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• How water level fluctuation effects P
cycle in freshwater lakes was examined.

• Water level rise enhanced suspended
matter deposition and increase of Fe-P
and Org-P.

• Fe-oxides reductive dissolution and or-
ganic matters degradation dominated P
cycle.

• Conversion between Ca-P and Detr-P in
individual seasons was found.

• Acidic dissolution of detrital apatite re-
sulted in the increase of Ca-P.
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Freshwater lakes experience drastic water level fluctuations because of climate change and human activities.
However, the influence of such fluctuations on phosphorus cycling in sediments has rarely been investigated.
We conducted a geochemical investigation on the phosphorus cycle in a shallow freshwater lake, Dongting
Lake; under the influence of human activities and climate change, its water regime undergoes drastic changes.
Irrespective of the permanent inundation zone (PIZ) or seasonal inundation zone (SIZ), the phosphorus cycle
in sediments was found to be dominated by the reductive dissolution of iron (Fe) (oxyhydr)oxides, degradation
of organic matters, and conversion between authigenic phosphorus (Ca-P) and detrital phosphorus in individual
seasons. From winter to summer, with increasing water level, the content of Fe-bound phosphorus and organic
phosphorus increase due to the deposition of suspended matter, thus increasing total phosphorus in PIZ. More-
over, the rising water level also reduces the dissolved oxygen content and promotes the reductive dissolution of
Fe (oxyhydr)oxides. Themineralization of increased organicmatter can release CO2 and reduce pH in the vicinity,
which can further result in the acidic dissolution of detrital apatite. In turn, most of the released phosphorus can
be adsorbed or co-precipitated with calcium minerals, resulting in the significant increase of Ca-P. The mecha-
nisms of phosphorus transformation in SIZ are similar to those in PIZ, but most of the increased organic matter
and total P in a core from SIZ are attributable to the decomposition of plant matter. Therefore, the water level
rise not only changes the conservative speciation of phosphorus in sediments to active speciation, but also trig-
gers the release of phosphorus adsorbed to oxides and further increases the risk of phosphorus release from sed-
iments to overlying water. Thus, our findings have major implications for freshwater shallow lakes and their P-
driven productivity.
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1. Introduction

As an essential nutrient, phosphorus (P) controls the primary pro-
ductivity and trophic status of freshwater lakes. In particular, sediment
exchange—resuspension and flux of dissolved P across the sediment–
water interface—plays a crucial role as internal P loading or potential P
sink (McMahon and Read, 2013; Rothe et al., 2014). The mechanisms
by which P is released or sequestered in sediments are strongly depen-
dent on bottom water redox conditions, which are significantly influ-
enced by water level. Understanding the impact of changes in bottom
water oxygenation on the benthic P cycle is of great importance in
light of the globally increasing lake water level fluctuations induced by
the increasingly frequent occurrence of climate change events and
human activities (Hu et al., 2018; Vanderkelen et al., 2018; Ye et al.,
2013).

In aquatic systems, P speciation is dominated by particulate and col-
loidal fractions. Under oxic conditions, aquatic systems contain rela-
tively low dissolved P content (Baken et al., 2016a; Van der Grift et al.,
2018) because of the fast sorption kinetics of dissolved P on suspended
matter (House, 2003). Suspended P may bind to Ca, Fe, Mn, and Al, ei-
ther through adsorption onto particle surface or precipitation as a min-
eral. Moreover, organic P compounds are also associated with
suspended P, which may be deposited on the surface of sediments or
enter the sediment with water flow. The degradation of organic matter
typically releases phosphate (denoted as HPO4

2−) to the pore water,
which is further sequestered by iron (Fe) (oxyhydr)oxides (henceforth
termed Fe-oxides) in surface sediments (Li et al., 2018; Slomp et al.,
1996). The Fe-bound P is released back to the pore water during sedi-
ment burial as Fe-oxides undergo reductive dissolution. Subsequently,
the dissolved HPO4

2− can precipitate as authigenic P minerals in sedi-
ments or diffuse back to the sediment surface, where it typically is either
adsorbed or escapes to the overlying water (Dijkstra et al., 2018;
Markovic et al., 2019; Xiong et al., 2019). Accordingly, the biogeochem-
ical cycle of P is strongly dependent on redox conditions.

The authigenesis of Fe phosphates is also important in sedimentary P
sequestration. In some sediments, Fe2+ released by the reductive disso-
lution of Fe-oxides are not entirely transferred to dissolved sulfides
(HS−) to form Fe-sulfides, leading to the subsequent precipitation of
the remaining Fe2+ with phosphates to form the Fe(II)-phosphate
phase such as vivianite (Fe3(PO4)2) after the complete consumption of
HS− (Egger et al., 2015; Rothe et al., 2016). Lacustrine sediments,
which are naturally rich in Fe-oxides and coupled with low SO4

2− con-
centration, thus provide ideal conditions for vivianite authigenesis
(Gachter andMuller, 2003; O'Connell et al., 2015; Rothe et al., 2014). Al-
though direct mineralogical identification of vivianite in sediments is
difficult because of its low concentrations, fine granularity, and poten-
tially poorly crystalline nature, previous studies have suggested the sig-
nificant relevance of vivianite formation in P sequestration (Egger et al.,
2015; Rothe et al., 2014; Xiong et al., 2019). However, in the presence of
HS−, Fe2+ tends to precipitate as Fe-sulfides rather than Fe-phosphates.
Consequently, the balance between HS− and Fe2+ released into the
pore water dominates the fate of dissolved HPO4

2− in sediments
(Rothe et al., 2016).

In addition to Fe-S-P systematics, the calcium–P phases (such as bio-
genic hydroxyapatites and detrital apatite) are also considered as stable
endproducts of P diagenesis and constitute the long-termP burial phase
(Anderson et al., 2001; Kraal et al., 2017). In lake water, pH changes
driven by photosynthesis can result in the precipitation of P and calcite.
This particulate P phase is less sensitive to the dissolved HS− than Fe-P
and inorganic polyphosphates, and is eventually deposited on sedi-
ments (House, 2003; Reddy et al., 1999). However, the formation and
conversion mechanisms of calcium–P phases in sediments are not
completely understood. Previous studies have reported that low avail-
ability of organic matter and high alkalinity can limit the formation of
authigenic Ca-P (Kraal et al., 2010; Schenau et al., 2000). Under anoxic
conditions, limited formation of carbonate fluorapatite and extensive
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formation of apatite have been reported (Kraal et al., 2012; Kraal et al.,
2015; Schenau et al., 2000). Moreover, the reductive dissolution of Fe-
oxides can result in a shift from Fe(III)-bound P to P adsorbed onto
CaCO3, while the oxidation of organic and pyritic matter can cause the
acidic dissolution of detrital apatite, which has been considered a con-
servative P phase, and further to the formation of Fe-bound P and
authigenic Ca-P (Filippelli, 2002; Kraal and Slomp, 2014; Kraal et al.,
2017). Therefore, the calcium–P phases aremost likely promoted by or-
ganic matter content.

