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Introduction

The urgent need to mitigate climate change has prompted extensive research into carbon sequestration strategies, with
agricultural soils representing a significant carbon sink potential [I. Global soils contain approximately 1, 500 Pg of organic
carbon in the top meter, nearly twice the atmospheric carbon pool 1. However, intensive agricultural practices have depleted
soil organic carbon (SOC) stocks by 25-75% in many regions l. The Indo-Gangetic Plains (IGP), supporting over 20% of the
global population through intensive wheat-maize cropping systems, have experienced substantial SOC losses over the past five
decades 1.

Biochar, a carbon-rich product derived from biomass pyrolysis, has emerged as a promising soil amendment for long-term
carbon sequestration 1. Its recalcitrant nature, with mean residence times ranging from decades to millennia, makes it
particularly attractive for climate change mitigation (6. Studies have shown biochar application can increase SOC stocks by 20-
50% while improving soil fertility and crop productivity ["). The mechanisms underlying biochar's effects include direct carbon
addition, enhanced soil aggregation, reduced carbon mineralization, and positive priming effects on native SOC I,

Basalt rock dust, traditionally used for soil remineralization, has recently gained attention for its carbon sequestration potential
through enhanced weathering . The weathering of silicate minerals in basalt consumes atmospheric COz, forming stable
carbonates and releasing nutrients essential for plant growth 1%, Recent estimates suggest that large-scale basalt application
could sequester 0.5-2 Gt CO. annually while improving agricultural productivity M. The weathering process also releases
calcium, magnesium, and other base cations that enhance soil pH buffering capacity and nutrient availability [*2,

Despite growing interest in both amendments, comparative studies examining their relative efficacy for soil carbon sequestration
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remain limited. The interactions between biochar and basalt
amendments, particularly their combined effects on SOC
dynamics, soil properties, and crop productivity, are poorly
understood 231, Furthermore, the economic feasibility and
practical implementation of these amendments in intensive
cropping systems require systematic evaluation 141,

This study aimed to: (1) quantify and compare the effects of
biochar and basalt amendments on SOC sequestration in
wheat-maize systems, (2) evaluate their impacts on soil
physical, chemical, and biological properties, (3) assess crop
productivity and nutrient uptake responses, and (4) analyze
the economic viability of amendment applications under
current farming conditions.

Materials and Methods

Study Site and Experimental Design

The field experiment was conducted from June 2022 to May
2024 at the Agricultural Research Station, Ludhiana, Punjab,
India (30°54'N, 75°48'E). The site experiences a subtropical
climate with mean annual precipitation of 760 mm and
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temperature ranging from 4 °C to 45 °C. The soil is classified
as Typic Ustochrept with sandy loam texture (sand 65%, silt
20%, clay 15%) %1,

The experiment followed a randomized complete block
design with four treatments and four replications:

e T1: Control (no amendment)

e T2:Biocharat 10t ha™

e T3: Basalt rock dust at 20 t ha™

e T4: Biochar (5tha™)+ Basalt (10 t ha™")

Plot size was 5 m x 4 m with 1 m buffer zones. Amendments
were applied once at the beginning of the experiment and
incorporated into the top 15 cm soil using a rotavator.

Amendment Characterization

Biochar was produced from rice straw through slow pyrolysis
at 500 °C with a residence time of 2 hours. Basalt rock dust
was sourced from local quarries and ground to <2 mm
particle size. Detailed physicochemical properties were
analyzed following standard methods 61,

Table 1: Physicochemical properties of biochar and basalt amendments

Property Biochar Basalt Rock Dust
pH (1:5 H20) 9.8+0.2 8.5+0.1
EC (dSm™) 2.4+0.3 0.840.1
Total C (%) 68.2+2.1 0.12+0.02
Total N (%) 1.2+0.1 0.08+0.01
C:N ratio 56.8 15
Surface area (m? g') 385125 1242
CEC (cmol kg™ 48.5+3.2 15.2+1.8
Ash content (%) 18.5+1.5 -
Si0: (%) 48.5+2.1
ALOs (%) 14.2+1.3
Fe:0s5 (%) 12.8+1.1
CaO (%) 9.6+0.8
MgO (%) 7.2+0.6

Soil Sampling and Analysis

Soil samples were collected from 0-15 ¢cm and 15-30 cm
depths at bimonthly intervals. Composite samples from five
points per plot were air-dried, ground, and sieved for
analysis. SOC was determined by wet oxidation method 171,
Soil bulk density was measured using core method [,
Aggregate stability was assessed through wet sieving [,
Microbial biomass carbon (MBC) was estimated using
chloroform fumigation-extraction method 2%,

