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A B S T R A C T

Identifying the sources and cycling of phosphorus (P) is particularly important for formulating effective P
management strategies in inland water. The oxygen isotopic compositions of phosphate (δ18OP) are recognized as
a promising tool to solve this problem. However, the application of δ18OP in freshwater sediment is currently
constrained by multiple difficulties. In this study, we presented a novel pretreatment method for δ18OP analysis
of sediment inorganic P pools. Our results showed that the new method has advantages of simple operation, less
time-consuming, and high P recovery rates. Specifically, we replaced the traditional Mg-induced co-precipitation
(MAGIC) method by introducing Zr-Oxides gels with high selective adsorption function for phosphate. This made
subsequent processing simpler and reduced the time consumption to ~10 days, and the range of P recovery rates
were from 88 % to 104 %. Furthermore, we emphasized the necessity of vacuum roasting following lyophilized
Ag3PO4 to eliminate residual oxygen-containing impurities (e.g., NO3− , Ag2O, and organic matter). Additionally,
evidences from microscopy and spectroscopy confirmed that this method ultimately yielded high-purity Ag3PO4
with the Ag:P molar ratios of 3.35:1. Importantly, combining direct synthesis Ag3PO4 between KH2PO4 and
AgNO3 with the Ag3PO4 obtained by the method revealed no stark oxygen isotopic fractionation of phosphate
during the pretreatment processes. The newly established δ18OP pretreatment methods here can also be extended
to broader studies of the biogeochemical cycling of P in aquatic ecosystems, potentially advancing the under-
standing of the global P cycle.

1. Introduction

Harmful algal blooms (HABs) have become as one of the most sev-
ered environmental problems on the Earth, posing significant economic
and ecological threats to both aquatic organisms and public health. The
maximum bloom area on the Earth over the past four decades reached
33.27×104 km2, representing 11.7 % of the global lake area (Hou et al.,
2022). The most concerned impacts of HABs are the production of toxins
in drink-water resources, which can result in illness and/or even mor-
tality of humans and animals (Carmichael, 1994). For instance, acute
liver failure was found in 100 out of 131 patients caused by exposure to
microcystin (produced by cyanobacteria) in Brazil in 1996, and then 52
out of the 76 deaths could be directly attributed to microcystin

(Carmichael et al., 2001). Recently, 330 elephants died in Botswana
triggered by drinking microcystin-contaminated waters (https://www.
bbc.com/news/world-africa-54234396). Unfortunately, the frequency,
magnitude, duration, and severity of HABs appears to be increased in the
global freshwater lakes in the coming decades due to intensified global
warming and human activities (Paerl and Huisman, 2008; OʼNeil et al.,
2012; Paerl and Paul, 2012; Hou et al., 2022). Phosphorus (P) is one of
the culprits for HABs.

Identifying the sources and cycling of P is first step for the prevent
and control of HABs, however, which is challenging. This is mainly
because P has a single stable isotope (31P) and numerous radioisotopes
with short half-lives (< 26 d), making source identification compara-
tively difficult (Jaisi and Blake, 2014). Fortunately, P exists mainly as
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orthophosphate (e.g., PO43− , HPO42− , H2PO4− ) in nature with a strong
bond energy between P and oxygen (359.8 kJ mol− 1) and the P-O bonds
cannot be breaked under physicochemical processes on the Earth surface
(Longinelli and Nuti, 1973; Blake et al., 1997; McLaughlin et al., 2004;
Zhao et al., 2021). Furthermore, oxygen has three stable isotopes (18O,
17O, 16O). Therefore, the oxygen isotopic compositions of phosphate
(δ18OP) can be used to trace the P sources and its biogeochemical pro-
cesses (Elsbury et al., 2009; Joshi et al., 2015; Pistocchi et al., 2017).
Since the pioneering work by Tudge. (1960) who developed the analysis
method of the oxygen isotopic composition of PO4 (δ18OP), and δ18OP
has been successfully applied to estimate the paleotemperature. Over
recent decades, δ18OP has been gradually applied to trace the sources
and cycle of P on the Earth’s surface environment (Colman et al., 2005;
Young et al., 2009; Jaisi and Blake, 2010; Tamburini et al., 2012;
Gooddy et al., 2015; Joshi et al., 2015, 2016; Granger et al., 2017;
Pistocchi et al., 2017; Ishida et al., 2019; Lei et al., 2019; Tian et al.,
2020; Wang et al., 2021; Zhao et al., 2021).

