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ABSTRACT: Biochar amendments add persistent organic carbon to soil and can
stabilize rhizodeposits and existing soil organic carbon (SOC), but effects of
biochar on subsoil carbon stocks have been overlooked. We quantified changes in
soil inorganic carbon (SIC) and SOC to 2 m depth 10 years after biochar
application to calcareous soil. The total soil carbon (i.e., existing SOC, SIC, and
biochar-C) increased by 71, 182, and 210% for B30, B60, and B90, respectively.
Biochar application at 30, 60, and 90 t ha−1 rates significantly increased SIC by 10,
38, and 68 t ha−1, respectively, with accumulation mainly occurring in the subsoil
(below 1 m). This huge increase of SIC (mainly CaCO3) is ∼100 times larger than
the inorganic carbon present in the added biochar (0.3, 0.6, or 0.9 t ha−1). The
benzene polycarboxylic acid method showed that the biochar-amended soil
contained more black carbon particles (6.8 times higher than control soil) in the
depth of 1.4−1.6 m, which provided the direct quantitative evidence for biochar
migration into subsoil after a decade. Spectral and energy spectrum analysis also showed an obvious biochar structure in the biochar-
amended subsoil, accompanied by a Ca/Mg carbonate cluster, which provided further evidence for downward migration of biochar
after a decade. To explain SIC accumulation in subsoil with biochar amendment, the interacting mechanisms are proposed: (1)
biochar amendment significantly increases subsoil pH (0.3−0.5 units) 10 years after biochar application, thus forming a favorable pH
environment in the subsoil to precipitate HCO3−; and (2) the transported biochar in subsoil can act as nuclei to precipitate SIC.
Biochar amendment enhanced SIC by up to 80%; thus, the effects on carbon stocks in subsoil must be understood to inform
strategies for carbon dioxide removal through biochar application. Our study provided critical knowledge on the impact of biochar
application to topsoil on carbon stocks in subsoil in the long term.
KEYWORDS: biochar, transport, soil inorganic carbon, subsoil, soil pH, nuclei, geochemistry carbon cycling, climate change

■ INTRODUCTION

Atmospheric carbon dioxide (CO2) and other greenhouse gas
levels continue to increase, constraining the world’s capacity to
meet the Paris Agreement goal of limiting warming below 2
degrees Celsius.1−3 The Intergovernmental Panel on Climate
Change has identified soil carbon management4,5 and biochar
application6 as carbon dioxide removal techniques that can
contribute to achieving that goal. Biochar addition to soils
sequesters carbon (C) as persistent organic carbon (OC)7,8

and can further contribute to climate change mitigation
through stabilization of rhizodeposits and existing soil organic
carbon (SOC),9 reduce greenhouse gas emissions from
soil,10,11 increase plant growth,12,13 and displacement of
greenhouse gas emissions from fossil fuels.6 However, the
effects of biochar on soil inorganic carbon (SIC) in subsoil
(below 1 m) have not been studied in detail.

SIC is an important carbon form, and its stocks in arid and
semi-arid regions are much larger than the corresponding SOC
stocks.14 The SIC dynamics in the pedosphere include the
weathering of carbonate and silicate rocks,15 and the formation
and dissolution of pedogenic inorganic carbonates.16 Increas-
ing SIC constitutes direct carbon dioxide removal, and
strategies to increase SIC on land include accelerating silicate
rock weathering17,18 and using crushed rock waste in mines.19

Biochar is generally recommended as a technology for the
sequestration of organic carbon. However, researchers have
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recently found that biochar application increased the SIC
stocks in topsoil.20−22 The few studies that have examined
biochar effects on SIC have found distinct results in different
soil depths, with increases at soil depths of 0−0.3 m,20,21 and
reduction at a sampling depth of 0−1 m.22 However, most of
the SIC is distributed in the subsoil deeper than 1 m. The long-
term effects of biochar application on subsoil carbon stocks,
especially inorganic carbon stocks, are not well-studied. The
related knowledge is lacking from field experiments to verify
the response of subsoil to biochar amendments in topsoil in
the long term. This is a critical knowledge gap in assessing the
impact of biochar application on soil carbon stocks in the long
term and its contribution to the carbon geochemical cycle in
the subsoil.
Fine particulate biochar (nano-sized and colloidal biochar)

