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Abstract:  Objective  Soil structure is the key to understanding physical, chemical, and biological processes that play a vital role in
biodiversity and agricultural productivity. However, due to the mutual influence and simultaneous progress of these process, soil

structure evolution has become irregular, unstable, and highly complex. With the development of computer technology on CT
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scanning images, different scaling and descriptive statistical analysis allow for a better study of soil pore structure or architecture.

Method] Inthis study, the saline/sodic soil in the coastal reclamation area of JiangsuProvince was taken as the object of
investigation. Based on multifractal and relative entropy theory, combined with Micro-CT technology, the scaling features of the
pore structure of biochar-amended saline soil were revealed. [Result] In this study, the surface soils (0-20 cm) were amended by
thoroughly mixing with biochar atthree application rates (0%, 2% and 5% by mass of soil) in a completely randomized design.
This experiment lasted for four years from 2017 to 2020. To reveal the scaling characteristics of CT pores, two methods were
applied: multifractal analysis (MFA) and relative entropy (E). The results showed that different theoretical methods should be
used to analyze the complex scaling behavior of soil pores. The multifractal method was suitable for grey images, while the
relative entropy method was suitable for binary images. The pore complexity of all treatments increased from one year to the next.
Also, the addition of biochar accelerated the developments of soil pore structure and induced a faster rate of increase in pore
complexity. Among different biochar treatments, the pore complexity of 2% biochar treatment was the highest (Ao =0.061,
RangeAE = 0.436 )and the improvement effect was the best. The addition of high biochar(5% biochar treatment)reduced the pore
complexity( Ao =0.045, RangeAE =0.531), reducing the improvement effect of biochar. [ Conclusion] This study can provide a

theoretical basis for the use of biochar to improve pore structure from a microscopic point of view.

Key words: Coastal saline soil; Biochar; Micro-CT scanning; Multifractal; Relative entropy
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Table 1 The basic properties of saline soil and biochar

" bk kL Fhki it A WL
j: erg
Sand/ % Silt/ % Clay/ % Soil texture Bulk density/ ( g-em?) Organic carbon/ ( gkg™!)
Soil
32.37 62.75 4.88 b+ 1.38 3.81
% - "
A PRFFL B EE LKk KE UL AR R /N
Electrical

HE W5 pH
conductivity/
Biochar
(dS'm')

(gkg™) %

Total nitrogen / Internal porosity / Organic carbon/ Bulk density/ Particle density / Particle size /

(gkeg") (grem™) (grem™) nm

9.9 1.0 59 493

467.2 0.69 1.83 4.40
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Fig. 1 Typical 2D CT scanning images of a selected soil sample

1.2 ZESESH
ZH TR AT R G A A B 1 T

http://pedologica.issas.ac.cn



5 INRIDS . AP R #h + CT FLBR MG 2 5508 S AR REAE 1215

AU FEARfR g, SR A& HEOA TR = 4%
W2 TBARAE . 15, % TR/ K Rx RxR A
%, RAKNN r WETEERRG, FENET
BORAD N N (r) B B TR LR AR 3 1 o 5
CN w4 (r) o XTARISI RS, MR BREL 1, (r)
R R e ETEU T KR

wi(r)~r® (1)

K, o MarFrEdEE. M, MR 4O R X
f(a):

N(a,r)~r /1 (2)

{b, f(a) R GAERPERR . o5 f(a) Bk
SRR N Z BTG . M2 EIMEIE B E U Ry
JEARRS, UL BT B0 R R Hh Z R ARIE . i
Sb, ARG EEEEAAREEE, Wl AR X RO
AL T AHAEE, B SRS B 7 (rq) ZEAT

N(e)

2(rg)="Y (u(r)) (3)

i=1

RAE (1) F1 (3), FAreREL y(r.q) 51T
BRE &3 2

2(rq)~r (4)
( )——hnlbgzzﬁ?c%(r»q (5)
9= log(r)

K, 7(q) N g HERERY BBV KA. 2 7 (r.q)
5 r BB Eth 2k &l M RIS, MIBFTER R
HA ZE PRI

RETZHEMEHEIE, N T ERMMIEXNRNZ
HIMEARE, EEELIT 5 M RAESEG (1) o5 (2)
a5 (3) oy 5 (4) PRI Aar 5 (5) ARFRIERLLAS ©
Aa 5 Af BTSRRI

Aa = Omax ~ %min ( 6 )

