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Abstract
The release of phosphorus (P) stored in the sediment may cause long-term delay in the recovery of lakes, ponds, and
lagoons from eutrophication. In this paper, we tested on a laboratory scale the efficacy of the flocculant polyaluminium
chloride (PAC) and a strong P-binding agent (lanthanum-modified bentonite, LMB) on their ability to flocculate a
cyanobacterial bloom and hamper P release from a hypertrophic, brackish lagoon sediment. In addition, critical P loading
was estimated through PCLake. We showed that cyanobacteria could be effectively settled using a PAC dose of
2 mg Al L−1 combined with 400-mg L−1 LMB; PAC 8 mg Al L−1 alone could also remove cyanobacteria, although its
performance was improved adding low concentrations of LMB. The efficacy of LMB to bind P released from the sediment
was tested based on potentially available sediment P. A dose of 400 g LMB m−2 significantly reduced the P release from
sediment to over-standing water (either deionized water or water from the lagoon with and without cyanobacteria). In
sediment cores, LMB + PAC reduced sediment P flux from 9.9 (± 3.3) to − 4.6 (± 0.3) mg P m−2 day−1 for the experimental
period of 3 months. The internal P load was 14 times higher than the estimated P critical load (0.7 mg P m−2 day−1), thus
even if all the external P sources would be ceased, the water quality will not improve promptly. Hence, the combined
LMB + PAC treatment seems a promising in-lake intervention to diminish internal P load bellow the critical load. Such
intervention is able to speed up recovery in the brackish lagoon once external loading has been tackled and at a cost of less
than 5% of the estimated dredging costs.
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Introduction

Eutrophication is one of the main anthropogenic stressors
leading to major degradation of coastal waters worldwide
(Kennish 2002). Water quality problems caused by eutrophi-
cation include fish deaths due to anoxia, loss of biodiversity,
bad smells, and massive plant growth (Paerl and Huisman
2008; Conley et al. 2009). Key symptom of eutrophication
is a blooming of harmful algae and cyanobacteria, which pose
an additional risk to wildlife and humans because of the toxins
they may produce (Correl 1998; Huszar et al. 2000; Paerl and
Paul 2012). Hence, there is a great need to control these nui-
sance blooms.

Since blooms are fueled by nutrients, the first step in mit-
igation would be reducing the nutrient discharge into the re-
ceiving waters (Cooke et al. 2005; Paerl et al. 2014). Although
some waters will clear up and recover rapidly from such
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lowered external nutrient loading, many will show a consid-
erable delay in recovery due to internal nutrient cycling
(Jeppesen et al. 1991; Søndergaard et al. 1999; Søndergaard
et al. 2001; Cooke et al. 2005). This legacy of nutrients created
from decades of uncontrolled excessive external nutrient load-
ing will periodically be recycled between sediment and water
column and is viewed as one of the main reasons why many
restoration attempts have failed (Gulati and Van Donk 2002).
Removal of polluted sediments is then a straightforward res-
toration approach, but it may come with relatively high costs
compared to other techniques such as in situ fixation or cap-
ping (Cooke et al. 2005; Perelo 2010).

In recent years, the use of solid phase phosphorus (P)-
adsorbing compounds has gained interest to tackle the wide-
spread internal loading issue (Spears et al. 2013). The ratio-
nale to target stored P lays in the fact that it is the only essential
element that can be easily be made to limit algal growth
through the formation of insoluble precipitates (Golterman
1975). Internal P loading not only is a major issue in inland
freshwater systems (Søndergaard et al. 2001) but also occurs
in brackish coastal lagoons (Markou et al. 2007). While there
is a growing number of studies demonstrating efficacy and
applicability of solid-phase P sorbents in freshwater systems,
studies on brackish coastal waters are virtually lacking.
Nonetheless, eutrophication is considered the most common
problem affecting coastal lagoons (Esteves et al. 2008;
Kennish et al. 2014). For instance, the coastal system
Jacarepaguá lagoon in the western part of Rio de Janeiro city
(Brazil) suffers heavily from eutrophication and perennial
presence of cyanobacterial blooms (Gomes et al. 2009; De-
Magalhães et al. 2017).

Recently, we have explored the possibility of removing
cyanobacteria from Jacarepaguá lagoon water using a coagu-
lant (poly-aluminium chloride, PAC, or chitosan) and red soil
or local sediment as ballast (De-Magalhães et al. 2017). While
PACwas effective, chitosan appeared ineffective to flock cells
even when combined with ballast compounds (De-Magalhães
et al. 2017). Elevated pH and high alkalinity were identified as
factors that may hamper the coagulation of chitosan and im-
pair its ability to effectively remove cyanobacteria from the
water column (Lürling et al. 2017).

In the present study, we elaborated on these findings and
first tested the combination of PAC and the solid phase P
adsorbent Phoslock®, which is a lanthanum-modified benton-
ite (LMB) with strong P binding capacity and widely used in
freshwater systems (Copetti et al. 2016), on the ability to re-
move cyanobacteria from the brackish water of Jacarepaguá
lagoon. In addition, we were particularly interested in the per-
formance of LMB as Copetti et al. (2016) reported that even
moderately saline environments of > 0.5 ppt will render LMB
ineffective. A thorough scientific underpinning of this state-
ment is, however, lacking in that review paper (Copetti et al.
2016) and also finds no support in the few studies that

included more saline environments (Haghseresht 2006;
Reitzel et al. 2013). Given the current uncertainty on applica-
bility of LMB in brackish environments, we tested the hypoth-
eses that (1) LMB will block P release from the sediment of
the eutrophic coastal lagoon Jacarepaguá and (2) that a com-
bination of PAC with LMB will clear the water and block the
P release effectively.