With the increase of extreme weather events and human activities,
lake water level fluctuations are becoming increasingly more promi-
nent. The seasonal rise and fall of water level directly affects the redox
conditions of lake bottom sediments, deposition of suspended particles,
and types and survival of benthic organisms and microorganisms
(Carmignani and Roy, 2017; Lécrivain et al., 2021; Ren et al., 2019;
Wu et al., 2020a), which in turn have important effects on the P cycle.
Although the dynamics of P in lake water and sediments have been in-
vestigated (Coppens et al., 2016; Hambright et al., 2004; Tang et al.,
2018), the seasonal geochemical characteristics of P speciation remain
poorly understood. As the second largest freshwater lake in China,
Dongting Lake has been significantly influenced by the construction of
the Three Gorges Dam (TGD) and climate change, leading to dramatic
changes in its water regime and wide seasonal water level fluctuations
(Feng et al., 2013; Yu et al., 2018; Yuan et al., 2015). Moreover, total
phosphorus (TP) in lake sediments have been gradually increasing in
Dongting Lake (Zhu and Yang, 2018), and sediments are an important
internal P source for the lake water (Liang et al., 2017). With these con-
ditions, Dongting Lake is an ideal site for studying the influence of water
level fluctuations on the geochemical cycling of P speciation.

In this study, we investigated seasonal changes in different parts of
Dongting Lake, including the permanent inundation zone (PIZ) and sea-
sonal inundation zone (SIZ), to assess the seasonal changes of P
recycling and the role of water fluctuation. Detailed investigations of
the water column, pore water, and sediment chemical characterization
were conducted in combination with the sequential extraction of P and
Fe speciation. We highlight the influence of water level fluctuations on
the acidic dissolution of detrital apatite and the potential risk of P re-
lease from sediments.

2. Methods and materials

2.1. Sample location and geological setting

As the second largest freshwater lake in China, Dongting Lake plays a
critical role in flood regulation and storage capacity in the middle and
lower reaches of the Yangtze River. This lake is actually composed of a
series of lakes, with three major regions named Eastern, Southern, and
Western Dongting Lake (Fig. 1). In recent years, the TP in both lake
water and sediments has increased (Tian et al., 2017; Zhu and Yang,
2018). The highest TP (0.159mg/L) has been recorded in East Dongting
Lake (Tian et al., 2017), which consequently experiences light eutrophi-
cation. Due to the impoundment of TGD and climate change, the inun-
dation area of Dongting Lake has decreased by approximately 17%
(195.1 km2) since 2003, resulting in earlier onset of the dry season
and wide water level fluctuations ranging from approximately 20 m to
approximately 34 m (Fig. S1) (data from Chenglingji Hydrological Sta-
tion, CHS, http://yzt.hnswkcj.com:9090/#/) (Feng et al., 2013; Yuan
et al., 2015).

The northwest of East Dongting Lake is the core area of the National
Wetland Reserve and is less affected by human activities. Accordingly,
this area was selected as the sampling area. Two main sampling points
were set, including the PIZ core in the center of the lake and the SIZ
core on the riparian zone (Fig. 1). The water depth of PIZ is approxi-
mately 0.5–7.5 m, while SIZ is submerged from July to August with a
maximum water depth of approximately 5.5 m; it remains exposed in
the other months. Fig. 1 clearly shows the rise of water level at the

http://yzt.hnswkcj.com:9090/#/


Fig. 1. Location of the study area and sampling sites. (a) Dongting Lake and its tributaries (The arrows show the flow direction of the rivers). Sampling sites in (b) winter and (c) summer.
The false color remote sensing images of (b) and (c) for December 14, 2019 and August 26, 2020, respectively, were obtained from USGS Landsat 8 sensors (https://glovis.usgs.gov/).
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sampling sites, which are characterized by fine-grained sediments and
sediment accumulation rates of approximately 1.18–1.28 cm yr−1

(Chen et al., 2016; Du et al., 2001).

2.2. Water column, pore water and sediment sampling

Sampling was conducted in winter (January 2020) and summer
(September 2020). Sediment samples, water column samples, and
pore water sampleswere collected from a core in each sampling period.
All water column samples were collected from the sediment–water in-
terface using a 5 L polymethyl methacrylate sampler, which was rinsed
three times before sampling. Water samples were filtered through a
0.45 μm nylon filter and stored in pre-cleaned polythene bottles at
4 °C until analysis for total dissolved P (TDP), SO4

2−, Cl−, HCO3
−, TFe,

K+, Mg2+, Ca2+, and Na+, while the samples for TP analysis were not
filtered.

Sediment core samples (up to 30 cm) were taken from both cores
using a Universal Percussion Corer, Aquatic Research Instruments
(http://www.aquaticresearch.com/universal_core_head.htm), and the
schematic diagram of sediment core sample was showed in Fig. S2. After
sampling, the cores were stored upright in the polycarbonate core barrel
and refrigerated at 4 °C prior to processing, which was performed within
5 h. Sediment cores were sliced (generally in a thickness of 2 cm) in a N2

filled glove bag using an Incremental Core Extruding Apparatus,
Aquatic Research Instruments (http://www.aquaticresearch.com/core_
extruding_apparatus.htm), and placed in 100 mL centrifuge tubes. For
each slice, a sub-sample was collected in a pre-weighed aluminum box
for water content analysis. Further, these samples were dried at 60 °C
until the weight stabilized, and the water content was determined from
the weight loss.

Pore water was extracted by centrifuging at 4000 rpm for 10 min
from the second sub-sample in the glove bag. Pore water was stored
3

in pre-cleaned polythene bottles at 4 °C for further analysis. However,
because of the low water content, pore water could not be extracted
from SIZ core sediment samples in winter. Sediment samples were im-
mediately frozen after opening the glove bag, and subsequently freeze-
dried and stored frozen in an anoxic chamber prior to analysis.

2.3. Water column and pore water analysis

Immediately after collection, pH, Eh, dissolved oxygen (DO), and
temperature were measured with a multi-parameter portable meter
(HACH HQ40D, USA). The concentrations of TDP, TFe, K+, Mg2+, Ca2+,
and Na+ were determined by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES, PerkinElmer, Avio 200); HCO3

− was mea-
sured by acid-base titration; Cl− and SO4

2− were determined by ion
chromatography (ICS-1100, Thermo Fisher Scientific, USA), and the
total analysis error was less than 5%. TP was analyzed by the molybdate
blue method on a UV-1800PC spectrophotometer (AOE Instruments
(Shanghai)) at 700 nmwavelength after digestion with potassium per-
sulfate in an autoclave (120 °C, 0.5 h).

2.4. Sediment analysis

Before analysis, all the sediment samples were freeze-dried, pow-
dered, grounded and sieved through a 75 μm sieve in a N2 filled glove
bag.