Af:f(amin)_f(amax) (7)

ay . oyMa, 5Dy, DH D, ——XNi, 5%
S T WS RT G I 2S m AEE AR B AR BRI DGR 44
Ao WL T R RME TR, AaBiR, XTRINE S
FREEBROR; Af W T ZHEPIEIEHIER, Af <0,
A p AR VI A)I 2 NERR T ETOOE JIIPN S
FEHWER; AF >0, ZEASEIEZI TR,
WFFER R/ IR T T e s o TEARAIESE T, R
FH ImageJ "' MULTIFRAC #1453 ¥ 7 Ji& PG Fn —
FURALIRZE 4 (1 2 AR ARIENT, Horp g M ERE TS
FIA[-5, 51, KM 0.1,
1.3 #ExEoH

T R R S L R e S T b T LU,
HAB 7R R G000 S 0V e Biti 2 RORE f 184 o i e A%
Tarquis Al Bird"*48 i H-4E T A R G n M 2 bt R
FEp= A B py 8 Ak, A ORI e RO R AR A, 1R
7RISR E (), B (E () AT (8) 2R

E(r)=-3 4 (r)logy, (r)+log% (8)
ARATARCH , SR IR U T 9 M 4 ik il
AR NI R L R G AR AW, ik
PPN RO R G, 2403 Hesug i 2 £5 ),
AAXT RS AE & LR

AE=E(2r)-E(r) (9)

AFFERHLAT 5 A SBE A XHRE R (1)
AE . :(2) AE. ;5 (3) RangeAE(r) ; (4) r(Eny ) s
(5) r(Epn) o Ay FAE ;73 AR A X 1
BTN (B, ) F( By ) SR EAAG
R WU B AR MEI IR R E;  RangeAE (r) 2R
WG B RO BRE, ATRR N

RangeAE (r) = AE,,, —AE (10)

max min

RangeAE #/), RGAIRALER AL, 2IB%:
fEERSE . FEABISE T, R EXCEL 4R IHH KE
PG RN — B G FL B 544 B AR T R A

http://pedologica.issas.ac.cn



1216 + i1

61 %

=

2 4

2.1 HmMEYRRIT CT FLEEMFLE S TR

FAT AR BRI CT LB INER 2 s . 2% 9
RALA CT fLBREERR, T S5%2E ok A B 1)
CT fLERE e/ o I IEFLAR MK F, Frfa b H Y
H 50%AFLER A2 TE 0~5 pixels Z[H], Hrb 2017
4E 5% TR AL 0~5 pixels FLER 5 e, ik
BT 67.76%. RfE W) Bt AR R AY3E m, 2020
AE 5% RRAL B 0~5 pixels FLER 5 HLRRAE T
47%, 10~25 pixels FLBR 7L W E & A, 5
0% 1 2% 4= [T s b BRAH EL L 5% 9 5 e de LB
BARTN (20~25 pixels ) -
2.2 RMEYRRST CT FLBR S E S SRR

AT ZF A BT A, W00 2 E B T
PRGN, BIEFE In( 7 (2)) 5 In(e) M ELLH A3
TFHE (P30, i 3 AT, In(z(e)) B R
INSEEE AL, RIFRA TR, RIGHERNE L
AR M T REER, In(z(e)) 5in(e) 1
8~512 pixels REEAFIELME R RN RTE
A EG T AAEAE T 64~512 pixels NJEH, HI,
AP 8~512 pixels A K KIS HIFLER £
FAMEHRIE ; 8 64~512 pixels N EFHHE —(EHA
1R FLIR Z FH AR HEAE .

=L EILREERIE 4 i, KRG
TAEEUS RS BT R E T R th 2 E R R
ik o TE IR BE MG —AE KR T, 2%2E ) BT e b B Y
T REZ BTSSR 2%4: Y Bk AL B A
PR R W A LBR S . A, A B £

SIS R E Y, X R ITE T abFE s, AL
PR Ry O, i /NFLBR O Ee >, AR SRR AT
BEAN, K U —AH RS B i i 2 B I,
SR 0%A W TR AL B, T H G 2 Em T
JUF R A8, XEWRE EHERILR N £ &5
TERREAR S5 o i taT 0, RS R AR /N R I
FEAEZE B RHIE, HAS S0 LI 2 E 53 T Rk 3
S DRI, AR SCR I BE MG 3 A A ] b 34 ] LB
) Z ENTEFFIE S

