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Density Fractions in Paddy Soil

ZHU Mengtao*?, MARuiling*?, CAI Ying*?, Y1 Qi'?, JIANG Shuo™?, LIU Zhiwei*?, BIAN
Rongjun*?, ZHANG Xuhui*?, ZHENG Jufeng"*', LI Lianging™?
(1. College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing 211800, China; 2. Jiangsu

Collaborative Innovation Center for Solid Organic Waste Resource Utilization, Nanjing 211800, China)

Abstract: [Objective] Soil organic carbon (SOC) sequestration in agricultural ecosystems is critical for mitigating
climate change and maintaining soil fertility, with mineral-associated organic carbon (MAOC) playing a central
role in long-term C stabilization. Paddy soils with higher SOC density exhibit distinct biogeochemical cycles due
to periodic flooding and anaerobic conditions, making their SOC dynamics particularly complex. While biochar
amendment has emerged as a promising strategy to enhance SOC storage, the specific mechanisms by which
biochar interacts with soil mineral fractions and modulates native SOC stability remain poorly understood.
Previous studies have primarily focused on total SOC changes, overlooking the differential responses of
mineral-bound C pools to biochar input. This knowledge gap hinders accurate assessments of biochar's long-term
C sequestration potential in paddy systems. The present study aimed to address this gap by investigating how
biochar amendment affects SOC distribution across density-based mineral fractions and alters native SOC
dynamics through advanced spectroscopic and isotopic tracing techniques. [Method] In this study, a field
experiment was established in a typical paddy soil in southern China, with two treatments: biochar application at
15 t-ha™ 1 (C15) and no biochar (C0). After two years of rice cultivation, soil samples were collected from the 0-15
cm depth and subjected to sequential density fractionation using sodium polytungstate solutions with gradient
densities (1.65, 1.85, 2.05, 2.25, 2.45, 2.65 g-cm™ 3). Each fraction was characterized for SOC content, stable
isotope composition (3*C), and chemical functional group via Fourier-transform infrared spectroscopy (FTIR).
Scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) was used to
visualize particle morphology and elemental composition, while X-ray diffraction (XRD) identified dominant
mineral phases in each fraction. Isotopic mixing models were applied to quantify biochar-derived C versus native
SOC contributions across density gradients. [Result] The results showed that (1) Based on SOC content and soil
minerals categories, density fractionation successfully separated soil into three functionally distinct pools:
particulate organic carbon (POC, <1.85 g-cm™ 3), clay mineral-associated C (1.85~2.45 g-cm™ 3), and primary
mineral-bound C (>2.45 g-cm™ 3). XRD analysis confirmed that the 1.85~2.45 g-cm™ 3 fraction was enriched in
2:1 phyllosilicate (e.g., montmorillonite, illite) and Fe/Al oxides, whereas the >2.45 g-cm™ 3 fraction contained
quartz and feldspars. Fourier-transform infrared spectroscopy (FTIR) demonstrated that the intensities of O-H
stretch (2 923 cm™) for aliphatic structures and C=C stretch (1 610 cm™) for aromatic compounds gradually
decrease in both biochar application (C15) and non-application of biochar (CO) treatments with increasing density,
while SOC stability progressively increased. (2) SOC content of density-specific changes varied under biochar
amendment: Contribution of SOC in the <1.65 g-cm™ 3 fraction increased by 150.1%, driven by biochar particles,
while the 1.65~1.85 g-cm™ 3 fraction showed a 60.9% increase, due to biochar-derived C adsorption onto clay
minerals. Conversely, the 1.85~2.05 g-cm™ 2 clay fraction exhibited a 37.4% reduction in SOC contribution. §*C
analysis confirmed biochar-C presence across all fractions, with the highest incorporation (64.5%) in the <1.65
g-cm™ 3 fraction. Native SOC depletion was observed in five density intervals, with the most severe loss (-41.2%)
in the <1.65 g-cm™ 3 fraction, indicating strong positive priming. Notably, priming extended to the 1.85~2.25
g-cm™ 3 clay fraction (-14.6%), suggesting biochar-induced microbial activity stimulated decomposition of
relatively stable mineral-protected C. [Conclusion] This study demonstrates that biochar amendment effectively

enhances total SOC content in paddy soil within two years, but its C sequestration efficiency is offset by
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priming-induced native SOC losses across labile and mineral-protected pools. The findings highlight the need to
account for biochar-microbe-mineral interactions when evaluating long-term C sequestration. By linking density
fractionation with spectroscopic and isotopic tools, this research advances understanding of mineral-mediated C
stabilization in biochar-amended soils, providing a basis for optimizing biochar application strategies (e.g.,
feedstock selection, application rate) to maximize C sink capacity in rice-based systems. Future work should focus
on long-term monitoring of priming effects and microbial community shifts to refine sustainable soil C
management practices.
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Bl 1 %% A s i R R
Fig. 1 SEM from each density fraction
1 gEiE (EDS) TEFMBIMNETERREFEILL
Table 1 Relative atomic ratio of major elements by EDS/ (%)