2.4.1. Total elemental composition
Total sulfur (TS), total carbon (TC), and total organic carbon (TOC)

were analyzed with an elemental analyzer (vario EL cube, Elementar).
TOC samples were pre-treated using 1 M hydrochloric acid (HCl) to re-
move carbonate phases. The relative standard deviation (RSD) of repli-
cate analyses of TC, TOC, and TS was ≤5%. Total inorganic carbon (TIC)

http://www.aquaticresearch.com/universal_core_head.htm
http://www.aquaticresearch.com/core_extruding_apparatus.htm
http://www.aquaticresearch.com/core_extruding_apparatus.htm
Image of Fig. 1
https://glovis.usgs.gov/


Fig. 2.Water content profiles.
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was estimated as TIC= TC− TOC, and the RSD of replicate TIC analyses
was ≤5%.

A split of approximately 100 mg of sediments was dissolved in 1.6
mL 6 M HNO3 in a closed Teflon bomb at 120 °C for 30 min. Thereafter,
0.8 mLHClO4 (70%) and 1.2 mL HF (40%) were added and heated to 150
°C for 180 min. The acids were then evaporated at 190 °C for 120 min
and the resulting gel was subsequently dissolved in aqua regia, and fi-
nally evaporated to dryness at 120 °C. Total elemental contents were
measured using ICP-OES. TP was obtained using the molybdate blue
method as described above. The RSD of replicate sediment sample anal-
yses was <6% for TP, Fe, Al and Ca, and the recoveries of replicate anal-
yses of certified standards (GSD-9) set by the Institute of Geophysical
and Geochemical Exploration (China) were 98%, 108%, 98%, and 97%
for TP, Fe, Ca, and Al, respectively.

2.4.2. Sediment P extractions
The sequential extraction (SEDEX)method for different phosphorus

phases was applied following Ruttenberg (1992), as modified by Zhang
et al. (2010), Xiong et al. (2019) and Tao et al. (2020). Aliquots of 0.1 g
dried sediment were subjected to the SEDEX method as follows:
(i) exchangeable-P (Ex-P, extracted by 1 M MgCl2, pH 8, 2 h), (ii) Fe-
oxide bound P (Fe-P, extracted by sodium bicarbonate-dithionite solu-
tion (BD), pH 7, 8 h, followed by 1 M MgCl2, pH 8, 2 h), (iii) authigenic
Ca-P (Ca-P, including biogenic hydroxyapatite, CaCO3-bound P and car-
bonate fluorapatite, extracted by Na-acetate buffer, pH 4, 6 h, followed
by 1 M MgCl2, pH 8, 2 h, 2 times), (iv) detrital Ca-P (Detr-P, mainly
fluorapatite (FAP), extracted by 10% HCl, 16 h), and (v) organic P (Org-
P, calculated by TPminus the sum of the above four inorganic speciation).
All P phases were analyzed using themethod described above. Measured
concentrations from duplicate analysis deviated by less than 7%.

Reactive P (Preactive) was determined as: Preactive = Ex-P + Fe-P +
Ca–P + Org-P.

2.4.3. Sediment Fe extractions
Themethod of extracting Fe phases was adopted from Canfield et al.

(1986) and Poulton and Canfield (2005), as modified by Goldberg et al.
(2012) and Xiong et al. (2019). Overall, the procedure targets six oper-
ationally defined phases with five steps; steps I–III were performed
sequentially.

To investigate the solid-phase partitioning of Fe, a second 0.1 g ali-
quot of dried sediment was subjected to the extraction procedure for
Fe. The samples were initially treated with 0.5 M HCl for 1 h. The Fe ex-
tracted by this step includes poorly crystalline ferric (oxyhydr)oxides
such as ferrihydrite, in addition to any unsulfidized Fe(II) produced dur-
ing early diagenesis (either by reaction with dissolved sulfide or by dis-
similatory Fe reduction), which was either not fully released to solution
or was re-adsorbed to particle surfaces. Fe(II) released by the 0.5 M HCl
extraction (termed as Fe(II)HCl) was determined immediately by the
ferrozinemethod (Stookey, 1970) on an aliquot of the solution. Highly re-
ducible ferric oxides (Feox1) were obtained through the subtraction of the
measured Fe(II)HCl from the total Fe present in the 0.5 M HCl extract. In
the next step, a sodium citrate-acetic acid-sodium dithionite solution
kept at pH 4.8 for 2 h was used to extract crystalline Fe-oxides (such as
hematite and goethite, termed Feox2), after which ammonium oxalate-
oxalic acid was extracted for 6 h to dissolve magnetite (Femag). The total
Fe released in each extraction was measured using the ferrozine method.
Measured concentrations from duplicate analyses deviated by <8%.

Sulfide-bound Fe phases, as pyrite (Fepy) and acid-volatile sulfur
(FeAVS), were extracted using the technique of Canfield et al. (1986),
as simplified by Burton et al. (2008). A third 10.0 g aliquot of dried sed-
iment was used to sequentially determine the amount of FeAVS (using 6
M HCl) and Fepy (using an acidic chromous chloride solution) via the
diffusion-based approach described by Burton et al. (2008) using
iodometric titration of the alkaline Zn-acetate trap. Measured concen-
trations from duplicate sample extractions varied by <8% for Fepy and
<7% for FeAVS.
4

2.5. Data analysis

The saturation indexes (SI) of porewater were calculated using
PHREEQC Interactive 3.2.0. Minerals with SI values greater than 0,
equal to 0, and less than 0 correspond to oversaturationwith a tendency
to precipitate, equilibrium with the solution, and undersaturation with
a tendency to dissolve if present, respectively.

Inverse modeling is used to examine the molar transfer of minerals
and gases, which explains the compositional differences between the
initial and final waters within a specified range of uncertainties. The ob-
ject of inverse modeling is to find sets of minerals and gases that, when
reacted in appropriate amounts, account for differences in composition
between two solutions. In this study, inverse modeling was also per-
formed using PHREEQC Interactive 3.2.0.

To identify the relationship among variations in phosphorus specia-
tion from winter to summer, correlation analysis was performed. The
Spearman R correlation was calculated using SPSS 22, because the com-
ponents do not satisfy the standard normal distribution.

3. Results

3.1. Water content of sediments

The water content of the core collected from PIZ in winter exhibited
a progressive decreasewith depth (Fig. 2), from approximately 60%wet
weight at the sediment surface to approximately 26% wet weight at 28
cm. In contrast, thewater contentwas higher in summer than inwinter.
It also exhibited a decreasewith depth,with values from72% to 39%wet
weight. In the SIZ core, similar declines in thewater content with depth
were observed in both seasons, with values decreasing from approxi-
mately 44% to 32%wetweight and 75% to 58%wetweight duringwinter
and summer, respectively. The significant increase of water content in
both cores from winter to summer indicates water level rise.

3.2. Water column hydrochemistry

Overall, the concentrations of almost all lake water components
were higher in winter than in summer, leading to a high EC in winter
(Table 1). Thismay be attributable to the recharge by tributaries in sum-
mer and heavy rainfall, which dilute the lake water significantly.

