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Abstract Water in lakes and reservoirs accumulate phos-
phorous (P) from both internal and external loads. The
external P load (EPL) coming from the watershed is con-
sidered to be the main cause of eutrophication of water
bodies, and control strategies therefore focus on its reduc-
tion. However, algae blooms and anoxic conditions often
continue even after EPL have been controlled, being the
internal P load (IPL) originating from the sediment the main
sources of P. To assess the efficiency of the adsorbent
Phoslock (a modified bentonite) in controlling P concentra-
tions in water and immobilize releasable P in sediments,
mesocosm trials were carried out in a eutrophied reservoir
and a model was described and applied that determines the
amount of adsorbent and the application frequency neces-
sary to control P concentrations in a eutrophied reservoir.
The mesocosm trials confirm that Phoslock reduced P con-
centrations to or below the limits that define water in meso-
trophic state, in approximately 2 weeks. The modeling
results suggest that periodic reapplications of the adsorbent
are required, unless EPL is reduced by 36 %, which allows
the P concentrations in the water column to be constant.
Such reduction in EPL would allow future applications of
the adsorbent to be required only for control of IPL. The
developed model allows planning remediation actions by
determining quantities and frequencies for application of
adsorbents for P control in eutrophied lakes and reservoirs.

Keywords External phosphorus load . Internal phosphorus
load . Mesotrophic state . Adsorbent . Phoslock . Mesocosm
trials . Model that describes the duration of P control

Introduction

The enrichment of nutrients, mainly nitrogen (N) and
phosphorus (P), or eutrophication, may cause excessive
growths of algae and bacteria in water bodies. Although
both nutrients may limit algal and bacterial growth, P is
in most cases the limiting nutrient and therefore respon-
sible for the appearance of algal blooms which may
cause toxic effects in aquatic systems (CEPIS 2001;
Golterman 1984).

Reservoirs receive P loads from external and internal
sources. External phosphorous loads (EPL) include
wastewater point sources and diffuse sources as urban
runoff, agricultural, livestock, and other land uses in the
watershed, as well as direct rainfall. The internal phos-
phorus load (IPL) occurs when P associated with redox-
sensitive mineral phases in the sediment is released
under conditions of negative redox potential (Eh) and
becomes available for the growth of algae and bacteria
(Søndergaard 2007).

Sediment P concentrations and IPL are consequences
of various physical, chemical, and biological processes
in water bodies, causing P to be partially deposited in
sediments where it may be released once again to the
water column as the sediment acts as a secondary P
source (Søndergaard 2007). IPL is determined by the
chemical forms of P, the redox potential of the sedi-
ment, and the depth of sediment from which P release
occurs.

There are several methods to control concentrations
of P in water bodies (Cooke et al. 2005). These
methods include the control of EPL by eliminating
wastewater discharges, installation of wastewater treat-
ment plants with P removal technologies, implementa-
tion of different uses of soil, improvements of irrigation
methods, control of uses of fertilizers, reforestation to
prevent soil erosion, and control of livestock nutrition
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and discharges (FAO 1997). The IPL control technolo-
gies include P coagulation and sedimentation with alu-
minum (Al), iron (Fe), or calcium salts and removal of
P in water and P immobilization in sediment with
restoration strategy. Control of P by coagulation and
sedimentation presents short duration since the Al and
calcium ions dissolve when pH increase in water or
decrease in the sediment (Cooke et al. 2005), while Fe
dissolve due to decrease in Eh in stratified water col-
umns and sediment (Ozkundakci and Hamilton 2006).
In contrast, adsorbents are used to decrease orthophos-
phate concentrations in the water column and immobi-
lize P in sediment by forming compounds that are stable
even under reduced conditions (negative Eh) and during
naturally changing pH. Therefore, the use of adsorbents
is highly recommended for control of IPL (Liu et al.
2012; Afsar and Groves 2009; Spears and May 2009).

Schauser et al. (2003) developed a tool to describe the
results of P control by regulating EPL and IPL (Fig. 1). It is
observed that without control of EPL, it is necessary to
perform continuous applications of IPL. On the contrary,
when EPL is controlled, it may be necessary to apply the
IPL control only once.