UL
B2 Density I/ = 4 (53 G| it oy il 5 B
Treatment  fraction/(g- C ¢} Na Mg Al Si S K Ca Fe
cm®)

<1.65 55.07 3794 0.20 0.16 140 415 012 025 014 0.45
1.65~185 5129 4019 0.30 0.16 1.76 517 007 025 011 0.61
1.85~2.05 39.87 4767 0.42 0.36 3.42 633 000 045 0.00 1.13
2.05~225 3482 5068 0.34 0.33 3.10 9.08 000 047 0.00 0.98
225~245 1329 6321 0.61 0.63 483 1483 000 081 0.10 151
245~265 1952 5737 0.96 0.00 185 1937 0.00 049 0.09 0.34

Cco
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>2.65 2411 56.04 0.36 0.92 503 878 000 112 0.86 1.74
<1.65 69.42 2680 0.15 0.10 071 214 006 012 014 029
1.65~185 5828 3535 0.26 0.15 136 364 005 017 0.10 0.49
1.85~2.05 4301 4516 0.58 0.29 328 551 040 0.00 0.00 1.14
2.05~2.25 3329 5147 042 0.35 362 891 000 054 0.00 111
2.25~245 3399 5105 0.49 0.37 319 916 000 057 0.00 0.98
2.45~265 1742 5818 1.04 0.12 184 2051 0.00 047 0.08 0.34
>2.65 1224 6285 0.48 111 6.06 1159 000 139 094 213
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W Q, AYE; Mu, =Bk Mg, WK Ch, ZJef: Ka, mkfa: P, Kf; H, 70 Ho,
WA Sm, HITERESRMNFEEMEIZFEEN A . Note: Q, quartz; Mu, muscovite; Mg, magnetite; Ch,
chlorite; Ka, kaolinite; P, feldspar; H, hematite; Ho, hornblende (amphibole); Sm, Na-saturated smectite after
treatment with Na-polytungstate.

Fl2C0 (a) M1 C15 (b) AbFEA A FEL S ) XRD it
Fig. 2 X-ray diffraction of density fractions in CO (a) and C15 (b) treatment
22 $YFRREA T LEFARZEAS RENMH. SOC & °C EiIE

BRI BT R 0, 3R 3 A 1.85~2.05 g-cm > il 2.45~2.65 g-cm ° [X.
(] S X 3 AT RFAE, 75 CO AL FR rh 733 7 B B 315911 52.3% (3% 2) . 55 CO AbEEAALL,
A ) 5 R e ) B A 2 AL R R KR SR, 354 n<1.65 g-om 3. 1.65~1.85 g-cm >, 2.05~
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2.25 g-cm A J2>2.65 g-cm > 443 (kG R LA, 3BT 90.5%. 54.0%. 38.8%41 30.6%
(P<0.05) ; Tfi 1.85~2.05 g-cm > 4143 5 & L5 55 3% T % 15.4% (P<0.05)

I U B T BT RS (G 2D, ARV R A R E R T1<1.65 g-cm A
1.65~1.85 g-cm 2414} SOC & & (P<0.05) . SOC fHIAHXS STEk /- #r i, SOC &4
1.65~2.05 g-cm ® [X [, HIET CO AL, AEM) % it FH 3 19 0<1.65 g-cm > (+150.3%)
A 2.05~2.25 g-cm >(+3.5%) 41531 SOC (KIS ok, [FI A% 1.85~2.05 g-om °(-37.4%)
414y SOC HiX} 5Tk (P<0.05) . °C [RIfL 240 Hr W, & 1.85~2.05 g-cm ™ 41434k, L4
Rt B N 4214y 87°C . HEBREW R RN SOC Tk e KL, AR it S B0A
JE& SOC & B A%, H5 il L 7E<1.65 g-om 2 [X ], IRy 37.89% (P<0.05) ; 7£>1.65 g-cm
X [H], A% SOC T FEMEFELI N 5%~15%.