can be transported downward through the soil via macro-
pores.23−25 This is especially true of aged biochar, the surface
of which has more oxygen-containing functional groups as a
result of interactions with soil solution, organic and mineral
matter, fauna, and microorganisms. The rate of biochar
migration through the soil profile is related to application
amounts and soil properties.23,24 The strong mobility of aged
biochar in soils indicates that biochar application in topsoil
might induce positive or negative feedback of soil carbon in
deeper soil depths than that previously estimated. However,
according to our current knowledge, no study has investigated
the long-term effects of biochar application in topsoil (>10
years) on soil carbon stocks in the subsoil (below 1 m). The
impact of biochar application on subsoil carbon dynamics
needs to be further understood and quantified to accurately
predict and model the long-term effects of biochar on carbon
sequestration.
Calcareous soils are prevalent worldwide and make up more

than 50% of the world’s soils.14,26,27 Due to biochar’s inherent
neutral or alkaline properties, the better benefit from biochar-
applied field research is gained in acidic croplands, where
biochar can improve both soil health and crop yield.28 One
study indicated that lower-temperature straw-derived biochar
with nearly neutral pH increased plant growth and OC stocks
in calcareous soils.29 Few studies, however, have examined the
subsoil C cycle and C storage of biochar application in
calcareous soils. We hypothesize that biochar can move to
subsoil after a decade, which has an impact on subsoil
inorganic carbon. To address this hypothesis, we investigated
the effects of long-term biochar application into topsoil on
SOC and SIC stocks in 0−2 m soil depth, especially subsoil
(below 1 m).
To explore the mechanisms of C accumulation in these soils,

we applied a broad range of isotopic, chemical, microscopic,
and spectroscopic techniques to elucidate sources, localization,
and chemical composition of C stocks in the soil profile from
the topsoil to subsoil. Benzene polycarboxylic acid (BPCA)
molecular markers were also tested to prove the presence of
biochar in the subsoil. The field-aged biochar was analyzed by
Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). The analyses of scanning electron microscopy (SEM)
and scanning transmission electron microscopy with electron
energy loss spectroscopy (STEM-EELS) were conducted to
investigate the biochar particles found in the subsoil. Our
results reveal that the single application of biochar in
calcareous cropland after 10 years leads to the significant
accrual of SIC in the subsoil, which is much higher than the

SOC accumulation. Our study provides conceptual evidence
for the key role of fine biochar particle migration on subsoil
carbon stocks in calcareous subsoil after a long-term biochar
application, which is usually overlooked.

■ MATERIALS AND METHODS
Location and Experiment Design. The field site is

located at the Shangzhuang experimental station of China
Agricultural University (Haidian District, Beijing, China, 40°
08′ 21″N, 116° 10′ 52″E, 51 m above sea level). The site has a
typical continental monsoon climate, with an annual average
air temperature of 11.6 °C and average annual precipitation of
400 mm.30 The soil is a calcaric Fluvisol, and soil properties are
listed in Tables S1 and S2. The crop rotation was winter wheat
(Triticum aestivum L., from October to June) and summer
maize (Zea mays L., from June to September). Winter wheat
was flood irrigated in early December and mid-May, with a
total of 180 mm of water every year, while no irrigation was
used for maize. Wheat and maize were fertilized with 112.5,
56.3, and 56.3 kg ha−1 N, P, and K, respectively. After harvest,
wheat and maize straw was mechanically chopped to 2−3 cm
(wheat) and 1−2 cm (maize) pieces, which were rototilled
into the 0−0.2 m soil depth for all experiment plots. All the
treatments in the experiment returned straw into the field in
full amount every year.
Biochar was incorporated into the soil to a depth of 0.2 m in

a single application in 2009. The experimental treatments were
arranged in a randomized block design with three replicates
and included an unamended (control) and three biochar
amendment rates (30, 60, and 90 t ha−1). Each plot was 11 m
by 10 m in size. Biochar was produced from substrate waste
from mushroom production (70% rice husks, and 30% cotton
seed hulls) that was pyrolyzed at 400 °C for 4 h. The pyrolysis
temperature between 400 and 500 °C, regards as the boundary
between low- and high-pyrolysis temperature biochar derived
from plant biomass, is the common biochar applied in the
field.12,31,32 Generally, the biochar derived under pyrolysis
temperature between 400 and 500 °C can benefit both
agricultural and economic fields. The biochar in this study had
a particle size of 0.5−5 mm (95% wt) and consisted of 49%
organic carbon and 1% inorganic carbon, and the properties of
biochar are shown in the Supporting Information (Tables S1−
S5).
Soil Sampling and Preparation. Soil samples were taken

on April 1st−3rd, 2019. Three soil cores were taken at random
locations in each plot from 0 to 2 m depth in 20 cm depth
increments by using a 2.5 cm diameter soil auger. The three
samples per plot were then composited. The soil cores of
control and biochar-amended soils at 0−2 m in 20 cm depth
increments were immediately analyzed for water content (wt/
wt), pH (1:5 w/v soil to water ratio), and bulk density. A
portion of the randomly selected soil samples used for
microbial analyses was stored in a −80 °C freezer. After
visible plant materials were removed, the remaining portion
was air-dried, and passed through a 2 mm stainless steel sieve
prior to further analysis.
Properties of Soil and Biochar Particles. Total carbon

