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A B S T R A C T

Soil acidification is a natural process, and it is well known that soil acidification can be accelerated by long-term
fertilization (LTF). Nevertheless, how this acidification occurs and how the mineralogies of iron oxides as the
important active clay components in red soil respond to the acidification is still less understood. In this study,
soil samples from 23 years (1990–2013) of long-term fertilization experiments were collected from the Qiyang
Red Soil Experimental Station in southern China. The physicochemical properties of the soil samples were
analyzed. A significant negative linear correlation between soil pH and log(Alpy) (complex-state aluminum) as
well as log(Alexch) (exchangeable Al3+) illustrate that Alpy and Alexch are the most sensitive species to soil
acidification compared with the other factors. In addition, the mineralogical characteristics of the iron oxides in
five typical LTF treatments, including the control, chemical fertilizer N, NPK, NPK plus manure and manure were
analyzed using the synchrotron differential XRD patterns (DXRD). The results obtained revealed that the LTF
treatment with chemical N reduced the total content of iron oxides and the ratio of goethite to hematite (G/H
value), and the transformation of iron oxides and accumulation of hematite in the soil would reduce the soil's
buffering capacities to acidification. In contrast, the LTF treatments with manure (NPKM and M) presented the
opposite trends. In addition, a positive relationship between soil pH and the IOsAlmol% (isomorphous substitution
ratio of Al for Fe in iron oxides) was also found. Therefore, the potential acid Al3+ ions in soil are reduced
through the ionic substitution of Al for Fe in the structure, which may further mitigate the process of soil
acidification. These results provide new insights for further understanding the soil acidification processes in-
duced by LTF and how those iron oxides respond to soil pH during soil acidification.

1. Introduction

Naturally acidic soil, which accounts for approximately 30% of the
world's ice-free land (comprising up to 50% of the world's potential
arable land), is commonly associated with a deficiency of one or more
essential plant nutrients, Al toxicity, and reduced biodiversity and
productivity (Blake et al., 1994; Bolan et al., 2003; Bünemann et al.,
2018; Rice and Herman, 2012). Numerous studies have focused on the
disruption of soil acidification on agricultural production, soil organ-
isms and Al toxicity, which have proved that soil acidification has an
adverse impact on both plants and soil organisms (Breemen, 1991;

Speir et al., 1999). In China, red soil occupies an area of 1.13mil-
lion km2, and approximately 6.5% (~57Mha) of the total arable land is
highly weathered acidic red soil (Ferralic Cambisol).

Soils generally acidify very slowly under natural conditions over
hundreds to millions of years, but this can be accelerated by certain
human activities. Under managed farming systems, most of the acidity
is generated from the application of fertilizer and the biogeochemical
cycles of C, N and S in soils. In the case of the C cycle, the two main
sources of H+ ions are (1) the dissolution of CO2 to form H2CO3 in the
soil solution and (2) the synthesis and dissociation of carboxylic acids
produced by plants and microorganisms. The assimilation of CO2 into
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carboxylic acids produces H+ ions, further acidifying the soil indirectly
(Bolan et al., 2003). In the case of the N and S cycles, the mineralization
and oxidation of organic N and S result in the production of H+ ions,
reflected in a decrease in pH in soils with a low pH buffering capacity
(Bolan et al., 2003; Raut et al., 2012). The significant H+-generating
processes that occur during the biogeochemical cycling of C, N, and S
can be accelerated by the activities of humans through intensive land-
based crop and animal production, especially fertilization. Hence, in
managed ecosystems used for agricultural production, regular fertilizer
use is one of the major contributors to soil acidification. As a result, for
instance in China, intensified agriculture since the early 1980s led to
severe yield reductions and crop failures (Guo et al., 2010; Schroder
et al., 2011; Zhou et al., 2014). Hence, one of the targets in this study
was to investigate the effect of long-term fertilization (large inputs of
chemical fertilizers and other resources) on soil pH since the early
1980s.