Material and Methods

Study Ecosystem

The Jacarepaguá lagoon (43° 17′–43° 30′ W, 22° 55′–23° 00′
S) is part of a brackish water lagoon complex located in the
western part of Rio de Janeiro City (Fig. 1). The Jacarepaguá
lagoon is 3.7 km2 in area; it has an average depth of 3.3 m;
drainage area of 103 km2; and the freshwater inflow from the
six tributaries is about 0.8 m3 s−1 (Gomes et al. 2009). This
system has a direct communication with the sea water by the
Joatinga channel, giving an average salinity of 5.35 ppt (De-
Magalhães et al. 2017). The lagoon usually presents high pH
and alkalinity with perennial relatively high chlorophyll-a
concentrations (mostly exceeding 100 μg L−1) and long pe-
riods of cyanobacteria dominance promoted by the constant
sewage input (Gomes et al. 2009; De-Magalhães et al. 2017).

Sediment and Water Sampling

On November 2014, 10 L of surface water was collected for
experiments with coagulants and ballast. The most important
species in this moment was Microcystis aeruginosa, and the
chlorophyll-a concentration was 225 μg L−1. Jacarepaguá
sediment was collected with a Kajak sediment core sampler
on January 19, 2015 at station JAC20 (Fig. 1). At this mo-
ment, the chlorophyll-a concentration, collected by an integra-
tion tube, was 226 μg L−1 composedmainly byM. aeruginosa
with some undergrowth of Planktothrix agardhii (Fig. 1). The
pH of the water was 9.04 (± 0.24); salinity was 5.49 ppt and
the alkalinity 4.35 mEq L−1. On September 2015, more sedi-
ment was collected using the gravity Uwitec Corer sampler at
station JAC20, and at this moment, the pH was 9.88, salinity
5.17 ppt, and the alkalinity was 3.74 mEq L−1. No
cyanobacteria bloom was observed, and the phytoplankton
community was composed mainly by Cryptophyceae and
green algae.

Chemicals and Materials

The lanthanum-modified bentonite Phoslock® (LMB) was
obtained from HydroScience (Porto Alegre, Brazil). This
LMB was developed by the Australian CSIRO, as
dephosphatization technique aiming at removing soluble
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reactive phosphorus (SRP) from the water and blocking the
release of SRP from the sediment (Douglas 2002). The coag-
ulant PAC-AP (polyalumnium chloride; Aln(OH)mCl3n-m, ρ ≈
1.37 kg L−1, 8.9% Al, 21.0% Cl) was obtained from Pan-
Americana (Rio de Janeiro, Brazil).

Effect of Different Concentrations of LMB and PAC
on Cyanobacteria Removal

The first experiment tested the efficacy of a combination of
LMB with PAC to settle the cyanobacteria from Jacarepaguá
water. Different concentrations of LMB (0 to 400 mg L−1) in
the presence of two fixed doses of PAC were used. The low
PAC dose (2 mg Al L−1) was based on the results from previ-
ous experiments in freshwaters (Lürling and van Oosterhout
2013; Noyma et al. 2016); the higher PAC dose (8 mg Al L−1)
was based on the effective removal of cyanobacteria from
Jacarepaguá water with red soil as ballast (De-Magalhães
et al. 2017). The experiment was run in 75-mL glass tubes
that were filled with 60 mL of unfiltered water from
Jacarepaguá. The water collected from Jacarepaguá contained
cyanobacteria at a chlorophyll-a concentration of 222 (±
2) μg L−1; the cells were healthy as indicated by a photosys-
tem II (PSII) efficiency of 0.53 (± 0.03), both determined

using a PHYTO-PAM phytoplankton analyzer (Heinz Walz
GmbH, Effeltrich, Germany). The experiment included a con-
trol without any compound added and was performed with
three replicates per treatment. Immediately after adding the
designated amount of LMB, the PAC coagulant was added
and the content in the test tube mixed briefly using a glass
rod. Tubes were placed in the laboratory at 25 °C under stag-
nant conditions. After 1 h, 5-mL samples were taken from
both the top and the bottom of the tubes in which chloro-
phyll-a concentrations and PSII efficiencies were measured.
The 5 mL from the top and the bottom of the tubes was sam-
pled, since an accumulation at the top would indicate a scum
formation in the field, which is an unwanted effect, whereas
the accumulation at the bottom is the intended effect from the
combined coagulant and ballast (De-Magalhães et al. 2017;
Miranda et al. 2017). After the top and bottom samples were
taken, the pH was measured in the middle of the tubes. The
chlorophyll-a concentrations in the top of the tubes and those
measured at the bottom of the test tubes, as well as PSII-
efficiencies and pH values were statistically evaluated running
a one-way ANOVA in the program SigmaPlot version 13.
Homogeneity of variance was tested by the equal variance test
(Brown-Forsythe) and normality, by the Shapiro-Wilk nor-
mality test. In cases where normality failed data were log-

Fig. 1 a Location of the Jacarepaguá lagoon near to the Olympic 2016 venues and the sediment sampling station (JAC 20). b The green water of the
lagoon (January 19th 2015) and c the main phytoplankton species (M. aeruginosa colonies and P. agardhii filaments)
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transformed to fulfill this prerequisite, an all pairwise multiple
comparison was performed to distinguish means that were
significantly different at the 0.05 level (Holm-Sidak method;
p = 0.05).

LMB Dose

The manufacturers advice to dose the LMB in an LMB:P ratio
100:1, with P the Blabile^ P-pool in the sediment. The ratio
LMB:P 100:1 is based on the 1:1 molar La:P from the precip-
itation reaction equaling a 4.485:1 La:P weight ratio and a
4.5% La in LMB. Based on the 0.05 g P/kg (wet sediment),
we estimated a dose of 400 and 507.5 g LMBm−2 assuming a
communicating sediment depth of 8 and 10 cm, respectively,
which are consistent with LMB doses applied in the field
(Dithmer et al. 2016).