and nitrogen were analyzed by combustion using an elemental
analyzer (Vario EL III, Elementar Analysensysteme GmbH,
Germany), and the SOC was also analyzed by the same
instrument after removing inorganic carbon using concentrated
hydrochloric acid (12 M, 24 h).33 SIC was calculated as the
difference between total and organic carbon. The calcium
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carbonate content (CaCO3) was measured based on a method
from FAO.34 Cation exchange capacity was determined
through sodium acetate extraction, followed by flame-photo-
metry.35 For Eh measurement, the soil samples were dried at
35 °C for 3−4 days to obtain more stable measurements, and
25% ultrapure water (Eh about 0.4 V) was added to re-wet the
soil samples. Then, multiple measurements (12 times) were
conducted using an oxidation−reduction potential meter with
frequent cleaning of the electrode.36 After being measured,
according to the Ag/AgCl reference electrode, all potentials
versus Ag/AgCl (E) were transformed to give Eh according to
the standard hydrogen electrode. The ash content of the
biochar was determined as the ratio of residue remaining after
combusting the biochar samples at 750 °C for 6 h to the initial
mass of biochar after drying at 105 °C.37 The mineral
composition of original and aged biochar particles was scanned
in the range of 10−70° using an X-ray diffractometer (XRD,
D8 Advance, Bruker, Germany) at a scanning rate of 1° min−1.
Carbon Stocks in SOC, SIC, and Soil Carbonate. The

carbon stocks in SOC, SIC, and carbonates at each soil depth
were calculated by the following equations

= × ×
=

C C D
i

n

i i iSOC
1

SOC, b,
(1)

= × ×
=

C C D
i

n

i i iSIC
1

SIC, b,
(2)

= × × ×
=

i
k
jjj y

{
zzzC C D

F
1

100i

n

i i
i

CaCO
1

CaCO b,3 3
(3)

where CSOC, CSIC, and CCaCOd3
are the carbon stocks in SOC,

SIC, and carbon of carbonates (t ha−1) at 0−2 m depth,
respectively. The subscript i represents the i-th depth
increment (0−0.2, 0.2−0.4,..., 1.8−2.0 m) with n = 10.
CSOC,i, CSIC,i, CCaCOd3,i, ρb,i, and Fi are the carbon contents (g
kg−1) of SOC, SIC, carbonate, soil bulk density (kg m−3), and
the volumetric percentage of the fractions >2 mm (rock
fragments) at depth i, respectively. Di is the length of the depth
increment i (cm).

δ13C Determination. The δ13C of SOC (δ13CSOC) for
unamended control and biochar-amended soils over the 0−2
m soil depth were measured using an isotope ratio mass
spectrometer (IsoPrime IRMS, GV Instruments, Manchester,
U.K.). The δ13C of biochar-organic carbon (biochar-OC) for
the original (2009) and the field-aged biochar (obtained in
2019) were also measured. The δ13CSOC values of the surface
soil (0−0.2 m depth) were −24.26 ± 0.40‰ (control),
−24.33 ± 0.24‰ (30 t ha−1), −25.46 ± 0.08‰ (60 t ha−1),
and −25.59 ± 0.20‰ (90 t ha−1), respectively. There was no
difference in the δ13COC between the original (−26.50 ±
0.08‰) and aged (−26.50 ± 0.01‰) biochar, which
indicated that the aging process had no effect on the δ13C of
the biochar-OC.
The control and biochar-amended soil samples of 5.000 mg

were accurately weighed in a Labco reaction flask (12 mL- with
a headspace cap), and the sample was purged with He gas for 5
min to remove the air in the flask. After the aeration is
complete, the pressure inside the bottle was adjusted to the
atmospheric pressure. A syringe needle was inserted into the
sample bottle to drain excess helium. When venting, one end
of the needle was inserted into the sample bottle and the other

end of the tube was completely submerged in water. During
this process, air should be avoided entering the sample bottle.
Then, 0.1 mL of phosphoric acid was extracted and poured
into the bottle from the edge of the gasket on the bottle cap.
The phosphoric acid was directly dropped into the bottom of
the bottle. The bottle was shaken to make the acid fully mixed
with the sample. The CO2 of inorganic carbon from biochar-
inorganic carbon (biochar-IC), the unamended control soil,
and biochar-amended soils were collected from an enclosed
system where biochar/soil samples were fully reacted with
100% H3PO4 for 3 h at 70 °C. The collected CO2 was then
analyzed for isotopic analysis using an isotope ratio mass
spectrometer MAT-253 (Thermo Fisher Scientific, Inc.,
Bremen, Germany). The δ13C of both SIC and biochar-IC
were expressed relative to the international standard of Pee
Dee Belemnite (PDB). The δ13C of biochar-IC after 10 years
also did not change (−11.28 ± 0.09‰ for original biochar and
−11.24 ± 0.10‰ for aged biochar).
Spectroscopic Analysis. The microstructure and elemen-

