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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� We examine biotic and abiotic pro-
cesses driving organic phosphorus
fractionation.

� Organic matter composition and mi-
croorganisms play the most key roles.

� Calcium ions govern the dominant
fraction by forming organic phos-
phate salts.

� Effects of iron and aluminum oxy-
hydroxides relate to their concentra-
tion levels.

� There are two fates for labile organic
phosphorus pools during degrada-
tion process.
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a b s t r a c t

The amount of organic phosphorus (OP) and its distribution among different pools in lake sediments
depends on biotic and abiotic processes driving the OP fractionation. Key environmental factors gov-
erning these transformations processes between OP fractionations in sediments were studied on the
basis of geochemical characteristics of OP pools in relation to environmental factors in the sediments.
The results illustrate that the factors influencing the accumulation or depletion of different OP pools
were intrinsically dependent on the composition of the deposited organic matter (OM). During the
mineralization of the OM the microorganisms excrete the enzyme alkaline phosphatase, accelerating the
OP hydrolysis, and thereby setting the grounds for the bacterially-mediated oxidation of OM. There are
two main degradation products of the labile OP pool (LOP) and the moderately labile OP pool (MLOP):
Either the OP is transformed to a dissolved organic or inorganic P form, and thereby released to water
column, or OP is transformed to a non-labile OP pool and stored in the sediments. A comparative study
showed that oxy-hydroxides of iron (Fe) and aluminum (Al) only played an important role in influencing
OP fractionation in Lake Wuliangsuhai, while the complexation reactions of OP with calcium ions and
sorption to its minerals are key factors governing the OP fractionation in the two alkaline lakes. It is
worth noting that a significant correlation between the FeeP pool and the pools of LOP and MLOP

* Corresponding author. College of Environment and Resources, Inner Mongolia
University, Huhhot 010021, China.
** Corresponding author. College of Environment and Resources, Inner Mongolia
University, Huhhot 010021, China.

E-mail addresses: lcw2008@imu.edu.cn (C. Lü), ndjhe@imu.edu.cn (J. He).

Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere

http://dx.doi.org/10.1016/j.chemosphere.2015.11.038
0045-6535/© 2015 Elsevier Ltd. All rights reserved.

Chemosphere 145 (2016) 125e134

mailto:lcw2008@imu.edu.cn
mailto:ndjhe@imu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2015.11.038&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
http://dx.doi.org/10.1016/j.chemosphere.2015.11.038
http://dx.doi.org/10.1016/j.chemosphere.2015.11.038
http://dx.doi.org/10.1016/j.chemosphere.2015.11.038


indicates that the degradation of the rather labile OP pools are highly dependent on the iron redox
reaction.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The importance of organic phosphorus (OP) as potentially
bioavailable phosphorous (P) pools has been increasingly recog-
nized (Turner et al., 2005). Recent studies on OP decomposition
(Dyhrman et al., 2006; Sa~nudo-Wilhelmy, 2006; Stets and Cotner,
2008), fractionation (Ivanoff et al., 1998; Turner et al., 2005;
Zhang et al., 2008; Zhu et al., 2013), compounds identification
mainly by 31P NMR (nuclear magnetic resonance spectrum) (Turner
and Leytem, 2004; Ahlgren et al., 2005, 2006; Zhang et al., 2009; Xu
et al., 2012) and their bioavailability (Dyhrman et al., 2006; Sa~nudo-
Wilhelmy, 2006; Stets and Cotner, 2008) have strongly enhanced
the knowledge of the role, impact and fate of OP in the environ-
ment. However, there still exists knowledge gaps’ regarding the
factors driving the underlying processes governing the size and
distribution of OP pools in lake sediments.

The accumulation and distribution of OP in the sediment are
known to be greatly influenced by physical and chemical conditions
in the environment, such as the major cations composition and
redox potential, and biological factors, such as microorganism ac-
tivities, as well as the characteristics of the organic matter (OM).
The chemical factors govern the complexation, adsorption or
desorption, and precipitation or dissolution processes. OM usually
form strong complex organoemineral associations with polyvalent
cations (Fe3þ, Al3þ, and Ca2þ). Moreover, the presence of these
polyvalent cations may increase the adsorption capacity OP to the
sediments by constituting a positively charged bridge between the
negatively charged clay or organic sediments surfaces and the
orthophosphate ions or organic anions. In additions these poly-
valent ions may react with the OP to form insoluble organic
phosphate salts precipitating onto the sediments surfaces
(Anderson and Arlidge,1962; De Groot and Golterman,1993; House
and Denison, 2002; Celi and Barberis, 2005).