In this paper, the results of the decrease in P con-
centrations are presented as a result of application of the
adsorbent Phoslock in mesocosm experiments in a
eutrophied reservoir, and a model is described that

determines the amount of adsorbent and the duration
of the P control in water and sediment of lakes and
reservoirs. Phoslock is a commercial product based on
bentonite that has been modified by ion exchange,
containing lanthanum as the active ingredient (Afsar
and Groves 2009). This model was applied to a case
study in a eutrophic reservoir, considering the EPL as
well as a reduction in EPL that allows maintaining at
steady state the P concentration in the water column,
such as illustrated in Fig. 1d.

The present study was carried out in a eutrophied
reservoir that is a multiple-purpose water body used for
tourism, fishery, and water supply; it has a surface area
of 1,680 ha, an average volume of 328 Mm3, an aver-
age depth of 19.5 m, and presents thermal stratification
from March to September. The reservoir is located in an
area with temperate climate with an annual rainfall of
928 mm and average temperature of 18.75 °C (CCVBA
2013). The hydrological basin has an extension of
615 km2, a human population of close to 81,832 habi-
tants (Villanueva-Beltrán 2011), and the land uses in-
clude forestry, agriculture, grassland, livestock, fish
culture, and urban areas. Based on the P concentrations
measured in the reservoir and the OECD (1982) limits
for this nutrient, the reservoir is classified as eutrophic
throughout the year (Olvera et al. 1998; Merino-Ibarra
et al. 2007; Hansen and Márquez-Pacheco 2012a). The

Fig. 1 Effects of control of EPL and IPL on the P concentrations in a lake. Considering continuous IPL control events: a unchanged EPL; b
decreased EPL. Considering a single IPL control event: c unchanged EPL; d decreased EPL. Modified from Schauser et al. (2003)
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sediment texture is clayey silt with high content of
organic matter.

Mesocosm experiments with Phoslock

To evaluate the efficiency of Phoslock to reduce P concen-
trations in the eutrophied reservoir, we installed eight
mesocosms (d=0.9 m; h=6.0 m high-density polyethylene
pipes with stainless steel cylinders hermetically attached to
the bottom of the pipes). The steel cylinders were introduced
in the sediment, and each mesocosm was secured at 3-m
height with three cables and concrete loads on the bottom of
the reservoir, and introduced in steel rings fastened to an
anchored floating platform, allowing movement of the
mesocosms due to fluctuations in the water level. To achieve
reductive dissolution of Fe in the sediment, Eh in the
mesocosms were reduced by covering with hermetical
high-density polyethylene lids, avoiding thereby contact
with atmospheric oxygen. The water depths inside the
mesocosms were 5.3±0.2 m.

Before adding Phoslock to the mesocosms, the water
columns were sampled at 2.5 and 5.0 m depths for determi-
nation of initial, Eh, pH, nitrogen as ammonium (N-NH4),
and nitrogen as nitrate (N-NO3) with Hydrolab DS5 (Hach,
Loveland, USA), and water samples were obtained with an
acrylic 1-L horizontal water sampler (Wildco Wildlife Sup-
ply Co., New York) for determination of orthophosphate (P-
PO4) and total P (TP) by colorimetric methods (Merck
Pharo spectrophotometer 300, Darmstadt, Germany) (Merck
2012). Sediments were obtained with a stainless steel
15.2 cm Ekman dredge (Wildco Wildlife Supply Co., New
York) and characterized for organic matter content (OM) by
ignition at 450 °C (ASTM 2000); TKN (EPA 1993); total P
by spectrophotometry (Kou 1996); Al, Fe, and manganese
(Mn) by atomic emission spectrometry (EPA 1996); and
texture by sedimentation (ASTM 2007). The Hydrolab
DS5 was introduced approximately 15 cm in the sediment
by free fall, and pH and Eh were determined. Through the
sequential extraction method (Psenner et al. 1984), the
chemical forms of P were determined in the sediment sam-
ples and the amount of potentially releasable P was calcu-
lated as the sum of the concentrations of P in interstitial
water, P bound to Fe and Mn oxides, P made available by
reduction, and organic P. Density was obtained gravimetri-
cally (DOF 2002).

The results of the characterization of water and sediment
before adding the adsorbent are presented in Table 1. It is
observed that pH in water and sediment was slightly alka-
line; the sediment texture was mainly silty with low content
of organic matter, according to the limits established in DOF
(2002). According to the limits for total P published by
OECD (1982), the water may be classified as eutrophic. It

is also observed that Eh in both water and sediment were
positive representing oxidized conditions.

