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g r a p h i c a l a b s t r a c t
� The soil phosphorus (P) concentra-
tion and oxygen isotope of inorganic
phosphate (d18OP) from different P
fractionswere investigated.

� The fertilizer and land use were
important factors influencing the
contents of H2O-Pt and NaHCO3-Pt.

� The difference in utilization extent of
different P fractions by microorgan-
isms and oxygen isotope values were
affected by multiple factors.
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a b s t r a c t

Phosphorus (P), despite being an essential nutrient element for plants growth in agricultural ecosystem,
the low utilization rate of soil P and the environmental problems caused by soil P losses are serious.
Therefore, scoping knowledge of the possible sources and utilization extent of soil P by microorganisms
is very helpful for better understanding of promoting P utilization for sustainable agriculture. Oxygen
isotope of phosphate technology is an effective tool to trace the sources of P. In this study, P contents and
oxygen isotope composition of inorganic phosphate (d18OP) of different pools (H2O-P, NaHCO3-P, NaOH-P,
and HCl-P) in typical agricultural soil from Northeast China and Central China were analyzed and
quantified. The results showed that fertilizer and land use were important factors influencing the con-
tents of H2O-Pt and NaHCO3-Pt and the soil TP contents from different types of soils were greatly affected
by soil weathering degree. The d18OP of different P pools indicated that the difference in utilization extent
of different P fractions by microorganisms and the d18OP values of different P fractions could be due to
accumulation of multiple factors. The results will provide effective information for further study on
sources and effective utilization of different P fractions in soil.
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1. Introduction

Phosphorus (P) is an important nutrient element for all living
organisms and constituent of major bio-molecules (Angert et al.,
2011), which is widely regarded as the primary limiting nutrient
due to its high fixation and adsorption by Fe, Al, Ca minerals (Li
et al., 2011). Soil P contains organic P (Po) and inorganic P (Pi),
and dissolved Pi is the bioavailable P form to be taken up by or-
ganisms (Li et al., 2011). Soil has considerable P stocks with low
bioavailable P contents (Bolan, 1991; Bünemann, 2015). The initial
main sources of soil P in natural terrestrial ecosystem include: (1)
weathering of P minerals; (2) plant residues, manures, fertilizer,
wastes and byproducts; (3) atmospheric wet and dry deposition,
however, the fertilizer constitutes an important source in agricul-
tural system (Kruse et al., 2015). Though the application of fertilizer
can increase the bioavailable P contents in soil (Koch et al., 2018),
accumulation of P in soil sourced from excessive application of
fertilizer posed a potential threat for ecological environment such
as water eutrophication (Sims et al., 1998; Lang et al., 2013).
Therefore, knowledge of soil P dynamics is not only helpful to
reduce the risk of environmental problems but also provide
important information to help us to understand P cycling in soils.

Analysis of oxygen isotope composition of inorganic phosphate
is an effective tool to trace sources, migration and transformation of
P in environment (Gruau et al., 2005; Jaisi and Blake, 2010; Gross
et al., 2015). The effectiveness of this method depends on the
chemical stability of P�O bond at normal earth surface environ-
mental temperatures and near-neutral pH condition; however,
oxygen isotope of inorganic phosphate exchange is rapid in the
presence of enzymes or biological activities (Kolodny et al., 1983;
Jaisi and Blake, 2010). The hydrolysis of organic P by extracellular
phosphatases could induce strong kinetic effects and the catalytic
hydrolysis of Po are expected to imprint kinetic isotopic signatures
specific to substrate and enzyme type (Liang and Blake, 2006, 2009;
von Sperber et al., 2014), the released phosphate would incorporate
one oxygen hydrolyzed by phosphomonoesterase or two oxygen
atoms hydrolyzed by phosphodiesterase from the ambient water
with a kinetic fractionation values of �30‰ to �10‰ (Liang and
Blake, 2006, 2009; von Sperber et al., 2014). While the hydrolysis
of pyrophosphate catalyzed by intracellular phosphatase can lead
to a rapid complete oxygen isotope exchange between phosphate
and ambient water through time and finally reached the isotopic
equilibrium with ambient water (Blake et al., 2005). The equilib-
rium values were calculated by the revised equation by Chang and
Blake (2015):

d18OP ¼
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where T is the temperature in degree Kelvin (K), d18Op and d18Ow
represent the oxygen isotope composition of inorganic phosphate
and soil water, respectively. This empirical equilibrium formula
emphasized the crucial role of microbial/enzymatic processes in
driving oxygen isotope exchange between Pi and ambient water
(Chang and Blake, 2015).