Sediment P Extraction

To determine the dose of LMB needed in the experiments, an
estimate of the potentially releasable P in the sediment was
required. Hereto, a sequential extraction protocol modified
from Paludan and Jensen (1995) and used by Cavalcante
et al. (2018) to measure different P forms in the sediment
was adopted. One gram ofwet sediment was brought into each
of four 50-mL Falcon tubes to which, as a first step, 25-mL
anoxic demineralized water was added to extract the immedi-
ately available P. The tubes were shaken for 30min (oxygen at
the start was 0.21 and at the end 0.44 mg L−1). The tubes were
centrifuged and the supernatant collected. A second aliquot of
25-mL anoxic demineralized water was added to the pellets
and shaken for 5 min, where after the tubes were centrifuged
and the supernatants joined, filtered through 0.6-μm glass
fiber filters (GF-3, Macherey-Nagel), acidified with 0.5-mL
2-M H2SO4 and stored in the refrigerator until P analysis. In
the second step, to the pellets 25 mL of anoxic bicarbonate/
dithionite (BD: 0.11-M NaHCO3 and 0.11-M Na2S2O4) was
added to extract P bound to Fe-hydroxides and Mn-
compounds from the sediment pellets. The tubes were shaken
for 30 min, subsequently centrifuged, and the supernatant col-
lected. To the pellets, another 22-mL anoxic BD was added
and tubes were shaken for 5 min, centrifuged, and superna-
tants joined. The joined 47-mL supernatants were aerated for
half an hour, filtered through 0.6-μm glass fiber filters, acid-
ified with 3-mL 2-M H2SO4, and stored in the refrigerator for
P analysis. In the third and last step, to the pellets, 25-mL 0.1-
MNaOHwas added aiming to extract P bound tometal oxides
of AI. The tubes were shaken for 30 min, centrifuged, and
supernatants collected, followed by a second extraction with
25-mL 0.1-M NaOH for 5 min and a washing step for 5 min
with 23.5-mL demineralized water. The three joined superna-
tants (73.5 mL) were filtered as before, acidified with 1.5-mL
2-M H2SO4, and stored in the refrigerator. The filtrates were

analyzed on their SRP and total phosphorus (TP) concentra-
tions using a flow injection analysis system (model 2500,
FIAlab, USA). The dry weight of the sediment was deter-
mined by weighing triplicate samples of 10-mL sediment be-
fore and after drying at 105 °C.

Effect of Different Over-standing Water on Sediment
Phosphate Release

Fifty grams wet sediment from Jacarepaguá, corresponding to
a 2.43 mg of releasable P in the sediment, considering the P
content determined as described above, was transferred into
250-mL Schott glass bottles. To six bottles 100-mL
demineralized water was added, to nine bottles 100-mL fil-
tered Jacarepaguá water (0.6-μm glass fiber filters; GF-3,
Macherey-Nagel) was added, while to nine other bottles
100-mL unfiltered Jacarepaguá water was added, which was
collected on January 19, 2015. Three bottles of each series
were left untreated (control) and three were treated with 400-
g m−2 LMB, while the two series with filtered and unfiltered
Jacarepaguá water also included a treatment with PAC
(8 mg Al L−1) and LMB (400 g m−2) in triplicates. This dose
of PAC was found effective in flocculating the cyanobacteria
out of the water column without strong effects on the pH of
Jacarepaguá water (De-Magalhães et al. 2017). PAC was not
included in the demineralized water series, because of strong
effects on pH (Gebbie 2001). We calculated a dose of
400 g LMB m−2 assuming a communicating sediment depth
of 8 cm, which is consistent to the La profile in 10 LMB
treated lakes where La was mixed in the sediment from ~
5 cm to more than 10 cm (Dithmer et al. 2016). The experi-
mental bottles were placed at 25 °C at low light (≅
1 μmol photon m−2 s−1) in day-night regime (13-h light:11-h
dark). Initially and after 7, 14, and 21 days, samples were
taken, filtered through 0.6-μm glass fiber filters (GF-3,
Macherey-Nagel), and analyzed on their SRP concentrations
using a flow injection analysis system (model 2500, FIAlab,
USA). Differences in SRP concentrations between start and
1 week incubations were used to derive an estimate of SRP
fluxes using the known water volume (100 mL) and the sur-
face area of the sediment at the Schott glass bottles
(28.27 cm2).

Treating Sediment Cores with PAC or LMB +
PAC—Short-Term Experiment

On January 19, 2015, seven sediment cores were drilled from
Jacarepaguá using a Kajak core sampler. The cores contained
between 18- and 30-cm length of black sediment and 9- to 21-
cm over-standing, cyanobacteria dominated water. Hereto,
considering a communicating sediment depth of 8 cm and
the results of the extraction described above, the cores contain
an estimated amount of 10.15 mg of P releasable to the water
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column. Two cores were treated with sole PAC (8 mg Al L−1),
two cores with LMB (400 g m−2) plus PAC (8 mg Al L−1),
while three cores remained untreated (controls). The cores
were incubated in the laboratory at 25 °C at low light (≅
1 μmol photon m−2 s−1) in day-night regime (13-h light:11-h
dark). Initially and after 1.5, 3.5, 18, 42, 90, 138, 186, and
306 h, water samples were taken and analyzed on their chlo-
rophyll-a concentrations. Additional samples taken before,
just after application and after 138 and 306 h incubation, were
filtered through 0.6-μm glass fiber filters (GF-3, Macherey-
Nagel) and analyzed on their SRP concentration as previously
described. The differences between SRP concentrations from
the start and after incubation of 306 h were used to estimate
the SRP fluxes using the formula: {(Pfinal − Pstart) × water
height} / Δt, with P in mg m−3, water height in m, and Δt in
days (day).