Even, the pretreatment of δ18OP from environment samples has been
a major obstacle for the δ18OP analysis. Currently, two kinds of common
use methods for the pretreatment of δ18OP are concluded as follows:
these steps conclude i) PO4 enrichment by magnesium-induced co-pre-
cipitation (MAGIC) (Karl and Tien, 1992); ii) removal of dissolved
organic matter (DOM) by applying DAX-8 resin (Zohar et al., 2010; Joshi
et al., 2015); iii) formation the precipitations of ammonium
phospho-molybdate (APM) and magnesium ammonium phosphate
(MAP) or CePO4 precipitation (Tudge, 1960; McLaughlin et al., 2004);
iv) removal of Cl− and HCO3− by using KAc-HAc solution and HNO3,
respectively (Zohar et al., 2010; Liu et al., 2019); v) removal of Ce3+

and/or other cations by using cation exchange resin (Mclaughlin et al.,
2004; Zohar et al., 2010; Joshi et al., 2015); vi) Ag3PO4 precipitation
(Crowson and showers, 1991); vii) high-purity Ag3PO4 solid obtained by
recrystallization or adding H2O2 to remove residual organic matter
(OM) (Joshi et al., 2015; Liu et al., 2019).

However, applying these methods to lacustrine sediment still make it
difficult and/or unsuccessful to obtain adequately high-purity Ag3PO4.
Here, at least two major aspects for the final Ag3PO4 solid are reflected
on the pretreatment of δ18OP in freshwater sediment samples. One of
these involves the how to effectively remove the higher contents of OM
and metal elements of freshwater sediment relative to other samples (e.
g., lake water, marine sediment) (Jaisi and Blake, 2010, 2014; Pistocchi
et al., 2017; Yuan et al., 2019; Lei et al., 2020). A second involves the
PO4 recovery rates during the processing. The PO4 recovery rates might
be decreased due to tedious precipitation steps (e.g., Xu et al., 2018; Lei
et al., 2020), which potentially resulted in comparable deviations be-
tween measured and expected δ18OP values. Taken above-mentioned
into consideration, it is urgently needed to develop a method with
simpler operation of pretreatment, stable PO4 recovery rates, and
high-purity Ag3PO4 for analysis the δ18OP of different P pools in the
freshwater sediment.

Zr-Oxides has been widely used for PO4 removal, measurement, and
enrichment due to its highly efficient selective adsorption for PO4
(Chitrakar et al., 2006; Ding et al., 2010). Moreover, the adsorbed PO4
can be easily eluted by NaOH solution. Recently, our group developed a
pretreatment method for analysis the δ18OP for freshwater water sam-
ples, which established on Zr-Oxides gels with selective adsorption
function for PO4 (Liu et al., 2021). However, applying the methods for
the δ18OP analysis of sediment P pools still faces large challenges. For
instance, the Zr-Oxides gels were directly used to adsorb sediment PO4
extracted by 0.1 M NaOH solution, and even the filtrates’ pH was
random readjusted to anywhere, all of which are hardly effective.
Further, the presence additional O sources including high concentra-
tions of HCO3− and Ac− from extractants, and higher concentrations of
dissolved organic carbon (DOC) and SO42- within sediment relative to
water samples can bias the δ18OP signals. Such situations represent a
fundamental barrier to apply the δ18Op methods of water samples re-
ported by Liu et al. (2021) to the pretreatment of δ18Op in freshwater

sediment.
Here, we addressed these obstacles and expanded beyond this to

develop an effective method for the pretreatment of the δ18OP in
different P pools of lake sediment, which is currently not available. We
solved three fundamental problems regarding pretreatment of δ18OP: i)
how to reduce the pretreatment steps; ii) how to ensure the PO4 recovery
rates during the pretreatment steps; and iii) how to obtain the high-
purity Ag3PO4.

2. Materials and methods

2.1. Study areas and sample collection

Study areas included Lake Dianchi (102◦36′− 102◦47′ E,
24◦40′− 25◦02′N), Lake Erhai (100◦6′− 100◦18′E, 25◦36′− 25◦57′N), and
Hongfeng Reservoir (106◦19′–106◦28′ E, 26◦26′–26◦35′ N), all of which
are located in the Yunnan-Guizhou Plateau, Southwest China that are
facing risks of HABs (Chen et al., 2019; Ji et al., 2022; Jin et al., 2022,
2023a).