The oxygen isotope composition of inorganic phosphate tech-
nology can not only be used to trace the source of P in the envi-
ronment, but also indicate the migration process and utilization
approach (Gross et al., 2013; Granger et al., 2017a). Based on recent
studies, the oxygen isotope composition of inorganic phosphate
technology has been widely applied in paleo-environments
(L�ecuyer et al., 1993; Amiot et al., 2006, 2010; Blake et al., 2010)
and aquatic systems (McLaughlin et al., 2006, 2013; Elsbury et al.,
2009; Granger et al., 2017b; Jaisi and Blake, 2010; Jaisi, 2013) and
its application became common in soil (Zohar et al., 2010; Angert
et al., 2011; Tamburini et al., 2012; Roberts et al., 2015; Gross
et al., 2015; Joshi et al., 2016; Tian et al., 2016; Bi et al., 2018).
There were multiple processes and factors influencing the d18OP of
soil, and previous studies have showed that the d18OP values of soil
samples were mainly controlled by P sources, biological activity,
temperature and d18OW (Angert et al., 2012). Microorganisms
preferentially uptake lighter isotope of phosphate and this leads to
the enrichment of heavier isotope in residue phosphate (Blake
et al., 2005). Microbial turnover and hydrolysis of Po compounds
by extracellular phosphatases can cause considerable isotopic
fractionation effects on soil phosphate (Blake et al., 2005; Liang and
Blake, 2006, 2009; von Sperber et al., 2014). Therefore, the extent of
soil P mobilization and utilization may be reflected by the variation
of d18OP values in different soil P pools (Jaisi et al., 2016; Roberts
et al., 2015). By and large, the d18OP values can be used to indicate
the sources and microbial mobilization of soil P.

Central and Northeast China are important agricultural regions
in China (Ma et al., 2016). In black soil, reduction of soil productivity
resulted from unreasonable agricultural management (Hu et al.,
2018). Moreover, long-term application of chemical fertilizer and
low fertilizer utilization efficiency in this type of soil have led to a
number of ecological problems in the area, such as severe soil
degradation, soil acidification, nutrient run-off and structural
change of soil microbial community (Zhou et al., 2015; Chen et al.,
2017; Li et al., 2015; Hu et al., 2018). While in Central China, the
humid monsoon climatic condition can induce severe soil P
leaching and erosion, and because of the distinctive soil properties,
soil available P contents of red soil is low, therefore, red soil suffers
greatly from P deficiency and environmental P pollution (Gao et al.,
2011; Cao et al., 2012; Meng et al., 2018). So, sustaining agricultural
production in two areas requires a better understanding of the soil
P sources, migration and effective utilization. Oxygen isotope of
inorganic phosphate technology can provide strong support for the
study, but the d18Op of different soil fractions from Northeast China
and Central China are not clear, and the characteristics of different
soil P fractions are still unidentified. In this study, soil samples from
the typical agricultural soils of Northeast China (black soil) and
Central China (red soil) were selected and collected, and the char-
acteristics of d18Op and P contents of different soil fractions of the
soils were analyzed. And objectives of this study were: (i) estimate
soil P stocks and differences in P speciation of red soil and black soil
with long term P fertilizer applications, (ii) evaluate the possible
influencing factors of soil P stocks and P speciation, (iii) charac-
terize d18Op of different soil fractions and assess the possible
sources and utilization extent of soil P by microorganisms. This
study can provide some information on sources, the extent of soil P
mobilization and utilization. And combining fractionation mecha-
nism and natural abundance of d18Op can generate new insight into
the study of biogeochemical cycle of soil P and provide deep un-
derstanding on P utilization for sustainable agriculture.

