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• Couple cycle between Mn and P were
observed in reducing sediments.

• P mobilization in reducing sediments
was mainly driven by Mn(III).

• Fe mainly deposited as inert Fe minerals
leads the decoupled of P and Fe.

• Updated P cycle patterns in different
sedimentary environments were
proposed.
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A B S T R A C T

Eutrophication has become one of the greatest threats to aquatic ecosystems. The release of phosphorus (P) from
sediments exerts a critical role on eutrophication level. Both manganese (Mn) and iron (Fe), sensitive to redox
conditions, own strong affinity for P. Numerous works have demonstrated that Fe was a key factor to drive P
cycle in sediments. However, the role of Mn on P mobilization remains largely unexplored. Herein, the mech-
anism of P mobilization driven by Mn were investigated in a seasonal anoxic reservoir. Diffusive gradients in thin
films (DGT) results, from both field investigations and laboratory incubations, showed P was synchronously
distributed and significantly positive correlated (r2 ≥ 0.40, p < 0.01) with Mn, suggested that P cycle was
associated with Mn. X-ray photoelectron spectroscopy (XPS) results showed that in the outer layers at the top 1
cm sediment pellet the contents of Mn and P occurred significantly synchronize changed, while that of Fe re-
mains virtually unchanged when oxygen conditions changed. This demonstrated that Mn is likely to be the key
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factor affect P cycle. Most importantly, the relative content of Mn(III) changed the most (≈20 %) interpreted that
Mn(III) is the key Mn species dominants the P mobilization. Furthermore, Dual-Beam scanning electron mi-
croscope (DB-SEM) maps clearly showed the co-enrichment of P and Mn in oxic sediments, confirmed P was
mainly hosted by Mn minerals. In contrast, the random distributions and weak or negative correlations between
P and Fe implied that P cycle was decouple with Fe, this resulted from that Fe was almost deposited as inert Fe
fractions (>99.2 %) in reducing sediments. This study significantly expanded our knowledge on the geochemical
behavior of P influenced by Mn in aquatic sediments.

1. Introduction

Phosphorus (P) is an essential element in setting primary produc-
tivity in aquatic ecosystems (Tyrrell, 1999; Kipp and Stüeken, 2017;
Duhamel et al., 2021). Eutrophication, partially was triggered by the
over loading of P, is widely acknowledged as one of the most severe
issues in aquatic ecosystems (Conley et al., 2009; Tong et al., 2017;
Maure et al., 2021). Since 1950, the deposition of P in aquatic sediments
has accelerated due to fertilization, industrial pollution emissions, and
the bloom of dam constructions (Maavara et al., 2020; Rodriguez et al.,
2020; Zhu et al., 2020). As a result, eutrophication in surface waters and
coastal ecosystems have been detonated due to the release of these
deposited P (Maavara et al., 2015; Powers et al., 2016; Rodriguez et al.,
2020). Dissolved orthophosphates, which can be used directly by or-
ganisms, readily bind to metal (hydroxyl) oxides in the water column
and thus precipitate into the sediments (Paytan and McLaughlin, 2007).
Metal-bound P can potentially be remobilized and diffused back into the
overlying water under anoxic conditions, thus lengthening its residence
time in the water column and bolstering nutrient availability for primary
productivity (Ingall and Jahnke, 1994; Rousselaki et al., 2024). This
transfer of P is believed to be responsible for the elevated eutrophication
in aquatic ecosystems (Alcott et al., 2019; Dadi et al., 2023). Hence,
comprehending the cycle and mechanisms of metal (hydroxyl) oxide-
bound P is critical for effective governing eutrophication.

Numerous studies have focused on the effects of iron (Fe) on the P
cycle (Konhauser et al., 2007a; Zerkle et al., 2012; Xiong et al., 2019,
2023). Especially, the aquatic ecosystems of early Earth were abundant
in dissolved divalent Fe, it was only after the emergence of photosyn-
thetic autotrophic microorganisms that the Earth's oxidation and sub-
sequent conversion of Fe(II) to Fe(III) occurred accompanied by the co-
precipitation and adsorption of P (Walton et al., 2023). Besides,
depending on the decomposition rate of organic materials and Fe
reduction, P may be released back into the water column (Kipp and
Stüeken, 2017; Xiong et al., 2019). This release of P could be elevated by
the formation of sulfides in sediments, as well as by the reductive
dissolution of Fe (oxyhydr)oxide minerals by hydrogen sulfide (Poulton,
2003; Poulton et al., 2004; Wu et al., 2019). A significant turning point
occurred after the Great Oxidation Event, which led to the rapid
depletion of dissolved Fe from aquatic ecosystems (Bjerrum and Can-
field, 2002; Konhauser et al., 2007b; Jones et al., 2015), and caused
significant burial of P. Those P burial offered opportunities for other
non-Fe metals like manganese (Mn) involvement in the cycle of P.
However, little attentions were given to the role of non-Fe metals in the
mobilizing of P in sediments, resulting in a scarce understanding to their
underlying mechanisms.

