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Abstract

Aim To identify the main factors affecting Al mobi-
lization in soils from different climate zones.
Methods XRD and 2’Al1 NMR were used to analyse
clay minerals and the relative contents of four- and
six-coordination Al. Soil acidification and Al mobili-
zation were studied by constant pH automatic poten-
tiometric titrator.

Results The relative content of tetrahedral Al
(A1) in the soils increased gradually from low to
high latitude, and an opposite trend was observed for
soil octahedral Al (AIYY). The larger organic carbon
(OC) content in surface soils (0-20 cm) effectively
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inhibited both soil acidification and Al mobilization
compared with subsurface soils (20-40 cm). The
content of mobilized Al followed the order: Incepti-
sol > Alfisol > Mollisol > Ultisol in both surface and
subsurface soils, which determined by soil CEC, the
contents of OC and clay and relative contents of Al'Y
and AIVL. After removal of OC from soil colloids, the
amounts of mobilized Al were consistent with the
relative contents of Al' in soil colloids and followed
Mollisol > Inceptisol > Alfisol > Ultisol, suggesting
that the solid Al in the soils from temperate and north
subtropical regions was readily mobilized during soil
acidification.

Conclusions Al mobilization in different soils
mainly depended on the CEC, the contents of OC and
clay, and the coordination nature of Al in the soils.
A larger CEC, a lower OC content, a greater clay
content, and a higher content of AI'Y led to a greater
amount of mobilized Al during soil acidification.

Keywords Al coordination nature - CEC -
Exchangeable Al - Organic carbon - Soil acidification

Introduction

Soil acidification is the main factor restricting agri-
cultural production and development all over the
world, especially in tropical and subtropical areas.
The trend of soil acidification has become more and
more serious over the past few decades due to the
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anthropogenic activities such as excessive appli-
cation of chemical nitrogen fertilizer (Bolan et al.
1991; Vonuexkull and Mutert 1995; Hajkowicz and
Young 2005; Guo et al. 2010; Bian et al. 2013) and
acid deposition (Reis et al. 2012; Yu et al. 2016). Soil
acidification will lead to the mobilization of toxic and
harmful heavy metals in soils, such as Cd, Cu, and Pb
(Reddy et al. 1995; Blake and Goulding 2002; Yang
et al. 2010; Kunhikrishnan et al. 2016). Microbial
community structure and diversity in the soil can also
be adversely affected (Schimel and Weintraub 2003;
Zhang et al. 2015; Riggs and Hobbie 2016; Li et al.
2018). On the other hand, one of the most serious
problems caused by soil acidification is the damage
caused by toxic AI** to crop roots, resulting in the
reduction of crop yields or even no harvest (Flores
et al. 1988; Kopittke et al. 2016; Zhao et al. 2020a;
Zhu et al. 2020). Soil acidification can be divided
into natural acidification and the acidification caused
by anthropogenic activities. Natural soil acidification
is generally a process of continuous leaching loss of
base cations (Ca**, Mg?*, K* and Na*) from soil
cation exchange sites and increasing of exchangeable
H* and exchangeable AI** (Raza et al. 2020) under
the condition that precipitation is greater than evapo-
transpiration (Slessarev et al. 2016; Fujii et al. 2021).
All these reactions are natural processes accompany-
ing the genesis and evolution of soils (Krug and Frink
1983; Kunhikrishnan et al. 2016). When a soil con-
tains carbonate, the H' ions entering the soil will first
react with the carbonate (Sanderman 2012). When
the soil pH is lower than 6.2 (Ulrich 1986), the car-
bonate in the soil is exhausted, and the H" ions are
mainly consumed in the weathering of phyllosilicate
minerals and reacting with exchangeable base cations
on the soil to produce exchangeable H*(Raza et al.
2020).

With the progress of these reactions, the H* ions
adsorbed on the soil surface increase continuously,
and these exchangeable H' ions will further undergo
the H/Al conversion processes to produce a large
amount of exchangeable AI** (Yu 1997; Raza et al.
2020; Li et al. 2022a). This is the main mechanism
for the production of exchangeable AI** in the natu-
ral soil acidification process. However, the detailed
mechanisms for H/Al transformation during soil
acidification remain elusive. Al mobilization means
the process by which the Al releases from soil miner-
als into solution or soil exchangeable sites as soluble
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and exchangeable Al during soil acidification. Some
soil properties may affect Al mobilization during soil
acidification. Our recent study showed that the mobi-
lization of Al during soil acidification was mainly
affected by the cation exchange capacity (CEC) and
content of organic matter (OM) (Li et al. 2022a). In
addition, the coordination nature of the solid phase
Al and hydroxyl groups on the mineral surfaces also
have important effects on the mobilization of Al (Li
et al. 2023a, b). Reducing the hydroxyl groups on the
surfaces of minerals can effectively inhibit the mobi-
lization of Al during acidification process (Li et al.
2023a). In minerals and soils, tetrahedral Al was more
readily mobilized than octahedral Al (Li et al. 2023b).
Soil acidification is slow under natural conditions.
However, anthropogenic activities accelerate soil
acidification greatly and thus increase the production
of soil exchangeable AI**. For example, the nitrifica-
tion of ammonium in farmland soils under the condi-
tion of excessive application of ammonium nitrogen
fertilizer can accelerate soil acidification (Chien et al.
2008; Guo et al. 2010; Kunhikrishnan et al. 2016).
Acid deposition caused by industrial activities is
another important human factor that accelerates soil
acidification (Reis et al. 2012; Yu et al. 2016).

Climate plays an important role in soil formation.
Climate can also affect soil fertility and other prop-
erties by affecting soil biological processes (Rozhkov
2009; Kozun et al. 2022). There are complex and
diverse climate types and a significant continen-
tal monsoon climate, with tropical, subtropical, and
temperate heat belts in China. Therefore, soil types
in China also show various characteristics under the
influence of complex and diverse climates. In the
tropical and south subtropical regions with low lati-
tudes, heavy rainfall, and high-temperature conditions
lead to intense chemical weathering and leaching loss
of solutes, and apparent desilication and allitization
(Van Breemen and Buurman 2002). Some primary
minerals such as feldspar and mica and 2:1 type sec-
ondary minerals undergo weathering to form kaolin-
ite, goethite, gibbsite, and even lepidocrocite under
wet conditions. Because the clay minerals in the soils
in these areas are mainly kaolinite with good crys-
tallization, soil CEC is low. Such soils are generally
referred to as Ultisol or Oxisol (Soil Survey Staff
2022).