2. Materials and methods

2.1. Study area and sampling

Soil samples were collected from Central and Northeast China
(Fig. 1) in July 2014. The study area in Central China is located in
Changde city (CD) (28�240 - 30�070 N, 109�580 - 112�170 E), south-
west of Hunan Province with mean annual temperature of 16.7 �C,
and mean annual precipitation around 1200e1900mm. The study
areas in Northeast China are located in Gongzhuling (GZL) (43�110 -



Fig. 1. (a) location of the study areas within China, (b) the sample sites in Central China and (c) the sample sites in Northeast China. Red triangle represents the location of sampling.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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44�090 N, 124�020 - 125�180 E), Changchun (CC) (43�050 - 45�150 N,
124�180 - 127�050 E) and Haerbin (HEB) (44�040 - 46�400 N,125�420 -
130�100 E), the mean annual temperature was 5.6 �C, 4.8 �C and
3.6 �C, and the mean annual precipitation was around 600mm,
600e700mm and 570mm respectively (data from China Meteo-
rological Data Network: http://data.cma.cn/site/index.html). The
soil from Central China is derived from the Quaternary red clay (Yan
et al., 2017), while the soil parent material from Northeast China is
mostly loess clay deposits (Gu et al., 2018), it is thus known by local
people as “red soil” and “black soil” respectively.

Nine red soil samples (CD-1 to 9) were collected from plough
layer (0e20 cm depth) of agricultural field in Changde city. Simi-
larly, twelve black soil samples were also collected from plough
layer of agricultural fields in Gongzhuling, Changchun and Harbin
city, referred as GZL-1 to 4, CC-1 to 4 and HEB-1 to 4 respectively.
The soil samples collected were all agricultural soil with long-term
chemical fertilizer treatment. In Central China, soil water samples
were collected from thewater loading at the top the saturated field,
while in Northeast China, available d18Ow data cannot be acquired
because of limited amount of soil water. The soil water samples
collectedwere filtered through 0.45 mmcellulose-acetate filters and
then stored at �4 �C for analysis. In addition, chemical fertilizer
samples were respectively collected from Central China and
Northeast China. Samples (soil and fertilizer) transported to the
laboratory were allowed to air dried (about 30 �C) and sieved
(<200 mm) for analysis.

2.2. Physicochemical property and elemental analysis

2.2.1. Physicochemical property and elemental measurement
Soil pH was measured using a pH meter for a solution prepared

by mixing homogenized dry soil samples with deionized water at a
ratio of 1:2.5 (w/v) and shaking for 30min. Inorganic carbon of soil
samples was removed using 0.5M HCl for 24 h, centrifuged and
washed with deionized water repeatedly, until supernatant liquid
was neutrality (Midwood and Boutton, 1998) and then samples
were frozen dry and sieved (<200 mm) for analysis of soil organic
carbon (SOC) contents. SOC contents were determined by com-
bustion using Flash 2000 Elemental analyzer (Thermo Fisher Sci-
entific, USA) at the Center for Environmental Remediation, Institute
of Geographic Sciences and Natural Resources Research, Chinese
Academy of Sciences and SOC content should be calibrated ac-
cording to loss of carbonate in this process. Reproducibility deter-
mined through replicate measurements was better than 0.1%.

Soils were digested through using the mixture of HF, HNO3 and
HClO4 in reference to GBW07401 and GBW07405, then soil total Ca,
K, Na and Mg contents were determined by an Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES, Optima 5300DV,
USA).

2.2.2. Soil CIA
Chemical index of alteration (CIA) was calculated as a mea-

surement of the degree of soil weathering, according to the
modified formula of Nesbitt and Young (1982).

CIA¼ ½Al2O3=ðAl2O3þCaO�þNa2Oþ K2OÞ� � 100

where molar contents were used and CaO* is the amount of CaO
incorporated in the silicate fraction of the rock. If the CaO molar
content is greater than that of Na2O, CaO* is assumed to be
equivalent to Na2O, otherwise themeasured CaO content is used for
CaO* (Mclennan, 1993).

2.3. Soil sequential extraction and P contents measurement

Soil P was sequentially extracted following modified Hedley

http://data.cma.cn/site/index.html


L. Tian et al. / Chemosphere 239 (2020) 1246224
method (Hedley et al., 1982; Tiessen and Moir, 1993). In brief, 2 g
dried soil was sequentially extracted with 40mL Milli-Q water
(most liable P), 0.5M NaHCO3 (pH¼ 8.5) (liable and weakly
adsorbed P), 0.1M NaOH (P associated with Fe and Al oxides) and
1M HCl (most mineral P associated with Ca) after shaking over-
night (24 h) at 165 rpm. The supernatants were collected by
centrifugation (20min at 4500 rpm) and then filtered through
0.45 mm cellulose-acetate filters membrane. The residual solids
after centrifugation were rinsed by pure water for the sequential
extraction. And each extracted solution and the corresponding
rinse solutions were combined to determine Pi contents by the
spectrophotometry (UV5100B,METASH, China) and total P contents
of different fractions (Pt) were measured by ICP-OES after filtered
and diluted. The difference between Pi and Pt was taken as Po. Soil
total P contents (TP) were determined by ICP-OES after soils were
digested using the mixture of HF, HNO3 and HClO4 (Zhang et al.,
2018).