ANFILEPRR 2 B 53 TE AR 3 s o 3R 3 AT A,
AFESE oy o Tl ey 225, RIFX =124
ANAE R M X 53 A ) T e A B LR ZS 40 (1 A5 4k
A REMS I ALFLBRES I B A4 . 2% W) T e b 3
Aa K, B 0%H1 5% E YR BRI IN T 14.7%
F134.9%. AL, FrE R Aa BAFHENT, 0% . 2%F1
S%LEMIORAN IR A AFHIRKER 16.7%. 17.7%F1
19.2%, EWIFRANERAY Ao AFSAIE KR 5, firfg Ak L
TERTA AR AF B/NT 0, RIAIRK AT HFEAYFLER
BILAIRALB R, /NFLBRAY 7 LU RIS
2.3 RIEMRRX CT LR XT 4T 520

R PG TN — G MR AR G 25 SR & 5 s .
HT S AT, O RIS B4 R XA R ol g 1 o 34 2
T 0, UEBAAHXTRE vk AN TE A K R LR
SRR, E (ARG, AR IR BE S RE
PRGN B R AP R R, RSB R 1
bSO X
W B RE R R N e R K, FE e TR, TE
16 pixels NUEE T AR X3 3k B i KAE 0.767, X &
REIZNE T, AEMRA A AN & AR SR,
EUSARAEAEST T HEAE .

R2 FREMRRAIEN CT FLERE

Table 2 The CT-porosity of different biochar treatments

EAy A=W B AR S A CT fLEREE G0y A=W B AR S A CT fLEREE
Year Biochar application amount/% CT-porosity Year Biochar application amount/% CT-porosity
2017 0 0.040 2019 0 0.056

2 0.053 2 0.077

5 0.035 5 0.047
2018 0 0.066 2020 0 0.064

2 0.078 2 0.078

5 0.045 5 0.053
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Fig. 2 The pore size distribution of different biochar treatments
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Fig. 4 The multifractal spectrum of grey and binary images
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Table 3 The multifractal parameters of 3D grey images of pore structure

P AW IS I
YVear Biochar application % ! @ Aa Af
amount/%

2017 0 3.001 2.999 2.998 0.040 —0.099
2 3.001 2.999 2.997 0.047 -0.113
5 3.001 2.999 2.998 0.033 -0.067

2018 0 3.001 2.999 2.997 0.053 -0.112
2 3.002 2.999 2.996 0.057 -0.130
5 3.001 2.999 2.997 0.046 —0.098

2019 0 3.002 2.998 2.996 0.058 -0.115
2 3.002 2.998 2.995 0.066 -0.139
5 3.001 2.999 2.997 0.049 -0.108

2020 0 3.002 2.999 2.997 0.060 —-0.149
2 3.002 2.998 2.996 0.072 -0.178
5 3.001 2.999 2.997 0.052 -0.119

e HIEFLBREE 1Y 2 B 4 T S HCR K B B80T 55 . Note: The multifractal parameters of soil pore structure were calculated using

grey images.
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Fig. 5 The relative entropy of grey and binary images
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Fig. 6 The relative entropy of a slice binary image
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Table 4 The relative entropy parameters of 3D binary images of pore structure
AW B TN A
O P (A ) / r(AEyin ) /
Biochar application AE ax AE in Range(AE)
Year pixels pixels
amount/%

2017 0 0.771 0.131 0.640 16 128

2 0.612 0.117 0.495 16 128

5 0.593 0.011 0.582 8 128
2018 0 0.749 0.184 0.565 32 128

2 0.528 0.051 0.477 16 128

5 0.642 0.079 0.563 16 128
2019 0 0.625 0.083 0.541 32 128

2 0.495 0.096 0.400 16 128

5 0.573 0.039 0.533 16 128
2020 0 0.562 0.062 0.500 32 128

2 0.519 0.146 0.372 32 128

5 0.539 0.093 0.445 16 128

e LR AR S BOR H (A RIR TR . Note: The relative entropy parameters of soil pore structure were calculated

using binary images.

U INAE ) ST e A R A TR AR IR Fe 55 o Ik Ah, P Ab
) AE H1E 128 pixels A EUS e /IME s A2 9 o
TG, 7 (AE a0y ) A BEARKE S AR5 [RIARESE M AH X
SERLORIEE 4, A AL B Range(AE) Bl AR () &
Wi, Hoh 2% 5% A W 5 AL BT R G R
( 8.28%Fl 7.85% ) ¥ T oK WS n A= W) Jot ok Ak B
(7.29% ), F(AE,,) BEE 0380 i k.