Treating Sediment Cores with LMB +
PAC—Long-Term Experiment

On September 29, 2015, additional sediment cores were taken
from Jacarepaguá using a gravity Uwitec Corer sampler. The
tubes contained between 18- and 28-cm length of black sedi-
ment and 32 to 43 cm of over-standing water. The potential
available P was determined as outlined above and the SRP
concentration in the water was determined. Both were used
to estimate the dose of LMB required assuming a 10-cm com-
municating sediment depth. The 10-cm communicating sedi-
ment depth contain a calculated amount of 12.68 mg of P
releasable yielding a dose of 507.5 g m−2 to be added together
with PAC (8 mg Al L−1) to each of four replicate cores (treat-
ment), while four other cores remained untreated (controls).
The chlorophyll-a concentration of the over-standing water
was 86 (± 1) μg L−1. The cores were closed with a rubber
stopper and placed in the laboratory at 25 °C in the dark.
The experiment lasted 96 days to give insight in the durability
and efficacy of the treatment. The experiment was conducted
under anoxia 0.20 (± 0.45) mg L−1 at a circumneutral pH 7.01
(± 0.54). Ten milliliters of water from the middle of the core
tubes were sampled initially and after 1, 3, 15, 22, 29, 35, 64,
and 96 days and filtrated before been analyzed using a flow
injection analysis system (model 2500, FIAlab, USA) for SRP
measurements. The treatment took place on October 1, i.e.,
2 days after collection, because the sediment P had to be
determined prior to application. Consequently, the course of
SRP concentrations was statistically evaluated running a
rmANOVA in the toolpack SPSS (version 22) using the whole
period as well as using only the data obtained after application
(days 3,…, 96). The differences between SRP concentrations
from start and after 96 days of incubation were used to esti-
mate the SRP fluxes using the formula: {(Pfinal − Pstart) × water
height} / Δt, with P in mg m−3, water height in m, and Δt in
days (day).

Comparison of SRP Fluxes with Estimated Critical P
Loadings

The PCLake Metamodel is used to estimate the critical P load
sufficient to cause a shift between a clear water state (P load
below its critical value) and a turbid water state (P load above
its critical value) (Mooij et al. 2010, PBL 2015), available at
http://themasites.pbl.nl/modellen/pclake/index.php. In the
clear water state, blooms of cyanobacteria are not expected as
they are P-limited. PCLake simulates the influence of
phosphate on lakes based on water and sediment P,
transparency, amount of water plants, phytoplankton
concentration, fish stock, and swamp and bank vegetation,
while taking into consideration soil type, size, and depth of a
lake. PCLake simulations have been run by the model builders
using a whole range of P loads for a number of lake types and
both starting conditions. In these 100,000 simulations, depth,
lake surface, retention time, soil type, and swamp area defined
the lake types. All results are stored in a database and the
critical transitions determined for each combination. The
critical transition is the P-load yielding a transparency of half
the water column depth. In case of new combinations, the
critical P loads are estimated using a neural network (http://
www.pbl.nl/dossiers/water/modellen/WerkingModelPCLake).
PCLake was run with the following parameters based on
previous Jacarepaguá lagoon studies (Barbosa and Almeida
2001; Ferrão-Filho et al. 2002; Gomes et al. 2009). The input
parameters were as follows: average depth of 3.3 m, swamp
area 0.1, fetch 4000 m, discharge (19 mm day−1 = residence
time of 176 days), average depth = 3.3 m, background extinc-
tion = 0.5 m−1, and sand as soil type. We compare the SRP
fluxes derived from our current experiments to the PCLake
critical P loadings. An additional critical P load estimate was
made, targeting a TP concentration of 30 μg L−1, which corre-
spond to a decrease of 98% of TP in Jacarepaguá lagoon (De-
Magalhães et al. 2017), using the Vollenweider (1976) model:
Pcritical = Ptarget × (1 + √τ) × zm × τ−1, where Pcritical is the critical
P load (g m−2 year−1), Ptarget is the target in-lagoon P concen-
tration (g m−3), τ is the water retention time (year), and zm is the
mean water depth (m). The same model was used to derive an
estimate of the actual load based on the current in-lagoon P
concentration.

Results

Effect of Different Concentrations of LMB and PAC
on Cyanobacteria Removal

With the PAC dose fixed at 2 mg Al L−1, the chlorophyll-a
concentrations in the top of the test tubes declined with in-
creasing LMB dose. The F test revealed a significant differ-
ence among the treatments (F5,12 = 135.0; p < 0.001). The
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pairwise multiple comparison revealed no difference between
the control and the sole PAC treatment (0mg LMBL−1), while
with higher LMB dose, all chlorophyll-a concentrations in the
top were significantly different and decreased with higher
concentrations of LMB as ballast (Fig. 2). Also, in the bottom
of the test tubes, significantly different (F5,12 = 495.4;
p < 0.001) chlorophyll-a concentrations were found. The post
hoc comparison, considering the top of the bottles revealed
four homogenous groups that were significantly different
from each other: (1) the lowest chlorophyll-a concentrations
were in the control and the 0-mg LMB L−1 treatment; (2)
significantly higher chlorophyll-a concentrations were mea-
sured in the bottom of the tubes treated with concentrations
50-mg LMB L−1 treatment; (3) even higher chlorophyll-a
concentrations were measured in the bottom of the tubes treat-
ed with concentrations 100-mg LMB L−1 treatment; and (4)
the highest chlorophyll-a concentrations were measured in the
bottom of the tubes treated with 200 and 400 mg LMB L−1

(Fig. 2). PSII-efficiencies in the top of the tubes were also
statistically different (F5,12 = 6.19; p = 0.005), the post hoc
comparison revealed that the PSII in the 200-mg LMB L−1

treatment was lower than in the 100 and 400 mg LMB L−1.

Nonetheless, values varied on average between 0.49 and 0.55.
PSII efficiency was also statistically different in the bottom of
the tubes (H5 = 13.8; p = 0.017). The pairwise multiple com-
parison test revealed that PSII in the control (0.59) was signif-
icantly higher than in the 400-mg LMB L−1 treatment (0.42)
(Fig. 2). Although pH in the control was significantly higher
than the treatments (F5,12 = 94.1; p < 0.001), the differences
were relatively small varying from 9.1 (control) to 8.7
(400 mg LMB L−1; Fig. 2).