In the north subtropics and mid-latitudes of the
warm temperate zones, warm and humid climates
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accelerate chemical weathering and eluviation of the
soils in the regions. However, the rates of chemical
weathering vary due to the wide range of temperature
changes and the varying intensity of rainfall (Deepthy
and Balakrishnan 2005; Stefaan et al. 2022). The clay
minerals in the soils of the northern subtropics and
warm temperate zones are mainly 2:1 type clay miner-
als such as hydromica, vermiculite, or chlorite, which
are produced by the weathering of primary minerals
(Xiong and Li 1987). Therefore, the CEC of the soils
is greater and the nutrient retention ability of the soils
is stronger because 2:1 type phyllosilicate minerals
carry more negative charges due to more isomorphic
substitutions in the minerals compared with 1:1 type
kaolinite. This type of soil is commonly called Alfisol
or Inceptisol. For the cold temperate zone with high
latitude, the temperature of the region is low all year
round, so the soil microbial activity is low, and soil
OM is not easy to decompose. Because the content of
soil OM in the region is usually high, the soil is often
black, containing mainly hydromica and kaolinite, and
the soil nutrient content is high (Xiong and Li 1987).
Due to the phenomenon of isomorphic substitution,
there are usually two kinds of solid phase Al with four
(A1"Y) and six (AIYY) coordination structures in miner-
als. The contents of two kinds of Al in soils are closely
related to the type and quantity of clay minerals (Li
et al. 2023b).

The characteristics of soil microbial community
and composition under different climates with differ-
ent latitudes (Zhao et al. 2016; Kozun et al. 2022) and
physical and chemical properties of soils (Larionova
et al. 2015; Wu et al. 2016; Zhang et al. 2019; Zhao
et al. 2020b; Peng et al. 2022) have been investigated
extensively. However, few studies have involved the
characteristics of Al mobilization during the acidifi-
cation of the soils from different climate zones. The
acidification problem is particularly prominent in the
subtropical and tropical regions in the south of China,
and previous studies mainly focused on the acidifi-
cation of Ultisols in these regions (Zhou et al. 2014;
Zhang et al. 2016). In recent years, soil acidification
was also observed for Alfisol, Inceptisol, and Mollisol
in north subtropical and temperate regions (Liu et al.
2010; Zhang et al. 2020; Li et al. 2022b; Yin et al.
2023).

In this study, four typical soils were collected from
different climate zones at low, middle, and high lati-
tudes in China: Ultisol from Qiyang, Hunan Province;

Alfisol from Zhenjiang, Jiangsu Province; Inceptisol
from Weihai, Shandong Province; and Mollisol from
Nenjiang, Heilongjiang Province. Soil Al mobili-
zation is so sensitive to pH change that we need to
accurately control the pH of the system to compare
the differences in the amount of Al mobilization. The
soils were acidified using a constant pH automatic
potentiometric titrator and then Al mobilization was
investigated to (1) clarify the differences of acid con-
sumption and Al mobilization among different soils
and (2) identify the factors affecting soil acidifica-
tion and Al mobilization in different soils. The results
obtained in the present study will provide useful ref-
erences for the inhibition of soil acidification and Al
mobilization as well as the amelioration of acidic
soils in various climate zones.

Materials and methods
Soil sampling and analysis

Four typical soils were collected from different cli-
mate zones and used in this study. The Ultisol was
collected from a field of long-term field experiment in
Qiyang County, Yongzhou City, Hunan Province (26°
45" N, 111° 52’ E) and the Alfisol was collected from
Jurong County, Zhenjiang City, Jiangsu Province (32°
10" N, 119° 11" E). The Inceptisol was collected from
Tianfu Mountain, Weihai City, Shandong Province
(37° 14’ N, 122° 12" E), while the Mollisol was col-
lected from Nenjiang County, Heihe City, Heilongji-
ang Province (48° 57" N, 125° 14' E). The surface
(0-20 cm) and subsurface (20-40 cm) soils were sam-
pled from each site. The four soils above were derived
from Quaternary red earth, Xiashu loess, granite, and
diluvial loess, respectively.

The soil samples were air dried, finely ground,
passed through 2-mm sieve for the determination of
soil pH and dissolved organic carbon (DOC), 0.85-mm
sieve for the determination of CEC, and 0.25-mm sieve
for the determination of Dithionite-Citrate-Bicarbonate
(DCB)-extractable Fe/Al oxides and oxalate-extracta-
ble Fe/Al oxides as well as soil clay content. Soil pH
was determined using an Orion A211 pH meter with a
composite glass electrode in a suspension with a soil/
water ratio of 1:2.5 (Pansu and Gautheyrou 2006). Soil
organic carbon (OC) was determined by the potassium
dichromate method (Pansu and Gautheyrou 2006).
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Soil DOC was determined using the method of Zhang
et al. (2007). Briefly, 10.0 g of soil was mixed with
30 mL of distilled water in a 50 mL polyethylene plas-
tic centrifuge tube, shaken on an end-over-end shaker
at approximately 230 rpm for 30 min, and then cen-
trifuged at 8000 rpm for 20 min. The supernatant was
filtered through a 0.45 pm membrane filter for DOC
analysis. The DOC in the extracts was determined by
a TOC analyser (Multi NC 3100, Jena AG, Germany).
Soil CEC was determined with the ammonium acetate
method at pH 7.0. The DCB-extractable Fe/Al (Pansu
and Gautheyrou 2006) and oxalate-extractable Fe/
Al (Pansu and Gautheyrou 2006) were determined by
Inductively Coupled Plasma-Atomic Emission Spec-
trometry (ICP-AES) (VISTA-MPX, Varian, USA). The
former included crystalline Fe oxides, non-crystalline
Fe oxides, Fe and Al organic complexes as well as
some crystalline Al oxides, and the latter included Fe
and Al organic complexes as well as hydrated oxides
of Fe and Al (Pansu and Gautheyrou 2006). The soils’
basic properties are listed in Table 1.