In addition to H+ (activated acid), Al3+ (potential acid) is another
important cation responsible for soil acidification. Al is present in
multiple forms (e.g., Al3+, Al(OH)2+, Al(OH)2+, and polymeric Al) and
is abundant in soils. During soil acidification, protons are initially
consumed to release Al3+ from clay minerals, and the Al3+ is subject to
hydrolysis to form Al-hydroxyl complexes or polymers, depending on
the soil pH (Bolan et al., 2003). Moreover, the large buffering capacity
of Al can result in high concentrations of toxic species from the con-
tinuous association with the produced protons. Many studies have fo-
cused on the regulation of aluminum toxicity, such as the interaction
between Al-Ca (Kinraide, 1998), Al-Mg (Kinraide et al., 2004), Al-Si
(Ma et al., 1997), Al-Mn (Blair and Taylor, 1997), and so on. However,
those studies were mainly from the view of plant nutrition to illustrate
the possible mechanisms of reducing Al toxicity to plants. Nevertheless,
the changes in Al species accompanying soil acidification also need to
be investigated.

From the view of geochemistry, aluminum and iron are the third
and the fourth most abundant elements in the Earth's crust. In most
intensively weathered soils of the tropics and subtropics (e.g., the
Oxisols and Ultisols), goethite and hematite are the dominant Fe oxides.
With the Al3+ ion (0.53 Å) being slightly smaller than the Fe3+ ion
(0.65 Å), the ionic substitution of aluminum in iron oxides is well
documented (Ekstrom et al., 2010; Li et al., 2016). Al substitution in
iron oxides influences the crystal structure, unit cell parameters, crys-
tallization rate, solubility surface properties, structural eOH content,
magnetic hyperfine values and surface acidity of the minerals (de
Carvalho Filho et al., 2015; Hu et al., 2014; Li et al., 2016; Pinney and
Morgan, 2013). As a result, Al substitution in iron oxides can optimize
the crystal structure of iron oxide and enhance its stability (Gonzalez
et al., 2002; Liu et al., 2014; Pinney and Morgan, 2013). In contrast, the
isomorphous substitution of Al for Fe in the structure also influences the
activities of soil Al (da Costa et al., 2018; Sánchez-España et al., 2016a;
Sánchez-España et al., 2016b). However, previous reports mainly fo-
cused on the interaction between Al and Fe as well as the effects of Al
on the mineralogical properties of iron oxides. The deeper correlations
among the isomorphous substitutions Al for Fe in the structure, soil Al
activities, and soil acidification remain to be investigated. Hence, an-
other target of this study was to investigate how different long-term
fertilizer treatments influence the soil pH and chemical properties,
especially the isomorphous substitution of Al for Fe and the constitution
of the mineral phases in iron oxides.

In this study, a total of 66 topsoil (0 to 20 cm) samples from eleven
long-term fertilization (LTF) treatments from 1990 to 2013 were col-
lected from the Qiyang Red Soil Experimental Station in Hunan
Province in subtropical China, a typical iron-rich red soil region. The
iron oxides in the clay fraction of these samples were analyzed quali-
tatively and quantitatively and the ionic substitutions of Al for Fe in the
structures of five typical treatments on clay samples in 2013 were
calculated. The objective of this study was to investigate the influence
of LTF on soil pH and its impact on the phase transformation of iron

oxide minerals, especially on the mobilization of potential acid Al3+ in
the soil during the transformation. This study will help us better un-
derstand soil acidification processes, and how those secondary minerals
respond to soil pH during soil acidification.