Phoslock was added in three different doses to four of the
mesocosms (1, 3, 5, and 7), while no adsorbent was added to
mesocosms 2, 4, 6, and 8 (Fig. 2). The dose of adsorbent
was calculated using Eq. 1. The first dose was the amount of
adsorbent necessary to achieve the mesotrophic state (MS)
in water and immobilize 10 % of potentially releasable P in
sediment, resulting in an overall dose of Phoslock/P 15:1.
This dose was determined based on short-term experimental
observations of P release in sediment from the water body,
reported by Hansen and Marquez-Pacheco (2012a). The
second dose was the amount of adsorbent required to
achieve the MS in water and immobilize 35 % of the
potentially releasable P (Ppr), in sediment corresponding to
P in interstitial water, P bound to Fe and Mn oxides, and P
available by reduction, resulting in an overall dose of
Phoslock/P 40:1. This dose was determined based on the
chemical forms of P determined by selective extraction of

Table 1 Characterization of water and sediment in the mesocosms
before adding the adsorbent

Parameter Analytical
method

Mean±
standard
deviation

Water (n=16)

pH Hydrolab DS5 8.72±0.12

Eh (mV) 43±38

N-NH4 (mg/L) 0.71±0.12

N-NO3 (mg/L) 0.06±0.00

P-PO4 (mg/L) Spectroquant
Merck,
1.14848

0.06±0.01

TP (mg/L) Spectroquant
Merck,
1.14543

0.07±0.01

Sediment (n=8)

pH Hydrolab DS5 7.55±0.48

Eh (mV) 45±37

OM (%) D2974-00;
ASTM (2000)

2.11±0.76

TKN (mg/kg dw) EPA 351.2;
EPA (1993)

3,174.8±
430.2

TP (mg/kg dw) MSA 73–3;
Kou (1996)

919.9±58.9

Al (mg/kg dw) EPA 6010B;
EPA (1996)

30,769±4,581

Fe (mg/kg dw) 29,606±899

Mn (mg/kg dw) 443.75±70.33

Sand (%) D422-63;
ASTM (2007)

21.33±23.6

Silt (%) 55.27±12.5

Clay (%) 23.40±11.7

Potentially releasable P from
sediment (Ppr) (mg/kg dw)

Psenner et al.
(1984)

321.7±22.8

Density (kg dw/L) DOF (2002) 0.17±0.03
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sediment samples from the water body, as reported by
Hansen and Marquez-Pacheco (2012a). The third dose of
adsorbent was added to achieve MS in water and immobi-
lize 100 % of the potentially releasable available P in sed-
iment, resulting in an overall dose of Phoslock/P 100:1,
which is recommended by the manufacturer (Afsar and
Groves 2009).

The amounts of Phoslock were calculated according to
Eq. 1:

Ads ¼ p r2 TP½ � �MSð ÞLþ Ppr ρE
� �� �

10�3dAds ð1Þ

Where

Ads Amount of Phoslock (in kilogram)
π 3.1416
r Radius of the pipe (in meter)
[TP] Concentration of total P in water (in milligram per

liter)
MS Mesotrophic state P concentration (in milligram per

liter)
L Depth of the water column (in meter)
Ppr Potentially releasable P in sediment (in milligram

per kilogram dry weight)
E Depth of sediment from which P release occurs (in

meter)
ρ Sediment density
dAds Dose of adsorbent dose per total P
10−3 Factor converting (in cubic meter milligram per liter

to kilogram)

Orthophosphate concentrations were monitored in the
mesocosms during 6 weeks after application of the first dose
of adsorbent on day 0. The second doses were applied on
day 16, and the third dose, on day 34. Results indicate a
reduction in P-PO4 concentrations from 25 to 50 % after
application of the dose Phoslock/P 15:1 (Fig. 3). Because
there were no inputs to the mesocosms and IPL was ob-
served in the mesocosms without adsorbent during the time
period of the experiment, very little variations in phosphate

concentrations were observed. In the mesocosms with
Phoslock, P-PO4 concentrations decreased after the applica-
tion of the first dose. Two weeks later, P-PO4 concentrations
returned to previous values, probably due to IPL caused by
molecular diffusion of P-PO4 from interstitial water in the
sediment to the water column where P-PO4 had been re-
moved by the adsorbent and Eh became increasingly nega-
tive. Throughout the experiment, Eh was monitored at the

Fig. 2 Mesocosms experimental setup

Fig. 3 Mesocosm experiments with Phoslock. Sampling depths: a
0.5 m; b 2.5 m; and c 5.0 m. Highlighted bands indicate MS limits
according to OECD (1982)
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sediment–water interphase. To not disturb the sediment,
sediment Eh was determined in the beginning and in the
end of the experiment. A reduction of Eh at the sediment–
water interphase from 43 to −45 mV was observed, while
Eh in the sediment was reduced from 45 to −117 mV.

