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Abstract: [ Objective] To investigate the effects of intermittent rainfall conditions on the pore structure and
aggregate turnover in the black soil topsoil. [ Methods] Black soil topsoil was studied using a combination of rare
earth element tracer method, artificial rainfall simulation, and CT scanning research method. The aim was to
elucidate the responses of topsoil aggregate characteristics, turnover characteristics of topsoil aggregates, and
topsoil pore characteristics to rainfall intensity and frequency. [ Results] Under intermittent rainfall conditions,
isolated pores were concentrated in the topsoil layer. With the increase of the number of rainfall events, the
connected porosity was always greater than the isolated porosity at a rainfall intensity of 40 mm/h, and the
maximum values of connected porosity and isolated porosity alternated at a rainfall intensity of 70 mm/h. For large
aggregates, as the number of rainfall events increased, the ability of 5—2 mm aggregates to break up into

0.25—0.053 mm aggregates decreased when the connecting porosity decreased, while the ability of 5—2 mm
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aggregates to break up into <<0.053 mm aggregates increased. The opposite was true when the connectivity porosity
increased. For small aggregates, as the number of rainfall events increased, the ability of 0.25—0.053 mm
aggregates to break up into <C0.053 mm aggregates increased, while the ability of <C0.053 mm aggregates to
aggregate to form 0.25—0.053 mm aggregates gradually decreased. [ Conclusion] With the increase in the number
of intermittent rainfall, isolated pores tend to concentrate in the topsoil layer. Meanwhile, the ability of large

aggregates to break up into small particle sizes gradually increases, while the ability of small aggregates to form

large aggregates gradually decreases.

Keywords: intermittent rainfall; pore structure; aggregate turnover; rare earth element; CT scanning

Received: 2024-11-22 Revised: 2024-12-30

RALE £ X AR ™, K ) AR U A
B2 — o TS B0 R )2 K ok 0T ok
K MR BN RE LS A R
AT 3R A AL IR AE R Ta) RUBE | A 2 (6] HE 21 41 Y —
R R o S N R | N7 N s T L R
B AR Y SR 2 — ) (R g R R B L
AR AR S50 RN % M R T IEALBR RS e
% Ay Ky RO Al A= P 2 R 8 G A KK RN G
(NS UERTR SO e = 1 N O YT 7 T e o B
A O 47 b K FE AR, X DR E Al W RR AL R R 2 G
wHEN

H XS T 7K g 45 x4 8 P SR AR 1Y 52 e iF Y
BRI T HEAT o BRI AR g R B AN TRDRL
PR A R AR e M 22 S 0 3 R BN R AR A
TR M v T R OB A A A v AR O
FW], A B RS RIS AR R R 5 A SR AR E
25 S 10 0 3 A S AR S A G R O sL B TR R
5 )2 A B 5 B B 35 e RN X - S K RS AT SR AR 2
20 B 5 ) i 2 7 el R R A Y D, 9% i R R 0
H>>2 mm PSRRI fE R 2 5 > 2 mm A
RARAY e &5 | E 10 $2 8 1 5T 3 i B AR AL
Vil AR, XSS 2l T 0 LY oder MR 0 5
il Le Bissonnais (LB) i 4 Xf + 3¢ F R A& i 17105
AT O£ JEE S SO 00 AN ) 6 47 o - 8 AT SR AR B AW AR
PERK R E MR 2 I o H X 28 J7 1k H g 15 21 A R R
32 B A T 5% I el AR B A5 AL O fE W B A5 R AR AT 2R
PRAE XA 2ob 7 Bl i E SR B AR AR IR RN AR B . H Y
BAER H — R oY+ AR Y £ 00 R (REED /R
PRk MOt R B A M L IEA RIS G A
TIK AN 5 Bl W W M B AN A S A A R A R
ik, A 5 VA B2 5 T A, B+ 00 238 B il fin it
D H G TR0 BRI SRR . B REE /R Bk 19 3
Jo, BRAE 98 KA 1 A 3 A= ik ) 3 A RN DT AR LA, BF 58
/N LA R A 1 R R Ay L R R AR