2. Materials and methods

2.1. Site description and soil sampling

The research site is located at the Qiyang Red Soil Experimental
Station of the Chinese Academy of Agricultural Science in Hunan
Province in subtropical China (26°45′12″N, 111°52′32″E, 120m alti-
tude) (Cai et al., 2014). The area is characterized by a subtropical
humid monsoon climate with hot, moist summers and cold, dry winters.
The zonal soil is red soil developing from Quaternary Red Clay, and the
soil is classified as Ferralic Cambisol (Wrb, 2006) with a clay texture.
All eleven designated fertilization treatments were conducted on these
sites that were established in the same upland field. Prior to the ex-
periment, the topsoil (0 to 20 cm) was plowed before cultivation, and
the field was under a high density of sorghum cultivation for three years
(1988–1990) without any fertilization to ensure no apparent spatial
difference in the soil physical and chemical properties in the plowing
zone over the field. The basic characteristics of these research sites in
1990 were organic C (6.06 g/kg), Ntotal (1.07 g/kg), Navailable (0.79 g/
kg), Ktotal (13.70 g/kg), Kavailable (1.04 g/kg), Ptotal (0.45 g/kg), and
Pavailable (0.14 g/kg).

Eleven fertilization treatments have been applied since November
1990: (1) no fertilizer (Control); (2) chemical N fertilizer only (N); (3)
chemical N and P fertilizers (NP); (4) chemical N and K fertilizers (NK);
(5) chemical P and K fertilizers (PK); (6) chemical N, P, and K fertilizers
(NPK); (7) chemical N, P, and K fertilizers with straw (NPKS); (8)
chemical N, P, and K fertilizers plus manure (NPKM); (9) 1.5 times the
chemical N, P, and K fertilizers plus manure (1.5NPKM); (10) chemical
N, P, and K fertilizers plus manure with different planting patterns
(NPKMR); and (11) only (M). The fertilizer applications of N, P2O5 and
K2O were 300 kg/hm2, 120 kg/hm2, and 120 kg/hm2, respectively. The
N, P and K minerals were urea (46% N), calcium superphosphate
(12.5% P2O5) and potassium chloride (60.0% K2O), respectively. The
manure was pure pig manure with an average composition of 413.2 g/
kg C and 16.7 g/kg N (on a dry weight basis) (Tong et al., 2014).

Each treatment was carried out on a 10m×9.8m plot in a ran-
domized block design and was replicated twice. Each plot was isolated
by 100 cm cement baffle plates. These areas were cultivated with a
maize (Zea mays L.)-wheat (Triticum aestivium L.) rotation, and no irri-
gation was given to either of the crops because the plots received high
annual rainfall (mean=1431mm; n=17) (Meng et al., 2014). Soil
samples were collected from the topsoil (0 to 20 cm) in these 11 ferti-
lization areas after the crops were harvested in October of 1990, 1997,
2002, 2007, 2011, and 2013, using a soil auger 5 cm in diameter. Crop
residue on the soil surface was carefully removed before soil sampling.
For each treatment, 10 soil samples were mixed into 1 composite soil
sample in a random design. In total, 66 soil samples (6×11) were
collected since 1990.

2.2. Analyses of soil physicochemical properties

The procedures for analyzing the major elements have been de-
scribed elsewhere (Pansu and Gautheyrou, 2006; Tao et al., 2012). All
measurements of the soil physicochemical properties, including the
cation exchange capacity (CEC), soil pH, the exchangeable H+ (Hexch)
and exchangeable Al3+ (Alexch), the amorphous (FeOx and AlOx), free-
state (Fedith and Aldith), and organically bound (Fepy and Alpy) iron and
aluminum, were expressed from the air-dried soil equivalent. Specifi-
cally, the CEC of the soils was determined using the ammonium acetate
method at pH 7.0 (Pansu and Gautheyrou, 2006). Soil pH was de-
termined using a soil:water ratio of 1:1 and a pH meter with a combined
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glass electrode. Hexch and Alexch were determined using the potassium
chloride exchange-neutralization titration method (Pollard et al.,
1991). FeOx and AlOx were extracted with an acidified ammonium ox-
alate buffer solution at pH 3.0 (Schwertmann, 1964). Fedith and Aldith
were extracted with a citrate-bicarbonate-dithionite (DCB) solution
according to Mehra and Jackson (1958). Fepy and Alpy were determined
using alkaline sodium pyrophosphate at pH 8.5 (Alexandrova, 1960).
The concentration of Fe in the extract was determined using the
1,10‑phenanthroline method (Fadrus and Malý, 1975). The concentra-
tion of Al in the extract was determined by Inductive Coupled Plasma
Emission Spectrometry (ICP).