OP pools in the sediments are also intrinsically linked with the
composition and physiochemical characteristics of the originally
deposited OM (Oluyedun et al., 1991). The driving factors governing
the rate of accumulation and degradation of OM and OP bear
therefore naturally close resemblance. The importance of enzymes,
such as phosphatases, nucleases and phytase, in the breakdown of
OP compounds has been well documented, while the abiotic
pathways for the degradation of OP compounds have received
substantially less attentions (Turner et al., 2005). Since 2000, more
attentions has been given on the significance of OP degradation on
water column P (Søndergaard et al., 1996; Rydin, 2000; Kaiserli
et al., 2002; Spears et al., 2007) and the adsorption of OP com-
pounds onto pure reactive Fe oxides (Celi and Barberis, 2005;
Ruttenberg and Sulak, 2011). A dynamic mechanism may be
involved in the stabilization of OP in sediments during the early
diagenetic process, such as the dynamic transformation between
OP pools driven by the abiotic process, the relations of OM fractions
with OP fractionations, effects of abiotic factors or process in
regulating the size and distribution of OP pools in lake sediments
(e.g. Fe and Al oxyhydroxides, calcium ions and its minerals,
ammonification and nitrification). However, little is known about
thesemechanism, especially relevant studies in aquatic systems are
limited (Rietra et al., 2001; Turner et al., 2005; Huang and Zhang,
2010; Xu et al., 2013). Accordingly, the objects of this study

therefore were to (1) investigate the characteristics of OP frac-
tionations in sediments, (2) interpret the geochemical information
derived from the correlations between OP pools and the OM
composition and physiochemical characteristics, (3) highlight the
role of complexation and precipitation reactions with polyvalent
cations in stabilizing OP pools in lakes sediments, (4) assess the
factors that govern the distribution of OP pools in aquatic envi-
ronment. This article aims to provide a better understanding of the
geochemical processes governing the distribution of OP pools in
lake sediments.

2. Materials and methods

2.1. Study area

Lake Wuliangsuhai (WLSH) (40�460-41�080N, 108�410-108�580E)
located in the Inner Mongolia plateau at 1019m a.s.l. Even though it
is the largest lake (333 km2) in the Yellow River basin, China, it is
rather shallow with a mean depth of only 0.7 m. The climate of the
watershed is dry with only 200 mm average annual precipitation
along with a mean annual air temperature of 6.5 �C, fuelling a
potential evaporation of 2200 mm/yr. The major source of water to
the lake is from farmland drainage of the Hetao Irrigation District,
flowing into the lake through the Main Canal, the Eighth Canal and
the Ninth Canal (Fig. 1). Due to heavy nutrients loads from the
Hetao agricultural region, it has turned into a macrophyte-domi-
nated aqueous system where Phragmites communis Trirn and
Potamogeton pectinatus L. are the two dominant species among only
eleven species of macrophyte recorded in the lake. More than half
of the lake is covered by emergent vegetation, mainly Phragmites
communis Trirn (Fig. 1). This heavy growth of macrophytes leads
annually to a 9e13 mm thick layer of fresh plant litter in the lake
bottom, which rests on a sediment layer consisting primarily of
organic matter (Lü et al., 2008).

2.2. Sediment sampling

Sediments from Lake Wuliangsuhai were sampled in August
2011. The surface sediments (0e10 cm) were collected using a KC
collector mod B (Swedaq), while sediment cores were sampled
applying a SA Beeker collector (Eijkelkamp). Three sediment cores
named WLSH7 (44 cm), WLSH9 (44 cm), and WLSH11 (100 cm)
(Fig. 1) were sectioned into 2-cm slices immediately after collection
and stored in sealed polyethylene bags. Samples were transported
to the laboratory in iceboxes (<4 �C). At the laboratory the sedi-
ments were freeze-dried, ground gently in a mortar and sieved
through a standard 100-mesh sieve prior to analysis. Simulta-
neously, overlying water samples were collected for all sampling
sites for determination of dissolved OP (DOP). These water samples
were filtered through 0.45mmpolycarbonate filters, acidified to pH
1.0 with hydrochloric acid, and stored refrigerated in glass bottles.
In addition, physiochemical data of sediments and overlying water
that were sampled in a similar manner from Lake Hulun (HLH) are
included in this study. See description detailed in Supplementary
Material (SM) Text S1.1 and Fig. S1.
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