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ABSTRACT

In water bodies, the information on the chemical forms of phosphorus (P) in sediments may be useful for
understanding if these act as sinks or sources of P, and how the distribution of P species affects rehabilitation
strategies that involve immobilization of P in sediments. Phosphorus fractions extracted from lake sediments can
be characterized as weakly adsorbed P, P bound to metal oxides (mainly iron and aluminum), and P bound to
calcium. Ferric and manganese oxides have an important role in the mobility of P in sediments because as these
oxides are reduced and solubilized under anaerobic redox conditions, P may be released from sediments to
aqueous phases. Therefore, sequential extractions of P in sediments allow determining internal P loads in lakes
and reservoirs. In this paper, we evaluate the fractions of P in sediment profiles from a eutrophic reservoir in
central Mexico. The results indicate an internal P load (IPL) of 23,5 £ 1,4 t/yr. Analyzing the behavior of
fractions of P in sediment profiles, we found that the dominant fractions are those bound to iron and aluminum
oxides, corresponding to approximately 50 % of total P. Since P concentrations of these fractions were twice as
high in the top 5-cm of the sediment profiles and decreased with increasing depth, we concluded that these
fractions contribute most to the internal P load in the reservoir. We further discuss how these P loads may be

influenced by rehabilitation strategies such as application of adsorbents or hypolimnetic oxygenation.
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INTRODUCTION

Phosphorus (P) is the nutrient that most often
limits primary productivity in water bodies and
excess concentrations of this nutrient can lead to
eutrophication of lakes and reservoirs [1]. Despite
efforts to control P loads through reducing external
inputs, it has been observed that eutrophication
problems may continue in water bodies due to
internal P loads [2-3]. Phosphorus is bound in both
organic and inorganic fractions of the sediment, and
occurs in the water column as particulate inorganic
and organic P, as polyphosphates, and
orthophosphates [4]. Phosphorus may accumulate in
the sediment from where, under anaerobic
conditions, it is released to the water column [5-7].
In this context, several studies have been conducted
to better understand the factors affecting the P
release from sediments [7-9], finding that redox
conditions, pH, dissolved oxygen, nitrates, sulfates,
and bacterial activities are the main factors that
control the release of P from sediments [9].

Depending on the composition of the sediment,
the sedimentation velocity and the environmental
conditions, P occurs in sediments in different
chemical forms [10]. Therefore, information on the
different chemical species of P in sediment is useful

for understanding if these solids act as sinks or
sources of P. The different fractions of P are useful
to assess the potential of accumulation or release of
P in sediment and to determine rehabilitation
strategies for eutrophied water bodies. Of special
interest are the binding of P to iron, aluminum and
calcium, and the adsorption of P by carbonates and
clays are [11]. According to Psenner et al. [12],
fractions of P extracted from sediments can be
characterized as (1) weakly adsorbed P, (2) P bound
to metal oxides (mainly iron and aluminum), and (3)
P bound to calcium.

Iron and aluminum have an important role in
retaining inorganic P, and P mobility depends on the
redox potential. Iron sulfide formation coupled to
sulfate reduction can reduce the abundance of Fe
compounds that can complex phosphate and thereby
promote its release into sediment porewater [13-14].

Since the sequential extraction of P in sediment
makes it possible to determine the P potentially
available for release, in this paper we evaluate the
fractions of P in sediment profiles from a eutrophic
lake in central Mexico, to determine the
contributions of each fraction to the internal P load
(IPL) and how these influence rehabilitation
strategies aimed at immobilizing P in the bottom
sediments.
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The present study was carried out in a eutrophied
lake located in central Mexico that is used for
tourism, fishery, and water supply in Toluca and
Mexico City. This reservoir has a surface area of
approximately 1,680 ha, an average volume of
328 Mm®, average depth of 19.5 m, and a maximum
depth of 36 m close to the dam northwest of the
reservoir (Figure 1).

The reservoir is located at approximately 1,800
meters above sea level in an area with temperate and
semicalid and subhumid climate with summer rains,
temperatures varying between 12 and 22 °C, and
annual precipitations, between 1,000 and 1,500 mm.
The dam receives water from six tributaries: the
Amanalco, Molino and Tizates rivers, and the Santa
Ménica, Gonzalez and El Carrizal streams. The
hydrological basin has an extension of 615 km? a
human population of close to 80,000 habitants, and
the land uses include forestry, agriculture, grassland,
livestock, fish culture, and urban areas. In the basin
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dominate volcanic soils since 74% of the total area
of the basin is covered by volcanic rock [15]. The
sediment textures in the reservoir is clayey silt with
high contents of organic matter [16] and, according
to Villanueva-Beltran [17], the reservoir receives
approximately 66 t/yr of P, 245 t/yr of N and
14.117 t/yr of suspended solids from the watershed.