2.3. Analyses of soil clay fraction

2.3.1. The preparation and fabrication of soil colloids
Among the 11 fertilization treatments, five typical treatments on

soil samples in 2013 including the control, N, NPK, NPKM, and M were
chosen and their clay sizes analyzed. Soil colloids were collected using
natural sedimentation and the centrifugation method with modification
(Gimbert et al., 2005). Specifically, the soil samples were air dried and
sieved (2mm). The experiments were conducted in a 200mL beaker
containing 20.00 g soil sample and 60mL deionized water. The pH of
the suspension was adjusted to 7–8 using 0.5mol/L NaOH and was then
ultrasonicated for 20min with stirring. The soil suspension was then
dispersed and sifted with a 320-mesh sieve into a beaker (keeping the
total volume at 2000mL). The clay fraction (< 2 μm) was extracted
with a siphon, and the extracted colloidal suspension was flocculated
with 0.5mol/L CaCl2. After removing the excess flocculating ions with
deionized water and alcohol, the collected clay fraction was dried under
an infrared lamp (50 °C). Following that, FeOx and Fedith, AlOx and Aldith
in the collected clay fractions were directly measured using the same
methods described above (Mehra and Jackson, 1958; Schwertmann,
1964).

2.3.2. Identification of the iron oxides by X-ray diffraction (XRD) analysis
The iron oxides in the clay fraction were identified using synchro-

tron X-ray diffraction (XRD) spectra. The collected soil colloids were
divided into two groups, one was left untreated and the other was given
a DCB treatment (Whittig and Allardice, 1986). The synchrotron XRD
spectra were applied to collect these two types of colloid patterns,
which were conducted with a Wiggler X-ray beamline source 17A1
(λ=0.133367 nm, exposure time=60 s, rotating rate= 300 rpm,
scanning range= 2–60°) at the National Synchrotron Radiation Re-
search Center in Hsinchu, Taiwan. The iron oxides were analyzed from
the differential synchrotron X-ray diffraction (DXRD) signals between
the untreated colloids and the DCB-treated colloids (Bigham et al.,
2002). The relative content (%) of goethite and hematite in iron oxides
can be calculated through their relative intensities of diagnostic dif-
fraction peaks using Eqs. (1) and (2) (Liu et al., 1994; Schwertmann and
Latham, 1986).

=
× +
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where IntGoe(110) and IntHem(012) are the diffraction peak intensities
of the goethite (110) and hematite (012) lines calculated by EVA
Software, respectively.

2.3.3. Analysis of Al-substituted iron oxides
The Al substitution in iron oxides was calculated from the DXRD

results. The values of the Al-substituted goethite (GAl mol%) and Al-
substituted hematite (HAl mol%) were calculated through the shifts of
their diagnostic diffraction peaks using Eqs. (3) and (4) (Liu et al., 1994;
Schwertmann and Latham, 1986).
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where Al mol%= [Al/(Al+ Fe)]× 100%, d(111) and d(110) in Eq. (3)
are the d (interplanar spacing) values of the goethite (111) and (110)
line, respectively, and d(110) in Eq. (4) is the d value of the hematite
(110) line.

Based on these test samples, the iron content of (Fedith-FeOx) was
wholly or mainly from the goethite and hematite. According to the
amount of (Fedith-FeOx), the G/H ratio (goethite/hematite) determined
by XRD and the amount of Al substituted from crystalline iron oxides,
the contents of goethite and hematite in the soil clay fraction could be
calculated using Eqs. (5) to (8) (Liu et al., 1994; Schwertmann and
Latham, 1986).