Consistent with Fe, Mn also has soluble reduced forms and insoluble
oxyhydroxides that are readily interconvert near the redox boundary
(Davison, 1993; Ming et al., 2024). Especially the three valence states
(II, III, and IV) of Mn are highly sensitive to the changes of redox con-
ditions (Madison et al., 2013; Wang et al., 2024). Previous kinetic
studies have illuminated that the oxidation rate of Mn2+ bymolecular O2
is 2–6 orders of magnitude slower than that of Fe2+ (Davison, 1993).
Besides, the solubility of FeS is significantly lower compared with that of
MnS [Ksp(FeS) = 6.3 × 10− 18 versus Ksp(MnS) = 2.5 × 10− 13], this
would result in more Mn could be geochemical cycled again when redox
conditions changed in sediments. Especially if Fe was deposited as inert

minerals (e.g. FeS) in the inner layer of sediment pellets, the oxidation of
Mn2+ could lead toMn (oxy)hydroxides complexed with P and coated on
the pellet surface (Davison, 1993; Ji et al., 2022). Those above processes
could lead Mn become a key factor for P mobilization (Dodd et al.,
2023). Although the role of Mn on the mobilization of P in sediments
were mentioned by some studies (Schroth et al., 2015; Hermans et al.,
2019; Pan et al., 2019; Li et al., 2021; Zhou et al., 2024). However, the
specific mechanism of P mobilization driven by Mn redox in sediments
remains unclear.

Based on the difference in redox processes between Fe and Mn, we
proposed a mechanism for the mobilization of P driven by Mn redox in
sediments: P is mainly complexed with Mn oxides to form Mn-bond P
and coated on the sediments pellet surface under oxic conditions, then
the rapid reduction of Mn-bond P lead the simultaneous mobilization of
P and Mn under anoxic conditions. To test this hypothesis, we selected a
seasonal hypoxic reservoir with reducing sedimentary conditions, sedi-
ment cores covered oxic and anoxic seasons were collected to charac-
terize P fractions, and indoor incubation were conducted to investigate
the underlying mechanisms of P mobilization. The objectives of this
study were (1) to investigate the geochemical behavior of P, Mn, Fe and
S by their distributions in sediments and (2) to interpret the specific
mechanism of P mobilization driven by Mn. This study is expected to
illuminate howMn controls the mobilization of P, offering novel insights
into the geochemical cycle of P in aquatic sediments.

2. Materials and methods

2.1. Study area and sample site

Aha reservoir (26◦30′-26◦34′N, 106◦37′-106◦40′ E), was constructed
in 1960, is one of the oldest reservoirs in China (Fig. S2), which is a
valley-type reservoir and has a maximum and average depth of 29 m and
13 m respectively. After over 60 years in operation, pollution of P in Aha
reservoir is severe due to persistent external input from point and non-
point sources (Chen et al., 2018). Aha reservoir also experienced
regional harmful algal blooms over the past two decades despite
external P inputs were well governed (Chen et al., 2018). Besides, the
constant inflow of runoff and sewage from Ahawatershed has resulted in
the contamination of its sediments with Fe and Mn (Song et al., 2011;
Yang et al., 2022). To date, Aha reservoir has grown to be a seasonally
stratified reservoir with its hypolimnion usually exposed under anoxic
conditions (<2 mg L− 1) during summer and autumn (Fig. S3). Addi-
tionally, Aha reservoir is operating in a relatively stable system due to
dam is its only outlet and only discharge water once a year in late spring.
As such, sedimentary environments in Aha has grown to be a reducing
condition after the intensive biogeochemical modification (Ma and
Banfield, 2011; Kang et al., 2018). In summary, the dam zone was
selected as the study site because it reflected the overall contamination
level in Aha reservoir, which is more conducive to revealing the mobi-
lization mechanism of P.

2.2. Field investigation and analyses

Seasonal field investigations were conducted in January, April, July,
and October in 2020. Duplicate intact sediment cores with a 10–20 cm
overlying water layer were retrieved using a gravity sampler (length ×
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diameter = 50 cm × 12 cm). A rubber stopper was used to seal the
bottom of sediment core. Because diffusive gradients in thin films
technique (DGT) owns the advantage of accurately pre-concentrate
labile species in sediments (Davison and Zhang, 1994; Ding et al.,
2016a). So, a flat-type DGT device (ZrO-CA DGT, see detail description
of DGT in Text S1), comprising binding gel and diffusion layer, was
selected for in-situ sampling. The DGT probe was inserted into the
sediment core vertically for minimally reduced physical disturbance to
the sediment core (Ding et al., 2016b). Furthermore, a 2–4 cm long DGT
probe was remained in overlying water to sample sulfide (S(-II)), P(V),
Mn(II), and Fe(II). Then, the core with DGT probe was fixed on a self-
developed tripod lander and the lander was placed back to the reser-
voir bottom slowly with a nylon rope (Fig. S4). Finally, a multi-
parameter water quality monitor (YSI 6600-V2, YSI Inc., Yellow
Springs, USA), calibrated with standard solutions, was used to determine
the depth profile of O2 concentrations in water column at a resolution of
1 m.