In the series with PAC dosed at 8 mg Al L−1 and concen-
tration range of LMB, chlorophyll-a concentrations in the top
of the test tubes were significantly different among treatments
(F5,12 = 66.7; p < 0.001). The post hoc comparison revealed
four homogeneous groups: (1) the control; (2) the 0-
mg LMB L−1 treatment, i.e., the sole PAC treatment; (3) the
combined PAC and 50, 100, and 400-mg LMB L−1 treat-
ments; and (4) the 100, 200, and 400-mg LMB L−1 treatments
combined with PAC (Fig. 3). The bottom chlorophyll-a con-
centrations were also significantly different (F5,12 = 217.7;
p < 0.001). Three significantly different groups were detected:
(1) the control; (2) the 0, 50, 100, and 200-mg LMB L−1
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treatments combined with PAC; and (3) the 400-mg LMB L−1

treatment also combined with PAC (Fig. 3). PSII-efficiencies
in the top of the test tubes were similar (F5,12 = 2.78; p =
0.068) and on average 0.55 (± 0.05). In the bottom, the
ANOVA indicated significant differences (F5,12 = 6.50; p =
0.004), where the post hoc comparison indicated PSII in the
400-mg LMB L−1 treatment was significantly lower than
those in the 0-, 50-, and 100-mg LMB L−1 treatments.
However, differences were very small, as were within group
variations. The mean PSII-efficiency at the bottom was 0.53
(± 0.02) (Fig. 3). The pH was significantly different (F5,12 =
288.3; p < 0.001) and three different groups were found: (1)
the control; (2) the 0-mg LMB L−1 treatment, i.e., the sole
PAC treatment; and (3) all PAC + LMB treatments (Fig. 3).

Effect of Different Over-standing Water on Sediment
Phosphate Release

The initial SRP concentration in the Jacarepaguá lagoon was
786 μg L−1 in the filtered water and 783 μg L−1 in the unfil-
tered water, while it was below the detection limit (3 μg L−1)
in the demineralized water. The SRP concentrations in the

filtered and unfiltered lagoon water standing over
Jacarepaguá sediment were reduced by treatments with
LMB or PAC + LMB, while it was the same in the controls
(Fig. 4). Contrary, in over-standing demineralized water, SRP
concentrations seem to increase in treatments with LMB and
control (Fig. 4); however, the rmANOVA indicated no time
effect (F1.5,6.0 = 2.12; p = 0.200), no treatment effect (F1,4 =
1.60; p = 0.274), and no time × treatment interaction
(F1.5,6.0 = 0.36; p = 0.655) (Fig. 4a). The SRP fluxes, from
demineralized water, determined after 1-week incubation
were not significantly different (t4 = 2.25; p = 0.065), despite
they were on average 4.0 (± 2.5) mg Pm−2 day−1 in the control
and 0.4 (± 0.2) mg P m−2 day−1 in the LMB treatment (Fig. 5).

In the series where Jacarepaguá sediment was incubated
with filtered lagoon water, the rmANOVA indicated no time
effect (F2,12 = 1.15; p = 0.351), a significant treatment effect
(F2,6 = 107.5; p < 0.001), and no time × treatment interaction
(F4,12 = 0.79; p = 0.552). Tukey’s post hoc comparison re-
vealed that SRP concentrations in the LMB and LMB+ PAC
treatments were significantly lower than in the controls
(Fig. 4b). Likewise, the SRP fluxes were significantly different
(F2,8 = 22.8; p = 0.002). Tukey’s test showed that controls dif-
fered from treatments with values of 2.3 (± 1.2) mg Pm−2 day−1

in the control, − 2.7 (± 0.9) mg P m−2 day−1 in LMB treatment,
and − 2.4 (± 0.9) mg P m−2 day−1 in LMB+ PAC treatment.
The negative values indicate a net removal of SRP from the
over-standing water and thus a flux towards the sediment
(Fig. 5).
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The treatment effects in the series with sediment and unfil-
tered water were comparable to those obtained with filtered
water (Fig. 4b, c). The rmANOVA indicated no time effect
(F2,12 = 1.90; p = 0.192), a significant treatment effect (F2,6 =
13.1; p = 0.006), and no time × treatment interaction (F4,12 =
1.37; p = 0.301). Tukey’s post hoc comparison revealed that
SRP in the LMB and LMB+ PAC treatments was significant-
ly lower than in the controls (Fig. 4). The SRP fluxes were
significantly different (F2,8 = 8.87; p = 0.016), and Tukey’s
test showed that the control differed from treatments with
values of 6.1 (± 4.8) mg P m−2 day−1 in the control, − 2.5 (±
1.0) mg P m−2 day−1 in LMB treatment, and − 2.3 (±
0.9) mg P m−2 day−1 in LMB+ PAC treatments. Again, the
negative values indicate a net removal of SRP from the over-
standing water and thus a flux towards the sediment (Fig. 5).

BLabile^ P-Pool in Jacarepaguá Lagoon Sediment

The average value from the phosphate concentration sum, for
all three extraction steps, was 362.5-μg P/g DW. The major
part of the phosphorus was extracted in step 2, with BD
(167.1 ± 27.1-μg P/g DW). The P sorbed by clay minerals
and oxides of AI extracted using NaO contributed with
131.8 (± 20.5) μg P/g DW. Lower contribution of loosely
adsorbed P (extracted with anoxic demineralized water) was
observed in a concentration of 63.5 (± 12.1) μg P/g DW
(Fig. 6). Considering 14% of dry weight in each ml of sedi-
ment, it yields a concentration of 51.5 μg P/ml.