X-ray diffraction (XRD)

The clay fractions with particle size <2 pm (soil col-
loids) were separated from soil samples by pipette
method. The pipette method is based on sedimenta-
tion of the particles by gravity according to the law of
Stokes. Recovery of the aliquot at a given depth and
a given time makes it possible to identify a specific
class of particles when all the particles bigger than
the selected diameter have been eliminated (Pansu
and Gautheyrou 2006). Then DCB method was used
to remove free iron oxides from soil colloids, and
the H,0, oxidation method was used to remove soil
organic matter (Li et al. 2022a). The treated soil
colloid samples were dried in an oven at 40 °C and
then finely ground and passed through a 0.074-mm
sieve for XRD determination. A part of soil colloids
was taken to treat with H,O, and used for the later
Al mobilization experiment to further verify the
effect of the coordination nature of solid Al on Al
mobilization.

The XRD patterns of soil colloids were obtained
using an Ultima IV diffractometer, Cu target, Ko
radiation source (A=0.154 nm), and graphite filter.
The test conditions were as follows: the tube voltage
was 40 kV, the tube current was 40 mA, the scanning
speed was 1° (20) min~!, and the scanning step was
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Table 1 The basic properties of studied soils

Feox  Alox

AlDCB

Colloid SOC*  Residual Colloid CEC (cmol, kg™") Fepcp

(gkg™

SocC DOC

pH Clay content
(%)

Depth
(cm)

Soil

(gkg™
35.00
37.90

SOC** (g kg™
19.15

(mgkg™)

(gkg™
13.3

0.86
0.85
0.78

1.22
1.24
1.21
0.66
0.56
0.51

4.43
4.61
221
2.27

2.13

14.5

61.8

6.30
6.40
7.07
5.83

0-20

Ultisol

9.45 4.52 13.3

19.1

7.08
8.06
5.67

10.1

38.0

20-40

16.5

70.2

0-20
20-40

Alfisol

0.66
0.48
0.73

19.00
22.65

14.4

5.63

12.2

34.8

24.9

13.1

108.3
103.5
232.5
248.7

5.71
5.73
5.85

0-20

20-40

Inceptisol

1.86
1.55
1.83

16.80
10.53
12.50

12.1

2.5 16.3

3

114

2

9.10

1.05
1.18

1.78
2.13

25.0

8.1

0-20
20-40

Mollisol

23.6

9.98

31.6

24.1

13.4

5.84

kg ™! refers to g kg™! of soil colloids; **: after soil colloids treated with H,O,, the g kg™ refers to g kg™! of soil colloids; CEC cation exchange capacity, DCB Dithionite-Citrate-

SOC soil organic carbon, the g kg™! refers to g kg™! of soil, DOC dissolved organic carbon, the mg kg™! refers to mg kg™! of soil; *: before soil colloids treated with H,O,, the g
Bicarbonate-extractable, OX oxalate-extractable
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0.02°. Semi-quantitative estimation of the mineral
proportion was calculated by X’Pert high score, com-
paring with the standard samples (Jiang et al. 2011).

Solid-state nuclear magnetic resonance (NMR)

The soil colloids were ground through 0.149-mm
sieve for the determination of NMR. The determi-
nation of solid-state NMR was carried out with the
instrument Bruker AVANCE II 400 MHz. The test
conditions of the 2’Al magic-angle spinning (MAS)
NMR were as follows: the 2’Al chemical shift refer-
ence was Al nitrate (Al(NO;);) solution, the reso-
nance frequency was 104.3 Mhz, the sample speed
was 17 kHz, the pulse delay was 2.5 s. The scan num-
ber was 2048 and the probe was 4 mm. The relative
content of AI'Y and A1Y! was obtained from the rela-
tive ratio of peak area for Al'/that for AI! in 27Al
NMR spectra (Badreddine et al. 2002).

Al release from soils and their colloids during their
acidification

1.0 g soil or colloid with OC partially removed sam-
ple was weighed in a 50 mL beaker and 30 mL of
deionized water was added. Then, a 902 constant
pH automatic potentiometric titrator (Swiss Watone)
was used to titrate the mixture to a constant pH and
maintained for 2 h afterward. During this time, the
mixture was under constant magnetic stirring and
0. 1 M HCI was added into the suspension through
the titrator to adjust pH to the objective value. After
that, a 50 mL polyethylene plastic centrifuge tube was
weighed as W, (g). The soil suspension in the 50 mL
beaker was poured into the centrifuge tube and cen-
trifuged at 4500 rpm for 5 min. The supernatant was
filtered with a 0.45 pm membrane filter and used to
determine the content of soluble Al. Then, the cen-
trifugal tube was weighed together with its content as
W, (g). The soil sample in the centrifugal tube was
then washed to a filter paper in a glass funnel with
1.0 M KCI and the exchangeable Al of the soils was
extracted by leaching with 1.0 M KCl solution (Pansu
and Gautheyrou 2006). The leachate was collected in
a 50 mL volumetric flask. The 8-hydroxyquinoline
colorimetric method (pH 8.3) was used to determine
the contents of Al in the extractants and supernatants
(Xu and Ji 1998). The soluble and exchangeable Al of

Intensity (a.u.)

jL Alfisol

Mollisol
A

5 10 15 20 25 30 35 40 45 50 55 60
20 (%)

Fig. 1 X-ray diffraction patterns of studied soil colloids at the
depth of 2040 cm with organic matter and free iron oxides
removed. V: Vermiculite; C: Chlorite; H: Hydromica; K: Kao-
linite; Q: Quartz

each system were calculated by eqgs. (1) and (2). Each
treatment was repeated twice.