The ZrO-CA DGT was utilized to sample P(V), Mn(II), Fe(II), and S
(-II) simultaneously in sediment porewater (Ding et al., 2016b; Wang
et al., 2016; Wang et al., 2019b). Aqueous ions of S(-II), P(V), Mn(II),
and Fe(II) were captured by binding gel after passing the diffusion layer
from the exposure window (length×width= 15 cm× 1.8 cm). The DGT
probe was deployed in the field for 24 h to ensure that the binding gel
could enrich enough mass to exceed the limit of lowest detection. After
retrieving the DGT probe, the probe surface was cleaned by ultrapure
water (resistivity: 18.2 MΩ cm, Milli-Q, Millipore) to remove adsorbed
sediments particles completely. Then the cleaned probe was wrapped by
aluminum foil after adding a few drops of ultrapure water to keep a
moisturized environment, and was then stored in a 4 ◦C portable
refrigerator and brought back to the laboratory for chemical analyses.

Chemical analyses of DGT gel were followed the methods reported
by Ding et al. (2010, 2012). Briefly, DGT-S(-II) concentrations were
firstly determined by computer-imaging densitometry (CID) technique.
Then, a ceramic knife was used to cut the exposure window zone to take
out the binding gel, which was then cut into long strips (length × width
= 18.0 mm × 2.0 mm) at 2.0 mm intervals along the sediment vertical
profile using the ceramic slicing knife. The DGT gel strip was transferred
into a 1.5 mL centrifuge tube and 1 M HNO3 was added to extract both
DGT-Fe(II) and DGT-Mn(II). Subsequently, the DGT gel strip was moved
to a new 1.5 mL centrifuge tube and 1 M NaOH was added for DGT-P(V)
extraction (Wang et al., 2016, 2017). Both extraction steps were con-
ducted at the room temperature (25 ± 3 ◦C). The extraction time for
DGT-P(V) was 16 h and that for DGT-Fe(II)/DGT-Mn(II) was 24 h (Wang
et al., 2017). The concentration of DGT-P(V) was determined by a
miniaturized molybdenum blue and phenanthroline colorimetric
method (Xu et al., 2013), and the concentrations of DGT-Fe(II)/DGT-Mn
(II) were determined by inductively coupled plasma mass spectrometer
(ICP-MS, Agilent Technologies 7700×, USA).

2.3. Laboratory incubation experiment and analyses

To better investigate the micro-mechanism of Mn-driven P mobili-
zation, four sediment cores were collected from the field study site in
winter for laboratory incubation experiments (Fig. S5). The first two
cores were operated under oxic conditions (O2 concentrations >6 mg
L− 1) by venting O2 into the overlying water intermittently, and the
subsequent two cores were incubated under anoxic conditions (O2
concentrations<2 mg L− 1) by a continued ventilation of pure N2 (purity
>99.99 %). The incubation time was 15 days. To ensure stable redox
conditions during incubation experiments, the O2 concentrations in the
overlying water were measured using a multi-parameter water quality
monitor with a frequency of three times a day (at 8:00 am, 14:00 pm,
and 22:00 pm). Roughly 20-mL of overlying water was sampled daily to
determine TP, SRP, Fe, Mn, and SO42− concentrations. Meanwhile, DGT
sampling was also performed in laboratory incubation experiment. On
day-14, the ZrO-CA DGT probe was inserted into sediment cores and

retrieved on day-15. After retrieving the DGT probe, the top 10 cm
sediment from four sediment cores were sectioned at a 1 cm resolution
in a N2-purged glovebox. Sediment samples were stored in 50 mL
centrifuge tubes and lyophilized at − 70 ◦C. Finally, half of the lyophi-
lized sediments were ground to 200 mesh for further chemical analyses.

The DGT analyses for laboratory incubation experiments were
similar to those presented in the field investigation (shown above). Be-
sides, half of overlying water samples without filtration were directly
used to determine total P (TP), total Fe, and total Mn concentrations. The
remaining half was filtered through a 0.45 μm filter to determine the
soluble reactive phosphate (SRP) and sulfate (SO42− ) concentrations. The
sedimentary P fractions were determined by the Sequential P extraction
procedures presented by Hupfer et al. (1995). The solid-phase P was
operationally defined as (1) NH4Cl-extracted P (NH4Cl-P), (2)
bicarbonate/dithionite-extracted P (BD-P), (3) NaOH-extracted P
(NaOH-P), (4) HCl-extracted P (HCl-P), and (5) organic and other re-
fractory P (Residual-P). Fe and Mn fractions in sediments were deter-
mined by the modified Community Bureau of Reference (BCR)
sequential extraction procedure (Nemati et al., 2011). For the extracted
solutions and overlying water of sediment cores, P concentrations were
determined by molybdenum blue method (Murphy and Riley, 1962), the
Fe/Mn concentrations were determined by the ICP-MS (Agilent Tech-
nologies 7700×, USA). The SO42− concentrations were determined by ion
chromatograph (DIONEX ICS-90, USA).