In April 2021, sediment samples (Fig. S1) in above-mentioned two
lakes and one reservoir were collected by using a Petersen grab sampler
(PBS-411, Wuhan Petersen Technology CO., LTD, China). Then, sedi-
ment samples were placed into 50 mL clean centrifuge tubes. The tem-
perature of bottom water (above 0.5 m of sediment) was measured by
using a multi-parameter water quality monitor (YSI, 6600V2, Co, USA).
Porewater samples were obtained by centrifuging (at 4390 g for 15 min)
sediment samples. All of samples were stored at 4℃ immediately after
collection to minimize microbial activity.

2.2. Sequential extraction

Sediment samples were frozen at − 80℃ before freeze drying. Sub-
sequently, these samples were ground and sieved through a 200 mesh
and then stored at -20℃ until analysis. Sediment P pools were extracted
by using a combined sequential extraction method (Ruttenberg, 1992;
Rydin, 2000). These P pools were divided into five pools, including І)
loosely sorbed-P, II) Fe-bound P (Fe-P), III) aluminum-oxide bound P
(Al-P), IV) authigenic carbonate fluorapatite + biogenic apatite +

CaCO3- associated P (Au-P), and V) detrital apatite P (De-P). The steps of
sequential extraction before Au-P pool were followed by the report
proposed by Rydin (2000), and the following two steps were proposed
by Ruttenberg (1992) (details by Fig. S2). Briefly, sediment sample (3.3
g) was placed into a 250 mL centrifuge bottle (Nalgene, USA). Then, 200
mL of extractant (1 M NH4Cl (pH=7), 0.11 M NaHCO3/Na2S2O4, 0.1 M
NaOH, 1 M NaAc (pH=4.0), and 1 M HCl) were used to extract loosely
sorbed-P, Fe-P, Al-P, Au-P, and De-P, respectively. All extracts were
centrifuged at 4390× g for 15 min and filtered through 0.45 μm filters
(TJMF50, Tianjin Jinteng Experimental Equipment CO., LTD, China).
The residual sediment was washed by using 200 mL ultrapure water
after each of extraction, such operation was repeated three times to
reduce P re-adsorption onto residual sediment surface (Liu et al., 2019).
Concentrations of inorganic P (Pi) in the filtrates were determined by
using the molybdenum blue method (Murphy and Riley, 1962) or ion
chromatograph (ICS90, Dionex Co, Ltd, USA).

2.3. The pretreatment of δ18OP in sediment Pi pools

We developed a pretreatment method for analysis the δ18OP in
sediment Pi pools (Fig. 1) based on the methods recommended by
McLaughlin et al. (2004), Zohar et al. (2010), and Liu et al. (2019,
2021). Sediment samples from three sites (DC1, HF2, and EH1) were
selected as preliminary experiment based on the color of the filtrates
extracted by 0.1 M NaOH (Fig. S3). Owing to the low P contents of
sediment extracted by NH4Cl (generally < 5 mg kg− 1) (Yang et al.,
2022), we were not able to obtain the sufficient contents of Ag3PO4 for
analysis the δ18OP in the Pi pool; so, the pretreatment steps in the Pi pool
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were neglected. The detailed pretreatment steps of δ18OP in other Pi
pools were established as follows:

i) The δ18OP pretreatment of Fe-P and De-P.

Step 1: PO4 enrichment. Five discs of Zr-Oxide gels (EasySensor
Ltd., Nanjing, China; www.easysens or.net) were placed into 250 mL
centrifuge bottle with 200 mL filtrates and then shaken for 120 h.
Step 2: PO4 elution. Zr-Oxide gels loaded with PO4 were placed into
a 50 mL centrifuge tube and eluted with 20 mL 1 M NaOH solution.
These tubes were continuously shaken for 24 h or 1 h and the elution
steps were repeated 5 or 6 times to ensure the PO4 recovery rates.
Step 3: CePO4 precipitation. The pH of PO4 eluate was adjusted to
5.8 using HNO3 and 2 mL Ce(NO3)3 solution (Ce(NO3)3⋅6H2O,
Sigma-Aldrich, USA) (0.5 g Ce(NO)3⋅6H2O was dissolved in 2 mL
ultrapure water) was added. Then, to turn PO4 into CePO4 precipi-
tation as much as possible and improve the P recovery rates, 1 M KAc
solution was used to re-adjust the pH of the solution to 5.5~5.6 after
CePO4 precipitation. After standing for 24 h, the mixture was
centrifuged at 4390× g for 15min and the supernatant was discarded
by siphonage to obtain CePO4 precipitation. Noteworthily, the con-
centrations of Cl− in the supernatant of all CePO4 precipitations in
this study were very low and no macroscopic AgCl precipitation was
observed after adding 0.1 M AgNO3 to these supernatants. In
contrast, if there are high concentrations of Cl− in the supernatant of
CePO4 precipitation in future samples, the Cl− will be washed and
removed by using buffer solution (pH=5.5) (the pH of solution was
adjusted by using 1 M KAc and HAc) (McLaughlin et al., 2004; Liu
et al., 2019).
Step 4: Removal cation.