%2 BEEASNRENT. BHBRRAKEHR
Table 2 Distribution of mass, SOC and native SOC in density fractions

R4 4 R 5 HEASEI  BEASEH B
) N i ENEEERIR T
Lb Density Distribution of {7/ TRAE XS BT R Be
Native SOC/
Treatment fraction/ mass/ Content of SOC/  Contribution of 8tC (ke
g-kg
(g-cm™) (%) (g-kg™) SOC/ (%)
<1.65 0.63+0.28Bd 230.90+£10.47Ba 6.30+0.44Bc -30.31+0.03Bb 230.90+10.47Aa

1.65~1.85 2.56+0.41Bcd 150.24+20.71Bb  17.15#5.71Ab -30.01£0.02Bb  150.24+20.71Ab
1.85~2.05 31.48+3.18Ab 33.76+2.17Ac 45.96+4.00Aa  -30.07+0.67Ab 33.76+2.17Ac
Co 2.05~2.25 3.71+0.42Bcd 33.24+1.04Ac 5.38+0.97Bc -30.29+0.02Bb 33.24+1.04Ac
2.25~2.45 3.49+0.64Acd 24.17+1.07Acd 3.69+0.84Ac -30.00+0.12Bb 24.17+1.07Acd
2.45~2.65 52.31+1.40Aa 1.08+0.35Ad 2.45+0.19Ac -28.46+0.11Ba 1.08+0.35Ad
>2.65 5.75+0.43Bc 4.13+0.29Ad 1.03+0.11Ac -29.67+0.65Bb 4.13+0.29Ad
<1.65 1.20+0.17Ad 382.23+8.25Aa 15.77+1.33Ab -21.56+0.04Aa 135.65+1.53Ba
1.65~1.85 3.94+0.39Acd 204.05+18.58Ab  27.61+2.20Ab  -24.71+0.05Ab  124.22+11.72Aa
1.85~2.05 26.61+2.06Bb 31.32+0.19Ac 28.78+3.41Ba -29.05+0.02A¢ 28.96+1.38Bb
C15 2.05~2.25 5.15+0.25Acd 31.28+0.53Bc 5.57+0.66Ac -28.91+0.01Ae 28.11+0.45Bb
2.25~2.45 3.53+0.26Acd 26.01+0.88Ac 3.16+0.16Ac -28.38+0.10Ad 22.89+0.41Ab
2.45~2.65 53.64+1.39Aa 1.04+0.50Ad 1.92+0.14Ac -26.59+0.21Ac 0.89+0.06Bc
>2.65 7.51+0.46Ac 3.51+0.36Ad 0.91+0.14Ac -28.44+0.21Ad 3.19+0.32Bc

T AE/NG R [F AL BEAS [F) 55 B2 2 (8] () 22 e 1t AN R OR S - BRARERAS [m) A 381 ) ) 22 S Vi W 3
JKF (P<0.05) . Note: Different small letters indicate significant difference between different density fractions in
the same treatments; Different capital letters indicate significant difference between different treatments (P<0.05).
2.3 £YIBKIER T IR EHEE 7 AIMNEE 54

{8 B AR S 2T ARS8 o T o, AN IR B ALy R LA MU A B RE ] R IR FE 4y 57

(B3 . B 55 R (3500~2900 cm™) FEZBE/NT 2.45 g-om 414y 4 &
SHAL, o 3400 et Ab WA RIK L BESS, YK O-H (MR 4EHRS, T 3 250 cm R AE
HRIE BRI BT N-H 4533 . 10 3 000~2 800 cm WIS BT A& (I i I i C-H
FEBRHEX, AXEHE/NT 1.85 g-om ™ XA H I BRI, 1 610 cm ™ HHLIJ5 %k C=C
B AR BN R AR E A 2 B B T =R, IR WY 57 A R AL SR AT TR B A B0
HAR. AN HIAN ) 22 T A2 % B /N T 1.85 g-om° X E] i 3%, C15 ALFEAE 3 500~2 900
cm 1 1 650~1 600 cm ™ MRS I B s T CO AR, I o AR % i P 289 n % /N T
1.85 g-cm P LA KBRS, Wy SRNG5S & SRR (5
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Fig. 3 FTIR spectra of bulk soil and each density fraction