Image of Fig. 2


Table 1
Hydrogeochemical parameters of the water column.

Sample Id Sampling time Water depth
(m)

T
(°C)

pH EC
(μS/cm)

Eh
(mV)

DO
(mg/L)

Fe
(mg/L)

Ca
(mg/L)

Mg
(mg/L)

Al
(μg/L)

TDP
(mg/L)

HCO3

(mg/L)
SO4

2−

(mg/L)
TP
(mg/L)

DOC
(mg/L)

PIZ Summer 7.4 28.7 7.84 313 43.5 3.41 0.01 49.05 9.75 13.71 0.032 150 28.01 0.058 7.69
Winter 0.5 10.1 8.35 384 140.9 11.89 0.02 54.63 12.31 34.56 0.051 145 49.00 0.186 59.09

SIZ Summer 5.6 28.1 7.75 315 59.8 3.74 0.02 49.62 9.57 10.02 0.052 150 29.53 0.041 21.92
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The temperature of the lakewaterwas 10 °C inwinter and 28.1–28.7
°C in summer (Table 1). The pH of the overlying water was slightly
higher inwinter. The DO concentration and Eh of thewaterwere clearly
higher in winter than in summer, which can be explained by the
shallower water depth in winter; the DO content in winter was approx-
imately 3.5 times that in summer. The content of dissolved Fe in surface
water was very low because of the high Eh in both seasons. In summer,
the TDP and TOC contents of PIZwater samples were significantly lower
than those of SIZ samples, while the TP content of PIZ was slightly
higher than that of SIZ (Table 1). These differences can be explained
by the herbaceous plants growing in SIZ in the dry season, which
decay after being submerged in the wet season, increasing the organic
matter content.

3.3. Pore water hydrochemistry

3.3.1. PIZ
The concentration of Fe2+ remained relatively low and stable with

values ranging from 0.5 μM to 2.8 μM in winter, but it exhibited a
Fig. 3. Porewater depth profiles and seasonal comparisons between January and Septe
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significant fluctuation ranging from 0.7 μM to 31 μM in summer
(Fig. 3). Fe2+ concentration was somewhat higher at depths below
10 cm than above 10 cm due to the decrease of DO. The concentration
of PO4

3− exhibited a progressive decreasewith depth inwinter, from ap-
proximately 10 μM at the sediment–water surface to approximately
0.12 μM at 14 cm (Fig. 3). In summer, PO4

3− and Fe2+ concentrations
were similar, with considerable variations and higher values below 10
cm. SO4

2− concentration decreased from 162 μM at the surface to 30
μM at 12 cm, followed by an increase to approximately 85 μM at 26
cm. In winter, SO4

2− concentration exhibited a progressive increase
with depth from approximately 573 μM to 1280 μM, and the values
were much higher than that in summer. This is possibly attributable to
the deeper water level in summer, which further leads to a more reduc-
tive environment in sediments. HCO3

− increased from approximately
3.6 mM to 8.3 mM at the upper 14 cm, followed by a drop to approxi-
mately 6.5 mM at 26 cm in summer. In contrast, HCO3

− concentration
exhibited a progressive decrease in winter. Ca2+ concentration showed
similar changes with HCO3

− in both seasons, indicating a balance in the
dissolution/precipitation of various types of calciumminerals.
mber for dissolved Fe2+, PO4
3−, SO4

2−, HCO3
− and Ca2+ concentrations with depth.

Image of Fig. 3
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3.3.2. SIZ core
Because of low water content, pore water samples could not be col-

lected from SIZ in winter. In summer, Fe2+, PO4
3−, and SO4

2− concentra-
tions in SIZ and PIZ showed similar profiles (Fig. 3). Fe2+ concentration
increased slightly with depth but it remained low. Similarly, PO4

3− con-
tent also increased progressively with depth. SO4

2− concentration
showed a relatively wide fluctuation with values ranging from approx-
imately 140 μMto 380 μM.HCO3

− increased from approximately 4.8mM
to 20 mM at the upper 14 cm, and subsequently decreased to approxi-
mately 7.2 mM at 30 cm. Ca2+ concentration was also similar to
HCO3

− concentration.

3.4. Sediment geochemical composition

3.4.1. Bulk composition

3.4.1.1. PIZ core. TIC content initially decreased from 2% to 0.88% in the
upper interval up to a depth of 16 cm, and then increased to 1.4% at
24 cm and subsequently dropped to 0.88% at 30 cm in winter (Fig. 4).
In summer, TIC content was relatively high throughout the core. The
concentration of TOC was stable in the upper 12 cm, with values of ap-
proximately 17%, and subsequently decreased to approximately 6% due
to microbial remineralization in winter. In summer, TOC concentration
slightly decreased without any significant variation, from approxi-
mately 18% in the sediment–water interface to 15% at 30 cm.

TS concentration remained stable in summer, with values of
0.27–0.29% (Fig. 4). In winter, it sharply decreased with depth at the
upper 18 cm, from approximately 0.6% at the sediment–water surface
to approximately 0.28% at 18 cm. Below 18 cm, it remained relatively
stable. Overall, TS concentration was relatively high throughout the
core in winter. Bulk P content decreased slightly with depth in winter,
from870 μg/g to 750 μg/g. In summer, TP concentration remained stable
in summer with values of approximately 900 μg/g (Fig. 4); it was rela-
tively high throughout the core. In winter, TFe concentration first in-
creased slightly, then decreased to the lowest value of 45 mg/g, and
Fig. 4. Solid phase sediment profiles of TIC, TO
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finally increased to approximately 70 mg/g. TFe concentrations in sum-
mer and winter were similar, and remained high.

The concentrations of Ca and Al showed similar trends in both sea-
sons (Fig. 4). The concentration of Ca decreased slightly with depth,
while detrital elements (Al) remained stable. Nevertheless, the concen-
trations of Ca and Al in winter were somewhat lower than those in
summer.

3.4.1.2. SIZ core. The concentration of TIC significantly fluctuated in the
SIZ core (Fig. 4). In winter, TOC concentration slightly increased at the
upper 8 cm, followed by a sharp decrease due to mineralization, but it
exhibited a stable profile in summer. However, TOC concentrations gen-
erally remained above 0.8% below 14 cm in winter. Both TIC and TOC
concentrations were higher in summer than in winter.

TS remained stable in both seasons, with overall slight decreases
with depth from 0.33% to 0.27% in summer and 0.39% to 0.22% in winter
(Fig. 4). P concentration also exhibited a stable profile in summer with
values of 950 μg/g, but it showed a slight decrease with depth in winter,
with values dropping from approximately 1055 μg/g to approximately
850 μg/g.

The concentrations of TFe, Ca, and Al fluctuated significantly in both
seasons (Fig. 4). In contrast, the concentrations of TFe and Al were sim-
ilar in both seasons, fluctuating between 48 mg/g and 66 mg/g for TFe
and 69mg/g and 89mg/g for Al. Ca concentrationwas somewhat higher
in summer than in winter.