Carbon Fractionation

Physical fractionation separated SOC into particulate organic
matter (POM) and mineral-associated organic matter
(MAOM) using density separation [3.  Chemical
fractionation identified labile and recalcitrant carbon pools
through acid hydrolysis 221, Carbon stability was assessed
using thermal analysis and mean residence time calculations
[23]

Crop Management and Yield Assessment

Wheat (Triticum aestivum cv. HD-3086) and maize (Zea

mays cv. PMH-1) were grown following recommended
agronomic practices. Fertilizer doses were 150-75-60 kg
NPK ha™! for wheat and 180-90-75 kg NPK ha™ for maize.
Grain and straw vyields were recorded at physiological
maturity from 2 m2 area per plot.

Statistical Analysis

Data were analyzed using two-way ANOVA with
amendment type and time as factors. Treatment means were
compared using Tukey's HSD test at p<0.05. Linear
regression analyzed relationships between SOC and soil
properties.  Principal component analysis explored
multivariate relationships. All analyses were performed using
R software version 4.3.1 241,

Results

Soil Organic Carbon Dynamics

Biochar and basalt amendments significantly increased SOC
content compared to control throughout the study period.
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Fig 1: Temporal dynamics of soil organic carbon under different amendments

In the 0-15 cm layer, biochar treatment (T2) increased SOC
from initial 0.52% to 0.74% (42.3% increase), while basalt
(T3) increased it to 0.67% (28.6% increase). The combined
treatment (T4) showed the highest SOC accumulation
(0.82%, 56.8% increase).

The depth distribution of SOC varied among treatments.
Biochar effects were predominantly confined to the surface

layer, with minimal changes at 15-30 cm depth. Conversely,
basalt showed more uniform SOC distribution, likely due to
enhanced root growth and organic matter translocation 21,

Carbon Fractionation and Stability
Physical fractionation revealed distinct patterns between
amendments.

Table 2: Carbon fractions in amended soils after 24 months

Treatment Total SOC (g kg™") POM-C (g kg™ MAOM-C (g kg™ Labile C (g kg™) Recalcitrant C (g kg™")
Control 5.2+0.3¢ 1.8+0.2¢ 3.4+0.2¢ 1.5+0.1d 3.7+0.2¢
Biochar 7.4+0.4° 3.240.3 4.2+0.3° 1.8+0.2¢ 5.6+0.3"

Basalt 6.7+0.3° 2.240.2° 4.5+0.3° 2.1+0.2° 4.620.3¢

Combined 8.2+0.5 2.8+0.3" 5.4+0.4 2.4x0.2¢ 5.8+0.4*

Different letters indicate significant differences at p<0.05

Biochar primarily increased POM-C (78% increase over
control), while basalt enhanced MAOM-C formation (45%
increase). The combined treatment showed significant
increases in both fractions, suggesting complementary
mechanisms.

Thermal analysis indicated higher stability of biochar-
derived carbon with activation energy of 165 kJ mol™
compared to 98 kJ mol™" for basalt-associated carbon. Mean

residence time calculations estimated 85 years for biochar
carbon and 45 years for basalt-derived carbon under current
climatic conditions.

Soil Physical Properties

Both amendments improved soil aggregation, with mean
weight diameter (MWD) increasing by 35% and 28% under
biochar and basalt treatments, respectively.
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Fig: Soil aggregate stability (mean weight diameter) across treatments
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The combined treatment showed the highest MWD increase
(48%). Bulk density decreased significantly, with reductions
of 8.5% (T2), 6.2% (T3), and 11.3% (T4) compared to
control.

Water holding capacity improved markedly under biochar
application (22% increase), while basalt showed moderate
improvement (12% increase). The enhanced aggregation and
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porosity contributed to improved water infiltration rates
across amended plots.

Soil Chemical Properties
Basalt application significantly increased soil pH from 7.2 to
7.8, while biochar showed minimal pH effects.