MATERIALS AND METHODS

Sediments were sampled with a gravity core
sampler (Wildco Wildlife Supply Co., New York)
equipped with a 4.8-cm diameter, 50.8-cm length
cellulose acetate butyrate liner. Sediments cores
were obtained from three sampling sites at different
depths (about 6, 20 and 33 m, Figure 1). The upper
25 c¢cm of the cores were divided in 5-cm sections
that were dried at room temperature to constant
weight.
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Fig. 1. Location of the sampling stations in the Valle de Bravo reservoir, Mexico

A selective extraction method was used to
determine the amounts of P present in different
fractions of each section of the sediment cores. For
this, different solvents were used in the sequence
illustrated in Table 1. The analysis of Soluble
Reactive P (SRP) and Total P (TP) were performed
using a colorimetric method [18] (Merck Pharo 300
spectrophotometer, Darmstadt, Germany). Non-

Reactive P (NRP) was defined as the difference
between the total P and SRP.

The following species were separated: labile P
(H,O-TP), P bound to Fe/Mn (bicarbonate-dithionite
fraction, BD-SRP), organic P solubilized by
reduction (bicarbonate-dithionite fraction, BD-
NRP), Pbound to Al/Fe oxides (NaOH-SRP), P
bound to organic matter (NaOH-NRP), P bound to
carbonate and apatite (HCI-SRP), Organic P



5™ 12SM —Montreal (Canada), July 10-13, 2016

solubilized by acidification (HCI-NRP), and residual
P (K;S,05-TP).

Table 1. Extraction procedures and corresponding P-
fractions [12]

Solvent Extraction P species
conditions
O,-free water Stirring H,O-TP (labile
(MilliQ) 10 min, 25° C P)
Bicarbonate- Stirring BD-SRP (P
dithionite 30 min, 40°C  bound to Fe/Mn)
BD-NRP
(Organic P
solubilized by
reduction)
Sodium Stirring 16 h, NaOH-SRP
hydroxide 25°C (P bound to
Al/Fe oxides)
NaOH-NRP (P
bound to organic
matter)
Hydrochloric  Stirring 16 h, HCI-SRP
acid 25°C (P bound to
carbonate and
apatite)
HCI-NRP
(Organic P
solubilized by
acidification)
Potassium Autoclaving K,S,05-TP
persulfate 30 min (Residual P)
Total Phosphorus (Sum of TP-ZP
concentrations of the species
above)
TP = Total P
SRP = Soluble Reactive P
NRP = Non-Reactive P

To describe how sediments contribute to the
internal P load (IPL), P fractions in the sediment
profiles were analyzed and their decreases with
depth in the sediment cores, calculated. These were
compared with the amount of accumulated P in the
lake sediments, determined as 66.6+4.0 t/yr [19].
The contributions of these fractions to IPL were
analyzed, considering their reductions in the
sediment profiles.

Finally, we discussed the implications of P
speciation in sediments on the reduction of IPL by
hypolimnetic oxygenation or by application of
adsorbents to immobilize P in sediments.

RESULTS AND DISCUSSION

The relative concentrations of the different
fractions of P in the sediment profiles (Figure 2)
showed that Total Phosphorus (TP-XP) in the
surface sections (0-5 cm) were higher than in deeper
sections (5-25cm). It was observed that
concentrations of P decreased from approximately
1,000 mg/kg in the upper sections of the sediment
cores to around 500 mg/kg in the lower sections.

The dominant fraction of P in the sediment
profiles was P bound to Al/Fe oxides (NaOH-SRP),
representing approximately half of total P (TP-ZP)
in the sediment cores. The concentrations of the
Al/Fe oxides (NaOH-SRP) fraction of P in the upper
sections were about twice the concentrations
observed in lower sections, and concentrations
decreased with increasing depth.

Residual P (K,S,05-TP) did not vary with depth
in the sediment cores. The concentrations of P bound
to Fe/Mn (BD-SRP) were two to three times higher
in the upper sections of the sediment cores. The
concentrations of this fraction, as well as those of
organic P solubilized by reduction (BD-NRP),
decreased with increasing depth of the sections in
the sediment cores.

