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Reservoirs have an important impact on riverine material migration and

transformation. Taking a drinking water reservoir located in the cold-

temperature forest in the Xiaoxing’an mountains as an example, we

comprehensively analyzed the fractions and interrelationships of phosphorus

(P) and iron (Fe) from soils to riverine and reservoir sediments and discussed the

coordinated migration and transformation process of regional P and Fe and the

effects of dam interception. The results showed that iron-bound P (Fe-P) and

aluminum-bound P (Al-P) were significantly correlated with adsorbed Fe(II),

carbonate-bound Fe (Fecarb), low-activity silicate-bound Fe (Feprs), and total

contents of Fe (TFe), which indicated that the geochemical cycling of these P

fractions and Fe fractions is likely closely related and active in the soils and

sediments. Calcium-bound P (Ca-P) was significantly correlated with magnate

(Femag) and Feprs, which may be due to the correlation between their

background values in this area. The contents of active P including loosely

sorbed P (L-P), Al-P, and Fe-P in the reservoir’s sediments were significantly

higher than those in the upstream soils and sediments (p <0.05). However, Ca-P

and residual P (Res-P) in soil and sediment samples showed no significant

difference between the reservoir and its upstream (p = 0.309 > 0.05 and p =

0.748 > 0.05, respectively). Construction of reservoirs has played a certain role

in intercepting P, especially bioavailable P, transferred from upstream soils and

riverine sediments. The contents of highly active Fe fractions including easily

reducible (amorphous) Fe oxide (Feox1), reducible (crystalline) Fe oxide (Feox2)

and Fecarb (p < 0.01), and other Fe fractions (p < 0.05) in the sediments of the

reservoir were significantly higher than those in the soil or sediment samples

from upstream. This indicated that all Fe fractions migrated in the river were

affected by the dam interception. The effects of dam interception would affect

the bioavailability of P and Fe and enhance the cycling of nutrients in the region.

Finally, this also effects the bioavailability and cycling of P and Fe in the

downstream rivers and even the oceans.
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Introduction

Phosphorus (P) and iron (Fe) play important roles in

regulating aquatic environmental quality and biological

productivity (Babu et al., 2000). Among them, P is an

essential nutrient element required for life processes; however,

excessive P input often leads to eutrophication of aquatic systems

(Ni et al., 2019). P can form important inorganic anion ligands in

water, interstitial water, and sediments, complex with metal

cations such as Fe, aluminum (Al), and calcium (Ca), or

undergo adsorption and chemical reactions with these metal

oxides (Zhang and Huang, 2007; Skoog and Arias-Esquivel,

2009). Fe is most closely related to the migration and

transformation of P in soils, rivers, lakes, and reservoirs

(Jensen et al., 1992). Fe is a redox-sensitive element, which is

an important element in the iron–manganese cycle (Stauffer and

Armstrong, 1986). Migration and transformation of Fe are

mainly achieved through the transition between valence states

and the interaction with other surrounding substances, especially

organic matter and P (Taillefert et al., 2000).

The physicochemical characteristics of sediments from lakes,

reservoirs, and rivers control the exchange process of P at the

sediment–water interface. Among them, Fe oxides are one of the

main factors controlling adsorption of P in sediments, especially

amorphous Fe oxides (Feox1) due to their large specific surface

area for high adsorption capacity for P (Zhang andHuang, 2007).

Fe would be reduced, dissolved, and released into the overlying

water, also accompanied by the release of P when the sediment is

in anoxic conditions (Wu et al., 2001). Therefore, total

phosphorus (TP) and total iron (TFe) can usually be used as

important indicators to evaluate the pollution degree of nutrients

in water or sediments. However, only the indicators of TP and

TFe are difficult to truly reflect their ecological characteristics

(Fitzwater et al., 2000). P and Fe exist in different fractions in

sediments, which would be varied in bioavailability and mobility

and thus produce different environmental effects (Babu et al.,

2000). For example, the ratio of Fe-bound P (Fe-P) to Feox1 [(Fe-

P)/Feox1] can be used to predict the potential of P released from

the sediments (Loeb et al., 2008). Therefore, it is of great

significance to study the occurrence fractions of P and Fe in

sediments and the relationships between them for a further

understanding of the geochemical cycles of P and Fe.

A reservoir is an artificial lake formed by building a dam at

the narrow mouth of a ravine or river, and sometimes, a natural

lake is also called a reservoir (natural reservoir). Reservoirs can

significantly alter the flow regime of rivers. In addition, the

reservoir can retain suspended sediments and the nutrients

they carry, thereby affecting the water quality of the reservoir

and downstream rivers and even having an important impact on

the regional ecological environment (Wei et al., 2011; Maavara

et al., 2020). Reservoirs can play the role of reactors in the river

and its drainage area by slowing down the flow rate of rivers,

increasing the residence time of water, and hindering the flow of

substances such as P and Fe. Nutrients such as P are stranded in

the reservoir by biological effects such as adsorption,

precipitation, or assimilation by primary productivity

(Maavara et al., 2015a; Liu et al., 2015). For example,

reservoirs on the Mekong River can trap dissolved P, which

results in significantly higher concentrations of P in the upstream

sediments of reservoirs than in downstreams after long-term

retention of P (Liu et al., 2015). Numerous studies have shown

that between 1970 and 2000, the amount of TP trapped in

reservoirs worldwide nearly doubled, accounting for 12% of

the load of TP in rivers (Maavara et al., 2015b). Moreover,

with the increase of the number of reservoirs, it is predicted

that by 2030, about 17% of the TP in the river will be intercepted

by the reservoir to precipitate into sediments (Maavara et al.,

2015b; Lehner et al., 2011; Maavara et al., 2020). Therefore,

sediments from reservoirs play an important role in the

biogeochemical cycle of nutrients through their ability to

intercept and re-release nutrients (Wang and Liang 2016).