Accepted: 2025-01-02

Online( www .cnki.net): 2025-03-20

W52 A B, AT 3R A A W 37 o 3T 8 38 2k A W B
[R5 U RPN b 2 /AR N SO N 0 ol R 1 5 A
VA SR AR HE AT P AT SR 7 5 T e e I S R T, R
SRR A Tl e 0 R L g B L I T A o B
T/ R s R PR B AE TSR AR — R
TR B S ARl AR TR Bk B DA R AR B i A TR
AR Ak Bl I T IR (8] B4 164, BE 2 i A R IK B 2
B - A e ik AR v o X T R R b 2R
TR 2R R AR 2w T RN R A 4 R (A B
T B AN TR S I, 23 A8 R K e 26 - HE AT 3R A i A
If) 32 T Ul /N 1 A B IR A X RE R B 5 R B, AE A
SRR B A b, 3 5 0 AT R A Y A G I R
i, /D D SR ) R X R

AL B A A S AL R AR S RN KR R
Fic 1 2 (1] 7 A7 bR B0 B 25 4 R e, 5 4 B4 52 A R A
S BV R SE B K R AL B R IR A W B
iR, X T AL S AR SR R ST Oy ik BT
AU WG T B OEE L CT 45 40 M A% i 3t
P AL o, 50y W T BER
(SEMDHLARM L, CT #1138 HAR S — AR R APER) =
AE AR A BAT T 23 2 R0 AR R 2 5 T
AL = dE S5 A AR A LIRS h ) 2
o sk e din 8l CT 46 & 9L RN T o Il 5 o
AR AL A SR /I R AR R R B0 X S B A B
AE 7 38 JICRE M 5 oA IR A E . CT 4 4R R I )
AT )22 AR 8 FL I B T Y 78 A R AIE & B, L B R A
3 GRS PoR) S AR TR AN TRV DD PN
A& N AT Ao 8 ST L 10 24 R R B ) S 5 2R
Fr X L, IE W LB 10 45 465 7Y £ R AL - H L B 25 44 7
T H AT B B PR AN AT REPE o 8 BRI, CT $9 44
R AT 516 SCRE ] R4 - gk, Rk, TSRS CT
Eii e P o W2 {1 I i 1 A d g | B o 5/
RIE T ALBRA

FUR, AR 2 0 5 ¥ 56 F — IR B R F 58 3R 2

http. // stbexb.alljournal.com.cn



3 ]

B TR 8 A () B e I 2% 0 B e 3R 2% LI 2 A R AT 5RO R B 4 5 e 63

e kg AR Ak o P TR 2 B0 I 5 R S 58 R 22 U JR) BR
KA, 26 )2 A AL RN A SR A TR B 22 Uk TR] K R
W A 3% S AR b B AT IR AT A8 . % Uk, AR SRR
T RZ LWL R TR R+ A
TR +CT LS & 5 ik, i £ 2
P 3R AR AIE 22 )23 P 3R A 1) 8] 5 R A1 L 26 2 - 1AL it
RFAE B R T 5 3 R W OB AR A OG R ST T R
PE RN 25 1 26 2 4 18 7L Bt 45 #4901 38 Ak JR) % e AiE
(56 25, DL Oh T [ B A X 4R A A A o 4L
FERE B AN E K A
1 #MRIEF*®
1.1 st

A 5 M 5 A R e VLA 2 (457307377 ~
46°01'20"N,126°55'41"~128°19'17"E) ., #IX )& T th
TR Bt M 2 KU B K BB E 7—9 H 4T
BIRE K 7 573.43 mm, 2AE LA 134 d . i EE R
IRAOR BB Bl AT, 90 1, BUBE Hh 2% 2 0~10 em -1,
LB gEh Ak MARERY . REHLE 120 kg MT
Je 3t 2 mm B, FH T 0 4 A 9 I SRR AR 1 kg
T R A B A M T 5 35 70 44 H T IR
JoT I E o RE M A BLE O (20.93+0.16) g/kg,
pH 4 6.49+0.09, #& FL T #& 2y (1.1040.03) g/cm’, +
e o ofy HE L C® R 6.14%0+£0.86%, ¥ KL

65.32% +2.57%, %k ki 28.54% +1.33%) , & ki 1%
R 5 4 9o 2.85% +1.48% (5~2 mm)
74.05% +1.84% (2~0.25 mm) ., 12.54%+2.03%
(0.25~0.053 mm) A1 0.56 % +0.19 % (<<0.053 mm) .
1.2 REFHZE