2.4. Preparation of samples for isotopic analysis

2.4.1. Soil sample
About 50e80 g soil was used to obtain enough Pi for isotope

analysis. Inorganic phosphate extracted from the different fractions
was purified and converted to silver phosphate (Ag3PO4) for oxygen
isotope analysis. Inorganic phosphates fromMilli-Q water, NaHCO3

and NaOH extracts were separated and purified following the
method described in Tian et al. (2016). The brief purification steps
were as follows: (1) magnesium-induced coprecipitation (MAGIC)
was used to concentrate Pi and the precipitates were dissolved by
adding acetic acid and 3M nitric acid separately; (2) organic matter
in the extractionwas removed by DAX-8 Amberlite resin; (3) the pH
of the solution was adjusted to about 5.5 by acetic acid and 3M
nitric acid and then CePO4 precipitate was produced by adding
Ce(NO3)3; (4) the precipitate was dissolved in 0.5M nitric acid and
the cerium was removed by a cation-exchange resin (BioRad AG
50� 8 cation resin, Hþ form, 100e200 mesh); (5) the phosphate
was precipitated as Ag3PO4 and organic matter residues were
removed by 15% H2O2. Finally, the purified Ag3PO4 was dried at
60 �C for oxygen isotopic analysis.

Inorganic phosphate of HCl extracts was prepared following the
procedure described in Tamburini et al. (2010). Briefly, the dis-
solved organic matter in the HCl extracts was removed by 25mL
DAX-8 Amberlite resin; ammonium nitrate solution and ammo-
nium molybdate were added to the solution to produce bright
ammonium phosphomolybdate (APM) precipitates; the pre-
cipitates were dissolved with a citric acid-NH4OH solution,
magnesia solution was added to the solution to produce magne-
sium ammonium phosphate (MAP) precipitates and the pre-
cipitates were dissolved using 0.5M nitric acid and the cations
were removed by BioRad AG 50� 8 cation resin. Thereafter, the
phosphate was precipitated as Ag3PO4. About 15% H2O2 was added
to Ag3PO4 to remove organic matter residues. Finally, the purified
Ag3PO4 was dried at 60 �C.

2.4.2. Fertilizer
About 2 g fertilizer were dissolved in 100mL of distilled water in

250mL polypropylene bottle and shaken for 24 h. The solution was
then filtered using 0.45 mm cellulose-acetate filters membrane. The
pH of the solution was adjusted to 1 by adding 6M L�1 HCl and
phosphate was separated and purified by the method described for
the HCl-Pi.

2.5. Oxygen isotope analysis

Oxygen isotope composition of inorganic phosphate was
measured at the Institute of Geographic Sciences and Natural Re-
sources Research, University of Chinese Academy of Sciences
(UCAS) in Beijing, China, using a DELTA-V mass spectrometer
(Thermo Fisher Scientific, USA)) coupled with a TC/EA. The TC/EA
furnace was kept at 1400 �C and GC column was held at 70 �C.
About 0.3mg Ag3PO4 was packed in a silver capsule which reacted
with glassy carbon powder at high temperature and were con-
verted to carbon monoxide, which was led into the mass spec-
trometer for oxygen isotope analysis. The d18OP were calibrated by
two international oxygen isotope referencematerials: the IAEA-601
benzoic acid (d18O-VSMOW ¼ þ23.2‰) and Ag3PO4
(d18O-VSMOW ¼ þ21.7‰, Elemental Microanalysis Ltd.). The average
standard deviation between replicates of the same sample was
0.3‰.