tal composition of the unamended control and biochar-
amended soils (60 and 90 t ha−1 biochar application rates) at
the 0−0.2 m (biochar-applied soil depth) and 1.4−1.6 m
(biochar-migration soil depth) were investigated using
scanning electron microscopy (SEM, Nova Nano SEM450,
FEI, U.S.A.) coupled with energy-dispersive X-ray analysis
(EDS, EDAX, Octane SDD, Apollo XLT SDD, U.S.A., and a
Phenom Pro-X FEI, Netherlands). The biochar-amended soil
at the 1.8−2.0 m soil depth was investigated by STEM with
EDS and EELS analysis. STEM analysis was conducted using a
JEOL ARM 200F instrument operating at 200 kV (JEOL,
Japan), equipped with high angle annular dark-field (HAADF)
and bright-field (BF) detectors. EDS analysis was performed
using a JEOL EDS detector coupled to a Noran System Seven
analytical system (Thermo Scientific, U.S.A.), and EELS
analysis was conducted with a GIF Quantum energy filter.
The system had an energy resolution of 0.5 eV.
BPCA Determination. The concentration of BPCAs in

biochar and soil samples was measured following methods
described in Brodowski et al.38 Briefly, trifluoroacetic acid
(TFA, 10 mL, 4 M) was used to digest biochar/soil samples
(containing 5 mg organic carbon) at 105 °C for 4 h. After the
residue was cooled, it was washed several times with deionized
water, filtered through a Whatman glass fiber filter (GF/a 1.6
μm), and dried at 40 °C for 3 h. After the residue was
transferred into a Teflon-lined bomb, nitric acid (2 mL, 65%)
was added to the bomb and stored in a high-pressure digester
for reaction at 170 °C for 8 h. The mixture was then filtered
through an ashless cellulose filter and purified. The digested
solution (2 mL) was diluted with deionized water (10 mL),
and an internal standard was selected with citric acid (100 μL).
A cation exchange resin (Dowex 50 WX8, 200−400 mesh) was
used to treat the solution. After freeze-drying, the treated
aqueous sample was re-dissolved in methanol. The sample was
dried with N2 and derivatized into trimethylsilyl derivatives for
gas chromatography-mass spectrometer analysis using 7890A
GC equipped with a 5975C quadrupole mass selective detector
(Agilent, U.S.A.). All samples were analyzed with four
replicates.
Statistical Analyses. Statistical differences between the

unamended control and biochar-amended soils were analyzed
by one-way analysis of variance (ANOVA, IBM SPSS Statistics
22.0) to assess the effects of biochar application on soil carbon
(SOC, SIC, and carbonate). Statistical differences in the
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distribution of carbon (including SOC, SIC, the carbon of soil
carbonate), the δ13C of SOC and SIC in the soil profile
between the unamended control and biochar-amended soils
were tested through least significant difference (Fisher’s LSD)
at the confidence level of 5%. The statistical significance of the
regression function was analyzed using an unpaired two-sided
t-test.

■ RESULTS AND DISCUSSION
Biochar-Driven Acculturation of SIC in the Subsoil.

Biochar amendments increased SIC, particularly in the subsoil
(Figure 1a,b). Compared to the unamended control, SIC was
increased by 11.2% (B30), 54.5% (B60), and 84.3% (B90) at
the soil depth of 1−2 m (Figure 1b). Biochar amendment
mainly increased the SOC in the depths at 0−1 m in reference
to the control soil (Figure 1a,c). The SIC showed a significant
increase at subsoil (especially soil depth 1.2−1.6 m) (Figure
1d). Calcium carbonate also largely grew correspondingly in
the subsoil (Figure 1e), and magnesium carbonate occupied no
more than 21.2% of SIC in the subsoil (Figure S1), which
suggested that calcium carbonate was the main component of
SIC in this soil. At 0−2 m, SOC increased by 0.4% (B30),
26.7% (B60), and 44.3% (B90). Within the 0−2 m profile, the
SIC increases in B60 and B90 were 2.4 to 2.6 times higher than
the SOC increase. The total soil carbon (i.e., existing SOC,
SIC, and biochar-C) increased by 71, 182, and 210% for B30,
B60, and B90, respectively.
Effect of Biochar Application on the δ13C from