1.2.1 MExaxai PR PEHNRK TR & R
bWl R34 >>99.9% R #2382 pmo T hric B
By 4 R 1 AW, 23 0 o AR EL (GdL0,) R AL Bl
(La,0y) A AL (Sm,0,) Fl 4 4k £ (Nd,O4) , i 56 +
Serh AR - E ALY I S B 53 0 O 37.04 mg/kg
La,0;, 32.47 mg/kg Nd,Os, 6.29 mg/kg Sm,O; Fl
5.41 mg/kg Gd,04.

ARBFGE R A LIU & 2 br id + 18 76 + o0 FAn
WCHREE S 500 mg/kg. B o0 E 50 LB KR
AL AR i (AR Lo R S LR IR S
¥15) o (A A A T 0 A Y XY T Rl K
W Ar e A B K R R R T R R K B 6020, Bl
JE B bRl T 4 CRE B A T 3R K 43 T4
T 5 W AR 0 S0 A R B T EAT HAR TR
% 43 18 5~2.2~0.25,0.25~0.053,<0.053 mm 4 #B
O3 IFFRE o IR 44y e BE U IR R EE L )
BT AC L BORE I R AR AL AN TR T

[ 5~2 mm J [2»--0.25 mim J EI,ZS'-'0,0SS mmJ [<0.053 mim J

FEoREEFICE D

Bk Rl L T BRI I I b PEREAT 7 43

2-0.25 mm
I .25~0.053 mm : I

A R L HER A

Bl HEIxHEHEELTEEHRELTE

Fig. 1 Schematic diagram of soil re—proportioning after labeling with rare earth elements

1.2.2 M@ %E B8R H A TE IR R W
B E B R AR AR A AL (R 2D, BTN A
H RSk T A, OB RO O O K R (K
200 em X FE 120 cm) , 78 JiC ¥ 55 [A] #E A 3% 5 3k R
K Sk T BE LI Ok U T R T R . AR R A AR
i 28 25 AR RS L BB b IXOH R (Rl B0 T A A A
0.71 mm/min(42.6 mm/h) ; T #4205 e HHb
DX 4 AT [ R ok R v v B AR ol A R R T O LL R 22
N, AR 36 2L T F 2 4> B R 3 BE (40,70 mm/h) , &
AT SR AT 5 3 18] BV B W, 5 4% B W D7 B 30 min;

R4l A7 BE 25/ ZHOU 45048 | 78 [ R [ Bt £
B 5 55 K RN R B, - RNt bl 2 R . BT
LR G — 5 7K H AR Al X - 3 45 4 10 5 i, A HIF 5T
S T 3 ML T I A AR R KR 2 A AR K
R 3490 AT T — RN . R 5 Al (K 100 em X
$i 10 em X 5 10 cm) JR AR B ST AL 08 T + 8K 73 A
HBE.

FABE A7 AR ic £ EA T [l 08 4 1 3K
Pt AR FR B A M5 em R R R LR
JIEHR T S em JEEE MUY, H TR A B . SRIE KR

http. // stbexb.alljournal.com.cn



64 KRR

%039 %

95 Bl KRR 12 h, G IE RS RE i IS5 R R
FE H KR 30, ASRUIRE 2 5 K2R 34 %, Bl AL 1E B
3 E HATE RHERE A1 2em X2 ecm X 2 cm
05 e e FRCIR = CT H# . HA 304~ 56 +
AT R RE I XSS . BB A R AR
50 TR A AR S K SRR AT S I Y KR
Ik B 34 %0 I, BE AL A AR OR T /Y 34 4 - Al
HEATHURE 9K 5 X 8 A R HEAT T — IR B Rl