The decrease of P with increasing depth in the
sediment profiles confirms that P bound to Al/Fe
oxides (NaOH-SRP), is the fraction which liberates
most P to the water column (Figure 3), causing the
IPL. This release of P can be explained by the
generally observed reduced conditions in sediments
[19], causing the release of P bound to ferric oxides
in sediment. Furthermore, the decrease in NaOH-
SRP with depth can be explained by the decrease of
pH, which causes enhanced desorption of P [20].

Given the disappearance of P in the sediment
sections and the reported P sedimentation rate of
66.6 + 4.0 t/yr [19] an IPL of 23.5+1.4 t/yr was
estimated. Phosphorus bound to Al/Fe oxides
(NaOH-SRP), P bound to Fe/Mn (BD-SRP), and P
bound to organic matter (NaOH-NRP) are all
fractions that release P in bioavailable forms to
water as orthophosphate [21], being therefore
directly available for algae and therefore
contributing strongly to primary production [10].

In the typical pattern of cultural eutrophication
and pollution of lakes by human activities, external
nutrient loads from sewage and runoff from different
land uses stimulate phytoplankton growth in warm
surface waters [4]. When phytoplankton dies and
sinks into colder bottom water, it is degraded by
bacteria, consuming oxygen dissolved in the water
column. This results in anaerobic conditions in
bottom water that promote the release of phosphate
and ammonia from decaying organic matter in
sediments.
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Fig. 2. Speciation of P in sediment profiles from the Valle de Bravo reservoir, Mexico

Cooler temperatures and windy conditions
during the fall lead to the mixing of such cold
nutrient-rich bottom water into surface water, with
negative ecological consequences as phosphate and
ammonia are mixed into surface waters where they
stimulate phytoplankton growth, which in turn
reinforces the anaerobic conditions that promote
nutrient release from sediments [20-22].

While it has long been recognized that both
external and internal loading of nutrients must be
controlled to decrease phytoplankton growth and
improve water quality in polluted lakes and
reservoirs [1], current regulatory approaches to
regulate surface water pollution focus on controlling
external loading from watersheds. As a result,
managers and funding agencies have lost sight of the
need to develop and implement strategies to control
internal loading of pollutants in lakes and reservoirs
[22].

In the case of the Valle de Bravo reservoir,
several methods have been recommended to control
IPL from sediments to the water column. Among the
more promising methodologies are (1) application of
adsorbents and (2) hypolimnetic oxygenation.

Hypolimnetic Oxygenation Systems are designed
to supply dissolved oxygen to the hypolimnion of
lakes and reservoirs [23], where anoxic conditions

are reversed as dissolved oxygen concentrations are
increased in the hypolimnion, thereby reducing or
even eliminating IPL by avoiding reductive
dissolution of the substrates Fe oxides (NaOH-SRP)
and Fe/Mn hydroxides (BD-SRP). Although
degradation of organic matter in the sediments will
most probably be degraded more efficiently due to
the aerobic conditions in the sediment, causing IPL,
released P will be immobilized by the metal oxides
and hydroxides in the sediment.

The application of adsorbents such as lanthanum
(La) modified clays (i.e. La modified bentonite
commercialized as Phoslock), aim at
dephosphatising the water column and at reducing
the IPL. This method not only controls IPL but also
P from external sources such sewage and runoff
from the watershed. The advantage of this adsorbent
is that it does not dissolve under anaerobic
conditions and also that it selectively binds P.

Analyzing the speciation of P in sediment
profiles from the Valle de Bravo reservoir, Mexico
(Figures 2 and 3), the application of Phoslock could
potentially reduce the release from the following
species labile P (H,O-TP), P bound to Fe/Mn, (BD-
SRP), Organic P solubilized by reduction (BD-
NRP), P bound to Al/Fe oxides (NaOH-SRP), P
bound to organic matter (NaOH-NRP).



5™ 12SM —Montreal (Canada), July 10-13, 2016

40

35
30

25
20

P in sediment (t/yr)

Fig. 3. Accumulation and release of P species in the sediment profiles of the Valle de Bravo reservoir, Mexico

CONCLUSIONS

The sequential extraction method contributes to a
better understanding of IPL, indicating labile and
bioavailable fractions. IPL in the Valle de Bravo
reservoir, is in the order of 23.5+1.4 t/yr, with the
fractions of P bound to Al/Fe oxides (NaOH-SRP)
and P bound to organic matter (NaOH-NRP)
contributing most to IPL.

Knowledge on the speciation of P in sediments
allows for better planning of rehabilitation strategies
of water and sediments in eutrophied water bodies.
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