[Allgg, (mmolkg™") =Cx (30+V,)/1 (1)

[Allg, (mmolkg™) = {[Allxq; XV, —CX (W, =W, —1)/p}/1

@
where [Al]g,, represents soluble Al [Al]g, is the
exchangeable Al; V, is the volume of hydrochloric
acid consumed (mL); V, represents the volume of
1.0 M KCl (50 mL); [Allgc, represents the measured
concentration of Al in KClI extract (mM); C represents
the concentration of Al in the supernatant after cen-
trifugation (mM), and p is the density of pure water
(1 g mL™"). All data were expressed as mean =+ stand-
ard deviation of 2 repetitions. Excel 2016 and Origin
2017 were used for data analyses.

Results

XRD and ?’Al NMR analyses of four soils

The XRD patterns of the colloids of subsurface soils
(2040 cm) after the removal of free iron oxides and

organic matter are shown in Fig. 1. The main clay
minerals contained in these soils are vermiculite

@ Springer
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(PDF#76-0847), chlorite (PDF#29-0701), hydromica
(PDF#80-0742), and kaolinite (PDF#06-0221). How-
ever, the proportions of various clay minerals in the
soils differed. The percentage of clay minerals in each
soil is listed in Table 2. Accordingly, Ultisol contained
the highest content of kaolinite, Alfisol contained more
hydromica, Inceptisol contained more chlorite and ver-
miculite, and Mollisol mainly contained hydromica,
chlorite, and kaolinite as dominant clay minerals. It
can be seen that the proportion of major clay minerals
contained in the four soils differed greatly due to differ-
ences in soil development degree caused by different
climatic conditions (Winkler et al. 2002; Deepthy and
Balakrishnan 2005; Locsey et al. 2012).

The clay content of four subsurface soils was in
the order of Ultisol > Alfisol > Mollisol > Inceptisol,
which reflected the clay content in the surface layer of
the soils. Table 1 presents that the CEC of Mollisol
was the largest (Table 1) and mainly depended on the
type and content of clay minerals. The CEC of the four
soils was in the order of Mollisol > Alfisol >Ultisol >
Inceptisol. In general, the CEC of 2:1 type phyllosili-
cate minerals such as chlorite, vermiculite, and hydro-
mica is significantly greater than that of 1:1 type phyl-
losilicate minerals such as kaolinite (Bhattacharyya
and Gupta 2008).

The *’Al solid-state NMR spectra of the col-
loids of subsurface soils are shown in Fig. 2. The
four soils all contained both tetrahedral and octa-
hedral Al (Sanz et al. 1986; Badreddine et al. 2002;
Ejeckam and Sherriff 2005; Di Pietro et al. 2022),
which indicated that the isomorphic substitution of
Si** by AI** occurred in Si-O tetrahedron of the clay
minerals of all four soils, but the degree of isomor-
phic substitution varied with soil type. The quantita-
tive analysis results based on the peak area of NMR
spectra showed that the relative contents of tetra-
hedral and octahedral Al also varied with soil type
(Table 3). Also, the content of tetrahedral Al gradu-
ally increased, while the content of octahedral Al
gradually decreased with the increase of latitude of

soil sampling sites. In other words, the content of tet-
rahedral Al followed Mollisol > Inceptisol > Alfisol
> Ultisol, and the content of octahedral Al followed
Ultisol > Alfisol > Inceptisol > Mollisol .

The composition and content of soil clay minerals
determined the contents of tetrahedral and octahe-
dral Al in the soils (Fig. 1 and Table 2). According
to our recent study (Li et al. 2023b), almost all solid
Al in kaolinite exists as octahedral Al, while the 2:1
phyllosilicate minerals such as hydromica, vermicu-
lite, and chlorite contain more tetrahedral Al. It can
be noted from Fig. 2 that the chemical shifts of tetra-
hedral Al in Ultisol, Alfisol, and Inceptisol were all
around 70 ppm, while that in Mollisol was different
from these in the other three soils (near 57 ppm). This
indicates that the tetrahedral Al in Mollisol was more
symmetrical than that in the other three soils in terms
of nuclear magnetic resonance (Woessner 1989). The
high tetrahedral Al content in Mollisol also provided
evidence for the above inference (Table 3).

Soil acidification and Al mobilization in different
sampling depths of soils

Figures 3, 4, 5 and 6 show the results of acid con-
sumption and Al mobilization during the acidifica-
tion process of four typical soils at different sampling
depths. For the Ultisol, when pH is under an acidic
condition (pH <5.5), the exchangeable hydrogen ions
adsorbed on the soil exchangeable sites begin to be
gradually converted into exchangeable Al. During
this process, the protonation reactions between soil
exchangeable H* and hydroxyl groups on soil min-
eral surfaces occur at first, which enhances the release
of Al from Al-O tetrahedron and octahedron of soil
minerals (Li et al. 2023a), and then the released
AP** ions are adsorbed by soils to form exchange-
able AI** (Li et al. 2023b). A part of exchangeable
AI** is released into the solution to become soluble
Al. With the decrease in pH, the consumption of HCI,
the contents of exchangeable Al, and soluble Al in

Table 2 Minerals

. Soil Depth (cm) Vermiculite V/H Hydromica Kaolinite Chlorite Quartz Feldspar
percentage (%) of soil
colloids with organic matter Ultisol 20—40 8 1 20 41 18 11 1
and free iron removed
quantified by XRD analysis Alfisol 20-40 12 0 46 19 16 1
Inceptisol 2040 27 0 11 26 30 5 1
V/H: Vermiculite and Mollisol ~ 20-40 7 0 30 26 23 12 2

hydromica mixed layer
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27Al

Ultisol
A1 4.04

y Al 70.39 "

27Al

Alfisol
A 4.31

Al 69.83 *

T T T T
200 150 100 50 0 -50 -100  -150

-200 200

—— 1 T T T T T T T T T T
150 100 50 0 -50 -100 -150 -200

Chemical shift (ppm) Chemical shift (ppm)
27Al
Mollisol A1Y'3.37
Al 57.21
T T T T T T T T T T T T T T
200 150 100 50 0 50 -100  -150 200 200 150 100 50 0 50 -100 -150  -200
Chemical shift (ppm) Chemical shift (ppm)