The lyophilized un-ground samples collected at the top 1 cm sedi-
ment were characterized by spectroscopic and microscopic techniques.
Briefly, X-ray photoelectron spectroscopy (XPS; PHI 5000 Versaprobe
III, ULVAC-PHI, Japan) was used to conduct depth-profile analyses for
valence states and compositions of C, P, Fe, and Mn in sediment pellets.
XPS spectra were processed using PHI MultiPak software (version 9.8).
Fe mineral phases were characterized by 57Fe Mössbauer spectroscopy
at 13 K (Williams and Scherer, 2004). The collected Mössbauer data
were fitted with MossWinn software (Version 4.0 Pre) using Lorentzian
line shape (Williams and Scherer, 2004). In addition, high-resolution
elemental maps of Mn, Fe, and P were obtained by the FEI Scios Dual-
Beam scanning electron microscope (DB-SEM) equipped with the
energy-dispersive X-ray spectroscopy (EDS) located in the Institute of
Geochemistry, Chinese Academy of Sciences. Fe/Mn K-edge XANES bulk
spectra of the top 1 cm sediments samples were collected at the BL14W1
beamline that equipped with a Si(111) double-crystal monochromator
at the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China).
Fe/Mn reference materials were measured in transmission mode, while
the samples were placed at an angle of 45◦ from the incident beam and
measured in fluorescence mode by using a 19-element Ge solid-state
detector under ambient conditions. XANES data analyses were per-
formed in ATHENA (Ravel and Newville, 2005). The background was
removed from the raw XANES spectra by a spline smoothing method
(Qin et al., 2017). Linear combination fittings (LCF) for the XANES
spectra were conducted as previously described to obtain Fe and Mn
speciation quantitatively (Qin et al., 2021). The quality of XANES
simulation were evaluated by the goodness of fit parameter, R factor
(Qin et al., 2017).

3. Results and discussion

3.1. Field evidence show strong coupling of P and Mn

DGT-P and DGT-Mn in sediment profiles showed synchronously
distributed and significantly positive correlated (Winter: r2 > 0.37, p <

0.01; Spring: r2 > 0.21, p < 0.05; summer: r2 > 0.40, p < 0.01; autumn:
r2 > 0.64, p < 0.01) (Fig. 1 and S6), suggests the close association of P
cycle with Mn. Besides, higher concentration of DGT-P and DGT-Mn
near the SWI in summer and autumn compared with that in winter
and spring, suggests higher release fluxes of P and Mn both in in the
Summer and Autumn. In contrast, random distributions and poor or
negative correlations between DGT-P and DGT-Fe from the one-year
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field monitoring indicated a negligible influence of Fe on P mobilization
(Fig. 1 and S6). These observations were not consistent with the previous
findings that Fe controlled P cycling in aquatic ecosystems (Mortimer,
1941; Rydin, 2000; Smith et al., 2011; Ding et al., 2016a). Consistently
with our results, some studies also documented the coupled geochemical
behavior of P and Mn in sediments (Schroth et al., 2015; Hermans et al.,
2019; Pan et al., 2019; Li et al., 2021; Zhou et al., 2024), indicating the
coupled cycling between P and Mn were existed in aquatic sediments.
Herein, we observed the coupled mobilization of P and Mn during
anoxic period (O2 concentrations <2 mg L− 1, Fig. S3) in the yearlong
field investigation, further confirming the important role of Mn in
controlling P mobilization.

Surprisingly, the coupled cycling of P with Mn observed in Aha
reservoir was totally different with our previous observation in Hon-
gfeng reservoir (Chen et al., 2019b), despite a mere 23 km physical
distance between them. The reducing sedimentary conditions in Aha
reservoir is likely to cause Fe/Mn deposited in a more reduced state
(Kang et al., 2018), providing an opportunity for Mn to drive P mobi-
lization (Chen et al., 2018; Chen et al., 2019b). Taken together, this is an
in-situ high-resolution field investigation reported the couple cycling of
P and Mn in reservoir sediments. More evidence to support this argu-
ment will be shown below.

3.2. Laboratory evidence confirm strong coupling of P and Mn

To further investigate the geochemical behaviors of P and Mn, lab-
oratory incubation experiments were conducted using four sediment
cores collected from Aha reservoir's dam site (Fig. S5). For the cores
were incubated under oxic conditions, the synchronized distributions

and significant positive correlation (r2 > 0.64, p < 0.01) between DGT-
Mn and DGT-P further confirmed the strong association of P with Mn
(Fig. S7A–B). The lower mean concentrations of DGT-P (0.18 mg L− 1)
and DGT-Mn (0.14 mg L− 1) in the overlying water suggested that P and
Mn were less diffused back into overlying water. This is likely attributed
to Mn2+ and Fe2+ were oxidized to form amorphous Mn/Fe(oxy)hy-
droxides when encountered O2 among the top few millimeters of the
sediment (Davison, 1993). Then P was trapped by these Mn/Fe(oxy)
hydroxides. Meanwhile, poor correlations (r2 < 0.13) between DGT-P
and DGT-Fe indicated the negligible role of Fe on P cycle (Fig. S7C).
The peak concentration of DGT-Fe near the SWI is likely because O2
promotes the local degradation of organic matter that induces intensive
Fe mobilization (Davison, 1993; Zhou et al., 2020). The low concen-
tration of DGT-Fe at the depths of 0 to − 6 cm is likely because Fe2+ was
trapped by sulfide then deposited in sediments (Fig. S8).