3 3 ®

AR IS 2, A 22 T AT B S5 AR B IR T A
YT e B SO AL BRI B AT, SRR
IR BE UG 3 B UG AE T /NI RUBE L AF A T ik i) &2
FAPTBARAE . 3% PR R Y K B R A — (8 R &
B, EMRAGER 58 2l FL B Bl - S o s, R %]
G5 B & A F RO, R I —(E R oL B
AT KRR E L FE 2 &R RIE (64~512
pixels ), VLA Tt 8 FLBR 2 H 53 TR RRAE G RUEE
A 44, RN FLIR 2 EPERREAR S5 . I AH
XoF i 12 D) 3 Tl Rk B R B AL BR 45 4 B o T 5
ROBEARE R 25 S0, BERSBIFST B N (A K%

FLEREGH , A R AL SS 2 A IE N R 2 % 5+
Btk £i ERTIR, S orHr - IEROUL B Y S 2% N
10, ZEPILTTEE G TIKER G, X
JNkIES T T HEE.

HUKEZRB I Z EHEER (K 3) /I, 2%4:
YR AL PEALBR A S A B B e, AR B, X1
WA B/ NFLIR S EE AR, AR Sk T . Xl e
DR o A= B e (4 S A B T2 e KA R LR MR e
J, KRR IRRENS LB i Y, 754k
ot b AP ARSE/NFLBR A R0 A, i A R LB
&N, DT 7 - S FL R A 52 2% B2 55 AN B 2 4
B o AP BTN (5% EWI B ) FEAR TR
LA ALBRA A S A AR, X AT BE R P O AR T
B SEH AT, S EORFLAR A FL BB 5 4 i ek
AREEC (I 2) B s, ARAEZ A o « o
e, 225 AU, SRHIX =S RO SO AE Y 5
DAL BERST - SALBREEA BRI, X5 AS AT BA 2 i
B FE— B0 AR Y 7 IR 45 1 T R AR
M EER AR SEOT N (% 4), LY BUR A
HU) AE,,,, M Range(AE) A, UEHHAE W) B A5 e
TIEALIR A 2 PR RIER . BAh, BEE Y
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Eibd 61 %:

s AR RN, HE S 5% Ak W T e B Ak B
r(AE o ) AR S, X WA L3P AL R
RAVEABEARR S (K 2), X 450955 TAEY
B2 5 AR EAE T, R 3 IR AR FLER
Besh, AW BORM T AL RS A S
M o Pl A 0 o i AT BR80T A b B Aac
BEAFHE NN RangeAE ZARFEAR, XERAE LKA
ARRESERER AR Oy A SE I a3 . AN FEAE KR R
B 2% T b Y L ST e B, TR R vk
b HEFL B A4 S IR AL A A - el S R,
SErp ARG SR BER K, A=W LB S A AR R A B
TE I A 2 A LRSS R P A B (VR o A
By T 158k 398 v AR RV P 22, T FLBR
LR 52 2 FEPRA PR Y7L fL 33 % . Soto-Gomez 451>
g A IR RO FL A M R AL IBUE S L LB
AEE T, XA LIS KE A R,
AW 55 )OS TN BE A 418 e T £ 35T - FL B B2 2% BE O
IR+ EFLBR A A, TS B R

4 4 g

I 2R FHAS TR A B8 5 6 43 B 33 O AL B i) &2
FRPEEAT R, 2B TRIE S TR TEAREX 5
(an K BEEME ), AR 05 & F 59 2 B T Ry
TEXT S (Bl —(E % Do 2% 4 5 ok Ak B A% £L B
SER S AR B A, B FL B 2 A R RO Bt
5 0% 5%AEYFEARATEML, Aa/EET
14.7%F1 34.9%, RangeAE 4% BIFEAR T 7.97%
17.90%. = EW) e TR it ( 5% i s ib 34 )
D FLBR AR I 52 2% B, IR AT A 0 o P B R 0R
JIT A AL A FLIR A 2% B Bl AT A S A3 I . AR I
BN AR I EALBR S B R, AR
Ab PR FLBR S 2 B R T, 2% 5% AW I
IKEPRIY Ao FEEIERRN 17.7%H1 19.2%, RangeAE
SRR AR N 8.28%H1 7.85%, HIET 0% 9y Fi %
AEFR (16.7%F1 7.29% )
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