Fig. 2 Al solid-state nuclear magnetic resonance patterns of studied soil colloids at the depth of 20-40 cm. * represents rotating

sideband

Ultisol gradually increased (Fig. 3). The HCI con-
sumption by surface soil (0-20 cm) was greater than
that by subsurface soil when the soil was acidified

Table 3 Relative percentage (%) of tetrahedral Al (Al'Y) and
octahedral Al (A1'Y) in the colloids of four soils in the depth of
20-40 cm

Soil AlY AV

Ultisol 6.42 93.58
Alfisol 15.98 84.02
Inceptisol 16.39 83.61
Mollisol 28.65 71.35

to the same pH. For example, at pH 4.3, the HCI
consumption by surface soil was 50.1 mmol kg~!,
while that of the latter was only 28.5 mmol kg~
For exchangeable Al, the trend was opposite to that
of HCl consumption, that is, the exchangeable Al
content in surface soil was lower than that in subsur-
face soil at various acidic pH values. Specifically, at
pH 4.3, the exchangeable Al content in surface soil
was 1.49 mmol kg~! and 1.83 mmol kg~! in subsur-
face soil. On the other hand, the variation of soluble
Al was consistent with the consumption of HCI. That
is, the content of soluble Al produced in surface soil
was higher than that in subsurface soil at the same pH

@ Springer
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(=)
=]

—©— Ultisol 0-20cm
—2— Ultisol 20-40cm

[9)]
(=]

£
<

[ ]
<

p—
<

HCI consumption (mmol kg™)
=
D,

4.9 5.5

pH

43 4.5 4.7 5.1 53

0.6

0.5 C C

0.2 /

Soluble Al (mmol kg?)

0.1

4.3 4.5 47 49 5.1 53 5.5

pH

Exchangeable Al (mmol kg')

5.1

4.3 4.5 4.7 4.9 53 5.5

pH

Fig. 3 The changing trends of acid consumption (A), exchangeable aluminum (B), and soluble aluminum (C) with pH during the

acidification of Ultisol at different depths

(Fig. 3). At pH 4.3, the contents of soluble Al pro-
duced in surface and subsurface soils were 0.51 and
0.20 mmol kg™, respectively.

Figure 4 shows the results of Al mobilization dur-
ing soil acidification at different depths in Alfisol.
The trends of HCI consumption, exchangeable Al,
and soluble Al contents in surface and subsurface
samples were similar to those of the Ultisol. In other
words, the HCI consumption and soluble Al content
in subsurface soil were lower than those in surface
soil, while the exchangeable Al content of the former
was higher than that of the latter. For instance, the
amounts of HCI consumed by surface and subsurface

@ Springer

soils were 23.8 and 18.4 mmol kg~! at pH 4.3,
respectively. The exchangeable Al content in surface
soil was 2.88 mmol kg~!, and 3.23 mmol kg~! in sub-
surface soil at pH 4.3. The contents of soluble Al pro-
duced in surface and subsurface soils were 0.09 and
0.04 mmol kg™, respectively.

Figure 5 shows the results of Al mobilization
in different sampling depths of the Inceptisol dur-
ing soil acidification. Opposite trends for acid con-
sumption and Al mobilization in the Inceptisol were
observed compared with those in the Ultisol and Alfi-
sol as mentioned above. Specifically, the consump-
tion of acid by subsurface soil was greater than that
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of surface soil when the Inceptisol was acidified to
the same pH. For example, the HCI consumption by
surface soil was 20.6 mmol kg_l, while that of sub-
surface soil was 29.7 mmol kg~! when the soil was
acidified to pH 4.3. The content of exchangeable Al
produced in surface soil was greater than that in sub-
surface soil while the content of soluble Al in surface
soil was slightly higher than that in subsurface soil at
the same pH. The exchangeable Al produced in sur-
face soil was 5.55 mmol kg~!, and 5.32 mmol kg™
in subsurface soil at pH 4.3. The contents of

soluble Al in surface and subsurface soils were 0.17
and 0.18 mmol kg~!, respectively.

Figure 6 shows the trends of Al mobilization in
different sampling depths of the Mollisol during
soil acidification. When surface and subsurface
soils were acidified to the same pH, the consump-
tion of HCI was almost the same, and the content
of exchangeable Al in subsurface soil was higher
than that in surface soil (Fig. 6B). At pH 5.5,
the contents of exchangeable Al in surface and
subsurface soils were 0.23 and 0.73 mmol kg~!,
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respectively. When pH was decreased from 5.5
to 4.3, the exchangeable Al of the corresponding
soils was increased by 1.53 and 1.35 mmol kg™,
respectively. In the range of 4.9<pH<S5.5, the
content of soluble Al in the subsurface soil was
greater than that in the surface soil (Fig. 6C). In
the range of 4.3 <pH<4.9, the content of solu-
ble Al in surface was almost the same with that in
subsurface soil. When soil pH was decreased from
5.5 to 4.3, soluble Al in the surface and subsurface
soils were increased by 73% and 24 %, respectively.
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Al mobilization in different soils

When different soils were compared, it was found
that soil acidification and Al mobilization varied with
soil type (Figs. 3, 4, 5 and 6). The HCI consump-
tion followed the order Mollisol > Ultisol > Alfi-
sol > Inceptisol for the surface soils and Mollisol >
Inceptisol > Ultisol > Alfisol for the subsurface soils
when the soils were acidified to pH 4.3. The varia-
tion in acid consumption among different soils was
mainly related to their acid buffer capacity, which
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was mainly determined by soil OC content and CEC
(Li et al. 2022a). The OC contents and CEC values
of both surface and subsurface layers of the Mollisol
were the largest among the soils (Table 1), so the acid
buffer capacity and acid consumption of the soil were
also the greatest. Additionally, the content of OC in
the surface layer of the Ultisol was higher than that
of Alfisol and Inceptisol, but these surface soils had
a similar CEC, which was responsible for the greater
acid consumption of the soil than Alfisol and Incep-
tisol due to its greater acid buffer capacity than the
other two soils. Similarly, higher content of OC in the

sub-layer of the Inceptisol than those of Ultisol and
Alfisol led to greater acid buffering capacity and acid
consumption of the soil than those in sub-layers of
Ultisol and Alfisol.

