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to the water column at Core 5, by the mineralisation of 
OM by oxic pathways and retained at Core 2. Although 
Core 4 had high P concentration on PW, no results of 
flux was possible due to lack on bottom water data. No 
concentration of SRP was detected in PW of Core 1 
and 7. Release of Fe, Mn, Zn and Cr was also observed. 
SRP was absent at the most eutrophic site (Core 1). The 
contribution of 74.83 mg m−2 SRP day−1 at Core 2 was 
potentially harmful to water quality. This study showed 
the importance of investigating sediment interstitial water 
and expanded a discussion in sub-climatic environments 
on the release and contribution of sediments in the geo-
chemistry of P in aquatic ecosystems.
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Abstract  The internal load of metals and nutrients in 
reservoirs can be derived from fluxes at the sediment–
water interface via pore water (PW) and may affect the 
water quality. The main goal of this study was to inves-
tigate the distribution and fluxes of nutrients and metals 
at SWI in a subtropical reservoir. Sediments cores were 
collected at five sites in Itupararanga Reservoir and sliced 
at 1-cm depth intervals (2-cm from 6 cm deep). PW was 
extracted and analysed by its dissolved cations (Ca2+, 
Mg2+, Na+, K+) metals (Al, Ba, Cr, Cu, Fe, Mn, Ni e 
Zn), nutrient (total dissolved phosphorus, soluble reactive 
phosphorus-SRP; NO3; NH4

+) and C content. The sedi-
ments were analysed by porosity, particle size distribution 
and contents of C, N and P. Fluxes at SWI were calculated 
using Fick’s law in one dimension. P was being released 
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1  Introduction

The sediment–water interface also known as benthic 
zone is an important compartment in aquatic ecosys-
tems that is responsible for removal, transformations 
and cycling of elements such as carbon (C), nitro-
gen (N), phosphorus (P), iron (Fe) and manganese 
(Matos et  al., 2022; Pan et  al., 2017; Pearce et  al, 
2017; Zhang et  al., 2014). It is a boundary between 
water and sediments where intense decomposition 
of organic matter (OM) by bacteria takes place. The 
gradients in density, solution composition, pH, redox 
potential and biological activity in this region are 
steep, and chemicals can be recycled several times 
before being buried (Santschi et al., 1990).

The pore water (PW) is the medium where the 
exchanges between the dissolved and particulate 
content will be carried out from the SWI. The forces 
driving this passage can be caused by pressure gra-
dients which can be stimulated by various mecha-
nisms in spatial and temporal intervals such as light 
intensity, temperature, bioturbulence, transport, flow 
and winds (movement of the water) (Bastakoti et al., 
2018; Frogner-Kockum et al., 2016; He et al., 2017). 
The metal and flux nutrients estimation in the SWI is 
significantly important for assessing the biogeochem-
ical cycle of elements, the sedimentary environment, 
water quality and the quality of ecosystems (Ni et al., 
2017). Among the processes affecting this flow are 
bioturbation, desorption, PW advection and resuspen-
sion of particles (Santschi et  al., 1990). Phosphorus 
is an important limiting nutrient in freshwater reser-
voirs. The loading of this element into these systems 
can be derived from both external (e.g., rivers and run 
off) and internal sources (from sediments via SWI). 
The role of the internal loading is greater in reservoirs 
of higher trophic levels, where P may be released 
from sediments at certain conditions, exceeding the 
sedimented amount originated from external loads. 
These conditions may involve for instance anaerobic 
and aerobic release of P, increase in pH and tempera-
ture (Perkins & Underwood, 2001).

The P released by sediments (usually as soluble 
reactive phosphorus—SRP) is normally bioavail-
able, turning it more important than external inputs 
(Burger et  al., 2007; Nuernberg, 1985; Nürnberg 
& Peters, 1984; Peters, 1981). Traditionally, SRP 
released into interstitial water has been associated 
with anoxic environments (Hüpfer & Lewandowski, 

2008). This assumption is based on the work of Ein-
sele (1936) and Mortimer (1941) that attributed the 
P retaining in oxic sediments to iron oxy-hydroxides 
at the SWI. Under anoxic conditions, the “adsorbing 
influence of oxidised ferric complexes is destroyed” 
and the sorbed P is released together with Fe. High 
temperatures typical from subtropical environments 
associated with high rates of aerobic OM mineralisa-
tion accelerate this process of oxygen (O) consump-
tion and P release (da Silva et  al., 2020; A. Klee-
berg & Dudel, 1997; Spears et  al., 2006). However, 
alternative release mechanisms such a dissolution 
of calcium-bound P, decomposition of organic P 
under both, aerobic and anaerobic conditions, min-
eralisation of OM by bacteria activity are often more 
important than the redox-driven Fe-coupled P cycle 
(Caraco et al., 1989; Flower et al., 2022; Moura et al., 
2020). Therefore, the classic model of anoxic release 
of P from sediments established by Eisenle (Einsele) 
and Mortimer (1942) should be used with caution and 
other processes and mechanisms need to be consid-
ered in order to better understand the P dynamics.