The CePO4 precipitation was dissolved by using approximately 4 mL
1 M HNO3 and subsequently 16 mL ultrapure water was added into the
solution to completely dissolve the precipitation. 10 mL of cation ex-
change resin (Biorad AG 50W-X8, USA) was added into the mixture and
continuously shaken for 12 h to remove cation (e.g., Ce3+). The solution
was filtered by using 0.45 μm filters and the cation exchange resin was
washed using a small amount of ultrapure water to avoid PO4 attaching
to resin surface.

Step 5: Ag3PO4 precipitation and its purification.

The solution was filtrated to a 50 mL black centrifuge tube and its pH
was adjusted to 7.3 by using HNO3 (0.1~1M), 1 % NH3⋅H2O, and NaOH
solution (5 M). Approximately 15 times of AgNO3 (molar ratio of Ag:
P≈15:1) was added into the solution to gradually form Ag3PO4 precip-
itation. Subsequently, to completely turn PO4 into Ag3PO4 precipitation
and obtain higher P recovery rates, 1 % NH3⋅H2O was used to re-adjust
the pH of the solution to 7.3. After standing 24 h, the mixture was
centrifuged (4390× g for 15 min) and the supernatant was discarded by
siphonage to obtain Ag3PO4. The obtained Ag3PO4 was washed 1~2
time(s) with ultrapure water to remove the residual impurities (e.g., Ag+

(with 0.1 M HCl detection), NH4+, and NO3- ). After preprocessing,
Ag3PO4 samples were frozen-dried at − 80℃ for 6 h.

i) The δ18OP pretreatment of Al-P.
The filtrate extracted by 0.1 M NaOH contained relatively high

contents of natural OM, which needs to be removed by Supelite DAX-
8 resin (Sigma Chemical Co) upon shaking for 16 h. Subsequently,
the pH of filtrate was adjusted to 0.3~0.4 with HNO3 after filtration
using 0.45 μm filters. The remainder steps were same to і) the δ18OP
pretreatment of Fe-P and De-P.

ii) The δ18OP pretreatment of Au-P.
The δ18OP pretreatment steps of Au-P were same as the steps of the

δ18OP pretreatment of Al-P except the step of removal of OM.

All lyophilized Ag3PO4 samples were thoroughly homogenized and
placed into quartz tubes. The quartz tubes were pumped to vacuum
(1×10− 2 mbar) and sealed, and then were heated at 450℃ to remove
residual oxygen-containing impurities, such as residual OM, NO3− , and
Ag2O (Crowson et al., 1991; Blake et al., 2005; Sandy et al., 2013; Jaisi
and Blake, 2014; Jin et al., 2023b).

2.4. Characterization of Zr-Oxide gels before and after PO4 adsorption
and Ag3PO4

To further investigate the mechanisms of PO4 adsorption by Zr-Oxide
gels, the surface properties of Zr-Oxides gels before and after PO4
adsorption were characterized by using X-ray photoelectron spectros-
copy (XPS), Fourier transform infrared (FTIR), and energy dispersive X-
ray spectroscopy (EDS). The mechanisms of PO4 adsorption by Zr-
Oxides gels were available in Supplementary Material. Ag3PO4 was
also characterized by using scanning electron microscopy (SEM) linked
with EDS and X-ray diffraction (XRD) to further identify its purity.