3 1 W

AT HIBEEYRRAA TS ST VI RER S5 G, KW “ I -0 P2 i
TN AL — AR bR, AR 2 A 5 T IR R AR A=A ThREX: (D)
PR AA N (POC) X (<1.85 g-cm®) , JHI BMIESURFE S & 8 B AR e 2 4hG ik 4y
My UESEHE DR R B R TR AR N = R 00k 2, HAF4ERRE M SmfLR R S E e e
Rel s e, o T HEIE A UL SRR e R R R (2) B RTIX (1.85~
245 g-cm3) , V2R EURAERR SR L AT, HIIK I s S5 44 5 e LR TR R
T R R B oA S5 2 REEFIER, TR “ LI P ” B LR E T (3
AT X (5245 g-em3) , WPLATE, KA ABEEAT YN E, B2 T 2200 B far
56 80 AL 5T, I T2 SRR [ R RE 7T . 2 DhRe o X AR RE S i EL R S50
W B B S SR A LR, A BT e 5 AR A 5 R B N 1) 22 R i A o
3.1 THIASEHMREX (<1.85g-cm™>) 43K E x4 495 % e PR Bl R

BT AR “iRd” B AN LIERRIPOCA 4y, DA A 82 7 fft AR
YRR, DI S AT R M, O N FRAE I PR 2 1R B B AR bR, RS2 B AFEAR
ARG S s K T “EH” (MAOC) & 135858 i 4 B B A 2 W% b 1) 7 e
TEW W R ML S, o 33em Be K Ra E  ed kU, ol TR [F) % SOCHE AL 2 &%
AR 22 57, POCHIMAOCEH 73 [ RHE2 5 5 X T HERR SR AEAS [R] 38800 e A e 1 S A
Wi N E B, RHIHTIUE2.0 g-om EAIX S MAOCSPOCH] FL RIS, Sk, HAKM
W (1.65 g-om °801.85 g-cm ) A RITIABR ZH R NI, AR SE A s S
LLANIEE 23T R B, <1.85 g-om 4L AH B T HAth 35 B 20 23 B MR (R A AT 4 5 1 (&I
HizH oy RERE. B BRI R g (BI3) @E— P EIHIE T POCHIMLZE4HIE
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X WA 55 LL1.85 g-cm A X 4 MAOCHIPOCHL 43 I FL iR, BEMS A 25X 4> W sl 4 5
HIRE PR WL R AR BRSSP B SR B () RS e A A2

+3 1 POC & T3k TP BONTE BRI AL R 70, HAL 22450 5 B SRR & VEpr 3%
FAMILS SR VE 1 B EEARAREY . 7E CO WbFEfY POC X, EARTIEMX R EER (<1.65
g-cm ® 1 1.65~1.85 g-cm > [X 4L HIAH X BT & LB A 0.6%A1 2.6%) , {HHAFi ) SOC & &
(230.9 g-kg i1 150.2 g-kg ™) FIEHERIAHLE BER (BE. My, BEIERIARIE P05 *t
T Y B E Y, R3S T B R e 44 A
b, POC 4 Wk 40 s o8 Bl T EE R ik i, 3 5 L v ] Bl A AR e S [ S 4 1
VBN 3B VEPE AR [ R SRR AL A A5 ThEE . BbAk, AHFFT POC 243 b SOC & =iz 1 [
AT 722 3 3 TR PR g KR R e K SV 7K — DR S o R o AR A0 e A A ook 2 1) )
A FEA Iy, AR IR KRBT, AR MALER W, B, AE
JEL 5 T 1A MU 4 6 SOSLRE Ko T IR G , SUE R B VR T4 ik B AR 2R A
%3 B 1) POC T a3 AE 3 2 b 15 UL BARPO, 3x— S DA RS H 48 LR A B4R i
THAA: B POC R, REZ4ERF IR EYE, N Rgi@E AN SR A R
AT RS RCR

AP FOR AT POC X 4% S ILAME AR b 785 AR IH FE XU RN . AR it
FH 2 360 POC X AHX R &AM A 42 SOC & & (£ 2), X —45 51 5 k25 5t — 5,
i, BRI PR T 2 P KRS PR AR R 120 KJE KB POC 2 BB 45 1 F7 i
(38 0B AR T o B TR, AR A HLJSR P Jise &6 A1 FH 38 it 1438 (A1 SR A4 1 TR 1 DA K
% POC HIEZED), H LI N T 2 M s s b, 38 i A AR vl e ek (1) 7
FIRTHANE SOC fE/KFE LIRS E . HAE, EARMTLH, EVFURB A BARIE N 7 POC [X
MR, (AAJE SOC & RIEZ /N T 1.65 g-cm > 414y WS RAE (R 2) , 1B C15 AbBirh
POC [X ' SOC & & HIHRTF 3 BLR [ AEW B R (kb 78 AU, Fang IR e A [R5 3 B
Hb -3 HUBR 2L 53 43 AT IS R B, 450°C FAER A 77 IR P IR AE 05 it FH 12 A H 5 S35 38 n s
“H SOC &, [FIIAE SOC Al 5 1 E o] 52 ILIZ FEAR A s o 7= AR IR — 84k 1) Ji R ] R A
SR T A 400 5 % RV R TR N AR T 3R S E R Y, T POC v 5 4R B A U 2 4
nade sz, 28D AR o, SFEC Hmm AR R BRSO .
AL, AR B S REA = T B A A e YA A, S DA AR B R, Mo
PNV B R SR A L R AR B, X SRS ITE Y T AR E AR P
M) o3 i S A T MR, AT = AR POC 243 SOC JH mi{H A K SOC & & IR
3.2 FAiEH IR (1.85~2.45g-cm ) #HE K E x4 49 R A e P B i