For the cores were incubated under anoxic conditions, P also showed
strong correlation with Mn (r2> 0.63, p< 0.01) and the poor correlation
(r2 < 0.35) with Fe further confirming the couple cycling of P and Mn in
sediments (Fig. S7b-c). The higher mean concentrations of DGT-P (0.68
mg L− 1) and DGT-Mn (0.64 mg L− 1) in overlying water, which are 3.8-
and 4.6-folds higher than those under oxic conditions, demonstrating a
stronger degree of the co-released of P and Mn from sediments. This is
likely due to the disappearance of the oxic/anoxic boundary at the SWI
allowed Mn, P and Fe could diffuse freely into the overlying water
(Fig. S7a) (Schroth et al., 2015).

Concurrent accumulations of P and Mn were observed in the over-
lying water form anoxic incubated cores, further demonstrating the co-
released of P and Mn from the sediments (Fig. 2A-B). The concentrations
of TP, SRP, Mn, and Fe at the beginning (day-1) of incubation

Fig. 1. Sediment depth profiles and correlation analyses of DGT–P, –Fe, and –Mn concentrations in field investigations. (A) Sediment depth profile of
DGT–P, –Fe, and –Mn concentrations in Summer. (B) Correlation analyses between DGT-P and DGT-Mn concentrations in Summer, Red and blue symbols
represent correlation analyses at the depth of 0 to − 6 cm and − 6 to − 9.4 cm, respectively. (C) Correlation analyses between DGT-P and DGT-Fe concentrations in
Summer, Red and blue symbols represent correlation analyses at the depth of 0 to − 6 cm and − 6 to − 9.4 cm, respectively. Autumn investigations were presented
correspondingly in a, b, and c. The sediment-water interfaces were set at the depth of 0 cm.
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experiments were 0.24, 0.11, 0.23, and 0.28 mg L− 1, respectively
(Fig. 2A-B). To the end of the incubation experiments (day-15), the
concentrations of TP, SRP, and Mn reached at 2.11, 2.08, and 1.76 mg
L− 1, respectively. However, the concentration of Fe also remained at a
steady low level (mean: 0.18 mg L− 1). This is likely because Fe2+ was
coprecipitated with sulfide to form FeS in sediments (Fig. S8), as the
sulfate concentration under anoxic condition was continuously
decreased (Fig. 2C). Furthermore, a significant positive correlation (r2=
0.96, p < 0.01) between net increase P and Mn concentrations were
observed in the overlying water from the cores incubated under anoxic,
indicated that the release of P was strong associated with Mn from the
sediments. In the overlying water from the cores incubated under oxic,
the concentrations of Mn, Fe, TP, SRP, and sulfate maintained in a steady
low state, implied that there was less net release from sediments (Fig. 2).
These results collectively suggest that Mn and P were continuously
released from the sediment in a synchronized manner and accumulated
in the overlying water.

Besides, the simultaneous release of P and Mn was also observed
from solid sediment fractions (Fig. S9). Under anoxic conditions, the
mean contents of NH4Cl-P, acid extracted-Mn, and acid extracted-Fe
were 5.3, 64.3, and 22.8 mg kg− 1, respectively, accounting for only
62.4 %, 48.7 %, and 49.4 % of those under oxic conditions (NH4Cl-P: 8.5
mg kg− 1, acid extracted-Mn: 132.1 mg kg− 1, and acid extracted-Fe: 46.2
mg kg− 1). Results showed that 37.6 % of NH4Cl-P, 51.3 % of acid
extracted-Mn, and 50.6 % of acid extracted-Fe would be released when
the environmental conditions shifted from oxic to anoxic. It was worth
noting that although the mean contents of total Fe were 4.7-times higher
than that of total Mn (Fe: 53.0 g kg− 1, Mn: 11.4 g kg− 1) in sediments,
mean acid extracted-Mn contents (98.2 mg kg− 1) was 2.6-times higher
than that of mean acid extracted-Fe (34.5 mg kg− 1). This was likely
because Fe2+ could be easily trapped by sulfide to form FeS which is
considerably more insoluble than MnS [Ksp(FeS) = 6.3 × 10− 18,
Ksp(MnS) = 2.5 × 10− 13] (Davison, 1993). In contrast, Mn2+ could be
overturned more freely to generate amorphous Mn(oxy)hydroxide (Acid
Ex-Mn) under oxic environment and reduced under anoxic environment
(Madison et al., 2013). Moreover, a more significant positive correlation
between net NH4Cl-P and net acid extracted-Mn concentrations at the
top 7 cm sediment, suggesting that P is simultaneous released with Mn
and not with Fe (Table S2).