Reservoirs often deposit and intercept a large amount of

sediment input from rivers, which results in pools of organic

matter, P, and Fe. In particular, the sediments are characterized

as a “sink” of iron in the reservoirs. However, with the increase in

the water level in the reservoir, the anaerobic biological activities

in the sediments would result in Fe (III) being reduced to Fe (II)

under anaerobic conditions. In this process, P captured or

combined by part of Fe (III) oxides and hydroxides such as

ferrihydrite and goethite would be released synchronously and

then diffuses into the interstitial water or overlying water (Kim

et al., 2003). Compared with the reservoir, the river is usually in

an oxidizing environment; the dissolved and particulate active Fe

in the river generally exists in the form of Fe (III). The content

and activity of Fe (III) oxides generally control the content and

activity of Fe-P in the river (Poulton and Raiswell, 2005). In the

sediments, different fractions of Fe oxides have obviously

different chemical activities and adsorption affinities, which

not only affect the diagenetic cycle of Fe itself but also affect

some fractions and activity of P (Lalonde et al., 2012). Therefore,

the study of the sediments in the drainage area can deepen the

understanding of the retention of P and Fe in the reservoir.

Reservoirs affect the distribution of P and Fe in the soils or

sediment samples from upstream and downstream and even

affect the geochemical cycle of regional nutrients. At present,

from the knowledge of the authors, there is still little research on

the geochemical cycling of P and Fe together in the soils and

sediments in the watershed.
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This study assumes that the reservoir intercepts P and Fe in

the upstream and has an important impact on the coupled

migration process of P and Fe, which in turn plays an

important role in the downstream and regional P and Fe

cycles. The Xiaoxing’an mountains are one of the northwest-

southeast trending mountain ranges of the Xing’an mountains in

northeastern Asia. The area is rich in water systems, and many

rivers originate here. The Xishan Reservoir is located in the

hinterland of the Xiaoxing’an mountains. It is formed by the

three major water systems of the Dangshi River, Cuiluan River,

and Yao River in the watershed, which finally merge into the

Yichun River. The Yichun River flows into the Tangwang River

from the east and finally joins the Sea of Okhotsk and the Pacific

Ocean through the Tangwang River and Songhua River. As a

result, this area has formed a complete river system from

Xiaoxing’an mountains to the Xishan Reservoir to the Yichun

River and finally into the Pacific Ocean. The migration and

transformation processes of P and Fe in this drainage area would

also have an important impact on the nutrient migration cycle in

the Xiaoxing’an mountainous area and even in the downstream

area. Therefore, the Xishan Reservoir and its drainage area in

Northeast China were selected as the study site to analyze the

fractions of P and Fe together in soils and sediments. The

relationships between P and Fe characteristics and differences

in P and Fe fractions in the soil sample upstream, riverine, and

reservoir’s sediment samples were analyzed. The sources of P and

Fe in the reservoir sediments and the interception effect of the

reservoirs on various fractions of P and Fe from typical forest

natural sources were discussed. Finally, the influence of dam

construction on the geochemical cycle of P and Fe together and

its effect on water quality were further analyzed.

Materials and methods

Study sites and sampling

Xiaoxing’an mountains are located in Yichun City,

Heilongjiang Province, Northeastern China. The region has a

large number of rivers and abundant water systems, particularly

including the rivers in the Heilong River system, such as the Xun

River (also named the Xunbiela River), the Zhan River, the

Wuyun River, and the rivers in the Songhua River system,

such as the Hulan River and Tangwang River. Xiaoxing’an

mountains act as the watershed between the Heilong River

system and the Songhua River system. There are many lakes,

artificial reservoirs, and dams in this region, such as the Shankou

Reservoir, Dadingzishan Reservoir, Guanmenzuizi Reservoir,

FIGURE 1
Study area and location of the sampling sites.
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Kuerbin Reservoir, and Jingpo Lake. The Xishan Reservoir is one

of the large artificially constructed reservoirs on the Yichun River

built in year 2009 (Figure 1). The Yichun River is the upper

reaches of the Tangwang River and Songhua River. The Xishan

Reservoir covers an area of 11.54 km2 and controls a drainage

area of 1,613 km2. Within the drainage area of the Xishan

Reservoir, the forest coverage rate is 97.5%, the proportion of

the agricultural cultivated land is small, the population density is

only one person per 4 km2, and the pollution induced by human

activities is small. Thus, P and Fe in the drainage area mainly

come from natural sources. Since the construction of the

reservoir, the range of the TP concentration in the overlying

water has varied from 0.01 to 0.15 mg L−1, and the range of the

TFe concentration has varied from 0.05 to 1.30 mg L−1

(unpublished data from the Ecological Environment

Monitoring Station of Yichun City, Heilongjiang Province).

The background values of TFe and TP in the drainage area of

the Xishan Reservoir are high, which may interact strongly and

influence the biogeochemical cycling of P and Fe on each other.

Therefore, the drainage area of the Xishan Reservoir was selected

to study the effect of the dam on the geochemical cycling of P and

Fe from natural sources in the Xiaoxing’an mountains.

