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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
scanning images, different scaling and descriptive statistical analysis allow for a better study of soil
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pore structure or architecture. [Method] In this study, the saline/sodic soil in the coastal reclamation
area of Jiangsu Province 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 at three 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 (Aa = 0.061, RangeAE = 0.436) and the improvement effect was the best. The addition of
high biochar (5% biochar treatment) reduced the pore complexity (Aa = 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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o R 2R oK RE RS LS . WEISTUA BT, FIEAS Y 840 mm, LN 850 mm,
RITT AR 300 Lo iRXI0 LRGBS 18 T T . MGt A RIH 3T 2015 4EHUH
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Table 1 The basic properties of saline soil and biochar

i Tbki ki Rk Ji HHE EEDIR
Soil Sand/ % Silt/ % Clay/ % Soil texture Bulk density/(g-cm) Organic carbon/(g-kg™")

3237 62.75 4.88 Frib gt 1.38 3.81

pH CERSES B WERFLRERE A HLEK BHE SR % R ETE NN
R Electrical Total Internal Organic Bulk Particle Particle
® conductivity nitrogen porosity /% carbon density density / size /nm
Biochar

/(dS-m™) fg'kg" /(g'kg" Agrem?)  (grem?)
9.9 1.0 5.9 493 467.2 0.69 1.83 4.40

FREAE 4 (2016 ) TIRMPIRE 5L, SRR 2017 S£F74G . TEKFEIR
g, AT LE TR g, /AN ISR IR TR 4, SR 100 em?
FIARESERIA TIE R 2 AR+ (0~20 cm) #1147 Micro-CT $33#. CT FA#5IR I8 1E Hh E Rl 4Pt
A RIREE T TIEAT, SRS R X BT A 00 i &R SE (Phoenix Nanotom S, GE,
USA). Micro-CT 438 it tH LI S 2RUF K BRI, a4 6 K #UERL 3 T BiTH
AR A, FETHE LIRS R B 0.5° s (R B e s, PRGN #8775 RAE I A, &S
AL RER MBS Ed L3N CT YA EIER. AR 3 X SRimkitE
4 100 KV HL AT 100 pA LR, R8RS BN 25 pm,

ARG K H Imaged BAF 70 ir CT FE G 9 1 3k aidd SN H FEAR T ST LAR 2R I [
PR EMG L 512x512x512 voxels FR 7 AE AR L X 3. S8 )5 19 0BG 1) BEFIXRT LG RE, DA
TR EUE K FEAE BTGy 0~255, WKl 1(a)fix. 5 R HEIER (2x2x2 voxels) %f K &
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fios. t3 CT fLEREEK A Volume Fraction Plugin i+5. Jy3REEIELLEE 0 A, RH
LocalThickness 47> % —AH KBS, ARG EZEWE 1 (o fin. ARFEEAERA
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http://pedologica.issas.ac.cn



T & ¥ &

Acta Pedologica Sinica

(a) XEEH Grey image (b) —{EE{& Binary image
E: b BEATLEE, ZRATIERR. Notes: InFigure 1 b, the white part represents the pores and the black

part represents the soil matrix.

| TEAARREA 2D CT B &
Fig. 1 Typical 2D CT scanning images of a selected soil sample
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2.1 RIEMBRIRST CT FLBREFIFLIE S AR

P AL CT FLBREE IR 2 FroR. 2% MR AL CT FLERE &R, T 5% EN
RALPER) CT FLBREE e/ o N IRALAR AR, Il AL BEL) A S50%IKFLIR 4272 0~5 pixels
Z ), Ferr 2017 45 S5%AEW) R AL 0~5 pixels FLEE &t AH] T 67.76%. FEEALY)
JFOR Tt P AEBR O8N, 2020 4 5%LEY) B R AL FE T 0~5 pixels FLEG 1 LUFEIR T 47%, 10~25
pixels FLBR &7 Fo @ 42 o Ak, 5 0%FN 294 W) 5 R AL BRAH LL, 5%k e K FLBR 1A%
B/ (20~25 pixels) .

R 2 TREMBRKLERN CT FLERE
Table 2 The CT-porosity of different biochar treatments

HE TR S N AW BT AR T
FA _ o CT FLEREE FA _ o CT FLEEE
Biochar application ] Biochar application .
Year CT-porosity Year CT-porosity
amount/% amount/%
2017 4 0 0.040 2019 4 0 0.056
2 0.053 2 0.077
5 0.035 5 0.047
2018 4 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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(a) REE% Grey image (b) Z{E[E& Binary image
e L2017 4F 0% b NG e = /Ry BEHLHCTHREIERNR/MRT: KIEEEN 8