= + + + +A x y x y m n( )/( ) (5)

where A is the ratio of G/(G+H); x is the weight (g/kg of clay, the
same below) of goethite; m is the weight of hematite; and y and n are
the weights of Al substituted (i.e., AlOOH and Al2O3) in goethite and
hematite (g/kg), respectively.
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where B and C are the mol% Al of Al-substituted in goethite and he-
matite, respectively, 59.98 and 88.85 are the molecular weights of
AlOOH and FeOOH, respectively, and 101.96 and 159.69 are the mo-
lecular weights of Al2O3 and Fe2O3, respectively.

= +D x m/1.591 /1.4297 (8)

where D is the amount of Fe from crystalline iron oxides (Fedith-FeOx) in
the soil clay fraction (g/kg), which is assumed to be the total amount of
Fe of goethite and hematite in the soil clay samples assuming that
goethite and hematite are the predominant crystalline iron oxides in the
red soils, 1.591 and 1.4297 are the transferring coefficients that change
the weight of Fe into the weights of FeOOH and Fe2O3, respectively.

Finally, the four unknown parameters (x, y, m, and n) in the group
of four linear equations (Eqs. (5) to (8)) could be calculated, and then
the amount of iron oxides, aluminum in iron oxides, and the Al-sub-
stituted iron oxides (IOsAlmol%) could be calculated using Eq. (9).
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2.4. Statistical analysis

All statistical analyses of experimental data including the means of
the soil CEC and the measured contents of FeOx, AlOx, Fedith, Aldith, Fepy,
Alpy, Hexch and Alexch were performed using the SPSS 18.0 (SPSS, Inc.,
US) statistical software.

3. Results and discussion

3.1. Effects of long term fertilization on soil pH from 1990 to 2013

Fig. 1 shows a comparison of the soil acidification kinetics under
these 11 fertilization systems from 1990 to 2013. From 1990 to 2013,
the soil pH of the control treatment (no fertilizer) decreased from 5.70
to 5.62, and the yearly average acidification rate (ΔpH) was approxi-
mately −0.003 y−1 (Fig. 1). The soil pH under different types of LTF
treatments presented significant differences. LTF using chemical
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fertilizer containing N accelerated soil acidification. For instance, ΔpH
under the N, NP and NK treatments was −0.083 y−1, whereas ΔpH
under NPK and NPKS treatment was −0.073 y−1. Without N fertilizer,
ΔpH under PK was −0.041 y−1. Compared with the above treatments,
LTF using chemical fertilizer containing N plus M indicated that manure
fertilizer could mitigate soil acidification. ΔpH under NPKM, 1.5NPKM,
NPKMR treatment was −0.024 y−1, approximately one-third the ΔpH
under the N, NP and NK treatments. Moreover, ΔpH under the M
treatment was +0.027 y−1, indicating that M can increase the soil pH.
Based on the kinetics of soil acidification, the rate of soil acidification
increased in the following order: chemical fertilizer (N, NP, NK, NPK
and NPKS) > PK > chemical with manure (NPKM, 1.5NPKM,
NPKMR) > control > manure (M) (Fig. 1).

Furthermore, among the 11 different treatments, the calculated
highest average soil pH value was 6.35 ± 0.41 (M fertilizer, n= 6),
whereas the calculated lowest average soil pH value was 4.47 ± 0.73
(N fertilizer, n= 6) (Table 1). In a comparison of the calculated soil pH
among the 11 different treatments, significant differences (P < 0.01)
in the average soil pH values were observed between the control
treatment (no fertilizer) and the chemical fertilizers (N, NP, NK, NPK
and NPKS) (Table 1). Hence, as presented in Table 1 and Fig. 1, soil
acidification rates were accelerated by chemical fertilizer, and a dea-
cidification effect was observed with the manure fertilizer treatment.