Treating Sediment Cores with PAC or LMB +
PAC—Short-Term Experiment

The sediment cores treated with PAC + LMB or only PAC
caused a rapid decline in both the chlorophyll-a and the SRP
concentrations in the water column (Fig. 7a, b). Already after
1.5 h, chlorophyll-a concentrations in the sole PAC treatment
were 59% lower than in the control, while in the LMB+ PAC
treatment, it was more than 90% lower. The rmANOVA indi-
cated a significant time effect (F3.5,14.3 = 34.3; p < 0.001), a
significant treatment effect (F2,4 = 11.1; p = 0.023), and a sig-
nificant time × treatment interaction (F7.1, 14.3 = 3.84; p =
0.015). The chlorophyll-a concentrations in the control also
gradually decreased to values similar as in the treatments
(Fig. 7a). Tukey’s test revealed that only the control and the
LMB + PAC treatments were significantly different from each
other. The SRP concentrations were strongly influenced by
the treatments where PAC reduced the SRP concentrations
by 72% within 1.5 h, while LMB + PAC caused a 92% reduc-
tion (Fig. 7b). However, SRP concentrations in PAC

Fig. 6 Average concentrations of P-fractions (μg P/g DW) in
Jacarepaguá Lagoon sediment core. Error bars indicate one standard de-
viation (n = 3). BD = strongly reducing reagent (anoxic bicarbonate/
dithionite)
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treatments started to increase again and after 306 h, they were
similar to the control (t3 = 1.25; p = 0.299), while SRP in the
PAC + LMB treatments was still significantly lower (Tukey’s
test following one-way ANOVA; F2,6 = 49.2; p = 0.002). The
SRP fluxes were on average 9.2 (± 6.7) mg P m−2 day−1 in the
control, 3.6 (± 1.7) mg P m−2 day−1 in PAC treatment, and −
10.4 (± 5.5) mg P m−2 day−1 in LMB + PAC treatment. The
ANOVA indicated that SRP fluxes were significantly different
(F2,6 = 7.70; p = 0.043) (Fig. 5), but this was not confirmed by
the Tukey post hoc comparison yielding a marginal difference
between the control and LMB + PAC treatment (p = 0.052).

Treating Sediment Cores with LMB +
PAC—Long-Term Experiment

When sediment cores from Jacarepaguá were treated with
PAC + LMB a strong reduction in SRP concentrations could
be observed (Fig. 8). The rmANOVA on SRP data over the
whole period indicated a significant time effect (F3.4,16.8 =
7.29; p = 0.002), a significant treatment effect (F1,5 = 136.0;
p < 0.001), and a significant time × treatment interaction
(F3.4,16.8 = 16.4; p < 0.001). To check whether the interaction
effect was caused by the initial data obtained prior to the
treatment (days 0 and 1), an additional rmANOVA was run
on data after the application (days 3,…, 96). This rmANOVA
yielded similar results; a significant time effect (F3.3,16.7 =
7.22; p = 0.002), a significant treatment effect (F1,5 = 146.7;
p < 0.001), and a significant time × treatment interaction
(F3.3,16.7 = 7.62; p = 0.002). The time × treatment interaction
effect was caused by the gradual increase in SRP in the con-
trols, while SRP in the treatments remained equally low over
the course of the experiment (Fig. 8). SRP in the treatments
was on average only 2% of the values in the control. The SRP
fluxes were 9.9 (± 3.3) mg P m−2 day−1 for the control and −

4.6 (± 0.3) mg P m−2 day−1 for the PAC + LMB treatments
(Fig. 5).

Comparison of SRP Fluxes with Estimated Critical P
Loadings

Based on the output from the PCLake Metamodel, a critical
SRP flux of 0.7 mg P m−2 day−1 indicates the shift from a clear
to turbid stable state in Jacarepaguá lagoon. While after the
turbid stable state is established, only decreasing the SRP flux
to values lower than 0.2 mg P m−2 day−1 would shift the water
from the turbid to clear. TheVollenweider (1976)model yielded
-for a target in-lagoon P concentration of 30 μg L−1—a critical
P load of 0.95 mg P m−2 day−1 (Table 1). These values are
considerably lower than the fluxes that have been estimated in
the controls of the different experiments conducted and higher
than the LMB treatments in this study (Fig. 5).

Discussion

The results of this study are in agreement with our hypotheses
that LMB will block P release from the sediment of the eutro-
phic coastal lagoon Jacarepaguá and that a combination of
PAC with LMB also clears the water effectively from
cyanobacteria. The LMB strongly reduced the internal loading
from the nutrient rich sediment from Jacarepaguá lagoon.
These results add to the growing body of evidence that
LMB is an effective eutrophication management agent.
Meanwhile, LMB has been used in dozens of freshwater sys-
tems where it in general led to an improved water quality (e.g.,
Copetti et al. 2016; Spears et al. 2013, 2016; Epe et al. 2017).
In freshwater lakes with cyanobacterial blooms, the combina-
tion of LMB with a coagulant clearly improved water quality
through effective control of the bloom and internal SRP load-
ing (Lürling and Van Oosterhout 2013; Waajen et al. 2016a).
A growing number of studies show that LMB is effective in
reducing the SRP efflux from freshwater sediments (e.g.,
Waajen et al. 2016a, b), but reports on its efficacy in eutrophic
coastal lagoons is still limited. Few studies have reported that
LMB could adsorb SRP effectively in saline water
(Haghseresht 2006; Zamparas et al. 2012) and brackish water
(Reitzel et al. 2013), while reports on effective SRP efflux
reduction from brackish and saline sediments are even more
rare (Douglas et al. 1999). Hence, our study is one of the few
that demonstrates the effectiveness of LMB in hampering the
SRP efflux from a brackish sediment and the first that shows
that combined with PAC and LMB can control the sediment
SRP release for at least 3 months. In our short-term experi-
ment, we could see that PAC alone (at 8 mg Al L−1) was
ineffective in hampering sediment P efflux as within 2 weeks
SRP was as high as in the control, but when combined with
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LMB, the SRP remained at 2% of the control for the entire
experimental period of 3 months.