Table 3: Soil chemical properties under different amendments

Parameter Control Biochar Basalt Combined
pH 7.2+0.1¢ 7.3+0.1¢ 7.8+0.12 7.6+0.1°
EC (dSm™) 0.18+0.02> 0.2240.03? 0.1940.02° 0.21+0.022
Available N (kg ha™) 185+124 218+15b 195+13¢ 2354162
Available P (kg ha™) 18.5+1.5¢ 20.2+1.8¢ 26.3+£2.1° 28.5+2.3¢
Available K (kg ha™) 142+114 155+12¢ 192+15b 205+172
CEC (cmol kg™) 12.5+0.8¢ 15.6+1.1° 17.2+1.3¢ 16.8+1.20

Exchangeable base cations (Ca?*", Mg?*, K%) increased
substantially under basalt treatment, with Ca?" showing 85%
increase. Cation exchange capacity improved by 25% and
38% under biochar and basalt treatments, respectively.

Available nutrient status varied between amendments.
Biochar increased available N by 18% but showed minimal
effects on P and K. Basalt enhanced available P (42%

increase) and K (35% increase) through mineral weathering.
Micronutrient availability, particularly Fe and Mn, decreased
under basalt due to increased pH.

Microbial Biomass and Activity
Microbial biomass carbon increased significantly across all
amended treatments.
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Fig: Microbial biomass carbon and enzyme activities under different amendments

Biochar treatment showed 65% increase in MBC, while
basalt increased it by 48%. The combined treatment exhibited
the highest MBC (92% increase), suggesting synergistic
effects on microbial communities.

Enzyme activities showed differential  responses.
Dehydrogenase activity increased by 54% and 41% under
biochar and basalt treatments, respectively. B-glucosidase

activity was particularly enhanced by biochar (72% increase),
indicating improved carbon cycling. Urease activity showed
greater response to basalt application (38% increase).

Crop Productivity
Both wheat and maize yields increased significantly under
amendment applications (Table 4).

Table 4: Crop yields under different amendment treatments

Treatment Wheat Grain (t ha™) Wheat Straw (t ha™) Maize Grain (t ha™) Maize Stover (t ha™)
Control 4.85+0.324 6.12+0.41¢ 6.25+0.38¢ 8.95+0.524
Biochar 5.87+0.38" 7.45+0.48° 8.02+0.45% 11.32+0.68"

Basalt 5.72+0.35¢ 7.28+0.45¢ 7.68+0.42¢ 10.85+0.62¢

Combined 6.48+0.42: 8.25+0.55 8.82+0.51~ 12.450.75

Wheat grain yield increased by 21%, 18%, and 34% under
T2, T3, and T4, respectively. Maize showed higher yield
responses with increases of 28%, 23%, and 41% for
respective treatments.

Nutrient uptake patterns reflected soil nutrient availability

changes. Nitrogen uptake increased primarily under biochar,
while P and K uptake were enhanced more by basalt
application. The combined treatment showed balanced
nutrient uptake, contributing to highest yield gains.
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Economic Analysis
Despite high initial investment, all amendment treatments
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showed positive net returns over the two-year period.

Table 5: Economic analysis of amendment applications

Economic Parameter

Biochar | Basalt | Combined

Amendment cost (X ha™")

45, 000 {30,000 37,500

Application cost (X ha™)

3,000 | 3,500 | 3,500

Additional revenue from yield X ha™! yr™!) 28,500 [24,200| 38, 600

Carbon credit value (R ha! yr!)

3,200 | 2,400 4, 800

Net profit over 2 years (X ha™')

15,200 [12,500| 25, 000

Benefit: Cost ratio

1.42 1.38 1.65

Biochar application had higher initial cost (345, 000 ha™)
compared to basalt (230, 000 ha™'). However, considering
yield benefits and carbon credit potential (X1, 500 per ton
CO»), benefit-cost ratios were 1.42, 1.38, and 1.65 for T2, T3,
and T4, respectively.

Discussion

Mechanisms of Carbon Sequestration

The superior carbon sequestration under biochar treatment
aligns with its recalcitrant nature and high carbon content
(68%) [2¢1. The aromatic structure of biochar resists microbial
decomposition, contributing to long-term carbon storage.
Additionally, biochar's porous structure provides physical
protection to native SOC through occlusion within aggregates
[27]

Basalt's carbon sequestration occurs through enhanced
weathering, where silicate minerals react with carbonic acid
to form bicarbonates and secondary carbonates 28l The
process is relatively slower but provides co-benefits of
nutrient release and pH amelioration. Our results showing
28.6% SOC increase under basalt treatment exceed previous
reports, possibly due to favorable temperature and moisture
conditions in the IGP 9,

The synergistic effects observed in combined treatment
suggest complementary mechanisms. While biochar provides
immediate carbon input and physical protection, basalt
enhances chemical stabilization through mineral-organic
associations. The formation of organo-mineral complexes,
evidenced by increased MAOM-C, represents a more stable
carbon pool o1,

Soil Property Improvements

The differential effects on soil properties reflect the distinct
characteristics of amendments. Biochar's high porosity and
surface area (385 m? g') explain the substantial
improvements in water holding capacity and aggregation.
The hydrophobic nature of fresh biochar initially reduced
water infiltration, but this effect diminished over time
through weathering and microbial colonization.