Topsoil to Subsoil. Biochar application also influenced the

13C signatures of SOC (δ13CSOC) and SIC (δ13CSIC) (Figure
2a,b). Briefly, biochar amendments caused the more negative
δ13C (OC and IC) in the topsoil due to the inherent 13C
signature of the biochar (Materials and Methods section). For
the δ13CSOC, it was obvious that the soil amended by biochar
had a more negative δ13CSOC for 0−2 m depth, which could be
attributed to the more negative 13C signature of biochar
(δ13COC = −26.50 ± 0.08‰, in the Materials and Methods
section). Because the biochar-OC accounted for 98% of
biochar-C, biochar migration was responsible for the change of
δ13CSOC. This was strong evidence that biochar particles were
transported with water movement from topsoil to subsoil after
10 years.
Although the biochar-IC just accounted for 1% of biochar, it

also affected the δ13CSIC, especially in the topsoil, where
biochar was plentiful. It was interesting that the δ13CSIC above
and below 1 m showed different change trends. The δ13CSIC
above 1 m was more negative than below 1 m (Figure 2b),
which suggested that the SIC in the surface soil and subsoil
had different carbon sources. For 0−20 cm, the δ13CSIC of
biochar-amended soils had more negative signatures than the
control soil due to the more negative isotopic signature of the
biochar-IC (−11.28 ± 0.09‰). At soil depths from 0.2 to 1 m,
the vertically migrated biochar did not significantly change the
signature of 13CSIC. The reason might be that the biochar
contained only 1% IC (0.3, 0.6, and 0.9 t ha−1 for B30, B60,
and B90, respectively); thus, the migration of biochar with low
biochar-IC was difficult to affect the δ13CSIC of soil
significantly. This also demonstrated that the increased IC

Figure 1. Effects of biochar on soil organic and inorganic carbon stocks through the soil profile 10 years after a single biochar application to top 20
cm soil. SOC and SIC stocks at (a) 0−1 and (b) 1−2 m in the control and biochar-amended soils after 10 years. The distributions of (c) SOC, (d)
SIC, and (e) carbon present as calcium carbonate in soil profile (0−2 m) in increments of 0.2 m. The lowercase letters indicate significant
differences in (a,b). The error bars in c to e are the least significant differences (LSDs) at a confidence level of 5%. Control, B30, B60, and B90
represent the biochar application rates of 0, 30, 60, and 90 t ha−1, respectively.
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stocks of biochar-amended soils were not from the IC of
biochar. Interestingly, for subsoils, biochar amendment
resulted in less negative isotope signature, which further
indicated that biochar amendment changed the composition of
SIC in the subsoil. Biochar amendment can improve the soil
structure39−41 and may influence the interaction between
shallow groundwater and the subsoil to some extent.
Effect of Biochar Application on soil pH, Ca, and Mg.

Furthermore, the soil pH value was higher in the biochar-
amended soils than that in the control soil (Figure 2c,d). Even

in the subsoil (1 m-1.8 m), the pH also increased from 7.8 to
8.0 (control soil) to 8.2−8.6 (biochar-amended soils). The
inherent alkalinity (pH 9.8 ± 0.2) and high ash content
(36.3%) of biochar contributed to the increase in soil pH
(Table S1). Interestingly, biochar amendment also decreased
the soil pH and Eh simultaneously, further changing the
subsoil (micro) environmental conditions, which were
consistent with previous studies.12,42 In the subsoil, except
for the alkalinity from biochar, the HCO3− uprising from
shallow groundwater increased the alkalinity of biochar-

Figure 2. Effects of biochar on 13C signatures and Eh-pH diagrams 10 years after a single biochar application to topsoil. The distribution of (a)
SOC 13C signature (δ13CSOC), (b) SIC 13C signature (δ13CSIC), and (c) soil pH as a function of soil depth. The Eh-pH diagrams at depth (d) 0−1
and (e) 1−2 m. The areas of light-red and light-blue denoted the control and biochar-amended soils, respectively. The arrows in (d,e) show the
direction of the biochar effect. The error bars in a to c are the LSD at a confidence level of 5%. Control, B30, B60, and B90 represent the biochar
application rates of 0, 30, 60, and 90 t ha−1, respectively.

Figure 3. Effects of biochar on (a) soil pH and the retention of (b) Ca and (c) Mg in subsoil 10 years after a single biochar application to topsoil.
The significant differences of (b) Ca2+ and (c) Mg2+ between unamended control and biochar-amended soils were evaluated using the LSD method
at a confidence level of 5%. Control, B30, B60, and B90 represent the biochar application rates of 0, 30, 60, and 90 t ha−1, respectively.
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amended soils because biochar caused better root growth43

and greater evapotranspiration, and carbonates were easier to
precipitate and recrystallize in the biochar-amended subsoil.
The pH can affect carbonate crystal size and morphology by
controlling the supersaturation state of soil solution with
CaCO3.