Oxygen isotope composition of soil water was measured by LGR
IsotopicWater Analyzer (IWA-45EP, Los Gatos Research, USA) at the
center of physical and chemical analysis of the Institute of
Geographic Sciences and Natural Resources Research, UCAS in
Beijing, China and with a standard deviation of 0.3‰. All isotopic
values are given in the delta notation relative to Vienna standard
mean ocean water (VSMOW).

3. Results and discussion

3.1. Soil P contents of different fractions

The P contents of different fractions of the red soil and black soil
were shown in Fig. 2. Significant differences among the P contents
of different fractions could be observed. The H2O-Pi and NaHCO3-Pi
contents in red soil (3.2± 0.9mg kg�1, n¼ 9) and black soil
(17.4± 9.5mg kg�1, n¼ 12) remained significantly lower than
NaOH-Pi and HCl-Pi. Consistent with H2O-Pi and NaHCO3-Pi con-
tents, there were also the low H2O-Po and NaHCO3-Po contents in
both types of soils. Therefore, for both types of soils, the H2O-Pt and
NaHCO3-Pt contents were significantly lower than NaOH-Pt and
HCl-Pt. The possible reasons causing the above phenomenon could
be: (1) the H2O-Pi and NaHCO3-Pi were available forms of soil P that
can be easily taken up by plants and organisms, (2) these two forms
of P were converted to less labile forms such as being bound
strongly to Fe, Al oxides or Ca and this increased the proportion of
these forms (NaOH-Pt and HCl-Pt) in the soil, (3) this may also be
due to the soil with less mineral components for the Pi to be
absorbed. Moreover, the higher contents of H2O-Pt and NaHCO3-Pt
in black soil comparing with red soil might be due to the influence
of fertilizer and land use. The soil P increase due to fertilizer
application was more notable in available P than in other P fraction
and land use had significant effects on Pi and Po fractions (available,
moderately-available and non-available) especially in the topsoil
(Maharjan et al., 2017, 2018).

The NaOH-Pi and HCl-Pi contents of two types of soils, were
significantly higher than H2O-Pi and NaHCO3-Pi. NaOH-Po showed
the highest contents comparing with all the other fractions. The
contents of NaOH-Pt and HCl-Pt remained relatively high in both
types of soils and this indicated that these two P pools were
important soil P reserves. According to the previous studies, NaOH-
Pt was themost absorbed form associatedwith Al and Fe oxides and
the contents of Fe and Al oxides increased as soil pH reduced, while
Ca-bound P extracted by HCl was regarded as more stable pool than
other P fractions and non-available for plant growth (Hedley et al.,
1982; Parfitt, 1989; Maharjan et al., 2018). In red soil, NaOH- Pt was
the primary form of soil P with the highest contents
(160.5± 57.7mg kg�1, n¼ 9) than the other fractions, and this
result matched the previous study conducted at same local area
(Yan et al., 2017). The red soils in this study area were composed of
considerable amount of Fe and Al oxy/hydroxides, the amorphous



Fig. 2. A: Pi contents of different fractions from soils in Central China. B: Po contents of different fractions from soils in Central China. C: Pt contents of different fractions from soils in
Central China. D: Pi contents of different fractions from soils in Northeast China. E: Po contents of different fractions from soils in Northeast China. F: Pt contents of different fractions
from soils in Northeast China.
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Fe and Al oxy/hydroxides played a crucial role in P sorption and the
special flooded environment of the red soil enhanced P adsorption
by amorphous Fe and Al minerals (Yan et al., 2013, 2015, 2017).
However, in black soil, The NaOH-Pt in some samples of the black
soil (GZL-1, GZL-2, CC-1, CC-2, HEB-1, HEB-2, HEB-3 and HEB-4)
cumulatively account for about 41.3± 3.4% of TP, while in the
other sample (GZL-3, GZL-4, CC-3 and CC-4), HCl-Pt account for
about 38.6± 7.7% of TP. This demonstrates that the predominant
form in some sites is NaOH-Pt while HCl-Pt in the rest sites (Fig. 2-F)
and it may also be influenced by soil pH. As expected, pH was
significantly negative correlated with the proportion of NaOH-Pt
(R¼�0.63, p< 0.01) (Fig. 3-A) while positive correlated with the
proportion of HCl-Pt (R¼ 0.42, p< 0.01) (Fig. 3-B). In alkaline soils,
generally Ca-phosphates are more stable by forming less soluble
precipitation of Ca-phosphates while in acidic soils rich in Al- and
Fe-oxides, P is strongly absorbed by Fe and Al oxy/hydroxides
(Kruse et al., 2015).