A AL

i g

e 1 A
B2 AIEBEWUNEETE
Fig.2 Schematic diagram of the artificially simulated

rainfall observation device

123 CTHa#AAGLLE HFiXE LK ERZ
BWIPNHTHE LK 2emX 3 2emX & 2cem) . ¥
T YA CE A T CT H i fE a5 4%
Bii 1k 4 A 25 4 Bk Bk 3R o Xk 56 R E AT
Easytom150 CT #5143 & 1% & fi R 110 kV, LI K
272 pA, S T N 5 pm, #5801 440, 4y B R
20.00 pm. ¥ 15 3 B9 ALK & ERH AVIZO 3D #
PEAT 15 B A R 500X 500X 500 A4 4 #5 K%
- HEFL B AT WAL SR AVIZO.2020 BAS 4845 5 BA 7 44
UL LB = 4k 45 br CFLBR Bl it B> FLBR G R/ (T
FURIAR RO F Label Analysis 46 4 5¢ i3T5 ; FLE R H
Volume Fraction i 14 58 Ji%

124 Fazx BAREHEEEO~2m L 2R
- HERE & 200 g FH TR0 18 0% 5 0 45 R A8 A RE T

T RooZ M e .+ 58 B R AR R4 43 9% % H Elliott
LY K 50 g Mt AL E T LR 5.2.0.25,
0.053 mm & 1,32 1 5 min J5 K 0 7 L F IR,
WA 25K /min. %35 45 IS Pk B TR 45 R b
(4 A1 B A, 75 60 “C R ML PR .

1.25 #EaEmeFiE R NaO, B ki
TE W I B 45 R AR R R R T R IR .

1.3 RN EF S

1.31 ARKFHEZTAZRMWD)IHHE

MWDzE)Mx (1)
n=1

Ao WO iR P R AR L %
X, R AH AR 2 9 48 P R AR 17 B4, mm.

1.3.2 HARKR#H%ZHFE KPS M PENG
SEIRE A 0 R R AL P SRR SR 1 R vk SR R AT
PH 3 IR JR1 B i A28 0 1, B 4 s Bk A28 1 T 3R A
A(5~2 mm) .B(2~0.25 mm) .C(0.25~0.053 mm) .
D (<20.053 mm) . 4 Ff F R S A7 7E 12 55 )8 5% %
72, 4% ) Sk T T 7 1] 1 a~1 6 4% 4 45 FLIE 8 1] 1
g~16 PR (A3,

Breakdown ¢ p

D

3 AMARREGHENEBERRE
Fig.3 Turnover pathways of four different aggregates
JE B AL B T () S T, 26 AR D T, T3 T 10 %)
AR R AR A A AL AT LA — N RS R I R

l—0o—r—1t x 4
0 l—u—p—s v v
K(TZ*TJ: (2)
r l—ar—v—yq w
t q l—2—y—w

KA K(T,~TD A A B.CD M T~ T, A 8] P Y 5
HE S AR

4 5 PR AKTE B Oy 1) ok AR b, AR AR A(5~2
mm) B(2~0.25 mm).C(0.25~0.053 mm) &

FG(A)=

(UTQ_ UTl)B(T1)+(1'TZ_IT\)C(TL)_._(ZTQ_ZT,)D(Tl)

JAE A HE (F GO R i LA R (D ~AHK B s +
8 A B Al 1 1) gk AR h, TR AR A (5~2 mm) B
(2~0.25 mm) . C (0.25~0.053 mm) H # % 75 fk
(BGOIFFINE WA ()~ (8.

(3)

("U’l'_,* Ur, )C(Tl )+(y»1-_,*y1-l )D(T1)

FG(B)= BOT)

(4)

A(T)

(u’r_, - Wr, )D(T1)

FG(C)=
C(T,)

(5)

http. // stbexb.alljournal.com.cn



%3 B TR 8 A () B e I 2% 0 B e 3R 2% LI 2 A R AT 5RO R B 4 5 e 65

BG(A)=(or,— o7 )t (re,—ry )+ (tr, — 17,) (6)
BG(B)=(ps,— pr, )t (sr,—57,) (7)
BG(C)=(¢r,— ¢qr,) (8)
1.3.3  %it o4 K H Excel 2021 3k {4 ¥E 47 B 2%
FEAITHSE , SPSS 16.0 84 iy 5 K 2 J7 22 43 1 (One-
way ANOV A FUSl 7 AR A ek 36, E 47 1 3 PRk A6
¥ (p<<0.05) . & F Origin 2021 % 4 15 &, % H
AVIZO 2020 Bk #E47 £ CT $9 48 £ He g i kb 2