44 The ratio of bicarbonate/carbonate can decrease as
the soil pH becomes alkaline, which can cause higher
nucleation rates and faster precipitation of CaCO3 crystals
with smaller size.44,45 If there are sufficient CO2, CO32−, and
HCO3− in the soil environment, available Ca and Mg
carbonates can be easily precipitated or formed in this pH
range. Typically, CO2 concentrations in subsoils are con-
sistently high, up to 100 times greater than the atmospheric
CO2 concentration.

46 The increased pH of the biochar
amendments along with the high CO2 concentration might
result in an energetically favorable environment for the
precipitation of CaCO3 and MgCO3.

47−49

An adequate supply of Ca2+ and Mg2+ is another prerequisite
for the formation of carbonates. The high contents of Ca2+ and
Mg2+ cations were observed in the biochar-amended soils
(Figure 3b,c). Biochar amendment (90 t ha−1) largely
increased the stocks of Ca in 0−0.4 m and Mg below 0.4 m.
The mineral fertilizer applied in topsoil twice every year
induced carbonate dissolution.26,50,51 Compared to the control,
biochar amendments with 60 and 90 t ha−1 increased the
contents of soil Ca and Mg below 1.2 m (p < 0.05). Above 1
m, there was a negative relationship between Ca2+ and Mg2+
for all the biochar amendments except B30 (Figure S2a).
Interestingly, below 1 m, the Mg2+ showed a positive linear
relationship with the Ca2+ in both control and biochar-
amended soils (Figure S2b). This was the strong evidence that
a large amount of Ca2+ and Mg2+ came from shallow
groundwater fluctuation (periodic rising or falling). The Ca2+
and Mg2+ can rise together with shallow groundwater when
strong evapotranspiration occurs (e.g., at summer). As
irrigation or precipitation happens, both Ca2+ and Mg2+ are
leached down. Because the solubility of Mg2+ is much higher
than the solubility of Ca2+,52,53 Mg2+ is leached deeper and
quicker than Ca2+. Therefore, in the 0−1 m, the correlation
between Ca2+ and Mg2+ was negative because more Mg2+ and
less Ca2+ were leached down (except B30), but below 1 m, the
correlations were positive because both Ca2+ and Mg2+
upraised under strong evapotranspiration conditions. Because
the biochar-amended subsoil had sufficient Ca2+ and CO2
along with Mg2+, it might be both energetically and kinetically
favorable for producing the precipitation of CaCO3, MgCO3,
or Mg(HCO3)2.

27,48,49

Direct Evidence of Biochar Migration into Subsoil.
Biochar amendments increased the BPCA content from the
topsoil to the subsoil (Figure 4 and Table S4). BPCA is a
widely used marker for qualitative and quantitative black
carbon (including biochar) in the soil. BPCA is the sum of
B3CAs (sum of trimellitic acid, hemimellitic acid, and trimesic
acid), B4CAs (sum of mellophanic acid, prehnitic acid, and
pyromellitic acid), B5CA (benzenepentacarboxylic acid), and
B6CA (mellitic acid).38 The BPCA content in 1.4−1.6 m
depth of 60 t ha−1 biochar-amended soil was 6.8 times higher
than that in the control soil (Table S4), which directly
demonstrated that biochar moved downward from the topsoil
to the subsoil over the 10-years period. In addition, compared
with the control, the soil suspensions of B60 after 24 h of
settling showed a darker color in the entire soil profile from the
topsoil to the subsoil, indicating that the fine biochar particles

might be transported to the subsoil and lead to the darker
color of the biochar-amended soil suspension (Figure S3). The
other biochar-amended soils (B30, B90) were also darker than
the control from the topsoil to the subsoil.
Fine biochar particles are mobile and can move vertically