2.5. Analysis the oxygen isotopic composition of PO4 and water

The analysis of δ18OP was referenced in our previous study (Jin et al.,
2023b). Triplicate Ag3PO4 samples (approximately 0.5 mg) were
weighted for each TC/EA run and these samples were stored at oven
with the temperature of 60℃ at least for 6 h before its isotopic analysis.
The δ18OP of these samples was measured by using a Thermo Chemolysis
Elemental Analyzer (TC/EA) associated with a gas isotope ratio mass
spectrometry (HT- IRMS, Flash EA 1112, Mat 253, Thermo Co, Ltd) in
the Third Institute of Oceanography, the Ministry of Natural Resources,
China. All δ18OP data were calibrated by using two oxygen isotopic
reference materials: Ag3PO4 (21.7 ± 0.3 ‰, B2207, Elemental Micro-
analysis, UK) and Benzoic acid (IAEA-601, 23.3 ± 0.3‰). δ18OP values
had an analytical precision better than ±0.3 ‰ based on repeated
measurements of Ag3PO4 standard samples. All values of δ18OP are re-
ported relative to the Vienna Standard Mean Ocean Water (VSMOW),
calculated as:

(1)

Fig. 1. Purification steps for Ag3PO4 of different Pi pools in sediment.
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Note: R (18O/16O) represents the oxygen isotopic abundance ratio.
The oxygen isotopic values of porewater were analyzed by using an

LGR Isotopic Water Analyzer.

3. Results and discussion

3.1. PO4 recovery rates of key steps of sample pretreatment

Identifying Zr-Oxides gels with the adsorption capacity for PO4
extracted by sequential extraction was the first step for PO4 enrichment
due to the interference of various impurities (e.g., anion, cation, and
DOM). The PO4 adsorption capacity (~2270 μg P/five discs of Zr-Oxides
gels) was reported by in a simulated freshwater water bodies in our
recent study (Liu et al., 2021). To further elucidate the characteristics of
PO4 adsorption by Zr-Oxides gels in different extracts, we selected
sediment samples from three sites (DC1, HF2, and EH1) based on the
color of the filtrates (Fig. S3) extracted by 0.1 M NaOH to perform
continuous observations at the beginning of experiment. Here, to
improve the PO4 recovery rates, PO4 of the filters was required to
continually adsorb by Zr-Oxides gels as much as possible. Therefore, we
did not stop the adsorption experiment until 120 h. Similarly, Zr-Oxides
gels loaded with PO4 were eluted by using 1 MNaOH solution each of 24
h and the step was repeated 5 times to avoid the fractionation of the
δ18OP due to incomplete elution. The PO4 recovery rates after PO4
elution for 120 h ranged from 88.3 % to 108.1 % (not shown). Based on
above-mentioned results, we further performed PO4 enrichment by
Zr-Oxides gels from all filtrates in all sample sites (Fig. S1). Results
suggested that the range of PO4 recovery rates in the PO4 enrichment,
CePO4, and Ag3PO4 precipitation steps from different sediment Pi pools
are from 89.5 ± 5.6 % to 105.0 ± 6.6 %, from 99.7 ± 0.2 % to 99.9 ±

0.1 %, and from 98.8 ± 0.7 % to 99.3 ± 0.4 %, respectively (Table 1).
And then the total PO4 recovery rates varied from 88.2± 5.2 % to 104.2
± 6.9 % (Table 1). Alternatively, at the step of PO4 elution (see section
2.3), the Zr-Oxides gels of adsorbed PO4were also continually shaken for
1 h and the elution steps were repeated 6 times to ensure the PO4 re-
covery rates (Fig. S4a–d). The PO4 recovery rates after PO4 elution
ranged from 81.4 ± 0.4 % to 96.1 ± 0.3 % (Table S1), the total PO4
recovery rates at the pretreatment steps of δ18OP varied from 80.7 % to
94.8 % according to the PO4 recovery rates between CePO4 and Ag3PO4
precipitation (Tables 1 and S1), demonstrating this method with high
PO4 recovery rates.