3.2. Effects of long-term fertilization on soil aluminum from 1990 to 2013

Table 1 also presents the chemical properties of these soil samples
under these 11 different long-term fertilization treatments. For in-
stance, the average values of Alpy ranged from 0.08 ± 0.02 to
0.50 ± 0.20 g/kg (n=6). The average values of Alexch contents in the
soils ranged from 0.16 ± 0.12 to 4.22 ± 2.40 g/kg (n= 6). Moreover,
a comparison of these properties among the 11 different treatments
revealed significant differences (P < 0.01) in the average values of
Alpy between the control treatment and chemical fertilizers (N, NP, NK,
NPK and NPKS) (Table 1). Similar trends were also observed in the
average Alexch. values (Table 1). Nevertheless, anthropogenically in-
duced soil acidification (i.e., chemical fertilizer treatments including N,
NP, NK, NPK and NPKS) causes increased aluminum (Alpy and Alexch)
and hydrogen (Hexch) concentrations in soil solutions (Table 1). With
the input of additional acidity in acidic soils, H+ is initially consumed
to release Al3+ from clay minerals, and Al3+ undergoes hydrolysis to
form Al-hydroxyl complexes or polymers, depending on the soil pH
(Bolan et al., 2003).

Furthermore, one target of this study was to investigate how dif-
ferent fertilizer treatments affect the pH and chemical properties of the

soil; hence, a correlation analysis between soil pH and these chemical
properties was conducted (Table 2). It showed that soil iron species
(Fedith, FeOx, and Fepy) have weak correlations with soil pH, as indicated
by the low Pearson's correlation coefficients of 0.06, 0.03 and 0.16,
respectively. The correlations between soil aluminum species (Aldith,
AlOx, and Alpy), CEC, soil exchangeable acid (Hexch and Alexch) and soil
pH were significant at the 0.01 level, with Pearson's correlations of
−0.44, −0.57, −0.88, 0.41, −0.60 and −0.87, respectively (Table 2).
Moreover, Fig. 2 shows the scatter plots of measured soil pH values
against the concentrations of soil aluminum species (AlOx, Aldith, and
Alpy), CEC, and soil exchangeable acid (Hexch and Alexch). In general,
scatter plots with R2 values that approach unity indicate significant
linear correlations. It was found that soil pH values only exhibited very
strong negative linear correlations with values of log(Alpy) (R2= 0.76)
and log(Alexch) (R2= 0.71). In contrast, the correlations between soil
pH and the values of log(AlOx), log(Hexch), log(Aldith) and log(CEC) were
not significantly linearly correlated. The lower the soil pH values, the
higher the concentrations of Alpy and Alexch the soils possessed. These
results further demonstrate that Alpy and Alexch are more sensitive to
soil acidification than the other factors.

On the other hand, as presented in Table 2 and Fig. 2, the total
number of Al species (Aldith+AlOx+Alpy) under different types of LTF
indicated a negative correlation with pH, showing an increase in Al
concentration with a decrease of soil pH under different conditions,
especially for Alpy and Alexch. In contrast, because of the strong se-
lectivity of cation exchange sites for Al species, especially for Al3+, Al
saturation increases with decreasing pH (Baquy et al., 2018). The ca-
tions in the soil can coordinate with OH− ions (the source of the water
self-dissociation) (Sparks, 2018). Once OH− is taken up by the cation,
H+ remains in the solution. Hence, soil acidification increases the ac-
tive acid H+ and the potential acid Al3+, and an increase of Al3+ in the
soil should be the most significant property accompanying soil acid-
ification.

3.3. Effects of long-term fertilization on iron oxides in the clay fraction from
1990 to 2013

Synchrotron XRD spectra were applied to analyze the iron oxides in
the clay fraction before and after the DCB treatments. The (111) and
(110) lines of goethite, the (104), (110), (116) and (300) lines of he-
matite, the (120), (200) and (231) lines of lepidocrocite, and the (200),
(400), and (511) lines of maghemite were scanned, and the subtracted
diffraction pattern lines are presented in Fig. 3. Compared to the syn-
chrotron XRD spectra before and after the DCB treatments (subtracting
the background information), the differential X-ray diffraction pattern
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Fig. 1. Kinetics of soil pH under different fertilization systems from 1990 to 2013.
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(DXRD) revealed that goethite and hematite are the main types of iron
oxides. The calculated results of G%, H%, and the G/H ratio are listed in
Table 3. From Table 3, the calculated values of G% were in the range
from 45% to 61%, and their corresponding G/H ratios were in the range
from 0.8 to 1.6.