At the end of May and beginning of June 2021 (flood season),

sediment samples (about 0–10 cm) of the Xishan Reservoir and

its upstream were collected with a mud grab, and surface soil

samples (about 0–10 cm) of typical points of the upstream were

collected with a shovel (Figure 1). The samples were briefly

described as follows: sites S1 to S8 are the sediment samples from

the reservoir; sites R1 to R14 are the sediment samples from the

upstream; and sites R1-S to R14-S are the surface soil samples

along the upstream. The sampling sediment and soil samples

were transported to the laboratory in airtight plastic bags and

placed in cold storage on dry ice. Then, samples were lyophilized,

ground to powder, and stored at 0 to −20°C until analysis.

Chemical property and sequential
extraction of P

The composition characteristics of elements and oxides in

sediments and soils were analyzed by using an energy dispersive

X-ray fluorescence spectrometer (model FDX-8100). The

content of TP in sediment and soil samples is analyzed by the

SMT method (Ruban et al., 2001), which is briefly described as

follows: 0.20 g of the sediment sample was added and calcined in

a muffle furnace at 450°C for 3 h. Then, 20 ml of 3.5 mol L−1 HCl

was added to the treated samples and shaken for 16 h to extract

TP. After centrifugation, the supernatant was taken, and the

concentration of TP was analyzed by the use of the molybdate

blue method (Murphy and Riley, 1962).

Phosphorus fractionation schemes are used, basically

following Psenner (1988) and improved by Rydin (2000),

which are widely used in the study of P fractions, migration,

and transformation in soils and sediments (Fytianos and

Kotzakioti, 2005; Zhu et al., 2013). The details are as follows:

take an appropriate amount of sediment or soil samples, add

25 ml of 1 mol L−1 NH4Cl, extract for 2 h at pH 7, centrifuge and

filter, take the filtrate, and measure the loosely sorbed P (L-P) in

the samples; then, add 0.11 mol L−1 Na2S2O4/NaHCO3 to the

residue of the previous step for 1 h, centrifuge and filter, and take

the filtrate to measure the iron-bound phosphorus (Fe-P); then

add 0.1 mol L−1 NaOH to the residue of the previous step for

16 h, centrifuge and filter, and take the filtrate to measure the

aluminum-bound P (Al-P); then add 0.5 mol L−1 HCl to the

residue of the previous step for 16 h, centrifuge and filter, and

take the filtrate to measure calcium-bound P (Ca-P). The

fractions of P in the extract were determined by the

molybdate blue colorimetric method. Residual P (Res-P) can

be calculated by subtracting the aforementioned extracted P from

TP. The P fractions in each filtrate were measured three times,

and the average value was reported.

Sequential extraction of Fe in sediment
and soil samples

Weigh a certain amount of sediment samples, digest them

with HCl and HNO3, and dilute them, and the content of TFe in

soil and sediment samples should be analyzed by

o-phenanthroline spectrophotometry (Zhong, 2010). The

fractions of Fe in soil and sediment samples are analyzed by

the method of a sequential extraction protocol reported by

Poulton and Canfield (2005) and Yang et al. (2016). The

sequential extraction of Fe is briefly described as follows:

weigh 0.20 g of the sediment or soil sample into a centrifuge

tube, add 20 ml of 1 mol L−1 MgCl2 (pH 7) solution, shake at

room temperature for 2 h, centrifuge for 10 min (4,000 r min−1)

and separating, repeat this step twice, take two times of the

supernatant, and mix it to obtain adsorbed Fe (II) to be

measured; add 20 ml of 1 mol L−1 NaAc (pH 4.5) solution to

the residue of the previous step, shake at 50°C for 48 h, centrifuge

for 10 min (4,000 r min−1) for separation, repeat this step twice,

take two times of the supernatant, andmix it to obtain carbonate-

bound Fe (Fecarb) to be measured; add 20 ml of 1 mol L−1

hydroxylamine hydrochloride (25% acetic acid) solution to the

residue of the previous step, shake at room temperature for 48 h,

centrifuge for 10 min (4,000 r min−1) for separation, repeat this

step twice, take two times of the supernatant, and mix it to obtain

easily reducible (amorphous) Fe oxide (Feox1) to be measured;

add 20 ml of 50 g L−1 sodium dithionite (0.35 mol L−1 acetic acid/

0.2 mol L−1 trisodium citrate, pH 4.8) to the residue of the

previous step, shake at room temperature for 2 h, centrifuge

for 10 min (4,000 r min−1), repeat this step twice, take two times

of the supernatant, and mix it to obtain reducible (crystalline) Fe

oxide (Feox2) to be measured; add 20 ml of 0.2 mol L−1

ammonium oxalate/0.17 mol L−1 oxalic acid (pH 3) solution to

Frontiers in Environmental Science frontiersin.org04

Bing et al. 10.3389/fenvs.2022.998046

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.998046


the residue of the previous step, shake at room temperature for

4 h, centrifuge for 10 min (4,000 r min−1) for separation,

repeat this step twice, take two times of the supernatant,

and mix it to obtain the magnate (Femag) to be measured;

add 10 ml of 12 mol L−1 concentrated hydrochloric acid to the

residue of the previous step, heat to boiling for 1 min, fix the

volume, and pass through the imported PES water system

needle filter (0.45 μm) to obtain the low-activity silicate-

bound Fe (Feprs) solution to be measured. Various fractions

of Fe in the extract were determined by ICP-OES or

phenanthroline spectrophotometry. The Fe fractions in

each supernatant were measured three times, and the

average value was reported.