pixels, “AHEIZN 64 pixels; K ELMREAFYEE g FRC» MBS TR RUERR R, H LR T RqM-5
£ 5, HKAHN0.1 LR . Notes: Take the 2017 0% biochar treatment as an example. The black line mark in the
figure calculates the minimum size selected: 8 pixels for grey images and 64 pixels for binary images. The lines in
the figure represent the relationship between the partition function and the calculation scale under different
dimensions q, with q ranging from -5 to 5 from top to bottom, in steps of 0.1.
P 3 BC 70 bR By (r) 5 T 5 RUBEr 3 0005 4 it 26 P
Fig. 3 Log-log plot of y (€) versus €, at different mass exponents
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e B SIMRERKERBITELS R, B HE EHEB I E S R . Notes: The first column represents the
results of grey images. The second column represents the results of binary imagest.
K4 KERGS ERERZEDEE
Fig. 4 The multifractal spectrum of grey and binary images

AFAEE )2 E RS HNR 3 fios. B3R 3 W, AFELHERa . oy Fa, 7 5 A
B, R =AZHRGE R BV OR S SAL R A M A2 . AR EALALIR
IR . 2% FUR A BRI Aati K, B 0% AN S% AT R A B 73 G TN 1 14.7%H0
34.9%. SLAh, BT AT b BRI A I, 0% . 2% 1 5% E PR AL BRI Aa HF 11K 3 16.7%.,
17.7%A01 19.2%, PR AEE I AcF G KR . firf BRI S A f 3/ 0,
RAGIE A AL DORSLEUN T, /NFLBR I & LETEAR
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Table 3 The multifractal parameters of 3D grey images of pore structure

. VTR N
Biochar application Qg a, a; Aa Af
Year
amount/%
2017 4F 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 4F 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 4F 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 4F 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

i RIEALRGMN 2 B SECRHKE B 15 . Note: The multifractal parameters of soil pore structure

were calculated using grey images.
2.2 AWRINEMBURST CT FLERAB S ES T

IR JEE BB AN B B BAT XRS5 RAnE S Bl o BB S Al 8 AR R AR X AR AT AH X A
PEEIEGL T 0, ULHIARXR 5 AN IE & K B U IR AL R A . A2 —(EE B+, M
SRR BEE R RN 2 I R LR ESC R, 12 = BEE R RGN BN sh .l At
BB AT, BRI ERE A R i Sk R, RS TR, 7E 16 pixels U
ARG A B A 0.767, REWREEZRE T, ZMEEEM AR IR, &
BAAAE D LRI

1.0 -

5 P, —e— K Grey image
[ . == —s— {fi A& Binary image
—e— K fE P18 Grey image s os | i ). 767
| —=— —{fiFE{§Binary image_” e = D S
E(r)=0.767In(r)-4.008  / aal g
R=0.98 e
—~-2F pd t 05
S x < 04 -
4 03 Y
P o R
e 4 0.1
0.0
- 0.1
0 1 3 - 6 ( 2 i
In(r) In(r)

VE: BL2017 & 0%4= 95 % 345 L #E 19 . Note: Take the 0% biochar scanned soil sample in 2017 as an example.
& 5 7% B B F1 —E B R A HE X R
Fig. 5 The relative entropy of grey and binary images
N T HEEMRMER BB AR 5 RERR R, 18 2017 4 0%EYFUR AL B
— ik TAH BE I ABXE AT, Wil 6 B, HHEL 6 (b) RI A, AHXEIS =AE 64 & 32 pixels
RGN, A3 K{E 0.81. B 6 (¢) A6 (d) JEiR T 7E 64 pixels F1 32 pixels %
B AEDV A S, ATRUR LS TR RS B 64 pixels FRAIRE 32 pixels i, #8701 MRS JLF
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FE A FLBIE, I Le TSRS 1R AR A AR B, AT S BURME K 73 T AR AIE A ARl
e

E(r)=0.81In(r)-4.75 or
T R=097 /! 09
/ 08 = ). 81
Wl - =
e 0.7
// 0.6
S 2 g 0
= / < 04
g
. - 03
; - 0.2
4 - 0.1
—
0.0
5 L -0.1
[} 1 3 4 ] 1

In(#) In(r)

32 pixels

64 pixels

(©) (d)
E: LA 2017 4E 0% R I — 5K —{E B A ufl. Note: Take a binary image of 0% biochar in year 2017 as an
example.
&6 Z{EERGRH 4 EIRETBERE
Fig. 6 The relative entropy of a slice binary image

T EUE =LEARXS RS EANER 4 R . 0% BUR AL BE B AEmax ARange (AE) i 144
JRHAEER s 1T 2% A5 R AL HE ) AE 0 FIRange (AE )EE S%2E 4 5 5 Kb B2 43 5 B 7.97% A1
17.90%, 15t W 2% M) 5 e Kb B A = S SRR A doe s i) 0 TR AL, TR S A= 5 2 A B
TN IE RS9 . Ah, FTAALFRRIAEYILE 128 pixels AbHUAS /M AW FRR NG,
T(AEmax) B FEAGE S . 0 FIREREMAAR XA, MRYEK 4, 4B IRange(AE) FEEF
AIEHTR N Hod 2% 80 S% AW RAL B T B R (8.28%A1 7.85%) Hmy T RENINAY)
JRAEEE (7.29%), 1(AEmax) B8 AR I BN A