After application of the dose Phoslock/P 40:1, P-PO4

concentrations soon became at or below the MS con-
centrations. This reduction was observed in the entire
water column between 12 and 18 days after application.
After application of the dose Phoslock/P 100:1, no
further change in P-PO4 was observed, indicating that
P released from the sediment was being immobilized by
Phoslock.

The results of the mesocosm experiments showed a
75 % reduction in P in 18 days after the second appli-
cation of Phoslock. High P removal efficiencies by
Phoslock were also described elsewhere (Yasseri and
Van Goethem 2008; Robb et al. 2003), although the
times reported to achieve removal of P were much
longer than in these experiments. Our results indicate
that Phoslock was effective in removing P from the
water column of the eutrophic reservoir within 2 weeks
after application. The recommended dose of 100:1
Phoslock/P should be applied to control P in water
and P originating from the IPL. To determine the
amount of adsorbent to be applied in lakes and reser-
voirs and the duration of P control, in addition to TP
and Ppr, it is necessary to consider EPL, the sediment P
accumulation rate, and the depth of sediment from
which P release occurs.

Model that determines the amount of adsorbent
and the duration of the P control

To determine the amount of adsorbent and the duration of
the control of P, Hansen and Márquez-Pacheco (2012b)
developed the mathematical model MOCONPAI that deter-
mines the duration of P control in water and sediment by use
of insoluble adsorbents. This model considers TP, IPL, EPL,
sediment P accumulation rate, sediment mixing depth, and
depth of sediment from which P release occurs, and that
once applied, the adsorbent is distributed evenly by physical
and biological processes in “x” centimeter of sediment and it
reacts with Ppr, in this layer. Each year, the thickness of
sediment increases by a new annual layer caused by the
sedimentation of “y” centimeter, and since a layer of the
same thickness is buried, x remains constant. The model
equations are described to define the amount of adsorbent
and the duration of the P control in sediment and in water for
annual and multiannual applications, considering the EPL
and a reduction in EPL necessary to obtain stationary state P
concentrations.

Phosphorus control in sediment

The amount of adsorbent necessary to immobilize Ppr in x
centimeter is 100 %. If an excess amount of adsorbent is
added (Adsexc), immobilization of Ppr will occur in future
layers and the distribution of Adsexc in each annual y layer
(Adslayer) can be calculated as:

Adslayer ¼ Adsexc � 100 y

x

� �
1

xþ yð Þ y=
ð2Þ

Where “100 y/x” represents the adsorbent that is con-
sumed by y, and “(x+y)/y” represents the number of annual
layers in “(x+y).”

While Adslayer is positive, the ability to immobilize Ppr

continues, so that the duration of the control of P, “t”, is
equal to the period that fulfills the condition Adslayer>0:

t ¼ t Adslayer > 0
� � ð3Þ

The amount of adsorbent necessary to control P in the
first annual application (Ads1. annual) is calculated as:

Ads1: annual ¼ x ρA Ppr

� �
dAds 10�4 ð4Þ

Where x ρ A [Ppr] is the mass of Ppr in x in the area (A)
where the IPL occurs and 10−4 is the factor that converts
“centimeter gram hectare milligram per cubic centimeter
kilogram” to “ton”. The amount of adsorbent necessary to
apply every year (Adsannual) after the first annual application
is then determined by:

Adsannual ¼ Ads1:annualy xþ yð Þ= ð5Þ
The amount of adsorbent necessary to control Ppr in the

first multiannual application (Ads1.multianual) is calculated by
Eq. 6, while Eq. 7 calculates the amount of adsorbent
necessary in the following multiannual applications
(Adsmultiannual):

Ads 1:multiannual ¼ Ads 1:annual 1þ Adsexcð Þ ð6Þ

Ads multiannual ¼ Ads 1:annualAdsexc ð7Þ

Phosphorus control in water

The amount of adsorbent necessary to reach the mesotrophic
P concentrations in water (Adswater) is determined as
follows:

Adswater ¼ TP½ � �MSð ÞV dAds ð8Þ
Where V is the water volume in the lake or reservoir,

([TP]−MS) V, the amount of P to be removed, and dAds, the
dose of adsorbent per unit P.
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To determine the reduction of total P (ΔTP) in the water,
the P mass balance (Eq. 9) was applied, where EPL and IPL
are the external and internal loads of P, TPextr is P removed
from the reservoir (by extraction of water and biota), TPsed
is the sediment P accumulation rate, and ([TP]−MS) V, P
removed with the adsorbent:

ΔTP ¼ EPLþ IPL� TPextr � TPsed � TP½ � �MSð ÞV ð9Þ
Assuming that the IPL is being controlled by immobili-

zation of Ppr in the sediment, this is considered to be zero.
Under this assumption, Eq. 9 becomes:

ΔTP ¼ EPL� TPextr � TPsed � TP½ � �MSð ÞV ð10Þ
To calculate the concentration of TP in water 1 year after

the application, [TP]n+1, ΔTP is divided by V and added to
the initial concentration of total P, [TP]n,

TP½ �nþ1 ¼ TP½ �n þ
ΔTP

V
ð11Þ

When [TP]n+1 exceed MS, a new application of adsorbent
is required:

t ¼ t TP½ �nþ1 > MS
� � ð12Þ

Application of the model to determine the amount
of adsorbent and the duration of P control in a eutrophic
reservoir

The model was applied to calculate the duration of the P
control in the reservoir described above. Potentially releas-
able Ppr, EPL, TPsed, x, the depth of sediment from which P
release occurs, and TPextr were obtained as follows.

Potentially releasable P

To determine Ppr, TPsed, x, and depth of sediment from
which P release occurs, eight sediment cores were obtained
from three sampling sites within the reservoir of different
depths, using a gravity core sampler (Wildco Wildlife Sup-
ply Co., New York) equipped with a 4.8-cm diameter, 50.8-
cm length cellulose acetate butyrate liner.

The upper 20 cm of one sediment core from each site was
divided in 5 cm sections that were dried at room temperature
to constant weight, and TP concentrations were determined
by spectrophotometry (Kou 1996). TP in the sediment pro-
files (Fig. 4) showed a decrease of 30 % in TP in from the
first (0–5 cm) to the second section (5–10 cm) of the cores
from the intermediate and deep sites, followed by smaller
decreases in TP in deeper sections. A total decrease of 35 %
TP is observed in the upper 20 cm of these sediment pro-
files. The sediment core from the shallow site shows a
different pattern in TP concentration (Fig. 4), probably due

to higher influence from the EPL in this site. Since the
shallow part of the reservoir has a relatively small area
(Table 2), we considered that Ppr from intermediate and
deep areas is mainly responsible for the IPL in the reservoir.

External P load

Villanueva-Beltrán (2011) estimated the EPL from the wa-
tershed of the study reservoir by determining runoff with a
geographical information system (ArcView 9.2). An inven-
tory of livestock and fish farming discharges and runoff
from soils with different uses was compiled, and discharge
volumes were estimated based on livestock and fish produc-
tion. The method of rainfall–runoff for the different land
uses was applied by analyzing hydrological data for the
watershed and obtaining the runoff factors (Aparicio
Mijares 2009). Estimated runoffs were verified with existing
hydrographical data from the area (Conagua-IMTA 2007).
TP concentrations were obtained by Villanueva-Beltrán
(2011) from the published literature according to the type
of discharge and reported for areas with similar climate and
land uses, obtaining EPL of 65.54 t/year. Phosphorous
added to the reservoir by 22.5 Mm3/year direct rainfall
was estimated in 0.36 t/year, considering average TP con-
centrations of 0.017 mg/L (Sawyer et al. 1994). Total EPL is
the sum of the P load from the watershed and P entering the
reservoir from direct rainfall.