2 HR54HH
2.1 REFABMEHHE

A R4 ] L, S [R] 9 T a6 R R R RN R BT L Bl
Ko TG VB0 BE N, T 3% 40 .70 mm/h T, B AR 5~2.,
2~0.25 mm BH BT B EH 0Lk FEE#BTRE;
A% 0.25~0.053 mm F B AR 1 40 He S 38 0 s s
s, EHorp  FE R 40 mm/h i, K42 0.25~0.053 mm B 88
R B A A B AE R2 3K 3 g (45.79%) , TR R
70 mm/h B, ki % 0.25~0.053 mm A 24K 5 8 [ 45 1k
1E R1 35 3 5% 5 8 (43.92%) 5 B0 42 <<0.053 mm K] &
NS Al s =k
100 —
90
80
70
- 60
.m* 50
= 40
30
20

10

U Ad AL i 14 okl m
RO RI R2 R3 R4 R5|RO R1 R2 R3 R4 Rj

W Y 37 18

143 Eb /%%

1

R

Eik 2L

FH 9570 mm/h
B 2-0.25 mm
Bl 5-2 mm

{15840 mm/h
[ 1<0.053 mm
[0.25-0.053 mm
TE RO N R £ R1I~R5 B RT3 0K 5 KIAE B AT RS 5 6
R AH [ H 3 AN 1) 32 U IR) 22 e i 3 (p<<0. 05) s ARl /NE F
375 S W) R A (7] 37 0K 1 22 53 135 (p<<0. 05) . Tl
B4 AEEMEEMENIMTARCRETES L
Fig. 4 Percentage of aggregate mass under different rainfall
intensities and frequencies
Hi & 4 0] 1, 5 RO AH [, R1XRLAR 2~0.25 mm
P A A7 B 1 1 (p<0.05) , I L T 5 ik K
AR B2 78 K (p<<0.05) s 7E RS 8 40,70 mm/h K, R1 B}
KL AR 2~0.25 mm P 5 44 it B 77 43 e & RO 23 531 i >
14.93% M1 35170 . Bl B R O B 3, 24 kAR
2~0.25 mm P R4 575 1 43 bk BARE S5 L R X
KiA% 0.25~0.053 mm P 54 5T i 77 43 LU A i A )
B . R2~R5 BHRLAE 0.25~0.053 mm 7 R 44

A 4 R I /N s 7R N 3 40,70 mm/h R L R5
KL A2 0.25~0.053 mm F A it & A 43 L5 R2 43 51
/> 10.54 % F19.43%

FH 5 AT, 24 RN T MW D 2 i 46 R 0 2807 34
SR ARE A MWD 76 3% 40 mm/h i H
I3 70 mm/h (198 FEAR BE /N, R R 5% 40 mm/h (1
MWD J& 70 mm/h i) 2.04 5 . Bl % [ W O£ 35, 2
AT R B MWD £F R2 J5 48 15 % i fa e - #
R2~R5 A 24~ 3 MW D [8] 25 5 A i 3% (p<<0.05) ¢

£ 08 [ 40 mm/h
é 07F Aa Aa 170 mm/h
; 0.6 Ba
@ 05
f
18 0.4+ Ca
B 03 BCb Ca Ba
£ BCa Cs y o s
h_ 45 a Ca Ca Ca
o
pe 0.1
i 0

RO R1 R2 R3 R4 RS

BRI IR
B5 AAKWEREARAKRMAS TARGTIHERER
Fig. 5 Mean weight diameter of aggregates under different
rainfall intensities and frequencies