The contents of exchangeable Al followed Incep-
tisol > Alfisol > Mollisol > Ultisol for both surface
and subsurface soils (Figs. 3, 4, 5 and 6) and the OC
content, CEC, and composition of minerals were the
main factors to affect soil exchangeable Al. Greater
CEC enhanced the production of soil exchangeable
Al during soil acidification due to the larger amount
of negative charge can make the soil adsorb more
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exchangeable Al. However, higher OC content inhib-
ited this process because SOC absorbed more H' ions
powerfully instead of transforming to exchangeable
AP* (Li et al. 2022a). The soluble Al followed Ulti-
sol > Mollisol > Inceptisol > Alfisol in surface layers
and Mollisol > Ultisol > Inceptisol > Alfisol in sub-
layers (Figs. 3, 4, 5 and 6).

Al mobilization in four soil colloids with organic
matter partially removed

To avoid the interference of differences of clay con-
tent among different soils on the effect of the coor-
dination nature of solid Al on Al mobilization, the
colloids were separated from sub-surface layers of
the soils and used in the study. The exchangeable and
soluble Al of four soil colloids with organic matter
partially removed at pH 4.3 are presented in Fig. 7.
We observed that the exchangeable Al was increased
from 4.0 to 5.41 mmol kg~! and increased by 35%,
while soluble Al was increased from 1.79 to 11.66
and increased by 4.8 times in the colloids of Ultisol
after SOC was removed. Similarly, the exchangeable
Al was increased from 4.24 to 13.58 mmol kg~! (3.2
times), while soluble Al was increased from 1.79 to
11.66 mmol kg‘1 (6.5 times) in the colloids of Molli-
sol. These results confirmed that soil OC significantly
inhibited Al mobilization from soil minerals and was
also consistent with previous observations (Li et al.
2022a). As mentioned above, SOC inhibited mobi-
lization of soil Al through physical mask and asso-
ciation of organic anions of SOC with H*, in which
SOC inhibited the reaction between H* ions and
minerals and hindered the H/Al conversion reactions
(Yu 1997). Given that Mollisol contained the highest
OC content, more OC was removed from its colloids

with H,0, treatment (Table 1), which led to greater
increases in both exchangeable and soluble Al.

After OC was partially removed from soil colloids,
the total amount of Al (sum of exchangeable and sol-
uble Al) mobilized in soil colloids at pH 4.3 followed
the order Mollisol > Inceptisol > Alfisol > Ultisol,
which was consistent with the order of relative con-
tent of tetrahedral Al in these colloids (Table 3). This
further suggested that the Al in Al-O tetrahedrons
of soil minerals was more readily mobilized than
Al in Al-O octahedrons during soil acidification. As
observed by Li et al. (2023b), 2:1 type phyllosilicate
minerals of illite and vermiculite contain Al-O tetra-
hedrons, while kaolinite does not contain Al-O tetra-
hedrons, and this influences Al mobilization behav-
iors in these minerals.

Discussion

Effects of OC on soil acidification and Al
mobilization in different sampling depths of soils

Soil OC content and CEC are two important factors
in determining soil acid buffer capacity (Aitken 1992;
Nelson and Su 2010; Xu et al. 2012; Li et al. 2022a).
For Ultisol, under the condition of a small difference
in CEC between surface and subsurface soils, the
higher OC content in surface soil led to more amounts
of acid consumed by the soil compared with subsur-
face soil, when soil pH was decreased to the same
value (Table 1, Fig. 3A). On the other hand, soil OC
can significantly inhibit the H/Al conversion during
the acidification process and thus decrease the produc-
tion of exchangeable Al, which was also responsible
for greater exchangeable Al in subsurface soil than in

Fig. 7 The amount of 30 30
mobilized Al at pH 4.3
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surface soil of Ultisol and Alfisol (Figs. 3 and 4). This
is consistent with the observation presented in a previ-
ous study (Li et al. 2022a). The OC covering on soil
minerals protected the minerals against attacking of
H*. In addition, the organic anions of soil OC associ-
ated with H* to form neutral molecules and thus con-
sumed more H* ions during soil acidification (Shi et al.
2019). These are main mechanisms for the inhibition
of soil acidification and production of exchangeable Al
by OC. The higher content of OC in the surface soil
was also responsible for the greater soluble Al in this
layer of the soil compared with subsurface soil. Dur-
ing soil acidification, mobilized Al formed organic-
Al complexes with dissolved organic matter (DOM)
(Zhang et al. 2018; Krettek and Rennert 2021). The
higher contents of OC in surface Ultisol and Alfisol
also increased the concentration of DOC and thus the
content of soluble Al compared with subsurface soil
(Table 1) (Jansen et al. 2003, 2004; Li et al. 2022a;
Antonangelo et al. 2022). If soil exchangeable Al and
soluble Al were put together as total mobilized Al, sol-
uble Al only accounts for a small portion of total mobi-
lized Al. Although higher OC in surface soil increased
the content of soluble Al, still decreased total mobi-
lized Al compared with subsurface soil.

However, the lower content of OC in the surface
soil of Inceptisol led to smaller HCI consumption by
surface soil and greater exchangeable Al content in
surface soil compared with subsurface soil (Table 1,
Fig. 5). The higher OC content in subsurface soil
played a similar role in increasing soil acid buffering
capacity and inhibited Al mobilization in the layer
of the soil compared with surface soil of Incepti-
sol. For the same soil profile, there was little differ-
ence in the mineralogy of the clay fraction in surface
and subsurface soils. Therefore, we only focused on
the impact of SOC on Al mobilization. Much higher
contents of OC in both surface and subsurface soils
of Mollisol compared with other three soils (Table 1)
led to similar HCI consumption and soluble Al con-
tents from pH 4.3 to 4.9 in the two layers of the soil
(Fig. 6). The higher content of OC in surface soil than
subsurface soil was responsible for the lower content
of exchangeable Al from pH 4.9 to 5.5 in surface soil
compared with subsurface soil. Therefore, OC con-
tent was the main factor determining acid consump-
tion and Al mobilization in surface and subsurface
soils of four soils during their acidification.