3.3. Microscopic mechanisms of Mn driving P mobilization

3.3.1. Mn is more likely to drive P mobilization than Fe thermodynamically
Recognition for the thermodynamic processes of Mn/Fe are useful

for understanding the mechanism of Fe/Mn redox on driving P mobili-
zation. Generally, the redox reaction of Mn/Fe can be formulated as the
sum of two half-reactions with the oxidation of reductants and the
reduction of oxidants from different redox couples (Luther, 2009; Borch
et al., 2010). Besides, both O2 and NO3− have been demonstrated as the

most prevalence oxidants in most aquatic ecosystems, and the oxidation
rate of Mn2+/Fe2+ have been evidenced to be controlled by the first
accepted electron of O2 and NO3− (Luther, 2005, 2009; Colombo et al.,
2023). Theoretically, the oxidation of Mn2+ is thermodynamically un-
favorable while that of Fe2+ is thermodynamically favorable based on
the thermodynamic calculations using Gibbs free energies of coupling
half reactions in the pH range from 1 to 13 (Fig. 3). Those results implied
that the reduction of Mn oxides is thermodynamically favorable while
that of Fe oxides are thermodynamically unfavorable.

Theoretically, depending on the Fe oxides formed, the one-electron
oxidation of Fe2+ by O2 could occur in a low pH at 5.2 (Fig. 3A, the
detail of thermodynamic calculations was presented in Text S2). How-
ever, the oxidation of Mn2+ by O2 only occur in a high pH ranging from
pH 8.4 to 11.8. Similarly, when the oxidant is NO3− , the oxidation of Fe2+

could theoretically occur at a lower pH (2.6) or even without pH limit. In
contrast, the oxidation of Mn2+ cannot occur or only occur within a
remarkable high pH range from 8.9 to 12.3, whereas those high pH
conditions are less or lack existed in nature aquatic environmental
(Fig. 3B). Those above theoretical calculations indicated that Fe oxida-
tion is easy occurred and fast, versus Mn oxidation is difficult and slow.
For the reduction, it was obvious that the reduction of Mn would be
priority and ease compare with that of Fe, which could lead to the redox
of Mn is more likely to drive P mobilization.

3.3.2. Mn(III) is the key species to dominate the mobilization of P
The mechanism of P mobilization driven by Mn redox, evidenced by

XPS, suggests that P is likely complexed with Mn oxides to form P-
bearing Mn complexes then deposited on the sediment pellets surface
under oxic conditions; Subsequently, those P-bearing Mn complexes
were reduced under anoxic conditions leading to the simultaneous
release of Mn and P (Fig. 4). For the top 1 cm sediment pellets under
anoxic conditions, the contents of P (35.4 mM) and Mn (183.7 mM) in
outer layer were lower than that in inner layer (P:37.5 mM; Mn:185.5
mM) (Fig. 4A and C, Table S3). In contrast, under oxic conditions, the
spectra intensity of P (contents: 42.5 mM) and Mn (contents: 210.3 mM)
in outer layer have increased much stronger than that in inner layer
(Fig. 4a and c, Table S3). Notably, atomic amount of P and Mn under
oxic conditions increased by 20.0 % and 14.5 % compared to that under
anoxic conditions (Table S3). Those results collectively evidenced that P
and Mn were re-enriched synchronously in sediment pellet surface when
the environment condition shifted from anoxic to oxic. Meanwhile, the
spectra intensity of P and Mn both in out and inner layer at the depth of
9 cm were weak with an atomic ratio of P: Mn: Fe showed minor fluc-
tuations around 1.08: 6.11: 29.63 (Fig. 4B-b and D-d, Table S3), implied
that the contents of P and Mn in deep sediments changed less. Besides,
the spectra intensity of Fe in pellet outer layer were always weaker than
that in inner layer (Fig. S10A-a and S10B-b), evidenced that Fe was
mainly deposited in pellet inner layer and Fe was little cycled when
environmental conditions change.

Fig. 2. Variations of daily overlying water of Fe, Mn, P, and SO4
2¡ concentrations in laboratory incubation experiments. (A) Mn and Fe concentrations, (B)

total phosphorus (TP) and soluble reactive phosphorus (SRP) concentrations, and (C) sulfate (SO42− ) concentrations.
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Specifically, XPS valence results further revealed that P mobilization
was mainly associated with Mn3+ cycle (Fig. 4E-e and F). Compared
with Mn4+, Mn3+ has stronger adsorption for phosphate as its higher
ionic potential (Madison et al., 2013; Wang et al., 2024). Under anoxic
conditions, the contents proportion of Mn2+ in sediment pellet surface
was 18.64 %, while that was below the detection limit of instrument

under oxic conditions (Fig. 4F). This suggested that Mn2+ was oxidized
totally when redox conditions changed from anoxic to oxic. Notably, the
proportion of Mn3+ contents in Mn pools were 51.49 % under oxic
conditions, which was around 20 % higher than that under anoxic
conditions (31.56 %). Besides, the proportion of Mn4+ content was
reduced by about 8 % under oxic conditions compared to anoxic

Fig. 3. One-electron transfer reactions of Fe2þ and Mn2þ with the first electron accepted by (A) O2 to form O2
¡, and (B) NO3

¡ to form NO2. The +△log K on
the y-axis indicates a favorable complete reaction and -△log K indicates an unfavorable reaction as △Go = − RT lnK = − 2.303 RT log K, thermodynamic calculation
data were taken from Luther (2009). The detail of thermodynamic calculation was shown in Text S2.