“TIETIIRIE VX — SRS T S AR A Y R A AUk AR e A AR
BER], HAUBNR SR AT e, TUE Sy, b2t R T 4% 5 77 R FFa e socll, s
I, IR 2 7 BB A MU 7 TR B Ty Jefee v B S i, 1K N 4G
G U BRI E 2 KR BEE K I Y MR % 3 B R SRR A, B
FHAE DA S2 SOC /M A #UEE , A 7o ¥ MAOC 73 3E— 41 93 9%k + 17 41X (1.85~2.45 g-cm ™)
MFATYIX (5245 g-om™) o Fi b WX E 8 2 RERR A 7 WA R, KI5
%5 e S SN M 2 T S 2 N SO A I, A RO B R LY, M R, R
X T BRI R TR SR B B, SEOLA U FE g gt x iy
AMUMER T« IR WIEE " AR 2 A v b IR BB L i mere, i BLAR R T - L
JoR T 1] SN R I 2 S o PR BB HEZE

ST MR IR S AR R PN S R AN i I RIS R R T, B LT IAE SOC [ K K HiER
SEJT Y A A €. 3@t XRD 2047, 76 1.85~2.45 g-cm > [X ], &6 H4 10 598 5 SHubr,
AR S A SRR AR Y (F 2) o X I R P s = AR I E RN 5 5

http://pedologica.issas.ac.cn



+ ok
Acta Pedologica Sinica

MR mZEDFEER, @A e TR rBEN-T IE &k, EARXA, SOC & &M
BETEATYIX (>2.459-cm™) , Hif 50%[f] SOC e X, (£ 2) . FEik, “*
IR RN E 2 I S E A A1) SOC RIFa e MUH) M g J1. AT A
PR R R AT, WRERER LS W EA B2 R e, X8 socC 1
SEWR MR T R R AL A R, SRR AR % 2:1 U ARG IR AT LK 6
SOC HAF/EF YIZ A, BERMAEY . b, SRESEY LAEMIR RN SOC IR, M
i SEBL T %t SOC Kk 5 K ika . 16Xt 2 0™ W0 2 M B AF R E IR o, 1) 4 2500
KGN K R 3 5 r B R A, R ISR A RIS A 250 492 17 SOC 77 1 BLEEAEE
X — RIS T EE R I AE PR R B LI ERRAE R, X TR0 “ i fias ” #hie B
HIER . MAh, EDS /iR R, ZEEXEINE SPEANY (k1D . XEEHR
TAEMEZAE T, PSR K-HK RSBk k. AR, HEm5 R
EAGIE R R o X BRI FREE TR B BOE S A MR R AR R MR A AL, Btk
S N, B R T b A SRR, 5 Co AEBEARLL, AR BR Rt O R B R
B4 AR I X A (R 0 25 R AN SOC F5 B, (H 2 35 41K 1.85~2.05 g-cm ® [X ] SOC [RIAH X} TTmk (%
) o IXATRESE NI R B S EREERR B R T R R AL A5 A, TR T RN
SERH - E A, @ 5SRO R TR L A LR, AT b
BB X 0T o SR Ak, AR5 R it P R 35 PRI 1.85~2.25 g-em ® X [A] A SOC &,
SRR T AT R U AN E S rkaE Ry mae iesm™, |
P H N R I MR . AR, IR IE ORI, SIS A SOC [HIRES XA
HUR P A E i P AR 5 o 3k N 38 I 2R 5 v B 0 8 T B 45 4 9T
J A A R R A O ) SO R B Ak, AR RS SGE I PR N B SOC
(IR, FLFLRR N 2% S5 W0 o 3 A R At T BRAR (K sk S0 BB, s b AR 2
DA R S HLIGHE . [RIIN, AR 5 15 5 F A U A0 st (R S R 2 A i i i 3l 5 FL A
BRSNS, SRS A S S AN AR . SRR R < R IROR T It
FELant RS, HAE SR ANERR AN 5 & I E AR N & sh A iR, Rk, %
TEAET MRS I, TS LB R B E Y R E M T R R RS
TR A A 5 % 1 - S i sk s LA L
3.3 FEAH X (>2.45g-cm®) 4HE K H X4 B % e A RO ME R