The release of P from the SWI has been the focus 
of several researchers worldwide because it is related 
to harmful algal blooming (Musong Chen et  al., 
2018; X. Chen et  al., 2019). Vertical P movements 
are particularly important and can be measured by 
Fick’s law equation. Studies applying Fick’s law to 
SWI in subtropical environments are limited to estu-
aries (Zhao et  al., 2021), lakes (Chiu et  al., 2020), 
drowned valley bays (Zhang et al., 2020), and coastal 
lagoons (Pratihary et al., 2009). Brazilian subtropical 
reservoirs have few studies involving PW and even 
less estimating the flux and quantifying P release or 
retention from bottom sediments (e.g. Mozeto et al., 
2001; Soares & Mozeto, 2006, Moura et  al, 2020; 
Papera et al., 2021) by unit of area using Fick’s law 
(e.g. Mozeto et  al., 2001; Soares & Mozeto, 2006). 
Because of this, investigations that present data from 
pore water quality may promote environmental moni-
toring database enrichment (Benassi et  al., 2021; 
Mozeto et al., 2001; Pierangeli et al., 2021; Soares & 
Mozeto, 2006).

High loads of phosphorus (P) are released daily 
into aquatic ecosystems via untreated sewage caus-
ing an increase in their primary productivity (Oliveira 
et  al., 2022), especially in developing countries 
that are located in subtropical areas. Croos et  al. 
(2005) state that this is a global trend and the use 
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of fertilisers—a product closely correlated with the 
increase in aquatic trophic state—is increasing to 
meet demand for food and crop productivity, conse-
quently intensifying the eutrophication that may lead 
to an increase of internal P loadings. This highlights 
the importance of studying internal P contributions to 
artificial reservoirs in subtropical areas where infor-
mation about P fluxes at the SWI is few (Chalar & 
Tundisi, 2001; Gin & Gopalakrishnan, 2010; Han 
et  al., 2014). In this investigation, Itupararanga Res-
ervoir located in Brazil was used as subtropical res-
ervoir model to study P fluxes as this reservoir has 
records of increasing tropic level and harmful cyano-
bacteria blooms. In this research, we identify the 
internal collaboration by unit of area in the release or 
trapping of P and some trace metals. We also propose 
an analysis of the sediment porewater and sediment 
parameters in order to: i) investigate the concentra-
tion and distribution of nutrients (P) and trace met-
als in sediment porewater; and ii) assess the nutrient 
and metal benthic fluxes. Some other studies were 
carried out focusing on nutrients dynamics on water 
(Frascareli et al., 2018; Simonetti et al., 2019) or sed-
iments (Melo et al., 2019) in Itupararanga Reservoir. 

However, no one evaluated the nutrient dynamic in 
sediments and benthic flux in an integrated way.

2 � Material and Methods

2.1 � Study Area

The Itupararanga reservoir is located in the upper part 
of the Sorocaba River basin, in the state of São Paulo, 
Brazil (Fig.  1). It was built in 1912 for hydroelec-
tric power generation and is currently used to supply 
drinking water to approximately one million peo-
ple, for agricultural and recreational purposes (Melo 
et al., 2019). The reservoir has a maximum depth of 
21 m, an average depth of 7.8 m, and its main channel 
is 26  km longer. The residence time varies between 
95 and 270  days, and the reservoir has a maximum 
storage volume of 286 million m3 (Frascareli et  al., 
2018; Ribeiro et  al., 2014). The reservoir is formed 
by the Sorocabaçu, Sorocamirim and Una rivers as 
the main tributaries and numerous small streams (for 
instance, Paruru, Ressaca and Campo Verde) (Smith 
& Petrere, 2008).