Analysis of P adsorption and desorption
equilibrium in sediments

According to the methods of Hoffman et al. (2009) and

Nair et al. (1984), the adsorption isotherms of P (represented

by phosphate) in sediment samples from the Xishan Reservoir

are carried out to analyze the adsorption and desorption

characteristics of P in sediments from the Xishan Reservoir.

Finally, the equilibrium concentration for adsorption and

desorption of P (EPC0) was analyzed. The experimental

method is described briefly as follows: a series of P

concentration gradients are configured, that is, the P

concentration gradients prepared with potassium

dihydrogen phosphate (KH2PO4) are that 0.000, 0.010,

0.020, 0.025, 0.050, 0.100, 0.200, 0.400, and 0.800 mg L−1,

sediment and P-containing solutions of different

concentrations are added according to the water–soil mass

ratio of 100:1, and oscillated at 25°C for 48 h at room

temperature; after centrifugation, the supernatant is taken

and filtered through a 0.45-µm membrane, and then, the P

concentration in the supernatant is determined by molybdate

spectrophotometry. The adsorption capacity Q (g kg−1) of the

unit mass sediment is calculated according to the following

formula:

Q � (C0−Ce) × V/W

Here V is the volume of the solution added to the sample (L);

W is the weight of the dry sediment sample (g); C0 is the P

concentration in the original solution (mg L−1); Ce is the P

concentration in the solution after the experiment (mg L−1).

The adsorption/desorption equilibrium concentration can be

calculated by the regression method.

When the concentration is low (Stumn and Morgan, 2012),

Q � m × Ce −NAP

where Q is the adsorption capacity (mg kg−1); Ce is the

equilibrium mass concentration (mg L−1); NAP is the

sediment background-adsorbed P (mg kg−1); and m is the

slope, which can be used to measure the P adsorption

efficiency of sediments.

Statistical analyses

Pearson correlation analysis was applied to discuss the

possible correlation of different fractions of P and Fe in

sediments and soils. An independent sample t-test was used

to explore the significant differences in P and Fe fractions in the

sediment or soil samples from the reservoir and its upstream.

Data were processed and analyzed by Excel 2019 and IBM SPSS

statistics 26. Some figures were drawn by Origin 2018, and

ArcGis 10.8.1 is also used for geological statistical analysis and

mapping.

Results and discussion

Chemical properties of sediments and
soils

SiO2 is the main oxide in the soil and sediment samples,

which accounted for an average of 66.7% (Figure 2). The other

components of oxides are decreasing in the order of their relative

proportions: Al2O3, Fe2O3, K2O, CaO, and MnO (Figure 2). The

relative proportion of Al2O3 varied from 18.0 to 23.0%, with an

average of 20.5%. The relative proportion of Fe2O3 varied from

4.4 to 8.4%, with an average of 6.2%. The relative proportion of

K2O varied from 2.4 to 3.6%, with an average of 2.9%. The

relative proportion of CaO varied from 0.8 to 4.4%, with an

average of 2.0%. The relative proportion of MnO varied from

0.1 to 0.3%, with an average of 0.2%. Al oxides, Fe oxides, Ca

oxides, and Mn oxides are generally considered to be closely

related to the migration and transformation of P, especially Fe

oxides and Mn oxides (Zhu et al., 2016). The distribution

characteristics of Fe oxides and Mn oxides in the soil and

sediment samples of the watershed are decreasing in the order

that soils > riverine sediments > reservoir sediments. The

distribution characteristics of Al oxides are in the inverse

order, which indicates that the inert Al oxides are gradually

accumulated with the migration from soil to river and reservoir

sediments. Compared with the average abundance of Al oxides in

the upper crust of the Earth (Taylor and Mclennan, 1995), the

upper crust of Eastern China (Yan et al., 1997), the Yangtze and

Yellow River sediments (He and Liu, 1997), and the river

sediments globally (Viers et al., 2009), the proportion of

oxides such as Al2O3, Fe2O3 and MnO in the soil and

sediment samples of the Xishan Reservoir watershed is

relatively high, which is likely related to the high background

values of these metal oxides in the watershed. This may have an
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important impact on the cycle of P in the Xishan Reservoir

watershed.

The spatial distribution of TP content in soil and sediment

samples of the Xishan Reservoir watershed is obviously

different (Figure 3). The range of TP contents in soil and

sediment samples varied from 574.4 to 7014.3 mg kg−1. The

minimal value of TP was the sediment located at site R8 of the

Cuiluan River. The maximal value of TP was the soil located at

the site of R6-S of the Yao River. The average concentration of

TP in the sediments from the upstream is 1444.7 mg kg−1,

which is slightly lower than the average concentration of TP in

the soil (1631.9 mg kg−1). However, at some sites, such as R1 in

the Yao River and R9 and R10 in the Cuiluan River, the TP

content in the riverine sediments was significantly higher than

that in the soils. For different rivers in the upstream, the TP

content in the sediments from the Yao River is relatively high,

with the distribution characteristics of TP in the sediments

increasing from the upstream to the downstream. The

watershed of the Yao River has a large area, a large amount

of vegetation is distributed, and organic matter accumulated

in the soil, which would result in an accumulation of TP in the

sediments of the river with runoff. The sediments of river are

easy to adsorb P in the water, which would result in an

accumulation of P from upstream to downstream with the

FIGURE 2
Compositions of SiO2 (A), Al2O3 (B), Fe2O3 (C), K2O (D), CaO (E), andMnO (F) in sediments, soils, and reservoir’s sediments in the upstreamof the
Xishan Reservoir.
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river flow direction (Bowes et al., 2003). For the Dangshi River

and Cuiluan River, the TP contents of soils and sediments

were both slightly lower than those in the sediments from the

reservoir, which may indicate the migration process of P from

soil to river sediments and then accumulate in the reservoir

finally.