Compared with the G/H value (0.95) and the amount of goethite (x,
22.22 g/kg) of the control in 2013, the results obtained reveal the dif-
ferent impacts of LTF treatments on iron oxides in the clay fractions.
Specifically, LTF treatment with chemical N reduced the G/H value
(0.84). The decreased amount of goethite (x, 19.4 g/kg), as well as the
decreased percentage of goethite in the total iron oxides (45.79%), in
the N treatment may reflect the hydrolyzation and recrystallization of
Fe3+ in soil solutions, which would further illustrate the aging courses
of iron oxides during the LTF treatment. In contrast, the LTF treatments
with manure (NPKM and M) increased the G/H values (1.51 and 1.46)
above the check samples, and the increased amount of goethite (28.17
and 25.91 g/kg) as well as the increased percentage of goethite in the
total iron oxides (60.12% and 59.35%)s may be attributed to the dis-
similar dissolution of iron oxides under the effects of organic matter.
The dissimilar dissolution rates of iron oxides in the soil would be ac-
celerated under the effects of organic matter (attributed to the complex
effects and the electron shuttle effect), and the freshly generated Fe(II)
would further recrystallize to various iron oxides, i.e., ferrihydrite,
goethite, hematite, and so on (Zhu et al., 2014).

On the other hand, compared with the content of hematite (m,
25.65 g/kg) in the control in 2013, the hematite content in the other
check samples were decreased (Table 3). Nevertheless, compared with
the percentage of hematite (51.25%) of the control in 2013, the other
checked samples presented different characteristics. Specifically, the
LTF treatment with chemical N increased the percentage of hematite
(54.21%), whereas the other three treatments reduced those values
(47.56%, 39.88% and 40.56%). By applying the one site-two pKa SCMs
(surface complexation models), previous studies (Cheng et al., 2017;
Wang et al., 2018) have evaluated the acid-base properties of soils, and
the results have proved that the accumulation of hematite (%) in soils
would decrease the total amount of active sites in soil surface, which
would further reduce the mitigation abilities of the soil to acidification.

3.4. Effects of long-term fertilization on the isomorphous substitution of Al
for Fe in iron oxides from 1990 to 2013

Table 3 also shows that Al substitution in goethite and hematite was
in the range of 9% to 24%, and the GAl mol% and HAl mol% in the control
were 23.30mol% and 13.22mol%, respectively. Moreover, as shown in
Table 3, the calculated contents of iron oxides (x+m) ranged from
41.00 to 50.00 g/kg, the weight of Al-substituted (AlOOH and Al2O3) in
iron oxides (y+n) ranged from 4.00 to 7.30 g/kg, and the calculated
results of IOsAlmol% ranged from 13.00 to 20.00mol%. Furthermore, the
soil pH under different LTF systems increased in the order of N
(3.86) < NPK (4.02) < NPKM (5.25) < Control (5.62) < M (6.33),Ta
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Table 2
Results of the correlation analysis between pH and chemical properties of the
soil (n=66).

pH pH

Fedith P correlation 0.060 Alpy P correlation −0.878⁎⁎

Sig. (2-tailed) 0.625 Sig. (2-tailed) 0.000
FeOx P correlation 0.027 CEC P correlation 0.409⁎⁎

Sig. (2-tailed) 0.830 Sig. (2-tailed) 0.000
Fepy P correlation −0.157 Hexch. P correlation −0.604⁎⁎

Sig. (2-tailed) 0.200 Sig. (2-tailed) 0.000
Aldith P correlation −0.436⁎⁎ Alexch. P Correlation −0.868⁎⁎

Sig. (2-tailed) 0.000 Sig. (2-tailed) 0.000
AlOx P correlation −0.573⁎⁎

Sig. (2-tailed) 0.000

⁎⁎ Correlation is significant at the 0.01 level (2-tailed).
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and the values of IOsAlmol% also experienced the following increasing
trend: N (13.44mol%) < NPK (16.05mol%) < NPKM (16.20mol
%) < Control (17.96mol%) < M (19.17mol%).