Soil Pi, Po and Pt of different fractions from two types of soils
were shown in Fig. 4. The proportions of Pi to TP (37.8± 17.0%) were
much higher than the proportions of Po to TP (14.6± 6.0%). Consist
with the red soil, Pi constituted 69.4± 11.0% of the TP while Po
represented 14.6± 4.9% of TP in black soil and this indicated that Pi
was major component in both types of soils. Higher Po contents in
black soil (96.7± 18.8mg kg�1) than in red soil
(80.7± 29.7mg kg�1) could be closely related to SOC content, the Po
contents in both types of soils were positively related to SOC in this
study (R ¼ 0.507, p < 0.05*; Fig. 3-D). Soil TP in red soil
(571.9± 124.9mg kg�1, n¼ 9) were much lower than black soil
(695.5± 135.6mg kg�1, n¼ 12). This may be caused by the differ-
ence of soil weathering degree. According to the previous study, the
soils at the low-latitude sites were more strongly weathered than
the soil from high-latitude sites due to the relatively high mean
annual temperature and mean annual precipitation (Hou et al.,
2018). Hence, a stronger weathering degree would be formed in
the red soil sampling sites than these of the black soil sampling
sites. This result can be further corroborated via the negative cor-
relation significance of CIA with the TP contents (R¼�0.46,
p< 0.01; Fig. 3-C).

3.2. The d18OP variations

3.2.1. Equilibrium calculations and d18OP of chemical fertilizer
In Central China, the d18Ow values of soil water ranged

from�8.3‰ to�6.3‰with an average value of�7.3± 0.9‰ (n¼ 9).
Monthly average temperature (26.9 �C) with the monthly highest
(37.3 �C) and the lowest (21.1 �C) temperatures. And d18Ow values
were used to calculate the equilibrium values by the eq1 and ob-
tained equilibrium zones (11.7‰e16.4‰, mean¼ 14.2‰, n¼ 9)



Fig. 3. A: the correlation of NaOH-Pt proportion with TP and pH of black soil; B: the correlation of HCl-Pt proportion with TP and pH of black soil; C: the correlation of TP contents
and CIA of both types of soils; D: the correlation of Po contents and SOC contents of both types of soils; E: d18Op of H2O-Pi and H2O-Pi contents; F: d18Op of NaHCO3-Pi and NaHCO3-Pi
contents; G: d18Op of NaOH-Pi and NaOH-Pi contents; H: d18Op of HCl-Pi and HCl-Pi contents.

Fig. 4. Average P contents of different fractions of red soil from Northeast China and black soils from Central China. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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were depicted in Fig. 5. The d18OP value of the chemical fertilizer
from Central China was 11.4‰.

In Northeast China, no available d18Ow can be used to calculate
the equilibrium values. According to the established model, varia-
tions in d18O values of precipitation depend on both the location
and elevation (Liu et al., 2014). There was an about 2‰ enrichment
of heavier oxygen isotope in soil water at the upper 10 cm of soil
compared to local precipitation (Roberts et al., 2015; Gazis and
Feng, 2004; Hsieh et al., 1998). Similarly, expected equilibrium
values in the Northeast China have been calculated using the
average temperature, monthly highest and lowest temperatures
and the d18Ow. These roughly represented the expected equilibrium
zones (GZL: 12.5‰e15.3‰, mean¼ 13.8‰, n¼ 4; CC: 12.1‰e

15.2‰, mean¼ 13.6‰, n¼ 4; HEB: 12.1‰e14.9‰, mean¼ 13.5‰,
n¼ 4) determined by estimated d18Ow of soil water and tempera-
ture extent (Fig. 5). The d18OP value of the local chemical fertilizer
was 11.6‰.
3.2.2. The d18OP variations of different soil Pi pools
The d18OP values of different Pi fractions were shown in Fig. 5. In

the red soil, the d18OP of H2O-Pi and NaHCO3-Pi fluctuated between
11.2‰ and 13.9‰, which approached to isotopic equilibrium zone.
However, the d18OP of the NaOH-Pi (8.5‰e11.6‰) and HCl-Pi
(6.2‰e8.5‰) were all below the equilibrium zone with the lowest
values in HCl-Pi. For the black soil, the d18OP of H2O-Pi and NaHCO3-
Pi in the sites of GZL, CC and HEB with the range of 13.3‰e14.3‰,
10.4‰e12.5‰, 10.2‰e12.8‰ respectively were close to the equi-
librium zone. However, the d18OP of NaOH-Pi in the two sites (CC
and HEB) were below the equilibrium zones while approached to
the equilibrium zone in site GZL. The d18OP values of HCl-Pi were
the lightest and below the equilibrium zones.