Contents of TFe varied from 11.98 to 32.77 mg g−1, with an

average of 23.17 mg g−1 in soil and river sediment samples from

upstream (Figure 4). Generally, the TFe contents in the soils were

higher than those in the sediments from different rivers. The TFe

contents varied from 24.98 to 36.42 mg g−1, with an average of

32.3 mg g−1 in sediments from the reservoir. The TFe content in

the sediments from the reservoir was significantly higher than

that in the soils and sediments from upstream (p < 0.05). The

distribution of TFe at different sites in the reservoir varied in a

narrow range but showed the accumulation of Fe sourced from

upstream. Generally, the dam showed the interception of TP and

TFe together (Liu et al., 2015; Maavara et al., 2020), which likely

FIGURE 3
Spatial distribution characteristics of the TP content in soils
and sediments of the Xishan Reservoir drainage area.

FIGURE 4
Spatial distribution characteristics of the TFe content in soils
and sediments of the Xishan Reservoir drainage area.

FIGURE 5
Fractions (A) and proportion (B) distribution of P in typical
surface sediments and soils in the Xishan Reservoir drainage area.
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played an important role in the transformation of P and Fe

together in the watershed.

Characteristics of P fractions in sediments
and soils

The contents and relative percentage of different P

fractions in soil and sediment samples from the upstream

were decreasing in the order such that Res-P > Al-P > Ca-P >
Fe-P > L-P. However, the sediment samples in the reservoir

were decreasing in the order such that Res-P > Al-P > Fe-P >
Ca-P > L-P (Figure 5). L-P is considered to be readily released

into the overlying water, which is a very active component of P

in the soils and sediments. L-P contains P loosely bound to

CaCO3, or P leached from decaying cells in bacterial biomass

and plant debris aggregated in sediments, and soluble P in

pore water, representing the most bioavailable form of P

(Gonsiorczyk et al., 1998; Pettersson, 2001). The contents

of L-P ranged from 0.34 to 9.42 mg kg−1, accounting for only a

small part of TP, with a relative proportion of <1% in the soil

and sediment samples from the Xishan Reservoir watershed.

The average values of the L-P content were 3.94 mg kg−1,

3.40 mg kg−1, and 6.40 mg kg−1 in the soils, riverine

sediments, and reservoir’s sediments, respectively. The L-P

tends to accumulate gradually from soils to river sediments

and then to reservoir sediments.

Fe-P and Al-P represent the main metal-bound (especially Al

and Fe oxides) bioavailable P fractions. When the redox

conditions, pH, and other environmental conditions at the

sediment–water interface are changed, these two fractions of P

can be converted into soluble P and bioavailable for the growth of

phytoplanktons (Ting and Appan, 1996). The average content of

Fe-P in all soil and sediment samples was 60.61 mg kg−1. The

average content of Fe-P was 39.61 mg kg−1 and 46.08 mg kg−1 in

the soil samples and riverine sediments, respectively. The content

of Fe-P ranged from 77.82 to 170.23 mg kg−1, with an average

value of 110.30 mg kg−1 in the sediments from the reservoir.

These results also indicated that Fe-P also gradually accumulated

from soils to riverine sediments and then to reservoir’s

sediments. In anaerobic conditions, Fe-P would be released

with the reduction and dissolution of Fe (III). Also, in

alkaline conditions, Fe-P will be released due to the

competition between OH− and HPO4
2- for effective adsorption

sites (House and Denison, 2000). Thus, the results may indicate

that the dam interception promotes the contribution of Fe-P to

the overlying water of reservoirs and their downstream. In

addition, Al-P is the main form of P in the soils and

sediments, whose content ranged from 243.96 to

900.73 mg kg−1, with an average of 493.08 mg kg−1, accounting

for 41.0% of TP. Among these, the average content of Al-P was

504.72 mg kg−1, 416.49 mg kg−1, and 571.36 mg kg−1 in soils,

riverine sediments, and reservoir’s sediments, respectively.

The average content of Ca-P is 70.33 mg kg−1in the soil and

sediment samples. Ca-P is generally composed of clastic

carbonate-bound P and authigenic apatite-bound P. Apatite in

sediments is the only phosphate rock that maintains its original

form for a long period (Pettersson et al., 1988). Therefore, Ca-P is

generally considered to be relatively inert, which would be buried

in sediments (Ma et al., 2022). Also, Ca-P is likely gradually

released under some special conditions, such as acidic conditions

(Ni et al., 2016). The average content of Ca-P was 75.57 mg kg−1,

73.34 mg kg−1, and 58.72 mg kg−1 respectively, in the soils,

riverine sediments, and reservoir sediments. The content of

Ca-P in the sediments of the reservoir is relatively low, which

is likely due to the weak ability of migration and transformation

of Ca-P. Res-P is mainly a stable mineral-bound inert P, as well as

some lignin and organometallic complexes (Ivanoff et al., 1998),

which is also generally considered as a stable chemical

component (Turner et al., 2005). The content of Res-P in the

soil and sediment in the Xishan Reservoir drainage area changed

from 100.93 to 6346.49 mg kg−1, with an average value of

910.99 mg kg−1, accounting for 47.0% of TP. Some riverine

sediment and soil samples have low content of Res-P, such as

sites of R8, R11-S, and R13-S, which may be closely related to the

high content of organic matter and low inert mineral

components.