Basalt's weathering released substantial base cations,
explaining the pH increase and enhanced nutrient
availability. The calcium release particularly contributed to
improved aggregation through cation bridging mechanisms.
However, the pH increase to 7.8 may limit micronutrient
availability in already alkaline soils, requiring careful
consideration in amendment recommendations.

Implications for Cropping Systems

The yield improvements demonstrate the agronomic benefits
beyond carbon sequestration. The 34-41% vyield increases
under combined treatment suggest potential for sustainable
intensification. The enhanced nutrient availability and

improved soil physical conditions created favorable
environment for root growth and nutrient uptake.

The economic viability, despite high initial costs, makes
these amendments attractive for farmers. Government
subsidies for climate-smart agriculture and carbon credit
mechanisms could further improve adoption rates. However,
logistics of amendment production, transportation, and
application  remain  challenging  for  large-scale
implementation.

Future Research Needs

Long-term studies are essential to validate carbon
sequestration estimates and understand amendment
longevity. The interaction between amendments and climate
variables requires investigation across diverse agro-
ecological zones. Optimization of application rates and
frequencies for different soil types and cropping systems
needs systematic evaluation.

The environmental impacts, including life cycle assessment
of amendment production and application, require
comprehensive analysis. The potential for heavy metal
accumulation from repeated basalt application and the effects
on soil biology need monitoring.

Conclusion

This comparative study demonstrates that both biochar and
basalt amendments offer viable strategies for soil carbon
sequestration in intensive wheat-maize systems. Biochar
showed superior direct carbon sequestration (42.3% SOC
increase) with longer residence time, while basalt provided
better nutrient co-benefits and mineral-associated carbon
formation. The combined application maximized benefits,
achieving 56.8% SOC increase along with substantial yield
improvements.

The economic viability and multiple co-benefits support the
integration of these amendments in climate-smart agriculture.
However, successful implementation requires addressing
logistical challenges, developing region-specific
recommendations, and establishing supportive policy
frameworks. Future research should focus on long-term
monitoring, optimization strategies, and environmental
impact assessments to ensure sustainable adoption of these
promising soil carbon sequestration technologies.

References

1. Lal R. Soil carbon sequestration impacts on global
climate change and food security. Science.
2004;304(5677):1623-1627.

2. Batjes NH. Total carbon and nitrogen in the soils of the
world. European Journal of Soil Science. 2014;65(1):10-
21.

3. Sanderman J, Hengl T, Fiske GJ. Soil carbon debt of

5|Page



Journal of Soil Future Research

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

12,000 years of human land use. Proceedings of the
National Academy of Sciences of the United States of
America. 2017;114(36):9575-9580.

Kukal SS, Bawa SS. Soil organic carbon stock and
fractions in relation to land use and soil depth in the
degraded Shiwaliks hills of lower Himalayas. Land
Degradation & Development. 2014;25(5):407-416.
Lehmann J, Joseph S. Biochar for environmental
management: science, technology and implementation.
2nd ed. London: Routledge; c2015.

Wang J, Xiong Z, Kuzyakov Y. Biochar stability in soil:
meta-analysis of decomposition and priming effects.
GCB Bioenergy. 2016;8(3):512-523.

Jeffery S, Verheijen FG, van der Velde M, Bastos AC. A
quantitative review of the effects of biochar application
to soils on crop productivity using meta-analysis.
Agriculture, Ecosystems & Environment.
2011;144(1):175-187.

Weng Z, Van Zwieten L, Singh BP, Tavakkoli E, Joseph
S, Macdonald LM, et al. Biochar built soil carbon over a
decade by stabilizing rhizodeposits. Nature Climate
Change. 2017;7(5):371-376.

Beerling DJ, Kantzas EP, Lomas MR, Wade P, Eufrasio
RM, Renforth P, et al. Potential for large-scale CO2
removal via enhanced rock weathering with croplands.
Nature. 2020;583(7815):242-248.