Because of diverse P sources and complex soil compositions,
there are multiple processes and environmental factors influencing
the d18OP signature (Zhang et al., 2015; Roberts et al., 2015). No
significant correlationwas displayed between d18OP of different soil
Pi pools and corresponding Pi contents in Central China and
Northeast China (Fig. 3-E, Fig. 3-F, Fig. 3-G, Fig. 3-H). This possibly
reflected a mixed accumulation of various P sources from different
soil types and diverse field managements (Granger et al., 2017a).
Previous research revealed that intracellular pyrophosphatase
Fig. 5. The d18OP of soil inorganic P pools among different sites. The grey zones with
dash-dot line represents equilibrium range calculated based on the monthly average
highest and lowest soil temperatures a and the lowest and highest soil water isotopes
values in different treatments. The dotted line is the average equilibrium value
calculated using the average soil temperature and average d18Ow, which is included in
the equilibrium zones.
(PPase) catalyzed the hydrolysis of pyrophosphate leading to a
complete O exchange between ambient water and phosphate and
to be a temperature-dependent equilibrium between water and
phosphate (Blake et al., 2005). Long-term P fertilizer application
can increase microbial activities in agricultural soils and the fast
equilibration of bioavailable P can be achieved (Bi et al., 2018). In
this study, the d18OP of H2O-Pi and NaHCO3-Pi in all sites except in
CC lied within the equilibrium zones, which reflected that high and
rapid P cycling through microorganisms or input of P sources.
Though the d18OP of sources were lower than the equilibrium, if
they were cycled and over printed, the values were still between
the original source value and the equilibrium range. This observa-
tion supported the fact that H2O-Pi and NaHCO3-Pi were the
bioavailable P pool (Joshi et al., 2016). The d18OP of H2O-Pi and
NaHCO3-Pi in CC were below the equilibrium zones, the possible
reason was that H2O-Pi and NaHCO3-Pi originated from P sources
with d18OP below the equilibrium value, the H2O-Pi and NaHCO3-Pi
contents (26.1± 29.7mg kg�1, n¼ 4; 108.5± 50.7mg kg�1, n¼ 4,
respectively) were significantly higher than other sites and this
reflected the effects of the fertilizer (the oxygen isotopic signature
of the fertilizer may overprint or erase oxygen isotopic signature
caused by rapid transformation and cycle of Pi pools).

The NaOH-P pool was considered as the moderately labile P
adsorbed on Al and Fe oxides (Parfitt, 1989). The d18OP of NaOH-Pi in
GZL was within the equilibrium zones inferring the equilibration of
this pool with ambient water and indicating that the NaOH-Pi is
actively involved in biological transformations processes (Roberts
et al., 2015). While d18OP of NaOH-Pi in all other sites were below
the equilibrium zones. The possible reason was that potential
sources of phosphate with the d18OP lower than equilibrium value
incorporated into the NaOH-Pi pool. Previous studies showed that
the released phosphate would incorporate one oxygen if hydro-
lyzed by phosphomonoesterase or two oxygen atoms hydrolyzed
by phosphodiesterase from the ambient water with a kinetic frac-
tionation values of �10‰ to �30‰ and then usually reduced d18OP
values (Liang and Blake, 2006, 2009; von Sperber et al., 2014). And
another possible reason may be that hydrolysis of organic P
mediated by extracellular enzymes and the phosphate released
from organic P hydrolysis was rapidly adsorbed by Al and Fe oxy/
hydroxides before uptake and utilized by plants and microorgan-
isms (Roberts et al., 2015). While mineralization of organic P with
high d18OP value (plant organic P) would yield phosphate with
higher d18OP value (Pfather et al., 2013). However, if there were
input of plant litter in our study sites, it is probable that the
phosphate contained a portion of phosphate that was mineralized
from isotopically enriched organic P compounds in leaf litter by
extracellular phosphatases. If this, another possible reason may be
not practicable.