Characteristics of Al mobilization for different soils

Although the CEC of Mollisol was greater than that
of Inceptisol and Alfisol in surface and subsurface
layers (Table 1), its higher content of OC inhibited
the production of exchangeable Al and was respon-
sible for the lower exchangeable Al of the soil in
both soil layers. Comparatively, the OC content of
Mollisol was higher than that of Ultisol (Table 1),
nevertheless, the lower CEC and greater content of
kaolinite (Table 2) led to a smaller exchangeable
Al in Ultisol than that of Mollisol. This is proba-
bly because Al mobilization in 2:1 type phyllosili-
cate minerals of vermiculite, hydromica (illite), and
chlorite is more readily mobilized than that in kao-
linite (Li et al. 2023b). Therefore, higher contents
of 2:1 type phyllosilicate minerals and greater CEC
of Mollisol (Table 2) were responsible for its larger
exchangeable Al than that of Ultisol. In addition,
the higher contents of 2:1 type phyllosilicate miner-
als in Inceptisol and Alfisol were also responsible
for the greater exchangeable Al in these two soils
than that of Ultisol.

The effect of soil mineral composition on soil
exchangeable Al was also related to the coordina-
tion nature of Al in these minerals. Previous research
results showed that tetrahedral Al in minerals was more
readily released (mobilized) than octahedral Al during
mineral acidification (Li et al. 2023b). As can be seen
from Fig. 2 and Table 3, Mollisol contained more tet-
rahedral Al than Ultisol, which indicated that the solid
Al in Mollisol was more readily mobilized than that in
Ultisol without the influence of other factors as octahe-
dral Al is more stable than tetrahedral Al in the mineral
lattice (Li et al. 2023b). As a result, more protons were
absorbed and more exchangeable Al was mobilized in
the acidification process of Mollisol. Also, since the
OC content of surface soil in Alfisol was lower than
that of Inceptisol (Table 1), the exchangeable Al con-
tent produced by Inceptisol was greater than that of
Alfisol (Figs. 4B and 5B). This was mainly related to
the difference in clay minerals between the two soils.
There was more hydromica in Alfisol while Inceptisol
contained more vermiculite and chlorite. The propor-
tion of tetrahedral Al in clay minerals contained in
Inceptisol was greater than that in Alfisol (Table 3),
which also made the mobilization of exchangeable Al
in Inceptisol greater than that in Alfisol.
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The complexation of DOM with Al was the main
reason that affected the release of soluble Al from
the soils (Jansen et al. 2003, 2004; Zhang et al. 2018;
Krettek and Rennert 2021). The higher contents of
OC in Mollisol and surface soil of Ultisol led to more
DOC in soil solution and thus increased dissolution of
Al through formation of soluble Al-DOC complexes,
which was responsible for greater contents of solu-
ble Al in Ultisol and Mollisol than these in Inceptisol
and Alfisol (Table 1). In addition to SOC, the higher
content of Al oxides in the Ultisol (Table 1) also con-
tributed to greater soluble Al content in this soil com-
pared with the other three soils (Zhang et al. 1991).
The detailed mechanisms need to be further verified
in the future studies. As discussed above, during soil
acidification, acid consumption mainly depended on
soil acid buffering performance which was influenced
by soil CEC and OC content; the content of soil
exchangeable Al depended on the CEC, the content of
OC, and the composition of minerals as well as coor-
dination nature of Al in soil Al-bearing minerals.

The study of Mladkova et al. (2005) using tradi-
tional statistical analysis showed that soil exchangea-
ble Al content was mainly affected by the altitudes of
sampling sites. Boruvka et al. (2005) showed that the
content of exchangeable Al in surface soils decreased
with the increase of sampling site altitude. This was
mainly related to the low temperature at high altitudes
and the high content of OC in the surface soils, which
inhibited the mobilization of soil Al. The content of
exchangeable Al in deep soils was mainly affected
by its parent materials (Boruvka et al. 2005). These
observations were consistent with the results pre-
sented in this study. Mobilization of Al in surface
soils was mainly affected by SOC contents, while the
mobilization of Al in subsurface and deep soils was
mainly influenced by the phyllosilicate minerals. The
degree of soil weathering decreases with increasing
latitude, which is reflected in the phyllosilicate miner-
als present in the soils from different climate zones.
For example, Ultisol has the highest degree of weath-
ering and contains mainly kaolinite. The propor-
tion of 2:1 phyllosilicate minerals in soils gradually
increases as the degree of weathering decreases. For
example, the main phyllosilicate minerals in Alfisol,
Inceptisol and Mollisol are hydromica and chlorite
(Table 2). On the other hand, the decomposition of
organic matter in Ultisol is faster, so the SOC content
should be low. However, the clay content also affects
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SOC content as it is strongly bound to soil colloids.
The SOC content of Ultisol is higher than that of
Alfisol and Inceptisol due to its higher clay content.
The degree of soil weathering in the Mollisol area is
very low. This allows for easy accumulation of SOC,
resulting in high SOC levels (Table 1).

Some other Al pools in the mollisol with partially
removed OC also contributed to a higher production of
mobilized Al. The rather high levels of oxalate-extract-
able Al and Fe in the mollisol (Table 1) may indicate
the presence of: (i) short-range ordered (SRO) alumi-
nosilicates, and (ii) Fe-oxyhydroxides with Al substi-
tution. The co-existence of SRO aluminosilicates with
2:1 minerals has been reported for Alfisols (Lavkulich
and Arocena 2011). Such ill-defined aluminosilicates
can form due to continuous mineral weathering and the
hydrolysis of AI*" and Fe** cations (Basile-Doelsch
et al. 2015). A previous study (Wang et al. 2020)
showed that the AI** ions were readily released from
the poorly defined SRO aluminosilicates during soil
acidification. The Al mobilization characteristics and
mechanisms of these soils in this study need to be vali-
dated in more soils in future investigations.

