 mm
HIRIRR & (P<0.05, % 4), 7£ TS0 ZbHE T, 5~
2 mm AT SR A B i B R RO BR R ER A B I R AT 5 5
50 HHEL, 5~2 mm Fl 2~0.25 mm B RAE 524
BITESE 6 RIS 3 IRIRRIIEA T B ERRILT 63.4%
F113.1% (P<0.05), 7£ T100 AL B R, 5~2 mm Fl
2~0.25 mm PIRIKE LSS 3 IRVRAE PRRS 1 3T
R (P<0.05), BEMKZE 0 AL T Y 52.4%F1 78.9%
( P<0.05 ), 7£ T50 #1 T100 £ T, 0.25~0.053 mm
I RIRTESS 3 RRMIEIA AL BT W8, Hdi
0 RALBE TR Y 1.4 £ 5 1 <0.053 mm F R A& 2 B 5
RS G M i A2 Akt 5 ( P<0.05 ). [F]— VR Al

AL FER, 5~2 mm FIRE S A Z R IG &K
wAR I (P<0.05). MHLLT T50 43, 2~
0.25 mm P BAK 5 HAE T100 43R R R RIZ1,
50 WA, £ 20 WHRBMPERE, 2~0.25 mm
SRS AR TS50 Fl T100 23 F 2051 R T 6.6%
I 11.5%; 5 T100 Zb#EAHEL, 0.25~0.053 mm F1R
TR HE3E R AE TSO MBS, 5 0 M EL, &ad
20 KRGS, 0.25~0.053 mm K RAESETE
T50 F1 T100 AbFE T 3 53 T 18.4%F1 17.7%. 1E
56 WOARIAEH T, MET T50 43, <0.053 mm
R AATE T100 &b T T RES MEIZL ( 26.7% 5
38.5% ). MM, TS0 Al T100 4bBE N MWD Fifi
R PR U ER R 1 n ik 2 AR ( P<0.05); [A] — VR Rl
W, @& &K E (T100) 4B MWD 48
] U

R4 TERLET LIRFARKKZS%HF MWD

Table 4 Aggregate size distributions and MWD under different treatments

- V2R (R 2 s L 451
VR )
biBL Aggregate size distribution/% TR EAE
Freeze-thaw
Treatment 5~2mm AR 2~0.25 mm FERAE  0.25~0.053 mm FAREAE  <0.053 mm AR & MWD/mm
cycles
5-2 mm aggregates 2-0.25mm aggregates 0.25-0.053 mm aggregates <0.053 mm aggregates
T50 0 0.41+0.11Aa 22.25+0.31Ba 41.91+£0.84Ab 35.61+1.15Aa 0.34+0.00Ba
3 0.3240.04Aa 19.33+0.53Bb 58.06+0.76Aa 22.42+0.43Ac 0.32+0.01Bb
6 0.15+0.03Ab 17.84+0.66Ab 60.12+1.44Aa 21.93+0.84Ac 0.31+£0.01Ac
12 0.13+£0.14Ab 16.93+0.05Ab 55.93+2.65Aa 27.03+2.52Ab 0.29+0.01Ad
20 0.11+0.13Ab 15.62+1.01Ab 60.33+0.53Aa 23.91+0.71Ac 0.28+0.01Ae
T100 0 0.42+0.12Aa 26.41£0.41Aa 43.24+1.52Ab 30.05+1.61Ba 0.39+0.01Aa
3 0.22+0.13Ab 20.83+0.33Ab 58.82+0.81Aa 20.12+0.53Bb 0.34+0.00Ab
6 0.14+0.11Ab 17.14+0.22Abc 60.81+0.33Aa 22.01+0.94Ab 0.30+0.00Bc
12 0.21+£0.04Ab 16.05+0.23Bc¢ 57.3140.31Aa 26.5340.13Aa 0.29+0.00Bd
20 0.23+0.03Ab 14.91+0.27Bc¢ 60.92+1.02Aa 24.04+1.01Aa 0.28+0.00Be