3.2. Removal of impurities in PO4 enrichment and its elution

We next evaluated the removal rates of impurities in PO4 enrichment
and its elution steps, the measured methods for these impurities were
available in Supplementary Material. In contrast to the δ18OP methods of
water bodies reported by Liu et al. (2021), the removal efficiencies of
DOC in the extracts from Al-P pools (extracted by 0.1 M NaOH) were not

such high-efficiency. The former was higher than 99 % in the simulated
freshwater water bodies removed by using Zr-Oxides gels, whereas the
latter was less than 50 % removed by DAX-8 resin (Table S2). Compared
to DOC contents of De-P pools (10.6 ± 2.8 mg), the DOC contents in the
Fe-P pool (69.2 ± 2.4 mg) and Au-P pools (14102.6 ± 615.7 mg) were
substantially higher, which was likely attributed to their corresponding
extractants (e.g., NaHCO3, NaAc, and HAc) (Table S2). The removal
efficiencies of DOC in the extracted solution of Fe-P and Au-P were less
than 72 % and higher than 97 %, respectively (Table S2). Cl− and SO42−

were the main two kinds of anions in all the extracts (Table S2). The
highest contents of Cl− (~16,268.7 mg) and SO42− (9808.5 mg) were
observed in the extracts of De-P pool and the extracts of Fe-P pool,
respectively, which was primarily attributed to the extractants (e.g., HCl
and Na2S2O4). Fortunately, higher than 99 % of Cl− and SO42− could be
removed by the steps of PO4 enrichment and its elution in these P pools
(Table S2). The removal efficiencies of metal elements (e.g., Mg, Cr, Mn,
Fe, Cu, Zn, As, Sb, Ba, and Pb) of the extracts after PO4 enrichment and
elution were shown in Table S3. The removal rates of these elements
were higher than 91.0 % besides As in the extracts of all P pools at three
sample sites, Cr in the extracts of all Fe-P pool at three sample sites, and
Cu in the Fe-P pool at sample sites DC1 and EH1 (Table S3).

The residual impurities, encompassing metal elements and oxygen-
containing impurities (e.g., DOM, NO3− , Ag2O, and intracrystalline
water), were further removed by the cation exchange resin and vacuum
roasting of Ag3PO4, respectively (Fig. 1). Besides external oxygen-
containing impurities (e.g., DOM, NO3− , water), we noted that it is
inevitable to generate Ag2O during the formation Ag3PO4 precipitation
and thereby causes the deviation relative to the expected δ18Op values
(Mine et al., 2017; Xu et al., 2018). Vacuum roasting of Ag3PO4 is
usually considered as the final purification step before the analysis of
δ18Op (Crowson et al., 1991; Blake et al., 2005; Sandy et al., 2013; Jaisi
and Blake, 2014; Mine et al., 2017; Jin et al., 2023b). All these
oxygen-containing impurities in the Ag3PO4 can be removed by using
the method (Crowson et al, 1991; Blake et al., 2005; Sandy et al., 2013;
Jaisi and Blake, 2014).

3.3. The purity of Ag3PO4

Ag:Pmolar ratios of Ag3PO4 have been gradually used to estimate the
purity of the Ag3PO4 solid (Mine et al., 2017). SEM and EDS results
demonstrated that the Ag:P molar ratios of Ag3PO4 were (3.35± 0.12):1
(Fig. 2a–e), similar results were observed by a previous study with the
similar Ag:P molar ratios (3.3:1) (Mine et al., 2017). These results of the
Ag:P molar ratios were slightly higher than the theoretical Ag:P molar
ratio (3:1) of Ag3PO4, which indicated the presence of Ag except Ag3PO4
in the obtained Ag3PO4 solid. The view was further supported by XRD
results, suggesting the occurrence of Ag3PO4 and Ag in the obtained
Ag3PO4 solid (Fig. 2f). Here, it is worth considering that higher Ag:P
molar ratios of the obtained Ag3PO4 solid are majorly controlled by two
linked but not overlapping variables: AgNO3 and Ag2O. The former is
artificially introduced for crucial steps of Ag3PO4 precipitation, whereas
the latter is by-product associated with the Ag3PO4 precipitation. We
consider the fundamental reason that the presence of Ag could be caused
by the Ag2O through vacuum roasting. However, such situation has no
effect on the measurement of δ18Op compositions in Ag3PO4 due to no
oxygen occurrence from Ag. Furthermore, Ag3PO4 solid is commonly
weighed into a small silver cup before the δ18Op analysis (Blake et al.,
2005; Sandy et al., 2013). Importantly, these Ag:P molar ratios of the
obtained Ag3PO4 solid are close to 3:1, indicating that the obtained
Ag3PO4 by our method is high-purity.

3.4. Oxygen isotopic fractionation validation

To further identify whether occurred oxygen isotopic fractionation of
PO4 during the pretreatment processes, therefore, Ag3PO4 was gener-
ated by using two methods: (1) direct reaction between KH2PO4 and

Table 1
PO4 recovery rates of key steps (n = 24).