It is possible that iron oxides inhibited soil acidi-
fication and Al mobilization by coating the oxides
on phyllosilicate minerals to reduce the reactions of
H* with minerals (Li et al. 2023a). The effect of iron
oxides in the Ultisol on Al mobilization was greater
than that in the other three soils due to the higher con-
tent of iron oxides in the former than in the latter. The
effect of soil iron oxides on Al mobilization remains
to be evaluated quantitatively in the future.

Previous studies have shown that organic mat-
ter interacts with soils to affect soil acidification
and Al mobilization. For example, long-term appli-
cation of organic manure effectively increased the
content of OC in Ultisols, improved the pH buffer
capacity (pHBC) of the soils, and thus reduced the
contents of soluble and exchangeable Al in the soils
(Shi et al. 2019). Similarly, incorporation of decayed
crop straws into acidic Ultisols increased soil pH and
pHBC, thereby inhibiting soil acidification and Al
mobilization (Pan et al. 2020, 2021). Recent studies
have shown that the interaction of soil bacteria (Nkoh
et al. 2020) and their extracellular polymers (Nkoh
et al. 2022) with an acidic soil can also improve the
acid buffering performance and reduce the active
Al content of the soil. These results, along with the
observations presented in this study, indicated that
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SOC played an important role in inhibiting soil acidi-
fication and Al mobilization.

Al mobilization in soil colloids

Figure 7A shows that the order of Al mobilization of
the four soil colloids at pH 4.3 was Alfisol > Incep-
tisol > Mollisol > Ultisol. This trend was consistent
with the order of the 2:1 phyllosilicate minerals pre-
sent. Therefore, the mobilization amount of Al dur-
ing acidification of the four soil colloids in this study
was mainly affected by the relative content of soil 2:1
clay minerals. Compared to the bulk soil, the amount
of Al mobilization of the colloids was significantly
increased, mainly due to the fact that almost all soil
clay particles were present in the colloids. Thus, the
content of phyllosilicate minerals in the soil was
much higher than that in the bulk soil. The order of
the increase of the Al mobilization amount in the
four soil colloids was Alfisol > Inceptisol > Mollisol
> Ultisol. This was also consistent with the order of
the content of soil 2:1 phyllosilicate minerals in the
four soils. On the other hand, the content of SOC in
colloids also increased significantly compared to the
bulk soil. Therefore, the Al mobilization during soil
colloid acidification was also affected by the content
of SOC. The effect of SOC on Al mobilization was
further supported by the results of Fig. 7A, B.

The results obtained from this study also confirmed
that the tetrahedral Al was more readily released from
soil phyllosilicate minerals than octahedral Al dur-
ing soil acidification, which was consistent with the
observations in the systems of phyllosilicate miner-
als (Li et al. 2023b). Therefore, the Al coordination
nature in soil minerals played an important role in the
mobilization of soil solid Al during soil acidification.
According to relevant literature and calculations, the
theoretically maximum sphere radius accommodated
by the central aperture of the Si-O tetrahedron is about
0.32 A, and the central aperture of the Al-O octahe-
dron is about 0.58 A (Barnhisel and Bertsch 1989).
Similarly, the ionic radius of Si** is 0.39 A and that
of AP*is 0.51 A. As evident, the ionic radius of Si**
is close to the central aperture of the Si-O tetrahedron,
while that of AI** is consistent with the central pore
size of the Al-O octahedron. Since the ionic radius of
AP is significantly larger than the central pore size
of the Si-O tetrahedron, the isomorphic substitution of
Si** by AI** makes the tetrahedral layer elements not

closely packed. This means that the substitution of Si**
by AI** makes the Al-O tetrahedron less stable than
the closely packed Al-O octahedron. Thus, the tetrahe-
dral Al is more readily mobilized than the octahedral
Al during soil and phyllosilicate mineral acidification,
which is consistent with the observations in this study.

The amount of Al mobilization in Ultisol was the
lowest among the four soils when the influence of
organic carbon was not considered during its acidi-
fication (Fig. 7B). This was due to the fact that the
phyllosilicate minerals in the Ultisol with the high-
est degree of weathering were mainly kaolinite. The
results of the study indicated that Al mobilization was
more difficult in kaolinite than in other 2:1 minerals
(Li et al. 2022a). We speculated that the easily mobi-
lized form of Al was first mobilized in the weathering
process and converted to other forms. Thus, the resid-
ual Al in phyllosilicate minerals was difficult to mobi-
lize during soil acidification. In addition, the higher
content of iron oxides in Ultisol inhibited soil acidifi-
cation. There is also a possibility of selective dissolu-
tion of octahedral Al in the acidification process. Our
unpublished data indicate that the Al in amorphous
Al(OH); and gibbsite is octahedral Al. However,
the Al mobilization amount and rate of amorphous
Al(OH); were much higher than those of gibbsite in
the acidification process.

Conclusions

In this study, four typical soils were selected for
simulated acidification experiments to investigate
the characteristics of acidification and Al mobiliza-
tion in these soils. In surface and subsurface layers of
the same soil profile, the Al mobilization was mainly
affected by OC content during soil acidification. The
mobilization amount of Al was mainly manifested
as exchangeable Al, and the mobilization amount
of soluble Al only accounted for a small part of the
total amount of mobilized Al (sum of exchangeable
and soluble Al). When different soils were compared,
it was found that soil acidification and Al mobiliza-
tion were mainly affected by CEC, OC content, and
composition of clay minerals as well as the coordi-
nation nature of solid Al in phyllosilicate minerals.
After OC was partially removed from soil colloids,
the total amount of Al mobilization in soil colloids
at pH 4.3 followed the order: Mollisol > Inceptisol >
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Alfisol > Ultisol. This was consistent with the order
of relative content of tetrahedral Al in the soil col-
loids and confirmed that the Al in Al-O tetrahedrons
of soil minerals was more readily mobilized than the
Al in Al-O octahedrons during soil acidification. The
results obtained in this study can provide useful refer-
ences for soil acidification regulation and Al mobili-
zation inhibition in acid soils. Protecting soil OC and
slowing down the decomposition of soil OM is ben-
eficial not only to mitigate soil acidification, but also
to inhibit Al mobilization during soil acidification.
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