2.3 FREEIAX LA R AR REN N

R 3 45 kA2 R R v REOs ¥k J3 B s Ja] (1) 48
b, TR RBREN AR (B 3). Bk 5~2 mm
VT SRARAE R 65 T 01 b, BT A Ab 34 v AH 4B 1T SR AR 22
6] R 55 e o Sl B (R 3). LASE 3 IR RlE 2R N
), FE B 5 18] L, B—C fil B—>D AR HE R TE TS0
EBRA A 53%F01 15%, T100 ALFE T Ry 60%F
10%; 1ES 710 b, T50 4B D—C #1 D—B (¥

T A 23 90 50%F11 5%, T100 4L 384 56%H1 7%
] — -G K RAL BN, VR Bl RO R T
>0.25 mm [ 5 B % 75 F1<0.053 mm A1 544 i) 4]
B, KM 0.25~053 mm PR #2540 1
#0050 WGAMMEAMLLL, A>C. B>C i
M D>C MY A 7E VR Al G 2R AL R 2 3
(P<0.05). LI5S 3 IRVRAMIGIA T T100 Z 14 fl
A—C ., B—C [R5 fl D—C TR 43 38 fn T
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17% . 13%F1 24%. FE[R—ZREAIGIHRIRECT, 5~
2 mm B 0.25~0.053 mm 154K 00 i i
TE T100 ZbFH F B &S T T50 43, 7555 3. 6. 12

120 R BLIEFRET, T100 2B A—C (1Y Rl &
SR 59% . 57%. 52%F1 63%, ¥ T T50
TR 51%. 47%. 49%F1 57% ( P<0.05 ),

T50 T100
A A
23+1 00 261 00
Oc 35+2 39+0 4+0 0+0 28+1 472 6+3 0+0
s >»C 450 &’c j
43+2 241 3742 32+1
D D
A A
2341 030 2742 0£0
511 B 00 //;2777;«$§§?\\
3¢ 22+l 5312 4+0 0+0 1241 601 6+1 0+0
15+0 C 540 10£1 7+1

22+0 50+0 161

56+2

f

C
D
A

29+2 0+0 2142
0+0 5743

0£0

o

A

6c 23+ 1 56+2 3+0 0+0 2142 53+3 6+ 0+0
15+1 C 6+0 162 C 6+1
20+0 50+1 2342 45+3
D

A
m 0+0 % 0+0
561 B 00 5242 B 00
12¢ 211 @ }< 00 28+2 @ 40 00
1942 C 440 C 6+1
\\\\\\\!§:§i§§;§> 511 2541 49+2
D D

18+1 020 151 00
57+1 B 0+0 63+2 B 0
20c 23+l 50+1 30 00 2142 560 50 0
16+0 4+1 1940 C 6+0
201 5241 25+1 4442
D D

0

ey
)
i

. A, B, CHIDAHftES~2mm, 2~0.25 mm, 0.25~0.053 mm F1<0.053 mm HE{Lk. Note: A, B, C, and D represent
5-2 mm, 2-0.25 mm, 0.25-0.053 mm and < 0.053 mm aggregates.

P 3 EREAIE PR AN R0 15 7K d A R S DA SR A A B 2 e

Fig. 3  Effects of freeze-thaw cycles on the turnover paths of soil aggregates under different initial water content treatments

TCWHI G K AT, 5~2 mm AR AR B A XA
T B R R PR OB B g i, HeR, TS0 A
T100 4L R 705 7L 6 IRAIEE 20 UK URRERE 5 5]
HeifE (0.03% )o <2 mm 1SR4 I AR X A A 1 B

2.4 FEATEIAT LA REEX T ENZ N
Kl 4 7R T 7EBERIE T i L P SR AR B AR

A AR b, SUER SR TR R 5 1F

A AT SRR BRI, TR R B R (5] 4a ),
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VR T A OB 1 18 2 B S s/ N S i ka7
T50 F1 T100 ZbFE R, 2~0.25 mm AYFEXTBERE R/
(B B SR 6 UORIER 3 K (0.15% vs. 0.09% ),