PO4 recovery rates of key steps (%)

Pi pools after PO4 elution CePO4 Ag3PO4 Total recovery rates

Fe-P 99.7 ± 6.7 99.9 ± 0.1 99.2 ± 0.2 98.9 ± 6.6
Al-P 95.0 ± 3.1 99.8 ± 0.2 98.8 ± 0.7 93.7 ± 2.9
Au-P 89.5 ± 5.6 99.7 ± 0.2 98.9 ± 0.5 88.2 ± 5.2
De-P 105.0 ± 6.6 99.9 ± 0.1 99.3 ± 0.4 104.2 ± 6.9

Note: PO4 recovery rates were calculated based on the mass conservation law.
After formation CePO4 and Ag3PO4 precipitation, the precipitation was centri-
fuged at 4390 g for 15 min, the supernatant was filtered by using 0.45 µm filters,
P concentrations of filtered filtrate were measured by using molybdenum blue
method (Murphy and Riley, 1962) and ion chromatograph (ICS90, Dionex Co,
Ltd, USA). The PO4 recovery rates were expressed as mean (μg) ± standard
deviation (n = 24).
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AgNO3; (2) following our pretreatment methods (see section 2.3). The
values of δ18Op in Ag3PO4 obtained by using above two methods were
11.5 ± 0.4‰ (n = 5) and 11.5± 0.3‰ (n = 10) (Fig. S5a), respectively,
suggesting that no stark oxygen isotopic fractionations of PO4 were
observed during the pretreatment steps due to their same P sources. In
accordance with our recent findings, a study conducted in the lab also
found that the δ18Op values of obtained Ag3PO4 by chemical reaction
between KH2PO4 and AgNO3 were 11.2 ± 0.3 ‰ (Liu et al., 2019).
Further, similar results were also observed in our previous experiments,
demonstrating that no pronounced oxygen isotopic fractionations of PO4
were found in three different P concentrations with the same P sources
by using the same method in the simulated freshwater water bodies
(Fig. S5b) (Liu et al., 2021). Furthermore, the method was further
extended in field and compared with traditional method proposed by
McLaughlin et al. (2004), these results also revealed that no obvious
oxygen isotopic fractionations of PO4 were observed in P sources from
wastewater, rain seepage, and spring water (Fig. S5c) (Liu et al., 2021).

3.5. The oxygen isotopic compositions of PO4

To closely assess this stability of the measured instrument during the
analysis periods and thus to gain reliable δ18Op data, we analyzed the
δ18Op values of the standard samples of Ag3PO4 across the entire mea-
surements. These results (21.7 ± 0.2‰ (n = 35, panel a) and 21.5 ± 0.2
‰ (n = 12, panel b)) (Fig. 3) indicated that the analytical precision is up

to ±0.2‰, which reflected that the analytical δ18Op data is trustworthy.
The values of δ18Op in sediment Pi pools (e.g., Fe-P, Al-P, Au-P, and

De-P) varied from 8.1‰ to 20.6‰ (Fig. 4), similar δ18Op ranges (9.8‰
~23.4‰) of sediment Pi pools from Lake Tai were also observed (Yuan
et al., 2019). Importantly, the δ18OP values of different Pi pools in sed-
iments at the different sites in the same lake or reservoir were obviously
differentiated (Fig. 4) andmost of themwere not fallen into the ranges of
the oxygen isotopic equilibrium of PO4 (δ18OP-eq) calculated by the data
from Table S4 and the empirical equation proposed by Chang and Blake
(2015) (see Supplementary Material), which possibly inherit the original
oxygen isotopic signals of the sole and/or mixed P source(s) and thus can
reflect potential P source(s) for these Pi pools (e.g., Joshi et al., 2015). In
contrast, if the δ18OP values were fallen into the range of δ18OP-eq, which
would reflect the microbial cycling of PO4, because oxygen isotopic
signals of PO4 can be shifted towards δ18OP-eq driven by microorganisms
(Jaisi et al., 2011; Stout et al., 2014; Granger et al., 2017). Taken
together, the δ18Op signals can be used to identify the sources and
cycling of P. However, we lack information regarding the δ18OP data of
potential P sources, the P recycling rates, and the real residence time of
sediments in these lakes and reservoir. Therefore, more direct evidences
of above-mentioned information are needed to identify the P sources
and its biogeochemical cycling of these sediment Pi pools.