Sediment P accumulation rate

A second core from each sampling site was used for isotope
dating. The upper 19 cm of the cores were divided in 1 cm
sections and the remaining length of the cores in 2 cm
sections. Sections were dried at room temperature to con-
stant weight, and the densities of the core sections were
determined. The decays of 210Pb and 137Cs were used for

Fig. 4 TP in the layers of sediment cores from different depth sites in
the reservoir. Numbers on the x-axis indicate layer thickness (in
centimeter)

Environ Sci Pollut Res (2013) 20:8446–8456 8451

Author's personal copy



dating of the sediment cores and the 137Cs, 210Pb, and 226Ra
were determined by gamma spectrometry based on ASTM
methods C 1402-98 and E 181-98 similar to the methodol-
ogy described by Fuller et al. (1999), van Metre and Fuller
(2009), and Corbett et al. (2009). Excess 210Pb activities
were calculated as the difference between total 210Pb and
226Ra activities. Mass accumulation rates (MAR) were esti-
mated from the linear regression of the natural logarithm of
excess 210Pb plotted against accumulated sediment mass per
area for each sediment layer. This linear regression is re-
ferred to as the constant flux–constant sedimentation rate
model and is based on the assumption that (1) the 210Pb flux
onto the sediment–water interface is constant, (2) there is a
minimum post-deposition 210Pb migration, and (3) the local
sedimentation rate is constant. The MAR was converted to
linear accumulation rate by dividing with the bulk sediment
density. The 210Pb chronologies were compared to the his-
tory of nuclear bomb fallout 137Cs in the core profiles. TP
concentrations from 23 sampling stations in the reservoir
and depth areas of the reservoir were obtained from Hansen
and Márquez-Pacheco (2012a).

The sediment accumulation rates showed a difference
between the sites of the reservoir, recording the highest
values in the intermediate sites (Table 2) and almost half
of this value in the cores from the shallow and deep sites.
The sediment accumulation rate varied between
0.34 cm/year for the core of the shallow site and 1.23 and
1.11 cm/year for the core from the deep site. The total net
sediment P accumulation rate for the reservoir was calculat-
ed as 52.81 t/year.

Sediment mixing depth (x)

The sediment mixing depth was determined as the depth
where a strong gradient along the 210Pb profile occurred.
Mixed layers varied from 3 cm in the core from the deep
site, 8.5 cm for the core from the intermediate depth site
(Fig. 5), and 11.0 cm for the shallow site. Since areas of
intermediate and deep sites are almost the same and repre-
sent 92 % of the total area of the reservoir, in this paper we

averaged the sediment mixing depths for these areas,
resulting in 5.8 cm.

Depth of sediment from which P release occurs

The depth of sediment from which P release occurs was
determined by P release experiments. Experimental
depths of five sediment cores were adjusted gravimetri-
cally in the sampling tubes, to 5, 10, 15, 20, and 25 cm
from the sediment–water interface, and sealed hermeti-
cally in the lowest end. A water sample was obtained
from the reservoir, TP concentration of 0.08 mg/L was
determined and 500 mL split samples were added to
each tube. To eliminate air, N2 (g) (Infra high purity)
was supplied to the tubes during 5 min before covering
hermetically, and the cores were incubated in the dark
at 10.1±0.6 °C. During incubation, the center of the
water columns was periodically monitored under low
N2 (g) flow for potentiometric determination (Thermo
Orion Dual Star) of pH (Orion ROSS Ultra® electrode),
Eh (Orion Redox/ORP Triode electrode), and tempera-
ture (Orion electrode ATC Probes). When Eh stabilized
at Eh=−391±56 mV, and pH=6.92±0.14, during 2 days,
60 mL water samples was obtained from the center of

Table 2 Determination of TPsed

aHansen and Márquez-Pacheco
(2012a)

Area Sediment
accumulation rate
(g/cm2 year)

Density
(g/cm3)

Areaa

(km2)
[P]sed

a

(mg/kg)
Sedimentation
rate, y (cm/year)

TPsed
(t/year)

Shallow
(d<3.5 m)

0.21 0.61 1.3 597±168 0.34 1.59

Intermediate
(3.5<d<
13 m)

0.38 0.31 8.5 1,083±256 1.23 34.55

Deep
(d>13 m)

0.21 0.19 7.0 1,145±275 1.11 16.67

Total 16.8 1.17 52.81

Fig. 5 Lead-210 activity in sediment core vs. sediment depth. Inter-
mediate depth site
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the water columns with a syringe and silicone tube for
determination of released P (P release) by colorimetry
(Merck Pharo spectrophotometer 300, Darmstadt, Ger-
many) according to Merck (2012).