Hartmann J, West AJ, Renforth P, Kéhler P, De La
Rocha CL, Wolf-Gladrow DA, et al. Enhanced chemical
weathering as a geoengineering strategy to reduce
atmospheric carbon dioxide, supply nutrients, and
mitigate ocean acidification. Reviews of Geophysics.
2013;51(2):113-149.

Strefler J, Amann T, Bauer N, Kriegler E, Hartmann J.
Potential and costs of carbon dioxide removal by
enhanced weathering of rocks. Environmental Research
Letters. 2018;13(3):034010.

Kelland ME, Wade PW, Lewis AL, Taylor LL, Sarkar
B, Andrews MG, et al. Increased yield and CO2
sequestration potential with the C4 cereal Sorghum
bicolor cultivated in basaltic rock dust-amended
agricultural ~ soil.  Global  Change  Biology.
2020;26(6):3658-3676.

Amann T, Hartmann J. Carbon accounting for enhanced
weathering. Frontiers in Climate. 2022;4:849948.

Smith P, Davis SJ, Creutzig F, Fuss S, Minx J, Gabrielle
B, et al. Biophysical and economic limits to negative
CO2 emissions. Nature Climate Change. 2016;6(1):42-
50.

Soil Survey Staff. Keys to Soil Taxonomy. 12% ed.
Washington, DC: USDA-Natural Resources
Conservation Service; c2014.

Rayment GE, Lyons DJ. Soil chemical methods -
Australasia. Melbourne: CSIRO Publishing; c2011.
Walkley A, Black IA. An examination of the Degtjareff
method for determining soil organic matter, and a
proposed modification of the chromic acid titration
method. Soil Science. 1934;37(1):29-38.

Blake GR, Hartge KH. Bulk density. In: Klute A, editor.
Methods of soil analysis. Part 1. Physical and
mineralogical methods. 2nd ed. Madison, WI: American
Society of Agronomy and Soil Science Society of
America; c1986. p. 363-375.

Kemper WD, Rosenau RC. Aggregate stability and size
distribution. In: Klute A, editor. Methods of soil analysis.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

www.soilfuturejournal.com

Part 1. Physical and mineralogical methods. 2nd ed.
Madison, WI: American Society of Agronomy and Soil
Science Society of America; c1986. p. 425-442.

Vance ED, Brookes PC, Jenkinson DS. An extraction
method for measuring soil microbial biomass C. Soil
Biology and Biochemistry. 1987;19(6):703-707.
Cambardella CA, Elliott ET. Particulate soil organic-
matter changes across a grassland cultivation sequence.
Soil  Science  Society of America Journal.
1992;56(3):777-783.

Paul EA, Morris SJ, Conant RT, Plante AF. Does the
acid hydrolysis-incubation method measure meaningful
soil organic carbon pools? Soil Science Society of
America Journal. 2006;70(3):1023-1035.

Plante AF, Fernandez JM, Haddix ML, Steinweg JM,
Conant RT. Biological, chemical and thermal indices of
soil organic matter stability in four grassland soils. Soil
Biology and Biochemistry. 2011;43(5):1051-1058.

R Core Team. R: A language and environment for
statistical computing. Vienna: R Foundation for
Statistical Computing; c2023.

Vicca S, Fivez L, Kockelbergh F, Van Pelt D, Segers JR,
Meire P, et al. Biological and chemical CO2 removal in
cropland soils: comparing basalt and biochar
amendments. Biogeosciences. 2022;19(1):143-158.
Singh B, Singh BP, Cowie AL. Characterisation and
evaluation of biochars for their application as a soil
amendment. Soil Research. 2010;48(7):516-525.
Joseph S, Cowie AL, Van Zwieten L, Bolan N, Budai A,
Buss W, et al. How biochar works, and when it doesn't:
a review of mechanisms controlling soil and plant
responses to biochar. GCB Bioenergy.
2021;13(11):1731-1764.

Goll DS, Ciais P, Amann T, Buermann W, Chang J, Eker
S, et al. Potential CO2 removal from enhanced
weathering by ecosystem responses to powdered rock.
Nature Geoscience. 2021;14(8):545-549.

Haque F, Santos RM, Dutta A, Thimmanagari M, Chiang
YW. Co-benefits of wollastonite weathering in
agriculture: CO2 sequestration and promoted plant
growth. ACS Omega. 2019;4(1):1425-1433.

Torn MS, Trumbore SE, Chadwick OA, Vitousek PM,
Hendricks DM. Mineral control of soil organic carbon
storage and turnover. Nature. 1997;389(6647):170-173.

6|Page