There are, however, potential limitations to allow application of the
new method between sample types and geographical regions. For
instance, the new established pretreatment method of δ18Op were based

Fig. 2. SEM image, EDS spectrum, and XRD spectrum of Ag3PO4. Panel a represents SEM image of Ag3PO4. Panel b-e represent the corresponding EDS elements of
panel a. Panel f represents XRD patterns of Ag3PO4.

Fig. 3. The oxygen isotopic compositions of Ag3PO4. Ag3PO4 of panel a was provided by the Third Institute of Oceanography of the State Oceanic Administration of
China. Ag3PO4 of panel b was provided by us. Two standard samples of Ag3PO4 were same (δ18OP = 21.7 ‰, B2207, Elemental Microanalysis, UK).
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on the sediments from two lakes and one reservoir, which may not be
representative of full breadth of lake and/or reservoir sediments. We
encourage future studies to include other environmental samples with
the diversity of impurities such as DOM and metal, so that the new
method for any types of samples could be applied across different
environments.

3.6. Advantages for the pretreatment method relative to previous studies

The advantages for the pretreatment methods of δ18OP in this study
than previous studies were summarized in Table S5. The main advan-
tages are as follows: i) The multiple precipitation methods for PO4
enrichment (e.g., Jaisi and Blake, 2010; Nisbeth et al., 2022) were
replaced by Zr-Oxides gels with selective adsorption for PO4; ii) Removal
DOM among all of Pi pools in previous studies (e.g., Joshi et al., 2015),
but only the P pools extracted by NaOH in this study, were needed; iii)
The step of removal Cl− in previous studies was essential for obtaining
high-purity Ag3PO4 (e.g., Zohar et al., 2010; Liu et al., 2019), in
contrast, the Cl− concentrations in the supernatant of CePO4 in this
study were very low with no formation macroscopic precipitation of
AgCl after added AgNO3 solution and thus given up the step; iv) In
comparison to the presence of potential oxygen-containing impurities
(e.g., NO3− ) (e.g., Jaisi and Blake, 2014) of Ag3PO4 obtained by previous

methods without vacuum roasting, the purity of obtained Ag3PO4 in this
study was higher; v) The obtained Ag3PO4 were further required to
determine the C and/or N contents before the analysis the δ18OP for
ensuring the reliable δ18OP data in previous studies (e.g., Yuan et al.,
2019), but the step in this study was not needed; vi) The pretreatment
time in previous studies was approximately 14 days and even longer,
which was reduced to 10 days in this study. Taken together, these
above-listed advantages led to simpler operation, lesser
time-consuming, and high-purity Ag3PO4 for the pretreatment of sam-
ples. Such advantages of the new method hold a promising potential to
significantly advance the study of biogeochemical and dynamic P
cycling in various environments.

4. Conclusions

To date, the measurement of δ18OP generally transforms PO4 into
Ag3PO4. However, the diversity of impurities of freshwater sediment
makes it challenging to obtain high-purity Ag3PO4 samples, conse-
quently limiting its wide application. Our research offers an innovative
approach for the δ18Op analysis within different Pi pools of lake sedi-
ment, with the benefits of simple operation and less time consumption.
Critically, complementary EDS and XRD results suggested that the
Ag3PO4 obtained through this new method was high-purity.

Fig. 4. The values in δ18OP of sediment Pi pools. Note: The gray areas represent the expected equilibrium range of δ18OP in these lakes and reservoir, the equilibrium
was calculated by using the temperature equilibrium formula (Chang and Blake, 2015). Panel a-c, d-f, and g-h represent the δ18OP of different Pi pools from Lake
Dianchi sediments, Hongfeng reservoir sediments, and Lake Erhai sediments, respectively. The δ18O of sediment porewater and the range of temperature at
sediment-water interface were shown in Table S4. Error bar represents standard deviations of triplicated measurements. Where error bars are not visible, they are
smaller than the data symbols.

Z. Jin et al.



Water Research 262 (2024) 122123

7

Importantly, no notable oxygen isotopic fractionations were discerned
by comparing the δ18Op values of Ag3PO4 from the new established
method and direct synthesis between KH2PO4 and AgNO3. In addition,
the standard deviation of oxygen isotopic compositions from Ag3PO4
standard samples was better than 0.3‰ across the measured processes.
These results suggested that our method can yield precise and accurate
δ18Op data from different Pi pools in sediment.
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