Fig. 4. XPS spectra analysis of P and Mn in sediment pellet depth profile of laboratory incubation experiments. Spectra were collected at the XPS probing
time of 0 and 3 min and their corresponding depth is 0–3 and 3–17 nm, respectively. A and B are the XPS spectra of P under anoxic conditions at the depth of − 1 and
− 9 cm, respectively. P spectra under oxic conditions were presented in a and b. C and D are the XPS spectra of Mn under anoxic conditions at the depth of − 1 and −

9 cm, respectively. Mn spectra under oxic conditions were presented in c and d. E and e are Mn valence fitting based on XPS spectral from the outer layer (0–3 nm) at
the uppermost 1 cm sediment, the corresponding fitting results were presented in Table F. “S.P.” is the abbreviation of satellite peaks. “–” indicates that the content is
below the detection limit of the instrument.
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conditions. Those results indicated that Mn3+ has intensive geochemical
cycle when the condition changed. Similar results were observed from
Mn K-edge XANES analyses (Fig. S11). For the sediment sample at the
top 1 cm under anoxic conditions, Mn2+ (i.e MnCO3,) contents from
outer layer (0–3 nm) in sediments pellets own around 10 % proportion
in Mn pools. Whereas Mn2+ contents were below the detection limit of
instrument under oxic conditions (Fig. S11A-a). Obviously, the XANES
results also presented similar geochemical behavior that Mn2+ was
oxidized completely when the environmental conditions changed from
anoxic to oxic.

Obviously, redox of Mn4+ may also affect the mobilization of P in
sediments. Mn4+ has poor adsorption capacity to phosphate and organic
matter when it was existed alone (Simanova et al., 2015). However, the
presence of Ca2+ and Mg2+ would favor the adsorption of OMs such as
fulvic acid by Mn4+ to form Mn4+-OM complexes under weakly alkaline
conditions (Zhu et al., 2010; Wang et al., 2019a; Wang et al., 2024),
those Mn4+-OM complexes were expected to be an effective scavenger to
phosphate (Davison, 1993; Madison et al., 2013). Herein, the mean
proportion of Mn4+ contents in Mn pools were >44.5 % (Fig. 4F and
S11A-a), this indicated that there are abundant Mn4+ oxides in sedi-
ments. Meanwhile, sediments porewater of Aha Reservoir showed weak
alkalinity (pH:7.3), and the mean concentrations of Ca2+ andMg2+were
2.75 and 0.88 mM, respectively (Table S4). Besides, XPS spectra in-
tensity of carbon in pellets outer layer was strong along sediment profile
indicated that there are abundant OMs in this system (Fig. S10C-c and
S10D-d). Those high concentration of divalent cations and OMs can
favor Mn4+ adsorb phosphate under oxic conditions, then the reduction
of OM-Mn-P complexes could contribute for P mobilization under anoxic
conditions.

Most importantly, DB-SEM images, at the top 1 cm of sediment
samples from both indoor oxic incubations and field-collected sediment
cores, showed Mn and P are strongly co-enriched in the same zone
(Fig. 5 and S12). Although Fe was also enriched in the same zone,
combined with above determined results: 1) P and Mn were synchro-
nously re-enriched in sediment pellet surface when the environment
condition shifted from anoxic to oxic (Fig. 4A-a and 4C-c); 2) DGT-P and
DGT-Mn showed synchronously distributed and significantly positive

correlated both from field investigation and laboratory incubated ex-
periments (Fig. 1 and S7); and 3) P and Mn were simultaneous release
from sediment and accumulated in anoxic overlying water (Fig. 2 and
S9). Those results collectively confirmed that P was mainly hosted by
Mn oxides and P mobilization was controlled by the redox of Mn not by
Fe.

3.3.3. Decoupling of P and Fe in reducing sediments
Fe is mainly deposited as inert Fe minerals that are weakly adsorbed/

complexed with P, this is responsible for the decoupling of P and Fe in
reducing sediments. The general low mean concentration of DGT-Fe
(0.18 mg L− 1) were observed at the top 6 cm sediment in both field
investigation and incubation experiments (Fig. 1 and S7). This may be
attributed to the fact that Fe(II) was trapped by abundant S(-II) (>0.45
mg L− 1) (Fig. S8), resulting in Fe mainly deposited as inert Fe minerals.
Because the continuously decreased sulphate concentrations in the
overlying water from the anoxic incubated cores indicated that strong
reduction of sulphate did occur (Fig. 2C and S8). Above perspectives
were further evidenced by the results that proportion of inert Fe min-
erals is over 99.2 % in Fe pools from chemical sequential extraction
(Resid-Fe; Fig. S9C-c).