3.4.2. Iron speciation

3.4.2.1. PIZ core. Fe(II)HCl concentrationswere relatively low and showed
increases with depth throughout the profile to approximately 6 mg/g
(Fig. 5). The highly reducible Fe oxide pool (Feox1) was also low and de-
creased slightly with depth. In contrast, the more crystalline Fe
(oxyhydr)oxides (Feox2) were more abundant and remained relatively
constant at the upper 26 cm, followed by a significant increase below
26 cm in winter; it was more stable in summer. Femag is a minor
C, TS, P, Fe, Al, and Ca in different seasons.

Image of Fig. 4


Fig. 5. Iron speciation profiles for the two cores in different seasons.
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constituent and also remained relatively constant in both seasons. The
concentrations of Fe(II)HCl, Feox1, Feox2, and Femag were somewhat
higher in summer than in winter (Fig. 5).

FeAVS and Fepy showed relatively low concentrations in both seasons
(Fig. 5). FeAVS concentration fluctuated significantly in summer, with a
progressive increase from 9.2 μg/g to 47.2 μg/g at the upper 16 cm,
while in winter, FeAVS increased gradually from 2.3 μg/g to 27.0 μg/g at
the upper 22 cm. The concentrations of Fepy showed a similar progres-
sive decline with depth in both seasons, with similar values.

3.4.2.2. SIZ core. In winter, Fe(II)HCl concentrations were very low at the
upper 8 cm and increased to approximately 6 mg/g at 16 cm, below
which it became relatively stable. In summer, Fe(II)HCl was more stable
at approximately 6 mg/g (Fig. 5). The concentrations of Feox2 decreased
with depth in both seasons. Feox2 and Femag remained relatively con-
stant throughout the core in both seasons. Remarkably, these four spe-
cies of Fe remained largely the same below 14 cm in both seasons.

The concentrations of FeAVS and Fepy were also very low in the SIZ
core in both seasons (Fig. 5). In winter, FeAVS and Fepy showed a de-
crease throughout the core. However, in summer, the concentrations
of both FeAVS and Fepy varied considerably, from 9.5 μg/g to 65.4 μg/g
for FeAVS and 50.1 μg/g to 460.1 μg/g for Fepy.

3.4.3. Phosphorus speciation

3.4.3.1. PIZ core. The concentration of loosely bound P (Ex-P) was very
low and remained relatively stable in both seasons (Fig. 6). In winter,
the concentration of Fe-associated P (Fe-P) decreased up to a depth of
16 cm, and then progressively increased below 26 cm. Fe-P exhibited
a more stable profile in summer, with an overall slight decrease with
7

depth. The content of authigenic carbonate fluorapatite (Ca-P)
remained relatively constant with depth in summer, but it slightly de-
creased in winter (Fig. 6). Detr-P also remained stable in summer, but
slightly decreased at the upper 10 cm, and then progressively increased
in the 12–26 cm interval, after which it decreased. The concentration of
organic-bound P (Org-P) varied considerably with a trend of initial de-
cline and subsequent rise in winter. Org-P was more stable in summer,
except at one sampling point. Except for Detr-P, the concentrations of
the other four P species significantly increased from winter to summer.

3.4.3.2. SIZ core. Ex-P and Fe-P concentrations were similar between the
SIZ and PIZ cores (Fig. 6). In SIZ, Ex-P was very low and remained stable
but Fe-P was somewhat higher. Ca-P and Detr-P fluctuated significantly
inwinter, but they weremore stable in summer. Org-P varied consider-
ably in both seasons.

4. Discussion

4.1. Water geochemistry evolution from winter to summer

The most significant change in lake water is the rise of the water
level from winter to summer, which can not only alter the chemical
composition of lake water, but also enhance the mixing of lake water
and pore water, and even change the pore structure of sediments.

The lake water depth increased from approximately 0.5 m in winter
to 7.5 m in summer for PIZ and from 0.0 m in winter to approximately
5.5 m in summer for SIZ. The increase of water in Dongting Lake is
mainly attributable to rainfall and recharge from tributaries (Hu et al.,
2018; Yu et al., 2018). The rise of thewater level canweaken the contact
between sediments and air, thus inducing a reducing environment for

Image of Fig. 5
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the sediments. The hydraulic gradient between lake water and sedi-
ment pore water will also increase, which promotes the introduction
of lake water into sediment pores. Consequently, the chemical charac-
teristics of pore water become similar to those of lake water. Because
of its conservative chemical properties, Cl− is often used as an indicator
of mixing between different water bodies (Wu et al., 2020a; Yuan et al.,
2020). It is clearly shown in Fig. S3 that the Cl− content of pore water is
basically the same as that of lake water in both PIZ and SIZ, which sug-
gests increased recharge of pore water by lake water in summer. This is
also indicated by the increase in thewater content of sediments (Fig. 2).
Further, the increase of the water depth and amount of lake water infil-
tration can also reduce the redox gradient of pore water, which is con-
sistent with the more stable concentrations of SO4

2− and Fe(II)HCl in
summer (Figs. 3 and 5).

Moreover, due to the heavy rainfall and faster flow of surface water
in summer, more particulate matter will enter the lake (Zheng et al.,
2015). In the lake center (PIZ), the water body tends to be static,
which is conducive to the deposition of particulate matter. This part of
particulatematter can enter sediment poreswith lakewater and further
accumulate. These increased deposits will effectively increase the con-
tents of Fe, Al, and organic matter in sediments (Fig. 4). The deposition
of fine particulate matter has also been investigated in other studies
(Cui et al., 2021; Nivala et al., 2012; Ulrich et al., 2015). In the lake ripar-
ian zone (SIZ), the water flow is faster and not conducive to the deposi-
tion of suspendedmatter. Consequently, the contents of Al in SIZ remain
stable in bothwinter and summer (Fig. 4). However, the content of TOC
is higher in summer than winter, which may be attributable to the de-
composition of herbaceous plants that flourish in SIZ in winter.
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The pore water chemistry data show several prominent features of
importance to this study. In the PIZ core, the concentration of SO4

2−

was much lower in summer than in winter, which is consistent with
the lower TS content in sediments in summer. The lower concentration
should not be attributed solely to the mixing of lake water. If only the
mixing of lake water is considered, the concentration should be about
300 μM. However, the actual concentration was below 162 μM and de-
creased with depth, suggesting a sulfate reduction nature of sediments
in the PIZ core in summer (Su et al., 2018). The similar increase of
Fe2+and PO4

3− concentration from winter to summer in the PIZ core
(Fig. 3)might be a consequence of phosphate release from the reduction
of Fe-oxides, which is considered in more detail below.

However, in SIZ, the SO4
2− content in pore water was somewhat

higher than that in lake water, which suggests that SIZ has a more oxi-
dative environment than PIZ in summer. Ca2+ andHCO3

− showed a sim-
ilar trend in both PIZ and SIZ, indicating an equilibrium in the
dissolution/precipitation of carbonate minerals (Wu et al., 2020b).