The porosities of the sediment layers were deter-
mined in the remaining cores from each sampling site
according to Juárez-Badillo and Rico-Rodriguez (2005).
Five centimeter sediment layers were dried to constant
weight and the pore volume was determined as the

weight difference (water density=1 g/cm3) in the vol-
ume of the section (Eq. 13).

η ¼ Vp

Vs
� 100 ð13Þ

Where

η Porosity (in percent)
Vp Volume of voids or pores (in cubic centimeter)
Vs Volume of the section (in cubic centimeter)

Porosities for each sediment depth were obtained by
averaging the porosities for the contained layers. The
resulting release of P and porosities are presented in Fig. 6
where it can be observed that for sediments from the deep
site, porosity strongly decreased with increasing sediment
depth, causing P release to occur up to a 15-cm sediment
layer (Fig. 6). For sediments cores from the shallow and
intermediate sites, porosities did not vary considerably when
sediment depths increased over 5 cm, causing P release to
occur in the entire 25-cm depths of the cores.

Determination of extracted P (TPextr)

Average extracted water volumes of 6.0 m3/s and average P
concentrations in the water body of 0.062 mg/L (Patricia
Flores, Conagua, 2012. Personal communication) were used

Fig. 6 Phosphorus release and porosity of the sediment cores. Five
centimeters increased sediment depth from lowest to highest P release
data points. Eh=−391±56 mV

Table 3 Parameters and values used to apply the model to determine the amount of adsorbent and the duration of the P control in water and
sediment

Parameter Symbol Units Amount

Sediment mixing depth x cm 5.8

Average annual sedimentation layer y cm 1.2

Concentration of potentially releasable P (determined as 35 %
of TP in the sediment, see Fig. 4)

[Ppr] mg/kg SA=271

IA=351

DA=347

Density of x ρ g/cm3 SA=0.61

IA=0.31

DA=0.19

Areaa A ha SA=130

IA=850

DA=700

Phoslock dose per unit P dAds kg/kg 100

Concentration of TP in water [TP] mg/L 0.083

MS P concentration interval 0.015<MS<0.025 mg/L 0.015<MS<0.025

Water volume V Mm3 344.9

Total external P load EPL t/year 65.90

Extracted P TPextr t/year 17.45

Sediment P accumulation rate TPsed t/year 52.81

Internal P load IPL t/year 17.93

SA shallow area, IA intermediate depth area, DA deep area
a Hansen and Márquez-Pacheco 2012a
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to obtain TPextr in water extractions of 11.65 t/year.
Extracted flora, mainly water hyacinth, of 1,217 t DW/year
(Patricia Flores, Conagua 2012, personal communication)
and considering a P concentration of 0.45 % DW in water
hyacinth (Olvera 1988) resulted in a TPextr of 5.5 t/year due
to extracted flora. Fishery is estimated in 20 t DW/year.
Considering a concentration of 1.5 % P in fish (Sterner
and George 2000), a P extraction of 0.3 t/year due to fishery
can be estimated. Together, these figures indicated a total
TPextr of 17.45 t/year.

Since Phoslock acts as an adsorbent of orthophos-
phate, remediation is recommended to be carried out
when thermal stratification of the water column initiates

in the month of February, when concentrations of P-PO4

are highest and biomass is still low. Application of the
model was therefore made with information from Feb-
ruary 2010, when the water volume was 344.9 Mm3

and the average P concentration in 46 sampling points
distributed within the reservoir was 0.083 mg/L (Juan
Manuel Martínez, Conagua 2012, personal communica-
tion, Table 3).

Application of the model

The amount of Phoslock necessary to obtain MS concentra-
tions of TP in water and to immobilize IPL was calculated

Table 4 Distribution of the adsorbent in x (Adslayer, in percent)

Sediment depth (cm) Year

0 1 2 3 4 5 6

7.2 −0.83

6.0 2.50 −0.83

4.8 5.83 2.50 −0.83

3.6 9.17 5.83 2.50 −0.83

2.4 12.50 9.17 5.83 2.50 −0.83

1.2 15.83 12.50 9.17 5.83 2.50 −0.83

0.0 19.17 15.83 12.50 9.17 5.83 2.50 −5
−1.2 19.17 15.83 12.50 9.17 5.83 15.00

−2.4 19.17 15.83 12.50 9.17 35.00

−3.6 19.17 15.83 12.50 55.00

−4.8 19.17 15.83 75.00

−6.0 19.17 95.00

−7.2 115.02

Phoslock buried below x (65.00 %) 19.17 15.83 12.50 9.17 5.83 2.50 −0.83

Table 5 Amounts of Phoslock and application frequencies for P control in the eutrophied reservoir