Wit XRD 43#r, FAETMIX EEE AR, KASEET AR, FMBENgRthE
MAESE 73X — 4 (B 2) o X ERH, SOC & &M EALT POC XA LMK (£2),
TEIE 50%AH X i &= A 5Tk 2 3% SOC, XESE | HIEEAEN %) SOC HIWL I 5 /1555
(0 T 3 3 B R A A A I R T A7 85 5 W A7 B 2 e 354 T A LR
FEfe 1, BUEZIX SO IR “ARROR IR B 24 KT 2.65 g-em P, SOC SR &
BUbE#as (£ 2) . XART Cerli S VEARAE /19 4 b Kk BL L33 HLAR & B pE 2 1 R
THm BRI . XRD RS E0 WX M E4E (B 2) , XERERELD %
Bk B AR IRED T it 0 R B X A R T KRS BRI T K IR 5515 S RO ) S R A
FR: FEEEIE ) 5K pHE R EIVE T R, ARk 3 T IE FL AT 25 R B 10,
i 5] 3R S B R I R MU, TR DR 0 A% O A HL- R T R &R

A= W SR e FH 5 A 228 TR AR B X rf SOC 45 &, (BRI SOC S A i 35 R (% 2),
X R FOR B T 5 R B BUR T35 IR A YR T 45 A A HUR, B H T %
THBAAT A PR, B0% DX PN 45 B R ) 2 T P40 A6 400 J5R 0 SR [ RS ARG /0 o T A 5
R, POKREHIEYFRRAES S LRy MR ENRZEE LSS, BRI K “w -
EMRR-AHR” ZnE AP, 3 AR RE a5 N PR RS A T AR
A WU AP o] Bl 5 S R E AL o TR, SR AR 4 2 T B (R oK 2 A
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VIR G55 18 B B E DTS T, T R ARG R 0 A s X, i SOC (s
. sehh, K2 LA AN E VIR NS oA, S sm At i ShBE 03 B IR 44, N
R AR WIEE G AR o XA, RV N RCR BRI R AR X, SRR A
] E YA WU AR E AL I A% )RS o

4 #E

(1) BT LAk, ARG K A X 3R AR A3 WL P P JL A AL )
S YPRFER] 53 R = AN T AE X I DA IR 14 5 TR A HLBK (POC) X (<1.85 g-cm ™),
DL G A A AR N IR L IX (1.85~2.45 g-om™®) RILLAHE, K
AAEMBEAET WX (5245 g-om™) o HIBRPEMIRTF A R IUBAIE S A HFHE: POCIX B
JE AT A LB S BN 5 0 FRARF IR, 2 BT PR B 1) E AL s B X P A
B AU AR B A% 7y AR XK TR A5 mRE” , =
S VPR ZA B i ) S I - S I PO P TR D

(2) A0 5 it P 5 3 B S ) 2 3 AT HLBR PO AL IR 5 A B 12 . BRI R BTk
W, AL R RO AT 5 S B A G, HRILSE R SR TPOCIX s ERERAE, EMIRmA
R SRR ) AR TR I R 3 AR AR NN R BRI B e B SE AR R AT A
SE M DRI VERR I, IR “ B BOR S N -ASTRBRAE SR 7 (AR S RFAE . XX iE—
APPSR Tt O B 0 S R SR B R AL SR AL TR IR

BE 3k (References)

[1] Cotrufo M F, Soong J L, Horton A J, et al. Formation of soil organic matter via biochemical and physical
pathways of litter mass loss[J]. Nature Geoscience, 2015, 8(10): 776-779.

[2] Kdogel-Knabner I, Amelung W, Cao Z H, et al. Biogeochemistry of paddy soils[J]. Geoderma, 2010, 157(1/2):
1-14.

[3] Qin Z C, Huang Y, Zhuang Q L. Soil organic carbon sequestration potential of cropland in China[J]. Global
Biogeochemical Cycles, 2013, 27(3): 711-722.

[4] Lehmann J, Kleber M. The contentious nature of soil organic matter[J]. Nature, 2015, 528(7580): 60-68.