4.2. Iron geochemical characteristics

In the center of the lake, the dissolved oxygen content of lake water
was high in winter (11.89mg/L), which led to the low Fe(II)HCl concen-
tration in the sediment surface in PIZ. With increasing depth, the most
reactive Feox1 minerals are initially reduced, and thus this phase de-
creases significantly with depth in the PIZ core in winter, whereas the
more crystalline Fe-oxides comprising the Feox2 pool react more slowly
and persist with depth (Fig. 5) (Canfield, 1989; Poulton et al., 2004).
After dissolution, the produced Fe(II) can react with dissolved sulfide

Image of Fig. 6


Fig. 7. Ratios of molar TOC/Org-P and TOC/Preactive profiles in the two cores. Dashed lines
represent the Redfield TOC/P ratio (106:1).

X. Wu, T. Ma, Y. Du et al. Science of the Total Environment 792 (2021) 148383
to form FeAVS and ultimately pyrite (Flores-Alsina et al., 2016; Xiong
et al., 2019), or react with phosphorus to form ferrous phosphate min-
erals, which are discussed further below. However, Fe(II)HCl and Feox1
remained more stable in summer, indicating a similar redox environ-
ment throughout the core profile. The lake water level rise induced a
more reductive environment in sediments in summer, leading to a
higher concentration of Fe(II) in both sediments and pore water
(Figs. 3 and 5). The abundant Fe(II) consequently reacts with sulfide
and results in higher concentrations of FeAVS in summer (Fig. 5).

Feox2 and Femag remained more stable with depth in the PIZ core in
both seasons although they exhibited a similar increase from winter
to summer. However, the involvement of Feox2 and Femag in the reduc-
tive dissolution cannot be ruled out. Firstly, the water level rise en-
hanced water mixing between lake water and pore water, leading to
the deposition of suspended matter in sediments. The contents of total
Fe and total Al in sediments subsequently increased significantly from
winter to summer (Fig. 4). Therefore, the difference in concentration be-
tween different seasons cannot be used to judge whether they were re-
duced. The decline of SO4

2− in pore water and increase of Fe(II) in pore
water and sediments indicate a reductive environment, which is con-
ductive to the reduction of Feox2 and Femag (Herndon et al., 2018;
Taylor and Konhauser, 2011). The reduction of crystalline ferric
(oxyhydr)oxidemineralsmay occur via anaerobic oxidation ofmethane
(Beal et al., 2009) or dissimilatory Fe reduction.

The overall trend of iron speciation in the SIZ core was basically sim-
ilar with that in the PIZ core (Fig. 5). However, the sediment surface is
exposed to air in winter, which results in low Fe (II) concentration in
the upper 6 cm. The content of Fe-oxide minerals was relatively higher
in SIZ than in PIZ, which is beneficial to P adsorption (Ajmal et al., 2018;
Baken et al., 2015; Forsmann and Kjaergaard, 2014). In the upper 16 cm,
Feox1 decreased significantly from winter to summer, indicating a re-
ductive dissolution of reactive Fe minerals, which is consistent with
the increase of Fe(II)HCl in sediments and Fe(II) in pore water. Associ-
ated with the reduction of SO4

2− in pore water (Fig. 4), the increase of
FeAVS can be predicted, which is consistent with the analyzed data.
The bulk content of TFe and Al in the SIZ core remained basically the
same in both seasons, suggesting that SIZ is less affected by the deposi-
tion of suspended matter. Under this scenario, no significant changes in
Feox2 and Femag content occur, and the water level rise can be
ascertained to have little effect on these two Fe species.

Overall, the water level rise from winter to summer plays a crucial
role in Fe cycling in sediments. Most notably, it changes the redox envi-
ronment and leads to the transformation of Fe(II)HCl and Feox1, which is
a prominent feature of Fe cycling. Another major impact is that in the
PIZ core, the enhanced water mixing between lake water and pore
water induced the deposition of fine particles, which would change
the bulk composition of sediments, such as TFe, Al, and organic matter.
Moreover, the Fe speciation data indicate a significant difference be-
tween Dongting Lake and other euxinic oceans or lakes. The concentra-
tions of Fepy and FeAVS were very low (<1% of total Fe), suggesting that
sulfates or sulfides are not very essential for Fe cycling in Dongting Lake
as they are in other euxinic waters (Egger et al., 2015; Xiong et al.,
2019), presumably because of the low TS and dissolved SO4

2− contents.

4.3. Phosphorus cycling

4.3.1. Controls on P cycling throughout the cores
In winter, the decrease in Fe-P and Org-P over the top few centime-

ters in the PIZ core (Fig. 6) likely suggests the release of P from Fe-oxide
dissolution during early diagenesis and organic matter degradation.
Coupled with the peak dissolved P content in the sediment–water sur-
face (Fig. 3), it might suggest diffusive loss of dissolved P to the overly-
ing lake water. Although the Org-P profiles showed a clear increase
below 18 cm, molar TOC/Org-P ratios (Fig. 7) provide evidence for ex-
tensive P mobilization during the degradation of organic matter. Molar
TOC/Org-P ratios were considerably higher than the Redfield Ratio of
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106:1 (Fig. 7), which is consistent with the preferential recycling of P
during organic matter degradation (Hupfer et al., 2004; Jilbert et al.,
2011). However, the TOC/Org-P ratios decreased slightly and do not
suggest preferential mobilization of phosphorus in sediments with
depth, which is contrary to the general conclusions of preferential P
remineralization. This abnormal phenomenon may be attributable to
multiple factors, such as sediment compactness, moisture content, pH,
temperature, bacterial biomass, and P content, whichwill affect the bac-
terial carbon–phosphorus lyase (Sosa et al., 2019; Zhang et al., 2019).
Moreover, previous studies reported that autolytic phosphate recycling
occurs very rapidly after the death of organisms without corresponding
carbon release, thus explaining the high TOC/Org-P ratios of the top few
centimeters of the PIZ core. For subsequent remineralization only less de-
gradable P compounds are available and organic carbon is preferentially
decomposed. Below these layers, the proportion of refractory TOC mate-
rials increase such that the decomposition rates of TOC and Org-P and
the TOC/Org-P ratios of organic matter become equal (Balzer, 1984;
Golterman, 1973; Krom and Berner, 1981). Consequently, the TOC/Org-
P content decreases. This hypothesis is also supported by the similar
changes of TOC content and the ratio of TOC/Org-P (Figs. 4, 7).

The P released from the degradation of organic matter might either
be sequestered in the sediments as secondary phases or recycled back
to the lake water. We examined molar TOC/Preactive ratios and found
that the values are much lower than TOC/Org-P ratios, suggesting that
most of the recycled organic P is sequestered in authigenic phases or
sorbed to Fe-oxides (Anderson et al., 2001; Kraal et al., 2012). The
TOC/Preactive ratios were also lower than the Redfield Ratio, likely sug-
gesting the deposition of suspended particles, which can strongly ad-
sorb dissolved P from the water column (Baken et al., 2016b; Withers
and Jarvie, 2008).