Consistently, both results from Fe K-edge XANES (Pyr-
ite+Ferri+FeSO4) and Mössbauer spectroscopy (Pyrite+FeSO4) showed
that the proportion of reduced Fe (Fe2+) in Fe pools is generally above
41 % (Fig. S11B-b and S13). Those results evidenced the ratio of Fe3+/
Fe2+ was <1.5, which further demonstrating that this is a reducing
sedimentary environment (Kang et al., 2018). Notably, it was uncon-
vinced to conclude that P was decoupled with Fe solely based on the
poor correlations between DGT-P and DGT-Fe at the top 6 cm sediments,
due to Fe(II) maybe being trapped rapidly by S(-II) during Fe and P
simultaneously released (Fig. 1 and S7). In the depth range from − 6 to
− 9.4 cm, DGT-Fe concentration gradually increased and the DGT-S
concentration decreased (Fig. S8). This may be mainly because the
fact that only a small amount of Fe(II) was captured by S(-II), as the
metabolism of sulfate-reducing bacteria was weakened among this
depth range (Rozan et al., 2002; Pan et al., 2023). However, DGT-P was
also poor correlated with DGT-Fe and significantly correlated with DGT-

Fig. 5. Two-dimensions, high-resolution SEM maps of Mn (green), P (violet), and Fe (red) of the top 1 cm sediments sample from the cores incubated
under oxic conditions. These maps are shown in true zone and the brightness was adjusted to emphasize the distributions of Mn, P, and Fe in the sediments. (A)
distribution of Mn, (B) distribution of P, and (C) distribution of Fe, (D) SEM-EDS analysis of sediment samples, (E) contents of P, Mn, and Fe in the sediment.
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Mn (Fig. 1 and S7), further confirmed that P was mainly bound with Mn
not with Fe. Those results collectively offered convince evidences for the
weak influence of Fe on P mobilization.

3.3.4. Advance understanding for the mobilization of P in aquatic
sediments

Generally, we summarized and proposed the mechanisms of P
mobilization in different sedimentary environments based on above
discussion. In oxidizing sediments (Fe3+/Fe2+ > 3.0) with abundant
amorphous Fe (oxy)hydroxides (Kang et al., 2018), intense biogeo-
chemical processes occurred frequently, which likely existed in new to
middle-aged reservoirs with abundant organic matters (Chen et al.,
2018, 2023). The redox of Fe usually dominates the mobilization of P
(Ding et al., 2016a; Chen et al., 2019b; Xiong et al., 2023), the weak
effect of Mn on P mobilization is difficult to detect then is often over-
looked (Chen et al., 2019a). This is a classical mechanism of P mobili-
zation which scientists have long recognized. In contrast, in reducing
sediments which have already undergone intense biogeochemical pro-
cesses, due to most of Fe had deposited as inert Fe minerals (Fig. S8 and
S9), the effect of Fe on P mobilization would be hidden and the mobi-
lization of P is more inclined to be driven by Mn redox. Consistently, our
theoretical calculations support this view that Mn (oxy)hydroxides are
more readily reduced than Fe (oxy)hydroxides (Fig. 3). As such, the
reduction of Mn will preferentially dominate P mobilization in reducing
sediments. Taken together, this study reports advance understanding for
the mobilization of P in reducing sediments, and reveals the underlying
mechanism of P mobilization was mainly driven by the redox of Mn3+.

4. Conclusion

This study provides a new insight into P cycle and offers clear evi-
dence that P mobilization is primarily driven by Mn(III) in reducing
sediments. Despite Fe inevitably interferes with P cycling, both results
from field and laboratory incubations clearly evidenced synchronized
distributions and significant positive correlations between P and Mn,
which in turn confirms the priority control of Mn for P cycling. More-
over, we evidenced that P was complexed with Mn oxides to form P-
bearing Mn complexes then deposited in sediment pellet surface under
oxic conditions, then the rapid reduction of Mn oxides lead to the
simultaneous release of P and Mn when environmental conditions
shifted into anoxic. The Mn(III) was evidenced to be the key specie to
dominate P mobilization in reducing sediments. Fe mainly deposited as
inert Fe minerals, which responsible for the decouple between P cycle
and Fe in reducing sediment. Finally, an updated P cycling patterns in
different sedimentary environments were proposed with P mobilization
was controlled by Fe in oxidizing sedimentary environments while that
was driven by Mn in reducing sedimentary environments. Taken
together, the mobilization of P driven by Mn in reducing sediments
observed in this study may help to understand the influence of Mn even
other non-Fe metals on the P cycle in aquatic ecosystems, further
advancing the remediation and management of eutrophication. Partic-
ularly, the intensive release of P from sediments caused by stratification
is becoming prevalent in most aging reservoirs.
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