On the other hand, soil pH is mainly determined by two factors, the
activated acid H+ and the potential acid Al3+. As Al is present in
multiple forms and is abundant in soils, especially in tropical/sub-
tropical soils, trying to reduce the activity of the potential acid Al3+ in
the soil should be a feasible way to mitigate soil acidification. Fig. 4
presents the relationship between the soil pH and its corresponding
IOsAlmol% in 2013 under different LTF systems. A positive relationship
exists between soil pH and its corresponding IOsAlmol% under these ty-
pical different LTF systems. The higher the soil pH, the higher is the
IOsAlmol% (Fig. 4). Hence, the isomorphous substitution of Al for Fe in
iron oxides could possibility decrease the dissolution of Al3+ ions and
reduce the concentration and the mobilization of potential acid Al3+ in
the soil. Furthermore, the decreased mobilization of potential acid Al3+

in soil would further mitigate soil acidification. To prove this hypoth-
esis, however, further studies are needed to investigate the possible
mechanisms.

4. Conclusions

Following 23 years (1990–2013) of LTF on maize and wheat
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Fig. 2. Scatter plots of the concentrations of soil aluminum species (AlOx, Aldith, and Alpy), CEC, and soil exchangeable acid (Hexch and Alexch) against measured soil
pH values.
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Table 3
Contents of iron oxide in the clay fraction and Al substitution in iron oxides in 2013.

pH Fedith-FeOx
(g/kg)

Aldith-AlOx(g/kg) Goethite
(%)

Hematite
(%)

G/H ratio Al in goethite
(mol%)

Al in hematite
(mol%)

x
(g/kg)

y
(g/kg)

m
(g/kg)

n
(g/kg)

IOsAl
(mol%)

Control 5.62 31.91 3.33 48.75 51.25 0.95 23.30 13.22 22.22 4.56 25.65 2.50 17.96
N 3.86 27.44 3.59 45.79 54.21 0.84 9.28 16.49 19.40 1.34 21.80 2.75 13.44
NPK 4.02 32.69 3.42 52.44 47.56 1.10 11.64 21.40 26.86 2.09 22.60 3.93 16.05
NPKM 5.25 31.33 3.46 60.12 39.88 1.51 18.03 13.75 28.17 4.18 19.48 1.98 16.21
M 6.33 29.68 3.36 59.35 40.65 1.46 22.57 14.62 25.91 5.10 19.15 2.09 19.17

x: weights of goethite.
y: weights of Al substituted (AlOOH) in goethite.
m: weights of hematite.
n: weights of Al substituted (Al2O3) in hematite.
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rotation cropping, chemical fertilizer accelerated and manure fertilizer
decelerated soil acidification, whereas the soil pH was closely corre-
lated with two critical aluminum species (log(Alpy) and log(Alexch)) in a
negative linear relationship, and an increase in Al3+ in soil should be
the most significant property accompanying soil acidification.
Furthermore, the LTF treatment with chemical N reduced the total
content of iron oxides and the G/H value, whereas the LTF treatments
with manure (NPKM and M) exhibited the opposite trends. The trans-
formation of iron oxides (i.e., goethite to hematite) as well as the ac-
cumulation of hematite in the soil would reduce the abilities of the soil
to mitigate acidification. Moreover, a positive relationship proved to
exist between the soil pH and its corresponding IOsAlmol%. This study
presents a novel view on recognizing how possible soil acidification or
deacidification occurs during LTF, and the mineralogical response of
the iron oxides to the change in soil pH induced by LTF. However,
further studies are required to reveal the contribution and exact me-
chanism of iron oxides on the mitigation of soil acidification.
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