The decrease of Fe-P induced by the reductive dissolution of Fe-
oxides below 10 cm in the PIZ core, coupled with the significant Ca-P

Image of Fig. 7
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decrease in winter (Fig. 7), is not conducive to the increase of adsorbed
phosphorus and dissolved P in pore water (Figs. 6, 3). On the contrary,
among all the P species, only Detr-P profiles showed sharp increases
and a significant negative correlation with Fe-P and Ca-P at this depth,
indicating that Fe-P and Ca-P were transformed into Detr-P. Studies
have shown that P released by the reduction of Fe-oxides can be re
adsorbed by CaCO3, and carbon fluorapatite could potentially be
converted to more crystalline apatite, which would be extracted as
Detr-P, resulting in the increase of Detr-P (Kraal et al., 2017; Xiong
et al., 2019).

With increasing depth, all P forms in the PIZ coreweremore stable in
summer than inwinter,while Fe-P andOrg-P decreased slightly (Fig. 6).
Although the total P in sediments was higher in summer than in winter,
the similar distribution pattern of P speciation and TOC/P indicate that
themechanisms of P cycling throughout the core are similar in both sea-
sons. However, the dissolved Fe and P in porewater increased consider-
ably with depth, suggesting amore efficient reductive dissolution of Fe-
oxides in summer (Fig. 3). The P concentration gradient also reflects the
diffusion of dissolved P to the overlying lake water.

The main difference in phosphorus speciation between the SIZ and
PIZ cores is that the contents of Fe-P and Ca-P are higher in the SIZ
core than in the PIZ core, whereas Detr-P is lower in the SIZ core. Except
for these differences, the variation patterns of bulk composition, and Fe
and P speciation throughout the core were similar between SIZ and PIZ,
likely indicating similar P cycling mechanisms in both cores. The mech-
anisms are mainly affected by the reductive dissolution of Fe-oxides,
degradation of organic matter, and conversion between Ca-P and
Detr-P.

4.3.2. Seasonal evolution of P

4.3.2.1. PIZ core. The seasonal evolution of phosphorus involves the
mixing of pore water with the water column and the transformation
of phosphorus speciation in sediments. In the PIZ core, with the lake
water level rise, the entry of suspended particles into sediments with
water flow increased the contents of TFe, Al, and TOC, further leading
to the increase of Fe-P, Org-P, and TP (Fig. 6). This observation is further
supported by the strong positive correlation between variations of TP
and Fe-P, as well as TP and Org-P (Table 2). Specifically, the increase
of TFe in sediments is consistent with the rise of iron (oxyhydr)oxides
and ferrous minerals (Figs. 4, 5), which will lead to the adsorption of P
and formation of ferrous phosphate minerals (vivianite). Moreover,
the increase of TOC would directly result in the increase of Org-P.

Another prominent feature is that the increase of Org-P content is
strongly correlated with those of Fe-P and Ex-P in the PIZ core
(Table 2). These three P species appear to have similar sources. As
discussed above, the water level rise would enhance the deposition of
suspended particles, and the significant increase of TFe in sediments
Table 2
Spearman correlation between variations in phosphorus speciation from winter to sum-
mer (*Correlation is significant at the 0.05 level (2-tailed); **Correlation is significant at
the 0.01 level (2-tailed); Bold indicates a strong correlation ratio).

Ex-P Fe-P Ca-P Detr-P Org-P TP

PIZ core Ex-P 1.000 0.543* 0.189 −0.357 0.682** 0.354
Fe-P 1.000 0.536* −0.775** 0.789** 0.793**
Ca-P 1.000 −0.754** 0.114 0.325
Detr-P 1.000 −0.532* −0.414
Org-P 1.000 0.768**
TP 1.000

SIZ core Ex-P 1.000 0.611* 0.493 −0.064 0.164 0.668**
Fe-P 1.000 0.743** −0.636* 0.339 0.779**
Ca-P 1.000 −0.771** 0.182 0.675**
Detr-P 1.000 −0.389 −0.514*
Org-P 1.000 0.718**
TP 1.000
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indicates a high proportion of Fe precipitates in the suspended particles.
However, liberal P and organic matter have a strong tendency to adsorb
on Fe precipitates or colloids (Baken et al., 2016a; Baken et al., 2016b;
Gunnars et al., 2002; Van der Grift et al., 2018). Moreover, further
coprecipitation occurs, leading to similar increases of these three P spe-
cies. Fe-P and Ex-P exhibit a certain correlation (R=0.543), which sup-
ports this view.

The most remarkable difference in the P composition of sediments
between winter and summer is that Detr-P sharply decreases while
Ca-P considerably increases (Fig. 6). The relatively strong negative cor-
relations between the variations of Detr-P and Ca-P, and also Detr-P
and Fe-P suggest the conversion of Detr-P to Ca-P and Fe-P. Considering
the relatively low total content and increment of Fe-P, most of the re-
duced Detr-P should transform to Ca-P. However, this appears unlikely
becauseDetr-P is considered to be stable and resistant to the reaction. In
this study, Detr-P was extracted by 10% HCl and considered to be com-
posed mainly of detrital apatite of igneous or metamorphic origin
(mainly fluorapatite, FAP) (Oxmann and Schwendenmann, 2014;
Ruttenberg, 1992). Although FAP is relatively stable at the pH of most
natural waters, experiments have showed that FAP can dissolve signifi-
cantly under low pH (<4) (Guidry and Mackenzie, 2003). The low pH
induced by H2SO4 produced by pyrite oxidation or respiration-related
CO2 in the vicinity of degrading organicmatter can also lead to the acidic
dissolution of detrital apatite (Filippelli, 2002; Gao et al., 2019; Kraal and
Slomp, 2014). In the present study, the dissolution of detrital apatite
should be induced by the degradation of organic matter, and this pro-
cess would release HCO3

−, PO4
3−, and Ca2+ to pore water (Filippelli,

2002), which is consistent with the increase of HCO3
−, P, and Ca2+ in

porewater (Fig. 3). SI values of the twomain carbonateminerals (calcite
and dolomite, Fig. S4) increased considerably with depth in summer,
suggesting the formation of authigenic carbonate minerals. Subse-
quently, coprecipitation or/and adsorption of phosphatewith carbonate
minerals occurred, resulting in the increase of Ca-P. Furthermore, the in-
creased SI of hydroxyapatite (HAP)with depth in summer also indicates
the formation of Ca-P.