* 4 TIRFLBREEMN = 4R ESH
Table 4 The relative entropy parameters of 3D binary images of pore structure

Ay AW TR R R N AEmax AEmin RangeAE 7(AEmax)! 7(AEmin)/
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=

Year = pixels pixels

Biochar application

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

V. 3L A M RARH R SR ] —H B4 115 . Note: The relative entropy parameters of soil pore structure

were calculated using binary images.

3%F #

AR 2 45 2 B4 TEIUS 5 MR IS R A0 L AR 0 B RO FLBR I 52 J6 AT 09, 45
R, R B B R T /N R b A7 A TR R 1 %5 T4 TR T o 360 TR A 24 AR 1)
1 Ly A RGN, PR 2 e 4 LR R MR R B30, 1 B b b 4 138 SR 2 ok
1200, ] b, — i PR O LA A T K R b A7 7E % A TRAHAE (64~512 pixels), i 7 i
T LIRS B A T E R R UG 4 A, S FIRTLIR % B4 A RS . AR 77 1%
U3 e S 1 PR L 5 M 5 F T R B AR A 1 2 S, BB 9 T R F (PR %
FURAE N, AT RAESS % AT RS R RIRIE . 25 EFTR, AW S LI
SREEATHN, £EMWTEES TRIEBIGNT, HXETEES T EEE.

HRFE IR % 4L T (2 3) TT, 2% 4005 R A B L F S 2 B J v, bk
VR, U AT N FLBE S LB, A5 SR ST A DR A R R R AT B
TR AR K TR TR, K3 P R S5 300 I FL B O i M2, 545 235 - b ST
ANFLSEB Bk 2 ARG, 22308 1 A FLBRM I, AT B3-S FLIR A 52 8 S5 AR Bk B4 2
B RV (S%AEMIR S W T 303 L RO FLBRST 40 SRR R, X T AR
T B 5 AR R SR A TS, S EORTLR LB SR TR T (& 2) P2, Ak,
TR [ R arg oty il 25 SR 6, X = ANS MU T 12 S WA 0 5 6 A B T 1L
SRS RIS, X 55 A L 2 BT AOBRIE 50230, ARHRS BN 77 i th T A4S B b — A
B HORIRHE S ST AT (6 4), MR BAL BT AE o MRangeAE A, 114 MR BRI
FIEFLBRIO 2 A TAER . IEAh, B AEMR BRI BN, TR SY%E MR B AL
HE, 7 (AEmax) B WIRHORES, 5 R L33 b FLBR AR FLAA A IS RO R (IR 2D, 3% — 4%
P T AR RS 5 IO TR, R L3 b 5 BT

A, AR BT L LR M S S BN o I 2R R B P AR SR s,
R B P AU 4 3 I TTRange AE & 4F MG, 15 2wk 5 FLIS 0 52 Z R R B 4R 0 I PO a3
A FEAE /KRR LR 20k U 5 b 0 - T TR B, 6 3o 2 ol - L ) ST A
(AR AR AN, L b SRR K, 2R LR S LR R S BT R o 52
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I FLRRAE A2 o AP0 (R NN B4 o - 3 AR WA M s 30 S, IR LR 45
S I SE AR A AALIE 2 . Soto-Gomez SEPON H B8 52 2% (AL IR S5 My bt LIRS . 19 m
FLBE R S I, X SR IR SKE A B, AEVITUR O IN BENS i e 2R 15
HAUBR R IR I IR LIRSS E, TSl 3 R .

445 #

JSLR R AN [ (R B AR 735 23 i L 3O AL BRI B A REEAT A, 2 B TR 7 5E & T iR %
FHEXT % (IR FEEBD, XS ITEE & T 552 B TRRHEN & (Fln —EHEHED . 2%
VTR R FLIR G M R ey, TIBMFLIRE B R B i 5 0%F1 5%4Y)
FARALEEAEL, A a2y HHRE T 14.7%F1 34.9%, RangeAEZr MBI T 7.97%F1 17.90%. 7=
VTR TS I (S%AEP TR Ay b FLBR S I 2R BT, AR AR o 1 ol R AU
BT A B () FLIR S 24 BB SR B AR 3 IN. AEA SR IS INBE B I 3 FLBR SR &
AW I e AL B PR A 2% B B I R TR, 2% A1 5% AW R R AL A a KRN 17.7%
F119.2%, RangeAE fE 5 FEAER N 8.28%1 7.85%, YT 0% AW R A FEC16.7%F1 7.29%) .
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