0.25~~0.053 mm PR ARMIXTBERERTESS 3 AL T %
fik (0.23% vs. 0.21% ). TEAFWILG FKELT, B
55 0 WIRMEHASN, T50 AbEET 5~2 mm F AR LA
SRR 6 M 12 WIEMIGIN 585 T
T100 Ab¥E, HAESE 12 AL F 22 (H ik 8 i K
(0.01% ); <2 mm 15K 04 AH XF i 5 2 % B
T100>T50( P<0.05 ), HAF®I4G & /KE T 2~0.25 mm
H1<0.053 mm P RARARX IR 5 BIAESS 3 RIS 6
AL T AR K22, 4300 0.06%F1 0.07%. 7F
TERs T L, IEAE RS TR IR SR A A R A 5
ZHIERL, T AE RN R AR (& 4b), 0.25~
0.053 mm A A (1) A XTI 1 B R R A A Uk 5 38
TGN, TS0 55 T100 ALBEISAEER 3 URARALIE A b BE
TiAF Rl (0.15% vs. 0.14% ); 7E A —ZRREIE R X
R, T50 ZbBEF 0.25~0.053 mm SRR ARXTTE Ik,
B FEET T100 AL (P<0.05), HREHEHE 5~

0.10

0.05F

5-2 mm

0.00

-0.05

0.101

L
LS

$

0.00

2-0.25 mm

—0.10

VR AR X iR

-0.20

0.15F

0.00

Relative changes in aggregates in the breakdown direction/%

0.25-0.053 mm

-0.15F

-0.30

2 mm PBIRIRRYBRE, 1272405 TG Sk BTk,
REMEA AR, TewIh & kEZ >, MWD 5%
AR TSRO RE AR 4 35 £ A DG (P<0.05), T S5AH
XPTE A i 5 2 IEAH G (P<0.05, &5 ).
2.5 FRBLIEIAXY L1 A Rk B AT iE A3 i
TEE—WI R &K, AR AR AT SR A i J e it
[F1] i 5 R RO BR BRI g i (% 5). A T50
J, 545 3 AHLE, 55 20 IR RGP IR &k
1 TSR A JE 3 s 1) 3 S 38 i T 18.12 4% . 12.20 1
5.85 f5 1 6.33 fif o NS MHRIAREENRRT , <0.053 mm
P SR A J 2 i T 2, 0.25~10.053 mm A R AR K 22,
5~2 mm HRAKSAFE K . TEARRIWIG &K E
TLBRES 3 IR T 19 0.25~0.053 mm H Rk,
AR AR JE B[R] £E T100 AbBE N 35 5 T T50 Ab#g
( P<0.05 ). fHELTF T50 4b#E, T100 ZbFEF 5~2 mm
PSR AR B JR A N [RIE 28 12 IR AH 258K, 3 T
1.99 1% ; 2~0.25 mm, 0.25~0.053 mm #1<0.053 mm
VAT SR A2 ] 2t B TRD ZE 55 20 YRS 38 31 Je R 2218, 43 il 34
T 221 4%, 1.73 4501 2.63 15,

b)
0.05 —e— TI100
A TS0
0.00 -
~0.05
~0.10
0.05

PSR AAAR RS Bt
Relative changes in aggregates in the build-up direction/%

—-0.02 1 1 L I I

VRAGER L

Freeze-thaw cycles/IX

K4 AFEAEET TR RAEF BERE (a) FUE MG (b)

Fig. 4 Relative changes in aggregates in the breakdown (a ) and build-up (b) directions

http://pedologica.issas.ac.cn



4 3]

973

SEH B 44 Mean weight diameter/mm

2 L 4£Mean weight diameter/mm
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Fig. 5 Relationships between MWD and relative changes of soil aggregates under different treatments.
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Table 5 Aggregate turnover time under different treatments