To further examine the dissolution of detrital apatite and formation
of authigenic Ca-P, we also applied inverse models. Pore water samples
of the PIZ core (14 cmdepth)were taken as an example considering the
relatively comprehensive water chemical data covering both seasons.
As discussed above, significant mixing of pore water and lake water oc-
curs with the rise of lake water level. Accordingly, we set a mixture of
pore water sample in winter and lake water in summer as initial
water and pore water sample in summer as final water. The mixing
ratio of porewater and lakewaterwas based on Cl− content.Mineralog-
ical information involved in the model was derived from Huang et al.
(2016) and Wen et al. (2016), and some potential reactants were
added on the basis of discussions made in this study. Specifically, the
degradation of organic matter induced by Fe(III) reduction and sulfate
reductionwas also added, and the processes can be described as follows
(Larowe and Van Cappellen, 2011):

CH2OþH2O ¼ CO2 þ 4Hþ þ 4e−

The results showed three reasonable models (Table 3) consistent
with the mixing ratio between pore water in winter and lake water in
summer (1.26:8.74). The models indicated conversion mechanisms
fromDetr-P to Ca-P and the dissolution of FAP promoting the formation
of HAP, as shown inModels. Thesemodels clearly support the view that
Detr-P transformed to Ca-P from winter to summer.

Except for Ca-P, the strong positive correlation between the varia-
tions in Fe-P and Detr-P indicate that a small portion of P released by
FAP dissolution is absorbed by Fe minerals. Thus, the seasonal increase
of Fe-P can be mainly attributed to two sources: one is the precipitation
of suspended matter, and the other is P released by the dissolution of
detrital apatite and then re-adsorbed by iron minerals. The increase of
Fe-P is very similar to that of Feox1 (Figs. 5 and 6), indicating the



Table 3
Summary of mass transfer for selected inverse geochemical models (mmol). Negative
values suggest precipitation, and positive values suggest dissolution.

Phase Model-1 Model-2 Model-3 Stoichiometry

Albite 0.22 0.22 0.22 NaAlSi3O8

Calcite −0.96 – – CaCO3

Dolomite 0.59 0.59 0.59 CaMg(CO3)2
FeS(ppt) – – −2.69 FeS
Fluorapatite 2.03 2.98 2.31 Ca5(PO4)3F
Fluorite −1.01 −1.49 −1.16 CaF2
Goethite 0.03 0.03 2.72 FeOOH
Gypsum 3.15 2.67 2.34 CaSO4

H2S(g) −3.51 −3.03 – H2S
Hydroxyapatite −2.02 −2.98 −2.31 Ca5(PO4)3OH
Kaolinite −0.15 −0.15 −0.15 Al2Si2O5(OH)4
K-feldspar 0.09 0.09 0.09 KAlSi3O8

Quartz −0.62 −0.62 −0.62 SiO2

CH2O 7.02 6.06 6.06 CH2O
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retention of most of the increased Fe-bound phosphorus on amorphous
Fe-oxides. However, the gradual increase in dissolved Fe and P in pore
water, coupled with the low SO4

2− content (Fig. 3), provides a very suit-
able environment for the formation of Fe (II) phosphate (vivianite)
(Egger et al., 2015; Rothe et al., 2016). The SI of vivianite increased pro-
gressively with depth, suggesting its potential formation (Fig. S4).
Although vivianite content may be low and difficult to detect, its exis-
tence cannot be ignored.

4.3.2.2. SIZ core. The seasonal evolution of P was similar between the SIZ
and PIZ cores. The relatively large correlation coefficients (Table 2) sug-
gest that the increase of TP is mainly attributable to the increase in Fe-P
and organic P. The increase of Ex-P and Ca-P also played an important
role in the increase of TP, with correlation coefficients of 0.688 and
0.675 between TP and Ex-P, and TP and Ca-P, respectively. These find-
ings collectively imply the coprecipitation of phosphate with Fe-
oxides and calcite. The dissolution of detrital apatite also occurs and
most of the released P is sequestered in authigenic phases. However,
the increase of organic phosphorus did not show a significant positive
correlation with Fe-P as in PIZ pores, indicating a different mechanism
of organic P increase. Coupled with the higher DOC concentration in
the water column and TOC in sediments in the SIZ core in summer, or-
ganic matter in SIZ can be inferred tomainly originate from the decom-
position of herbaceous plants.
Fig. 8. Schematic overview of P cycling in Dongting Lake, taking PIZ as an example. Mechanism
contents, while the height of water column shows the water level. (b) Seasonal evolution mec
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4.4. Implications for lake water quality protection

This study shows that suspended matter deposition associated with
water level rise is an important source of phosphorus in sediments, and
will increase the phosphorus load in sediments (Fig. 8). Phosphorus in
the sediments will also be released to the overlying water through
physical–chemical–biological processes, which can further increase
the possibility of phosphorus pollution in Dongting Lake. With the in-
tensification of agricultural activities, the phosphorus content in the
soil around the lake will also increase significantly. Combined with the
increasing frequency of extreme climate events, such as heavy rainfall,
the water level rise will directly aggravate surface erosion, increase
the possibility of the surrounding phosphorus rich soil entering the
lake, and adversely affect the water quality of the lake.

Although this study has shed light on the conversion of Detr-P to Ca-P,
the kinetic and thermodynamic characteristics remain unclear, and we
hope to reveal these characteristics in future research.

5. Conclusions

We conducted the first detailed study of seasonal variations in the P
cycle in a shallow freshwater lake, taking Dongting Lake as an example,
which is significantly influenced by climate change and human activi-
ties. In an individual season, in both the permanent and seasonal inun-
dation zones, the degradation of organic matter and reductive
dissolution of Fe-oxides in the upper few centimeters of the sediment
layer can release P to the porewater and also to the overlyingwater col-
umn. Below these layers, most of the released P is sequestered in
authigenic phases and promote the formation of carbon fluorapatite,
which could potentially convert to more crystalline apatite (Detr-P)
(Fig. 8).

From winter to summer, the water level rises significantly, carrying
abundant suspended matter rich in organic matter to the lake. In PIZ,
the deposition of suspended matter increases the contents of Fe-
bound P and organic P, which further increase total P. The rising water
level also induces a more reductive environment at the lake bottom
and enhances the reductive dissolution of Fe-oxides. However, in shal-
low lakes, sediments are in a relatively aerobic state, and the rapid de-
composition of organic matter will release P from the sediment–water
surface to the overlyingwater. Moreover, the aerobic degradation of or-
ganic matter can produce a large amount of CO2, resulting in the decline
of local pH and further dissolution and release of Detr-P. Subsequently,
the released P is adsorbed or coprecipitated with calcium minerals,
s of P cycling in (a) winter and (c) summer; gradients of the arrows indicate changes in
hanisms of P; the wave line indicates water level fluctuations from winter to summer.

Image of Fig. 8
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resulting in the significant increase of Ca-P from winter to summer
(Fig. 8). The mechanisms of phosphorus cycling are similar between
SIZ and PIZ.

Therefore, thewater level rise results in not only the increase of total
P in sediments, but also the release of phosphorus adsorbed to oxides
and the conversion of P from conservative speciation to active specia-
tion. This P cycling pattern can enhance the risk of P release from sedi-
ments to the overlying water, posing strong risks to lake productivity
and eutrophication.
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