Our results also refute the claim that evenmoderately saline
environments of > 0.5 ppt will render LMB ineffective, be-
cause La would be freed from the clay matrix and therewith
prohibit formation of a reactive layer for the absorption of
labile P species at the sediment-water interface (Copetti et al.
2016). Liberation of some of the La from the clay matrix is
likely in more ion rich environments, but formation of
Bsoluble La species^ (Copetti et al. 2016) is less likely, since
any La will immediately react with oxyanions in the water to
form complexes (Byrne and Kim 1993), including precipitates
with phosphate (Firsching and Kell 1993). High pH and ele-
vated alkalinity as in Jacarepaguá lagoon imply a higher pro-
portion of hydroxyl- and carbonate ions in the water that could
interfere with La-phosphate precipitation (Byrne and Kim
1993; Johannesson and Lyons 1994). Nonetheless, our results
show that such interference in the water of Jacarepaguá is
insufficient to render LMB ineffective and that sufficient La
remained to effectively reduce the SRP efflux from the brack-
ish sediment of Jacarepaguá lagoon. Effective blocking of
sediment P release has also been found in a short-term
(4 days) experiment, where 0.1 g of LMB and 1.0 g of bottom
sediment from Swan River were incubated with 30-mL
autoclaved water of 0.5- and 30-ppt salinity (Haghseresht
2006). It would be advisable to conduct additional research
with LMB under more saline conditions to test the claim that
Bsoluble La species^ are released into the saline water and to
evaluate the efficacy of LMB in more saline conditions.

The main reason for including PAC is the year round pres-
ence of a relatively high biomass of phytoplankton in
Jacarepaguá lagoon (Gomes et al. 2009) and the incapacity
of solely ballast to precipitate cyanobacteria, while their com-
bination is highly effective (Noyma et al. 2017). The effec-
tiveness of ballast compounds and a low-dose coagulant is,
however, inversely related to cyanobacterial biomass—more
biomass requires more ballast to effective settling (Noyma
et al. 2017). Our results showed that 2-mgAl L−1 PAC in itself

was insufficient to settle the cyanobacteria, but with a dose of
400 mg LMB L−1, effective removal could be achieved. It
should be noted, however, that such LMB dose comes down
to 4884 tons for the entire lagoon. Increasing the PAC dose to
8 mg L−1, which proved to be the best concentration in our
previous studies with red soil as ballast (De-Magalhães et al.
2017), showed that comparable results could be achieved with
100 mg LMB L−1, which is 1221 tons for the entire lagoon.

Of course, the main reason for applying LMB is not the
needed ballast weight, but the effectiveness in reducing the
sediment SRP efflux. In the first trials, we used 400 g m−2,
but this was increased to 507.5 g m−2 in the last sediment core
experiment as we increased the communicating sediment
depth to 10 cm and included the water column P in the calcu-
lations. This dose is in close vicinity with the average dose of
388 g LMB m−2 (range 159–530) given in Copetti et al.
(2016) and the 348 g LMB m−2 (range 6–667) listed in
Spears et al. (2013). Considering the total sediment area of
the lagoon (3.7 km2), a 507.5-g m−2 dose implies 1878 tons of
LMB would be needed, which with an average water depth of
3.3 m yields a dose of 154 mg LMB L−1 in the lagoon.
Common application of LMB is as a slurry from the water
surface—LMB granules are mixed with surface water just
before spraying on the water (Copetti et al. 2016). Since this
LMB dose is between suboptimal and optimal when com-
bined with 2 mg Al L−1 of PAC (see Fig. 2), a dose of
8 mg Al L−1 of PAC seems better suited (see Fig. 3).
Although 8 mg Al L−1 of PAC by itself was already sufficient
to precipitate the cyanobacteria, the short-term sediment core
experiment clearly evidenced that it was ineffective in ham-
pering the sediment P efflux (see Fig. 7b). Using a higher dose
of PAC to counteract the sediment, P release is not recom-
mended for several reasons despite the cost of PAC is only
about 15–20% that of LMB. First, the minimum dose needed,
based on an Al:P ratio of minimally 10:1 (cf. De Vicente et al.
2008; Egemose et al. 2010), would boil down to at least
16mg Al L−1. At such PAC dose, the pH in Jacarepaguá water
will drop and depending on the pH at application could drop
to pH values below 6 (De-Magalhães et al. 2017). Second, the
Al polymerization seems to be the most important factor for
acute hypoxic death in fish (Poléo 1995), and thus, negative
effects of a relatively high Al dose are likely on the abundant
fish, such as Tilapia rendalli, which is an important feed and
source of income to fishermen living adjacent to the lagoon.
Finally, Al-flocks are easily resuspended and hence distribut-
ed, while LMB is not (Egemose et al. 2010). In fact, LMB
strongly increased sediment stability/consolidation and the
resuspension data obtained by Egemose et al. (2010) drove
them to conclude that wind driven events will most probably
not cause any resuspension of LMB in contrast to Al flocks.
Nonetheless, the influence of wind driven resuspension on
flocks and P-binding capacity in a large shallow system like
Jacarepaguá lagoon needs to be determined.

Table 1 Critical P loadings from the transitions from clear to turbid
water and vice versa derived using the PCLake Metamodel with the
following input data: residence time = 173.7 days, discharge
19 mm day−1; average depth of 3.3 m; background extinction of
0.5 m−1; maximum fetch of 4000 m; relative surface swamp area of 0.1;
and sand as the soil type, as well as the critical P load based on the
Vollenweider (1976) model with a target in-lagoon P concentration of
30 μg L−1

Model Critical P load
per day (mg P m−2

day−1)

Critical P load
per year (g P m−2

year−1)

PCLake—clear to turbid 0.66 0.24

PCLake—turbid to clear 0.17 0.06

Vollenweider 0.95 0.35
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The combination of a higher dose of PAC (8 mg L−1) with
dose of LMB targeting both water column and sediment P, not
only ensures a stripping of the water column of cyanobacteria
and phosphate, which is around 0.8 mg SRP L−1 despite
cyanobacteria flourishing (De-Magalhães et al. 2017), but also
sufficient SRP binding capacity to counteract any P that might
diffuse from a bit deeper than 10-cm sediment as the PAC
brings an additional SRP binding capacity equal to about
5 cm of sediment.