22 REFARMGHEEREE

6 AT, ARG iR A R AE R R 40 mm/h T,
R1.R2 WKL #2 5~2.2~0.25 mm il B4k 3 2 i)k iz
0.25~0.053 mm 71 & & 8 % , R 42 5~2 mm [1] 7 42
0.25~0.053 mm K1 & 14 ) i #F [ 72 5 4 60.37 % Fil
56.73% , Kif% 2~0.25 mm [ KL £ 0.25~0.053 mm 4]
5K B W T BR AR M M 38.55% M1 56.14% ., R3~R5
Wk 42 5~2., 2~0.25 mm B | K = = @ ok 2
<<0.053 mm Kl & & 8 #% , ki 42 5~2 mm [7] kL 42
<<0.053 mm MKl R 1k 09 i 6 8% 12 (5 & W D
M 62.17% % 42.73% , K #£ 2~0.25 mm [0] ki 12
<<0.053 mm M % 1K 19 0k 6F i 42 (6 & 81 K, A
40.05% %) 49.31% ., RO~R5 I} ki 42 0.25~0.053 mm
fia] A 42 <<0.053 mm FAT 2R 1A 1 ol ¢ [ 428 1 320 37 185 0l
FEM 58 70 mm/h T, 5 W58 40 mm/h AN [A] ) j& R1.,
R2 R4 i} K7 42 5~2 . 2~0.25 mm H B 1k 3= 2 ) ki 42
0.25~0.053 mm M & & i #% , R3 . R5 B R0 42 5~2,
2~0.25 mm A Bk 3= 22 0] b7 £ <<0.053 mm H & 14
W W . 5 W 5R 40 mm/h # [\ B9 J& RO~RS5 B ki 42
0.25~0.053 mm [i] KL 42 <<0.053 mm [ 58 14 9 i i
% A28 (A 3% T 3

I B #% 42 F , 76 W 38, 40 mm/h T, K7 48 5~
2 mm H1 A& % 2 f kAR 0.25~0.053 mm H1 R 4K
AL (A AR E /N R 0.64%0~5.15% o Kifs 2~0.25 mm

http. // stbexb.alljournal.com.cn



66 KRR

39 %

B A 32 % kLA 0.25~0.053,<C0.053 mm K B &I
L 3K 2 A REAR 14 T8 B B A4 A 7 B 3 B TR o AR AR R
— 2, By BN A, R 31.49% . 34.12 % Wi/ F)
R5 19 9.77% .9.27% o 48 <C0.053 mm [ ki 42 0.25~
0.053 mm W1 5 14 (49 T8 J 8% 42 B M\ R1(39.33 %) 38 Jin
F R2(52.09 %), fH1E R3~R5 W 2 i s /N, L 41.10%
#35.95%. fEF# 70 mm/h F , 55 /i 5% 40 mm/h A~
[A] , Ri AR 5~2 mm H B 14 32 22 th i 42 2~0.25 mm A

(a) 40 mm'h

Ep @© .

<0.053 mm ,

BRI B0, R AE N 0.07%~3.01%; 5 W #
40 mm/h A A, $i42 2~0.25 mm F B & £ 2 ki it
0.25~0.053 mm F1<20.053 mm H A 1, 1% 24 kE
12 1R T L I 78 (1 7E B 3 B W P S AR (R R — B8, 38 208
/NEH, AR 13.05% . 13.04% W/N B R5 Y 9.11% .
7.55% . Kif2<C0.053 mm [ K742 0.25~0.053 mm H
B 1 % A2 1 A R1(41.02 %) 34 fin 1) R2(43.51%) ,
{H7E R3~R5 B B Wi/ s , Ak 39.35% | 38.64%6 &

=
(b) 70 mu'h

0.053~

3 P
<0.053 mm

2.3 RETEABREE

HY 7 R, DAEFL B R, [T 5 40 mm/h FY
5T YR AL R BE IR 240 F 70 mm/h R R T A9 R FLBR
JE L 7E RI~R5 B i 1.20% ~15.06 % . il [ 7R Uk 5%
(38, 40,70 mm/h R T, 3% 38 L R B AR ST FL B
JEE (1) 75 b A B 26 R B ) 38 I 2 0 B ARk . AT
(A2 , ZEFR 58 40 mm/h 19 &3 3 A b, 322 38 FL IR R i
LR T IR LI EE | Bl 3 W R8s n , 37 3 L Bt 32 43
) 2 R 7 LB EE (1% 88.14.,8.81.61.56.,7.32.,17.42 1% .
TEFT 58 70 mm/h T i 5 S B o, % 3 L B2 FTIR 7
FLB P 22 5 H B A KA, )R 5 T 8 40 mm/h R AR,
T2 3 L W B RN AT FL B B =2 18] ) 22 (8 B A8 /N

JE Rlgn 5
El6 TEPFMEF®EETEREMERETXBNEEZEE
Fig. 6 Diagram of the turnover pathways of aggregates with rainfall frequency
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