[5] Zhou Z H, Ren C J, Wang C K, et al. Global turnover of soil mineral-associated and particulate organic
carbon[J]. Nature Communications, 2024, 15(1): 5329.

[6] Christensen B T. Physical fractionation of soil and structural and functional complexity in organic matter
turnover[J]. European Journal of Soil Science, 2001, 52(3): 345-353.

[7] Lavallee J M, Soong J L, Cotrufo M F. Conceptualizing soil organic matter into particulate and
mineral-associated forms to address global change in the 21% century[J]. Global Change Biology, 2020,
26(1): 261-273.

[8] Kleber M, Sollins P, Sutton R. A conceptual model of organo-mineral interactions in soils: self-assembly of
organic molecular fragments into zonal structures on mineral surfaces[J]. Biogeochemistry, 2007, 85(1):
9-24.

[9] Xiao K Q, Zhao Y, Liang C, et al. Introducing the soil mineral carbon pump[J]. Nature Reviews Earth and
Environment, 2023, 4(3): 135-136.

[10] Crow S E, Reeves M, Schubert O S, et al. Optimization of method to quantify soil organic matter dynamics

and carbon sequestration potential in volcanic ash soils[J]. Biogeochemistry, 2014, 123(1/2): 27-47.

http://pedologica.issas.ac.cn



+ ok
Acta Pedologica Sinica

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Sollins P, Swanston C, Kleber M, et al. Organic C and N stabilization in a forest soil: Evidence from
sequential density fractionation[J]. Soil Biology & Biochemistry, 2006, 38(11): 3313-3324.

Xiao G M, Liu L, Zhao Y, et al. Effects of organic materials input on soil organic carbon in China based on
Meta-analysis[J]. Soil and Fertilizer Sciences in China, 2023(8): 23-32. [, X7, #ig, 2. AW
BHEG A A HUR S B B S o i [3]. Th E 3 5 IRk} 2023(8): 23-32]

Wang X J, Qi P, Cai L Q, et al. Effects of alternative fertilization practices on components of the soil organic
carbon pool and yield stability in rain-fed maize production on the Loess Plateau[J]. Acta Prataculturae
Sinica, 2020, 29(10): 58-69. [EWelfr, F5My, EEALHE, 5. HOILHE X Tt A ™ & T Fp sk & 3
WURR 22 o s M B2 [J]. k244, 2020, 29(10): 58-69.]

Chen X D, Wu J G. Infrared spectrum characteristics of particulate organic carbon in soil fertilizing with
different organic materials[J]. Chinese Journal of Analytical Chemistry, 2021, 49(3): 468-473. [IFIR %, 2=
FHL ARAI R T R YR AM S RFIE[T]. /T2, 2021, 49(3): 468-473.]
Lehmann J, Rillig M C, Thies J, et al. Biochar effects on soil biota - A review[J]. Soil Biology &
Biochemistry, 2011, 43(9): 1812-1836.

Kalu S, Seppanen A, Mganga K Z, et al. Biochar reduced the mineralization of native and added soil organic
carbon: evidence of negative priming and enhanced microbial carbon use efficiency[J]. Biochar, 2024, 6: 7.
Yuan M T, Li Z C, Meng J, et al. Effects of swine manure biochar application on the content and chemical
structure of particulate and mineral-associated organic carbon in acidic and calcareous paddy soils[J].
Journal of Plant Nutrition and Fertilizers, 2024, 30(3): 441-456. [# %545, 27|, &R, & WAL
WS BRAE R A KA - RURE A AN W45 & A WU & S AR S a5 A RS e 0], 0 E 7 S IRk
%, 2024, 30(3): 441-456.]

Trumbore S E, Zheng S H. Comparison of fractionation methods for soil organic matter C-14 analysis[J].
Radiocarbon, 1996, 38(2): 219-229.

Zhu M T, Yuan L, Zhou F, et al. Time-dependent regulation of soil aggregates on fertilizer N retention and
the influence of straw mulching[J]. Soil Biology & Biochemistry, 2024, 198: 109551.

Cotrufo M F, Ranalli M G, Haddix M L, et al. Soil carbon storage informed by particulate and
mineral-associated organic matter[J]. Nature Geoscience, 2019, 12(12): 989-994.

Witzgall K, Vidal A, Schubert D I, et al. Particulate organic matter as a functional soil component for
persistent soil organic carbon[J]. Nature Communications, 2021, 12(1): 4115.