along with irrigation and rainfall.23,54 In particular, aged
biochar particles had stronger mobility than pristine biochar
because aging process decreases biochar size, and increases the
oxygen-containing functional groups and the hydrophilicity on
its surface.24 The spectral and energy spectrum were used to
characterize the changes in surface properties of biochar during
aging processes (Figure S3). The FTIR analysis showed that
the peaks of oxygen-containing functional groups, that is,
hydroxyl (3380 cm−1), quinones (1750 cm−1), carboxyl
(1500−1650 cm−1), and phenol (1030 cm−1) increased in
the 10-years field-aged biochar selected from topsoil compared
with the original biochar (Figure S4a). Our results were
consistent with the finding from Weng et al. (2017), which
compared the original biochar with the 9.5-years field-aged
biochar.9 The XRD results from the original and field-aged
biochar presented that in addition to obvious graphite/quartz
crystals on the surface of biochar, CaCO3 was precipitated
onto the surface of field-aged biochar (Figure S4b). Similarly,
according to XPS, both CaCO3 and oxygen-containing
functional groups were increased on the surface of the field-
aged biochar (Table S5). In addition, after 10 years of field
aging, the surface of aged biochar showed cracking, suggesting
the pristine biochar was broken up into smaller biochar
particles (Figure S5), which created reactive surfaces that could
facilitate redox and acid-base reactions as well as adsorption of
both inorganic ions and organic molecules.55 The migrated
rates of biochar showed the positive correlationship with the
amount of applied biochar in topsoil due to the change of the
topsoil physi-chemical properties.23 Thus, B60 and B90
treatments might cause higher black carbon concentration in
the subsoil, which could induce more SIC precipitation in the
B60 and B90 subsoil.
Carbonate Precipitation on Biochar Particles in

Subsoil. Biochar particles extracted from subsoil were
investigated by a series of spectral and energy spectral analyses.

Figure 4. Black carbon contents in (a) topsoil (0−0.2 m) and (2)
selected subsoil (1.4−1.6 m) 10 years after a single biochar
application. The black carbon contents were analyzed by BPCA
method for biochar, the control, and biochar-amended soil (60 t ha−1,
B60) in the topsoil and selected subsoil. BPCA individual chemicals
were summarized (SUM) into different groups containing B3CAs
(sum of trimellitic acid, hemimellitic acid, and trimesic acid), B4CAs
(sum of mellophanic acid, prehnitic acid, and pyromellitic acid),
B5CA (benzenepentacarboxylic acid), and B6CA (mellitic acid).
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Electron microscopy, energy-dispersive spectroscopy (EDS)
spectra, and energy electron loss spectroscopy (EELS) of both
the external surfaces and internal pores of the biochar extracted
from a soil depth of 1.4−1.6 m revealed that nanoparticulate
CaCO3, MgCO3, and dolomite, as well as compounds rich in
Al, Si, P, K, Na, Cl, and Fe were formed inside and on the

external surface of the biochar particles (Figures 5 and S6).
Ca3(PO4)2, clay with K and Fe in the lattice, SiO2, iron oxides,
and chlorides were also detected. These were bound together
by organic compounds. The nanoparticulate CaCO3 crystal
cluster was identified in approximately 20 μm from a large
biochar particle (Figures 5, S6, and S7). The EDS and EELS

Figure 5. Spectroscopic analysis of biochar particles in subsoil at the biochar-amended plots 10 years after a single biochar application.
Identification of CaCO3 precipitation on biochar surface and pores in the biochar-amended subsoil. Backscattered electron image of a focused ion
beam (FIB) section containing resin-impregnated biochar (area A) and soil (area B), and the EDS maps of the distribution of the main elements C,
Ca, O, Mg, Al, Si, P, and Fe. The biochar-soil particles were extracted at the depth of 1.4−1.6 m in biochar-amended soil 10 years after a single
biochar application.

Figure 6. Analysis of organo-mineral components of the biochar and the mineral layers 10 years after a single biochar application. (a) HAADF
images of biochar carbon pores and the organo-mineral phase inside the pores; (b) detail of (a) showing the organo-mineral phase; (c) phase map
of (b), red-predominantly carbon in the biochar, yellow-apatite, and cyan-Ca/Mg silicate; (d) an analysis of the boxed region in (b) showing that
the main elements (atomic %, excluding C and O) are Ca, Mg, P, K, and Si.
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spectra indicated that this cluster had formed on small biochar
particle that might be fractured from the main particle. The
HAADF image in Figure S7a shows the mixed (Ca/Mg)CO3
nanoparticles (bright region) adjacent to a micron-sized
biochar particle coated with mineral-rich (Ca and Mg) organic
compounds. The interesting and inspiring part is that the EELS
4 spectrum of Figure S6a from the carbonate shows a very
different edge structure to the amorphous carbon of the
biochar (EELS 1) and organo-mineral layer (EELS 2−3).
Figure S7c clearly shows the HAADF detail of (a), which
exhibits the organo-mineral layer between the biochar
(bottom) and the carbonate phase (top). These spectral
images provided an exciting result for our study. Inorganic
minerals such as CaCO3, MgCO3, and dolomite were found on
the surface of biochar particles that migrated into the subsoil.
All the evidence supported that biochar particles can act as
nuclei to precipitate SIC in the subsoil. Similarly, the greater
contents of CaCO3, KHCO3, CaMgSiO2, and probably SiO2
were found on internal and external surfaces of the 10-year
aged biochar extracted from the topsoil (Figure S4b). These
results provided direct evidence that long-term biochar
application was not only beneficial to soil carbon sequestration
in the topsoil but also largely increased SIC in subsoil due to
the migration of biochar particles into the subsoil.
Mechanism. This study provides strong evidence that