The negative P flux and the low SRP concentration in the
long-term experiment (− 4.6 ± 0.3 mg P m−2 day−1) showed
the strong P binding capacity of LMB + PAC. This P binding
occurred in cores that had very low oxygen concentrations,
which is common for Jacarepaguá lagoon and is in line with
other studies that also found good P adsorption by LMB under
anoxia (Robb et al. 2003; Akhurst et al. 2004; Ross et al.
2008). The combination of a low-dose PAC with a sediment
P target dose of LMB has been applied in a whole lake appli-
cation in 2008 (Lürling and Van Oosterhout 2013). The hy-
pertrophic water with dominance of cyanobacteria in Lake
Rauwbraken (The Netherlands) was changed to a mesotrophic
clear water state with total P concentrations for more than
4 years being less than 10% pre-application concentrations
(Lürling and Van Oosterhout 2013). It should be noted, how-
ever, that Lake Rauwbraken, unlike Jacarepaguá lagoon, has
no major inflows of nutrient rich water, but rather diffuse
sources via ground water, litter fall, and birds (Lürling and
Van Oosterhout 2013). In Jacarepaguá, the external load is
overwhelming with an average discharge of 0.8 m3 s−1

(Gomes et al. 2009) from the tributaries and an average total
P concentration of 1477 mg m−3; the external load comes to
27.6 mg P m−2 day−1 (~ 10 g P m−2 year−1). Given such on-
going external P loading in Jacarepaguá lagoon, it is beyond
doubt that first these external sources should be tackled before
massive in-lake rehabilitation actions are undertaken.

External load reductions could reduce the eutrophication
symptoms within several years depending on efficacy of P
load reduction and retention time (Fastner et al. 2016).
Although the retention time in Jacarepaguá is around 0.5 years,
suboptimal mixing and particular the high internal P load
could hamper delay in recovery for many years (Fastner
et al. 2016). In Jacarepaguá lagoon, the internal P flux of ~
10 mg P m−2 day−1 (or ~ 3.6 g P m−2 year−1) is ~ 14 times
higher than the critical load, here calculated. Although the
model has not been developed for brackish water and estimat-
ed critical loadings come with some uncertainties (Janse et al.
2010), the internal P loading was substantially larger than the
critical loading. Reducing the P loading to below the critical P
load is the only option for rehabilitation (Vollenweider 1976;
Janse et al. 2008). Thus, even when external loadings are
completely stopped, the water quality in Jacarepaguá lagoon
will not improve rapidly unless internal loading is tackled
adequately. Consequently, additional in-lake actions seem

inevitable in this system. Treatments with only LMB or
LMB + PAC could bring the internal P load below the critical
load, but as emphasized the external load should also be
strongly controlled by implementing efficient waste water
treatment in the catchment. Furthermore, those catchment
treatments should keep the P load below the critical load to
ensure enduring improved water quality.

The effective control of the sediment P release from
Jacarepaguá sediment becomes important in view of the
planned but not yet executed dredging plans for the lagoon.
According to media reports, the dredging project will cost
$250 million (http://www.dailymail.co.uk/wires/ap/article-
2947878/Rio-official-visits-filthy-lagoon-near-Olympic-Park.
html). Of course, as mentioned before, such actions should
only be undertaken once external loading has been reduced
drastically, but then LMB or LMB + PACmight prove a much
cheaper option or could be considered as addition to dredging.
The effective dose used here (507.5 g m−2) will boil down to
around 1878 tons of LMB for the entire lagoon.With a pricing
between $2500 and $3000 per ton of LMB, the total material
costs to tackle the internal load would be between $4.7 and $5.
6 million. Assuming that also the entire water column needs to
be stripped of 1 mg P L−1, which requires an additional
1000 tons ($2.5–3.0 million) and including operational costs
a total budget of around $10 million would suffice. This is
only 4–5% of the estimated dredging costs. Moreover, it
remains to be seen if the planned dredging and storage of
sediment in geotextiles in a newly to create island in the
lagoon will sufficiently reduce in-lake nutrients to improve
water quality. The in-lagoon P concentrations need to be
pushed below the threshold concentration needed to minimize
the risk on cyanobacterial blooms (Fastner et al. 2016). The
here tested combination of PAC and LMB proved an efficient
method to settle cyanobacteria out of the water column and to
block the sediment P release. Hence, the combination seems
promising to test at a larger scale in-situ using enclosures.

Conclusions

& Positively buoyant cyanobacteria could be precipitated
using low dosage PAC (2 mg Al L−1) combined with
higher LMB dose and solely with a higher dose of PAC
(8 mg Al L−1) or also combined with lower LMB dose.

& The determined internal P loading from the sediment
exceeded estimated critical P loading for rehabilitation
meaning that only external load reduction will not im-
prove water quality in the lagoon and that both internal
and external P load should be tackled.

& The PAC dose used (8 mg Al L−1) was not capable to
block P release from the sediment, but the LMB proved
highly efficient in a brackish system.
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& In all treatments with LMB and LMB + PAC, negative
SRP fluxes were determined meaning a net removal of P
from the water column towards the sediment.

& In a 3-month sediment core experiment, combined
LMB+ PAC treatment kept SRP as low as 2% of the con-
trols underpinning the strong and robust interception of P
released from the heavily P enriched sediment of
Jacarepaguá lagoon.
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