The principal component analysis of P fractions was carried

out for the soil and sediment in the Xishan Reservoir watershed

(Figure 6). The results showed that P in the sediments from the

reservoir is in the same phase as some soils and riverine

sediments in the upstream. Among them, R1-S1 and R1-S2

samples were located in the mouth of the Yao River, near to

the sites of S1 and S2 in the reservoir, whose characteristics of P

FIGURE 6
Principal component analysis of P fractions in sediments and
surrounding soils of the Xishan Reservoir drainage area.
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fractions were similar. This may indicate that the fractions and

content of P would be changed during the migration and

transformation from the upstream to the reservoir. In

particular, the farther the distance of the migration of P, the

greater the P fractions would be changed.

Characteristics of Fe fractions in
sediments and soils

The contents and proportions of Fe fractions in soils and

sediments of the Xishan Reservoir drainage area decreased in the

order such that Feprs > Feox1 > Fecarb > Femag > Feox2 > adsorbed

Fe (II) (Figure 7). The content of Feprs in the soils and sediments

of the drainage area is the highest, with a content range from

13.74 to 25.84 mg g−1, with an average value of 19.89 mg g−1,

accounting for 83.0% of the TFe content. The average content of

Feprs in the upstream soil was 21.81 mg g−1; the average content

of Feprs in the upstream river sediment was 18.59 mg g−1; the

average content of Feprs in the sediment of the reservoir area was

21.81 mg g−1. It indicated that less Feprs was deposited in the

rivers with fast flow velocity and gradually buried in the

sediments of the reservoir area with the slow flow velocity in

the reservoir. In the surface sediments of the Xishan Reservoir,

Feprs was the main occurrence form, which was significantly

higher than the average content of Feprs in the surface sediments

of Tai Lake (4.92 mg g−1), the world shelf sediments

(8.40 mg g−1), the global river particles (12.11 mg g−1), and the

Yangtze River particles (17.20 mg g−1) (Raiswell and Canfield,

1998; Poulton and Raiswell, 2002).

The variation range of the Feox1 content in soils and

sediments was 3.28–6.72 mg g−1, with an average of

5.05 mg g−1, accounting for about 21.3% of the TFe content.

The average content of Feox1 in the upstream soil was 4.57 mg g−1;

the average content of Feox1 in the upstream river sediments was

5.56 mg g−1; the average content of Feox1 in the sediments of the

reservoir area was 5.22 mg g−1. It can be seen that Feox1 was likely

transferred from the upstream soil to the river and reservoir.

Femag, Feox2, and adsorbed Fe (II) are low at various points,

accounting for 10.1% of TFe on average. Feox1 and Feox2 are

derived from the primary minerals of Fe in sediments and the

products of recrystallization of Fe silicate minerals after

weathering, such as hematite and goethite. The average

content of Feox1 in the drainage area (5.05 mg/g) is lower than

that in the Mississippi Delta sediment rich in Fe (8.12 mg/g)

(Canfield, 1989). The content of Feox2 is lower than that of Feox1
in the Xishan Reservoir drainage area. Femag is the Fe oxide

mixture of Fe (II) and Fe (III). Its content in sediments is always

low, which is mainly from mineral rock debris or volcanic rock

debris, as well as fine-grained marine authigenic magnetite (Yang

et al., 2016). The low content of Femag also indicated that the

biologically controlled magnetite formation mechanism does not

play an important role in the surface sediments of the Xishan

Reservoir (Yang et al., 2016).

The content of Fecarb ranged from 0.27 to 7.77 mg g−1, with

an average of 3.13 mg g−1, accounting for 11.4% of the TFe

content. The content of Fecarb in the upstream soil ranged

from 0.27 to 2.60 mg g−1, with an average of 1.32 mg g−1; the

content of Fecarb in the upstream river sediments ranged from

1.22 to 2.02 mg g−1, with an average of 1.62 mg g−1; the content of

Fecarb in the sediments of the reservoir area ranged from 3.26 to

7.77 mg g−1, with an average of 5.06 mg g−1. Fecarb in the Xishan

Reservoir drainage area was gradually accumulated and increased

from the soils to the riverine sediments and then to the reservoir’s

sediment. The strict conditions for the formation of Fecarb were

that the depositional environment had rich Fe and lack of sulfur

FIGURE 7
Fractions (A) and proportion (B) distribution of Fe in typical
surface sediments and soils in the Xishan Reservoir drainage area.

Frontiers in Environmental Science frontiersin.org09

Bing et al. 10.3389/fenvs.2022.998046

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.998046


and high carbonate contents under the sub oxygen and non-

oxygen levels (Aller et al., 2004). Although the content of

Fecarb in the soils and sediments was low, the fractions of

Fecarb, like the fractions of Feox1 and Feox2, also belong to the

high active Fe (III) (Yang et al., 2016), which is also important

for the cycling of Fe.