biochar with high application rate can increase the
accumulation of SIC in subsoil (Figure 1). The analysis of
the soil properties and the biochar at the macro-, micro-, and
nano-scale was conducted to prove the possible mechanisms. A
single addition of biochar into calcareous topsoil (especially at
higher application rates) significantly increased the soil pH
from topsoil to subsoil after a decade. Biochar had migrated
through the soil to a depth of 2 meters after 10 years, and the
organo-mineral phases formed in the pores of the biochar and
on its external surfaces. The biochar particles in subsoil
provided the nuclei for SIC precipitation (Figures 5 and 6).
Two mechanisms (Figure 7) are proposed to explain how

biochar induces SIC accrual in the subsoil. (i) Biochar particles
migrate to the subsoil and elevate the soil pH by 0.2−0.5 units,
which causes favorable pH conditions for the precipitation of
Ca and Mg carbonates.47 (ii) The external and internal (pore)
surfaces of aged biochar provide nuclei for the precipitation of
Ca and Mg carbonates.56−59 These carbonates are incorpo-
rated into the organo-mineral phase on the external and
internal surfaces of the biochar pores. As biochar ages in soil, it
fractures, and new surfaces are formed allowing further
carbonate precipitation.
In this study, after the addition of biochar which contributed

to 15, 30, and 45 t C ha−1 SOC, the SIC in biochar-amended
soils increased by 10, 38, and 68 t ha−1 after 10 years,
respectively. In the long-term, biochar application on
calcareous soil can directly sequester OC and especially
indirectly precipitate IC through increasing soil pH and
providing reactive nuclei, which can induce accrual SIC in
subsoil below 1 m. For the first time, we have shown the
biochar-enhanced SIC accumulation in the subsoil. It is
important to stress that this substantial increase in SIC resulted
from a large one-time investment in biochar amendment. It
should be emphasized that long-term biochar field application
affects soil C not only in topsoil but also in subsoil. Especially,
the effect on SIC in subsoil (below 1 m) is always neglected in
current research. The insights from this study will advance the
current understanding for the impact of biochar application on
C dynamics in the subsoil, which is beneficial to soil carbon
storage, soil health, and productivity. Our dramatic findings
need to be confirmed through more trials on other filed sites.
Therefore, it is necessary to conduct more long-term biochar
field experiments to better clarify the impact of long-term
biochar application on subsoil C sequestration in the field.
Environmental Implications. Our study showed that SIC

stocks in the subsoil at a depth of 1−2 m increased by 11−84%
over 1 decade after single biochar additions into calcareous
topsoil. The reason might be that the biochar particles after 10
years migrated into subsoil, and this caused the increase in

Figure 7. Proposed mechanisms of SIC accrual in calcareous subsoil 10 years after a single biochar application to top 20 cm soil. In 0−1 m depth,
SIC was slightly increased by biochar. In the 1−2 m depth, there was substantial SIC accrual (93−95% increase) because of the followings: (1)
biochar particles moved to subsoil, subsoil pH increased to 8.2−8.6, and the pH increase resulted in more carbonate precipitation after saturation;
(2) the external and internal (pore) surfaces of biochar provided nuclei for the precipitation of Ca and Mg carbonates in subsoil.
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subsoil pH and the migrated biochar became reactive nuclei for
HCO3− and CO2 precipitation in subsoil. Sequestration of
inorganic carbon through biochar amendments to calcareous
topsoil was of a similar magnitude after 1 decade as organic
carbon sequestration in biochar itself. This study provided vital
evidence for the impact of biochar application on carbon
stocks in the subsoil in the long run.
The impact of biochar on SIC in subsoil must be understood

to inform strategies for atmospheric carbon dioxide removal
through biochar application to calcareous soils in the long
term. Insights from this study advance our current under-
standing of soil carbon dynamics, especially the significance of
SIC storage and persistence in calcareous soils. Our study
provides proof for the concept that biochar application to
topsoil induces SIC changes in the subsoil and associated
geochemical impact. Understanding the role of biochar on
subsoil carbon dynamics is critical for international terrestrial
carbon sequestration and climate prediction in the coming
decades to centuries. Further studies are needed to understand
the effects of biochar on SIC dynamics and the mitigation
potential of biochar in various types of soil.
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