Scenarios Application in water (t) Application in sediment (t) Total application (t)

Total EPL 65.90 t/year

Annual application in sediment

First year 1,998 9,288 11,286

Future applications 431/year 1,592/year 2,023

Five-yearly application in sediment

First year 1,998 19,968 21,966

Future applications 431/year 10,681/5 years 11,112

Reduced EPL of 42.18 t/year

Annual application in sediment

First year 1,480 5,944 7,424

Future applications 0 1,019/year 1,019

Five-yearly application in sediment

First year 1,480 12,780 14,260

Future applications 0 6,836/5 years 6,836
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applying Eq. 2 to 12. The values of the parameters, obtained
as described above, are presented in Table 3.

Application of the model for P control in sediment

The model was applied to calculate the amount of Phoslock
necessary for annual and multiannual applications. For the
annual application, the amount of Phoslock added was
100 %, while for the multiannual application, 215 % of
Phoslock was added; the duration of the restoration was
determined, considering that 100 % adsorbent immobilize
Ppr and the 115 % excess adsorbent (Adsexc) will remove Ppr

that accumulate during the following years.
The distribution of Phoslock in x and y and Adslayer are

presented upright in Table 4. Adsexc is the sum of Adslayer
and has been presented in italics. The percentages of adsor-
bent buried below x are presented in bold. This amount will
immobilize IPL generated due to slower kinetic processes in
sediment layers of depths up to 20 cm.

It is observed that Adslayer remains positive during
5 years, after which, reapplication of Phoslock is necessary.
IPL from the mixed layer represents 85 % of the total IPL
and the remaining 15 % is released from below this layer.
Since the total amount of adsorbent buried below x, is 65 %,
this will immobilize the 15 % IPL that occur below x but the
remaining adsorbent would be buried and of no use for the P
control in sediment. It is therefore recommended to control
the IPL with annual applications of the adsorbent.

Application of the model for P control in water

Applying Eq. 10, we investigated the reduction of the EPL
necessary to maintain steady-state P concentration in the
water column of the reservoir. By trial and error, we esti-
mated that a 36 % reduction in EPL and one application of
adsorbent in water would allow keeping steady-state con-
centrations of TP in the reservoir. If enough adsorbent is
added to obtain TP within MS, future control strategies
should include control of IPL only.

Based on this, we determined the amount of adsorbent
required to control P in water, considering the following
scenarios:

& Total EPL (65.90 t/year)
& Reduced EPL=64 % of total EPL (42.18 t/year)

For the reduced EPL scenario, both TPsed and IPL de-
crease in the same proportion as EPL. The results are
presented in Table 5 together with those for control of IPL.

Considering the actual EPL, constant applications of
Phoslock in water and sediment are needed to maintain P
concentrations within the MS limits. Reducing the total EPL
in 36 % (to 42.18 t/year), one application of the adsorbent in
the water column allows limiting the P control strategy to

controlling IPL only and applying smaller amounts of
Phoslock (Table 5).

Conclusions

The results from mesocosm experiments in a eutrophic
reservoir confirm that Phoslock reduces P-PO4 concentra-
tions to target MS concentrations, in approximately 2 weeks
after application and that the adsorbent immobilizes IPL.

We described and applied a model that determines the
amount of adsorbent and the application frequency to con-
trol P in both water and sediment and we applied this model
to determine the P control in the eutrophied reservoir, con-
sidering scenarios of actual and reduced EPL. With annual
applications, an initial 100 % dose of the adsorbent is
required followed by 17.9 % yearly doses. Multiannual
applications are nor convenient because the part of the
buried adsorbent is in excess compared to Ppr in the sedi-
ment depth from which P release occurs. Considering the
scenario of a 36 % reduction in EPL, and that IPL is being
controlled, it was estimated that one application in water
would allow P concentrations within the MS limits. Thus,
this scenario would allow future applications of the adsor-
bent to be required only for control of IPL.

This model is a tool that allows planning remediation
actions by determining quantities and frequencies for appli-
cation of adsorbents for P control in eutrophied lakes and
reservoirs. Continuous after application measurements of P
concentrations in the water column should be carried out to
evaluate the effect of the P control in the reservoir.
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