Ferrihydrite, lepidocrocite, goethite, hematite, etc. in Feox1
and Feox2 are all the Fe oxides in the form of Fe (III). Their

reduction and dissolution in anoxic conditions contribute to the

formation of siderite and ankerite in crystalline Fecarb in the form

of Fe (II) and may also form layered Feprs. This may result in the

high content of Feprs in the sediments of the drainage area. The

reductive dissolution and reoxidation of Fe (III) to form

authigenic Fe (III) oxides were thought to be the main paths

of the Fe cycle in sediments. The adsorbed Fe (II) in most samples

was almost lower than the detection limit (<0.011 mg L−1), which

meant that most Fe(II) in the water would be deposited on the

surface sediment in the formation of hydroxide, and the content

of soluble Fe (II) cations was low.

The principal component analysis (Figure 8) of Fe fractions

for all samples showed that there is a strong correlation between

Fe in the sediments from the reservoir area and the sediments

and soils from the upstream, which may indicate that Fe in the

sediments of the reservoir area is sourced from the upstream.

Among them, sites of R13 and R13-S are located in the inlet of the

Dangshi River, where Fe fractions are most similar to those from

the sediments in the reservoir. These results may indicate that Fe

in the sediments of the reservoir was mainly sourced from the

upstream, and the contribution of the Dangshi River drainage

area was likely the largest.

Relationships between P fractions, Fe
fractions, and the main metal oxides

The relationships between P fractions and the

compositions of metal oxides in soil and sediment

samples were further analyzed. The results showed that

the sum content of Fe-P and Al-P significantly correlated

with the sum percentage of Al2O3 and Fe2O3 (Figure 9).

There was no significant correlation found between other P

fractions and metal oxides. This indicates that Fe and Al

oxides play an important role in the migration and

transformation of P in the watershed of the Xishan

Reservoir. In particular, Fe oxides and P in soils and

sediments can be combined with each other, exist in a

soluble or insoluble state, or exist independently

(Pflaumann and Jian, 1999), which would influence the

migration and transformation processes of each other.

The correlation analysis between P fractions and Fe

fractions in soil and sediment samples further showed

that Fe-P and Al-P are significantly correlated with

adsorbed Fe (II), Fecarb, Feprs, and TFe (Table 1). This

indicates that adsorbed Fe (II) exists in the form of weak

adsorption, which would be desorbed and released into the

water reactor, acts with other ions (such as PO4
3-), and may

play an important role in the migration and transformation

of Fe and P in the drainage area. Fecarb is also sensitive to the

changes of environmental conditions, such as hydrodynamic

conditions and physical and chemical factors’ change (Wang

et al., 2008). With the decomposition of carbonate, Fe(III)

and Fe(II) will be released from sediments in the form of

active Fe, which will also be complexed or adsorbed with

FIGURE 8
Principal component analysis of Fe fractions in sediments and
surrounding soils of the Xishan Reservoir drainage area.

FIGURE 9
Correlation between the sum of Fe-P, Al-P, Al2O3, and
Fe2O3 ratios in soils and sediments.
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PO4
3- in water. Additionally, Feprs was significantly

correlated with Fe-P and Al-P, which may be closely

related to the coordinated migration and transformation

processes of Fe, Al, and P-containing minerals such as

hematite, bauxite, and fluorapatite in the watershed.

Contents of Ca-P were positively correlated with

contents of Femag but negatively correlated with contents

of Feprs in soil and sediment samples. It is generally

considered that Ca-P is a relatively stable phosphorus

component in sediments, and dicalcium phosphate (Ca2-

P) has certain activity, which is generally considered to be

the most direct source of available phosphorus in soil. In

addition, some microbial metabolic processes can also result

in the solubility of some Ca-P (Lindsay and Moreno, 1960).

Therefore, Ca-P may react with Fe-containing minerals by

increasing solubility or morphological transformation when

environmental conditions change. At the same time, it is also

possible that the source of Ca-P and Feprs was similar. The

mechanisms of migration and transformation of Ca-P at the

watershed scale should be studied further. The correlations

between different fractions of P and Fe in soil and sediment

samples in the drainage area indicated that Fe and Fe oxides,

and Al and Al oxides have an impact on the geochemical

cycling of P, that is, the release of P in sediments is largely

controlled by Fe and Al (Mortimer, 1941).

Implication for geochemical cycling of P
and Fe influenced by construction of an
artificial reservoir

The value of EPC0 is the equilibrium concentration of soluble

reactive phosphate (SRP) for adsorption and desorption by

sediments (Taylor and Kunishi, 1971). When the SRP

concentration of overlying water is lower than the value of EPC0,

P in the sediment would be potentially released into the overlying

water. Inversely, when the SRP concentration in the overlying water

is higher than the value of EPC0, the sediment tends to adsorb P

from the overlying water. The value of EPC0 in the sediments of the

Xishan Reservoir can be found in Table 2. The range of EPC0 varied

from 0.074 to 0.123 mg L−1 in the Xishan Reservoir. Among them,

the value of EPC0 in sediments at site S6 was the largest, which was

0.123 mg L−1. The value of EPC0 in sediments at site S1 was the

smallest, which was 0.074 mg L−1. Based on the long-term

monitoring data on TP concentrations, which ranged from

0.01 to 0.15 mg L−1, of overlying water from the Xishan

Reservoir, it could be inferred that P intercepted by the dam of

the Xishan Reservoir may have shown a release trend to the

overlying water. Due to interception, P and Fe accumulate in the

reservoir, and the content of active P and Fe in the sediment is

enhanced, which may be the source of the high EPC0 value in the

sediment.