VA 3R s JE] e ik )
o Aggregate turnover time/d
L RRRVCERL
0.25~0.053 mm 1%
Treatment Freeze-thaw cycles 5~2mm HIEAE  2~0.25 mm HAERK <0.053 mm H Rk
14 0.25-0.053 mm
5-2 mm aggregates  2-0.25mm aggregates <0.053 mm aggregates
aggregates
T50 3 44.344+6.63Bd 20.54+2.65Bd 14.45+0.45Ac 11.45+0.54Bd
6 209.45+23.35Bc¢ 50.45+£5.21Bc¢ 25.45+0.54Bb 22.54+1.54Bc
12 408.64+21.34Bb 122.11+17.12Bb 67.45+8.67Ba 59.87+4.45Bb
20 803.344+94.54Ba 250.63+23.12Ba 84.54+9.54Ba 72.53+1.54Ba
T100 3 88.36+8.75A¢c 34.87+£3.21Ad 14.44+1.45Ad 13.92+1.54Ad
6 336.54+15.54Ab 60.54+6.71Ac 44.56+7.54Ac 44.45+8.45Ac
12 810.344+80.44Aa 172.14420.12Ab 82.47+5.45Ab 81.45+10.54Ab
20 945.544+46.54Aa 553.71+47.74Aa 146.36+12.45Aa 190.45+29.54Aa
3 iF ©® M Sk, (145>0.25 mm BIRKPNER R AEMR, N

AT 5% o A L S A P Y R 91% ~
101% (% 2), X—45R5 Zhang 1 Horn!"* 145 Hi i
84% ~ 97% , Peng ST 82% ~ 113% fil
Rahman 5PV AR 82%~113%HAML, {HE T De
Gryze ZE" A H) 67%~115%. X &K 4 De Gryze
SR A FIRIEAR IO AN AR AR, 8 it n 1 A
s 1 Peng ZEUSVR TR EA AT LGN REOs 5
SRR E A A, DA B S R ) RDCR . AR
SEG i FAR I AR P A B B B BRI /N T
500 mg-kg ', MZALESMERE TR SRIRZE, §
FHB TR MR KT 100% . 45 535 B 2853 VR Rl oI
A IR0 TSR KT 84%, IE WAL R B A 34 iod
1 REOs 1] LUEHF W Bt T A1 SR AR R i, 7 R A SR AR
TE BRI A i 2

ARG 45 A 2% W R il OE P 23 42 i#£>0.25 mm
P 5% A 4 0 136 #11<0.053 mm A1 B4R 1 1 B8, S ff
0.25~0.053 mm A RIKZR, 23 MWD B & kil
PEFR BRGNS (&3, B4 fE4), X5
BTN FT 4 R — 305, R B 20 2 A 1 e A
RIRMEEN, SERARMEABRE ., &R AR
Tl FH A8 AR o 2 A Y 7K o IR FR AR Ak RS 1) - 498 25
FIRYZEAL, >0.25 mm SRR IR FLER A W 120
TEGRAVERI S, FLBR BB 07K 53 & A S 52 1Y

TR R i B /R AR P 3R A4 5 17<0.053 mm MR R
ERFLBR AL D BUBERERE s, JF HE A BRI
BEPE R, 58 HL ST A PH 2 7 55 1A 5 R 9k 141 2%
PARLOT 16 A g AU 1 B 5T & BRAE TS0 ARFET
v LR - MWD Bl & R RGP U 3 hn 2 315 T
FHE TR X aT e R R BE A E R T £
SR 2 [R] JEAT P 25 R IR, BRI & R A B
BEREAIAIR BT, BT ah 5T fr i 72 B MWD
A [R) 78 Al 34 Al SR 3R WA W) — R
WUHCE , 5~2 mm HIERAKIM] 0.25~0.053 mm H1
W e AE T100 AbHR B % & T TS50 Ab 3
(P<0.05, & 3); 7E 6 IRVRRMEI G, TS50 A3 F Y
MWD i # 5T T100 ( P<0.05, 3 4). X590 XFk
SRS B AT A5 AR, B D AR K = R
>2 mm P RAR S & /N, <2 mm FIREE T
FHn, MWD & ERRAG . T IREERI 5T R 7
AR RZS TR T, F 7K e 230 1 Ak T SR A ) e 3
RE AR, AR OE R MG IR S K R 4
TR A RAR Y R ) B TAR S K&, & &K
Tt AR TRL VKR 1o e v ke - L B i AP,
RO [ B S AR, TS R . XESED R
IWHTEARE EHAF RGN T, B PG A K
s, HIEERRKSEZE, RES SRR T IER A K S
M, TR R, DT 4Rl £ B
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sREL, RAKEE T E, FR A R RL A
G 2N VATE S P 3 EN it 3 R T AN