Throop H L, Lajtha K, Kramer M. Density fractionation and **C reveal changes in soil carbon following
woody encroachment in a desert ecosystem[J]. Biogeochemistry, 2013, 112(1/3): 409-422.

Giannetta B, Plaza C, Galluzzi G, et al. Distribution of soil organic carbon between particulate and
mineral-associated fractions as affected by biochar and its co-application with other amendments[J].
Agriculture, Ecosystems and Environment, 2024, 360: 108777.

Liao T H, Li H, Wang Y L. Effects of addition of rice straw and rice straw biochar on soil organic carbon
fractions and cumulative emissions of CH, and CO, in reddish paddy soil[J]. Journal of Agro-environment
Science, 2022, 41(7): 1598-1609. [, 24Xk, THIF. FEFF RFEF A0 5 a8 N 8 H 41 561 MBS £
43 JCH ANCO, RFHE M E Iz mi[J]. AL IRET Rl 22253, 2022, 41(7): 1598-1609.]

Fang Y Y, Singh B P, Luo Y, et al. Biochar carbon dynamics in physically separated fractions and microbial
use efficiency in contrasting soils under temperate pastures[J]. Soil Biology & Biochemistry, 2018, 116:
399-409.

Zhang Y Y, Wang T, Yan C, et al. Microbial life-history strategies and particulate organic carbon mediate
formation of microbial necromass carbon and stabilization in response to biochar addition[J]. Science of the
Total Environment, 2024, 950: 175041.

http://pedologica.issas.ac.cn



+ ok
Acta Pedologica Sinica

[27] Spokas K A. Impact of biochar field aging on laboratory greenhouse gas production potentials[J]. Global
Change Biology Bioenergy, 2013, 5(2): 165-176.

[28] Wattel-Koekkoek E J W, Buurman P, van der Plicht J, et al. Mean residence time of soil organic matter
associated with kaolinite and smectite[J]. European Journal of Soil Science, 2003, 54(2): 269-278.

[29] Cho K R, Kim Y Y, Yang P C, et al. Direct observation of mineral-organic composite formation reveals
occlusion mechanism[J]. Nature Communications, 2016, 7: 10187.

[30] Liu D, Huang C Q, Xiao K Q, et al. ‘Super-stable’ interlayer organic carbon in soil clay minerals and its
impact on soil carbon sequestration[J]. Science China Earth Sciences, 2024, 54(11): 3664-3667. [X|4, #&{%
5%, HAH, S BRI MR A NS R B LSRG RNI]. R R
2 2024, 54(11): 3664-3667.]

[31] Kaiser K, Guggenberger G. The role of DOM sorption to mineral surfaces in the preservation of organic
matter in soils[J]. Organic Geochemistry, 2000, 31(7/8): 711-725.

[32] Sun Z C, Zhang Z C, Zhu K, et al. Biochar altered native soil organic carbon by changing soil aggregate size
distribution and native SOC in aggregates based on an 8-year field experiment[J]. Science of the Total
Environment, 2020, 708: 134829.

[33] Quilliam R S, Glanville H C, Wade S C, et al. Life in the ‘charosphere’ - Does biochar in agricultural soil
provide a significant habitat for microorganisms?[J]. Soil Biology & Biochemistry, 2013, 65: 287-293.

[34] Xiao K Q, Li X N, Xing W, et al. Mechanisms of organic carbon sequestration and stabilization mediated by
the soil “Mineral Carbon Pump (MnCP)”[J]. Acta Pedologica Sinica, 2025, 62(3): 595-609. [ il %, 250 5,
MAE, A&, LHE “HWBRIE(MnCP)” S A HLBK (Y [ 47 5 A5 2 LI [J]. L4524k, 2025, 62(3):
595-609.]

[35] Cerli C, Celi L, Kalbitz K, et al. Separation of light and heavy organic matter fractions in soil testing for
proper density cut-off and dispersion level[J]. Geoderma, 2012, 107: 403-416.

[36] Zzhu M T, Liu X X, Wang J M, et al. Effects of biochar application on soil microbial diversity in soil
aggregates from paddy soil[J]. Acta Ecologica Sinica, 2020, 40(5): 1505-1516. [ &4, X758, T,
& AT KRG L A RARRUAE ) 2 B R [J]. AR SR, 2020, 40(5): 1505-1516.]

[37] Schiedung M, Belle S, Hoeschen C, et al. Enhanced loss but limited mobility of pyrogenic and organic
matter in continuous permafrost-affected forest soils[J]. Soil Biology & Biochemistry, 2023, 178: 108959.

(ZHfE4W%E: TRE9D)

http://pedologica.issas.ac.cn