TABLE 1 Correlation analysis of P fractions and Fe fractions in soils and sediments of the Xishan Reservoir drainage area (n = 17).

L-P Fe-P Al-P Ca-P Res-P TP

Adsorbed Fe(II) 0.59 0.622** 0.678** −0.067 −0.203 −0.129

Fecarb 0.194 0.719** 0.533* −0.121 −0.175 −0.113

Feox1 0.095 0.221 0.108 0.241 0.295 0.320

Feox2 0.156 −0.280 0.218 −0.477 −0.044 −0.044

Femag −0.164 −0.041 −0.084 0.619** −0.019 −0.014

Feprs 0.171 0.728** 0.713** −0.532* −0.276 −0.209

TFe 0.188 0.782** 0.689** −0.289 −0.203 −0.129

* is the significant correlation at 0.05 level; ** is the significant correlation at 0.01 level.

TABLE 2 P adsorption isotherm equation and the EPC0 value of sediments in the Xishan Reservoir.

Point position Adsorption isotherm equation of P R2 EPC0 (mg L−1)

S1 y = 99.036x–7.3079 0.9967 0.074

S2 y = 96.134x–10.191 0.9970 0.106

S3 y = 85.641x–6.7085 0.9955 0.078

S4 y = 0.0948x–0.0115 0.9974 0.121

S5 y = 94.655x–10.174 0.9934 0.107

S6 y = 0.0932x–0.0115 0.9893 0.123

S7 y = 89.558x–7.6967 0.9949 0.086

S8 y = 96.134x–8.7041 0.9976 0.091
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Generally, L-P, Al-P, and Fe-P are considered as bioavailable P

fractions (Bio-P) in sediments, which are easily released from

sediments in the form of dissolved phosphate for absorption or

utilization by aquatic organisms (Wang and Liang, 2016). The

content of Bio-P in the sediments from the reservoir was

significantly higher than that in soils and sediments from the

upstream (p < 0.05). This is likely due to the fact that Bio-P with

highmobility and bioavailability can be easily released to thewater, or

can directly reabsorb and settle in the form of particles in the

reservoir. Thus, the Xishan Reservoir plays an important role in

intercepting Bio-P from the upstream. After the dam interception,

with the increase of water depth and the change of redox conditions

at the water–sediment interface, the release of Bio-P buried in the

sediment in the reservoir would be enhanced, which would also

increase the concentrations of Bio-P in the downstream water

(Yuepeng et al., 2021). The contents of Ca-P and Res-P in the

soil and sediments upstream were not significantly different from

those in the sediments from the reservoir (p > 0.05). This may

indicate that Ca-P and Res-P were well buried in particles and could

only migrate with particles and accumulate in the sediment of the

reservoir. They are difficult to be dissolved in the overlying water,

which also has little impact on the concentration of P in the overlying

water. Research has shown that almost half of the global reservoirs

retain 80% or more of the inflow sediment (Vӧrӧsmarty et al., 2003).

This may indicate that Ca-P and Res-P are the main P fractions

intercepted by the dam and buried for a long time.

The highly active Fe and P are easy to interact with the

reservoir. The distribution of P in sediments depends not only on

TFe but also on the fractions of Fe. Feox1 with a large surface area

has a strong adsorption capacity for P, and Feox2 also has a certain

adsorption capacity for P, but it is much weaker than Feox1
(Baldwin, 1996). Feox1 and Feox2 account for 17.40% of the TFe

content in the sediment of the Xishan Reservoir, which may play

an important role in the adsorption, sedimentation, and final

interception of P in the reservoir. However, the synergistic release

capacity and intensity of highly active fractions of Fe and active P

in the sediment of the Xishan Reservoir would be enhanced after

the dam interception. This would continue to influence the water

quality of the downstream water flow, which has a great impact

on the concentrations of P and Fe together in the downstream

water under anaerobic conditions further. Due to the numerous

rivers and dams in the Xiaoxing’an mountains, the interception

of P and Fe by artificial reservoirs may have an important impact

on the geochemical cycle of P and Fe in the region further.

Conclusion

The contents and relative proportions of P fractions were

decreasing in the order such that Res-P > Al-P > Ca-P > Fe-P >
L-P in the soil and sediment in the Xishan Reservoir watershed.

The contents and relative proportions of Fe fractions were

decreased in the order such that Feprs > Feox1 > Fecarb >

Femag > Feox2 > adsorbed Fe (II). There were significant

correlations between Fe-P, Al-P, and adsorbed Fe (II), Fecarb,

Feprs, and TFe. Ca-P was significantly correlated with Femag and

Feprs. The content of Bio-P (L-P, Al-P, Fe-P) in the sediment of

the reservoir is significantly higher than that in the soil and

sediment from upstream. The reservoir plays an important role

in intercepting Bio-P from the upstream. The highly active Fe

and P are easy to interact with the reservoir. However, the

synergistic release capacity and intensity of highly active

fractions of Fe and active P in the sediment of the reservoir

would be enhanced after the dam interception under anaerobic

conditions further. This also has a great impact on the

concentrations of P and Fe together in the reservoir and its

downstream water further. Due to the numerous rivers and dams

in the Xiaoxing’an mountains, the interception of P and Fe by

artificial reservoirs may have an important impact on the

geochemical cycle of P and Fe in the region and even the

oceans in the future.
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