WRAE IR R, A PR R SRR 11~
945 d (£ 5), & T Wang S5 41~168 d,
XA fE SN Wang 5P 5E dfi>1 mm 4 A1 5
e SRR AR, it b tm TARR R ik
IR (>2 mm), 7ERAEIR A >2 mm BRI S
HFERZE 0.1% (£ 4), FEE M REOs ¥ FEAS 7
PR K. ABgE T, KERAE (>0.25 mm) BRI
i8] 2 T A AR (<0.25 mm ) (20~945d 5 11~
190 d) (£ 5), i De Gryze ZEU448 bk + i A1
RAKK F G LR AR ARE (9~30d 5 17~884d),
Peng “5 UV 9% K BT 398 K AT 3R R 114 &) 6 B I e T
AR (23~179d 5 47~186 d ), Rahman %!
W) R IRHD 2 58 4 2~0.25 mm A SR AY FE 6 i (]
/INF< 025 mm FREKE (68~143 d 5 146~
1148d ). X AJ fE S RN ARAIF 58 v R P AR 5 s 4
iK%, EVRAEERERT , SR AARTE 25 5 il e i wf LA
P, BRI OK AR AR TR i e SR e, L A
B () DR B 2 3405 w2 AR, SMIEA HLA Bk
A A AR A F e T K A SRR T B A2,
AFRE R B AR S 5, PR L8 e iR
[F]— R0 6 S K AL BT, &R AR A SR A 1) J) i 1 ]
Wi 25 V% R 2R VA 185 o 8 8 hin ( P<0.05, 36 5).
X AT BB — 7 TS 2 VR R AT 1 - 498 L Bt o i
B2 R A e ORE A R AR B s 55— I R G A 5
A T Rl A b A G 34 i ek 2 I SR Ak
JE SR Al — VR AR LT, Rl W IG Sk
3, 3R A 1 ] e ok ] e 2 3 - ( P<0.05,
F#5), XA & HERIREOKE N, Ko Sadik
45 Sk i i ) SR B, #f8>0.25 mm AR A5 4k
k1 0.25~0.053 mm P AR Y s B] B KA 56

AN,

4 4 ik

R Rl B U EIORI 1 398400 iy % 7K i 38 5 5 g AT 2R
PR TR J AN e el A, 0 T 2 ) - 8 A SR AR e
(I Eh AR o FRALAEIAMEE>0.25 mm [T 5 {4 Y 1 fre
F1<0.053 mm A RAKR AR, f# 0.25~0.053 mm 4
RIEZEH, FH MWD [BL, HizAE kit #isz -4
WG Sk =TS . M T RS S kR, K
FIEWIA S KA P 2~0.053 mm 1 B 1 FE XS

Wi B AR, 0.25~0.053 mm 1 B 1A B AR X
B A IEIN . MWD 5 25 k042 P SR 44 A Xl e ot
EREOME, WSHXIE R R R EEME. KR
RGBT, B 5~2 mm FI RSN, AHAR K72 H
RAURZ [ BN RIEL, %45 £ IG &K
WK, BRIME, RAVEIGETS, HIRAH
I i) Bt 5 R R PR IR B . - A0 s 5 K R P SR A
BRI RGN RGN . VRALIE IR N - HES5 4 1 WF 55 %)
PR HR A EEE N, AR mLEHER
HATER, E—3R 50 MR SEPRR ST - 525/
AR, R EE T AR P S AR
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