HCl-P pool was regarded as more stable P pool than other P
fractions and non-available for plant and microorganisms
(Maharjan et al., 2018). The d18Op of HCl-Pi of the younger soil
generally reflects the parent material signature, but d18Op values
change with soil age and land use because of intense biological
activities and rapid cycling of phosphate (Tamburini et al., 2010;
Roberts et al., 2015; Bi et al., 2018). The newly formed HCl-Pi was
derived from P fertilizer due to long term P fertilizer addition (Bi
et al., 2018). In this study, the d18OP values of HCl-Pi pool were
the lowest (5.3‰e7.5‰) and were below the calculated equilib-
riumvalue. Due to intensive agricultural activity, the d18OP values of
HCl-Pi may vary and can't reflect the parentmaterials signals.While
the d18OP values of HCl-Pi were below the d18P values of fertilizer,
suggesting that there are other sources with lower d18OP value.
There was difference in degree of utilization among different P
fractions by microorganisms and this was consistent with previous
studies (Roberts et al., 2015; Bi et al., 2018). Comparison of d18OP in



Fig. 6. A: Oxygen isotopic compositions of inorganic phosphate in natural materials; B: Oxygen isotopic compositions of different fractions from soil, and dark cyan represented the
results of this study. (Amiot et al., 2006, 2010; Angert et al., 2011, 2012; Blake et al., 2010; Burmann et al., 2013; Colman et al., 2005; Elsbury et al., 2009; Goldhammer et al., 2011;
Granger et al., 2017a, 2017b; Greenwood et al., 2003; Gross et al., 2013, 2015; Gruau et al., 2005; Jaisi and Blake, 2010; Kolodny et al., 1983; L�ecuyer et al., 1993; McLaughlin et al.,
2006, 2013; Mizota et al., 1992; Paytan et al., 2017; Pouech et al., 2014; Puc�eat et al., 2010; Roberts et al., 2015; Tamburini et al., 2012; Weinbergeret et al., 2017; Young et al., 2009;
Zohar et al., 2010; Tian et al., 2016; Bi et al., 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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different P pools can provide new insights into soil P cycle.
In Central China and Northeast China, H2O-Pi and NaHCO3-Pi

showed the higher d18OP values with lower phosphate contents
while HCl-Pi exhibited the lowest d18OP values with higher phos-
phate contents. The possible reasons could be: (1) H2O-Pi and
NaHCO3-Pi were easily-available Pi and the d18OP values were
combinational effects of d18Ow, soil temperature, mixed sources and
microbial activities; (2) The HCl-Pi was relatively stable soil frac-
tions and the lowest d18OP value may be caused by the adsorption
or fixation P with lower d18OP value except the effect of soil parent
material. The phenomenon was observed in different areas (Zohar
et al., 2010; Roberts et al., 2015; Bi et al., 2018), which revealed
that d18OP values of different P fractions were the effects of multiple
factors accumulation. The result of this study not only enriched the
d18OP compositions of natural materials (Fig. 6), but also provided
information for tracing the source of different Pi fractions in soil.
4. Conclusion

In this study, the P contents, d18OP of chemical fertilizer and
different P fractions (Milli-Q water, 0.5M NaHCO3 (pH¼ 8.5), 0.1M
NaOH and 1M HCl) of agricultural soils were analyzed to identify
the possible sources and investigate utilization extent of soil P by
microorganisms. The results showed that the H2O-Pt and NaHCO3-
Pt were mainly influenced by fertilizer and land use. The difference
in soil TP contents was caused by the variation in soil weathering
degree. The proportions of NaOH-Pt and HCl-Pt in TP were signifi-
cantly influenced by soil pH. The d18OP of different P pools indicated
that the utilization extent of different P fractions by microorgan-
isms was variable. The H2O-Pi and NaHCO3-Pi were bio-available P
and NaOH-Pi was also actively involved in biological trans-
formations sometimes while HCl-Pi was more stable fraction and
difficult to be utilized by microorganisms comparing with other
fractions. In both areas, different Pi fractions likely reflected the
mixture of multiple sources and the d18OP values of different P
fractions were the effects of multiple factors accumulation. Overall,
the results enriched the d18OP compositions of natural materials
and the d18OP technology could provide effective information for
sources and effective utilization of soil P.
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