Fig. 1   Itupararanga Reservoir and its river network in the state of São Paulo, Brazil.  Source: Present work
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2.2 � Sampling and characterisation of the sediment 
cores

Undisturbed cores of 30–40 cm length were collected 
at five sites (Core 1, Core 2, Core 4, Core 5 and Core 
7) (Fig. 1) with a modified Kajak sampler (Bachmann 
et  al., 2001). The sediment cores were sliced at the 
field site at 1-cm depth intervals to a depth of 6 cm 
and at 2-cm intervals to the bottom of the cores. Tem-
perature, pH, and ORP were measured in each slice 
with specific electrodes (WTW, Germany) (Range 
and precisions, see Supplementary information -SI, 
Table 1). The material was stored in conical tubes and 
transported to laboratory where interstitial water was 
extracted by centrifugation (4 °C, 10 min, 4000 rpm) 
and filtered using 0.20-µm pore size syringe filters.

Dissolved cations (Ca2+, Mg2+, Na+, K+) and trace 
metals (Al, Ba, Cr, Cu, Fe, Mn, Ni e Zn) in the inter-
stitial water were determined by inductively coupled 
plasma mass spectrometry (ICP-MS Agilent 7500c, 
Agilent, Germany). Calibration Standard: ICP Multi 
Element Standard Solution VI CertiPur (Merck). 
Reference Material: SRM 1640a (Trace Elements 
in Natural Water) from the NIST and TMDA-64.3 
(Trace Element fortified Sample) from ECCC (Envi-
ronment and Climate Change Canada). The limits of 
quantification (LQ) were calculated by dividing 10 
times the standards deviation of 10 blank reading by 
the slopes of the calibration curves. Dissolved organic 
and inorganic carbon (DOC, DIC, respectively) 
were analysed by C-analyser (DIMATOC 2000; 
DIMATEC Analysentechnik GmbH, Germany). SRP, 
nitrate (NO3

−), and ammonium (NH4
+) were analysed 

according to Murphy and Riley (1962) by spectro-
photometry (Herzsprung et al., 1998).

The sediment slices were analysed in the labora-
tory for porosity, dry weight (DW), organic matter 
(OM, loss on ignition-LOI) (550  °C, 2  h) and par-
ticle size distribution obtained by laser diffraction 
(CILAS 1190d; Quantachrome) (Range and preci-
sions, see SI, Table 1). The geochemistry of the main 
and trace elements in the sediments was determined 
by X-ray fluorescence (XRF) as described in Mor-
genstern et  al. (2001), Morgensternet al. (2004) and 
Frascareli et al. (in review, this volume). The relative 
repeatability precision of the measurements was bet-
ter than 3% for the traces and better than 1% for the 
major components. Total organic carbon (TC) and 
total nitrogen (TN) were quantified by CN analyser 

(vario EL cube; Elementar Analysensysteme Hanau) 
(Range, precisions and limits, see SI, Table 1). Total 
phosphorus (TP) was determined by wet oxidation 
and subsequent spectrophotometry to Murphy and 
Riley (1962); reproducibility and accuracy was better 
than 3%. Phosphorus fractionation was carried using 
a sequential extraction method of modified by Psen-
ner et al. (1984) and Hupfer et al. (1995) which sepa-
rates the following P fractions: 1) NH4Cl-phosphorus 
present in interstitial water; 2) BD-phosphates soluble 
under reducing conditions phosphates (Fe-hydroxides 
and Mn-bonds); 3) NaOH-SRP-phosphates bound 
to surfaces of metal oxides (Al, Fe); 4) NaOH NRP 
phosphorus in microorganisms and detritus-P and 
humic substance; 5) HCl TP carbonate fractions and 
apatite-P and 6) residual P-refractory organic phos-
phorus. The reproducibility and accuracy were better 
than 5%.

2.2.1 � Estimation of diffusional flow

The vertical diffusional flux of dissolved nutrients 
and metals in the SWI was calculated from concen-
tration gradients in PW ( Δ C/Δ Z)z = 0 according to 
Fick’s law in one dimension (De Vittor et al., 2012) 
represented by Eq. (1):

where F is the diffusive flow of the species (mg 
cm−2  year−1) with concentration C at depth x , ф is 
the sediment porosity, θ is tortuosity, and Ds is the 
diffusion coefficient in the PW (mmol cm−2  day−1). 
The diffusion coefficient (Ds) was estimated from 
the empirical relationship Ds = Do / F ф and F = θ −3 
(Ullman & Aller, 1982), where Do is the diffusion 
coefficient in the infinite dilution defined by Burdige 
et al. (1992) and corrected by Strokes-Einstein (Meil-
ian Chen et al., 2017; Yuan-Hui & Gregory, 1974).

2.2.2 � Hydrochemistry interactions (Aqion)

The present study used Aqion (version 7.3.5) to 
determine the calcite carbonate in an open CO2 sys-
tem and equilibria with mineral phases. Aqion is a 
free software that calculates hydrochemistry interac-
tions (www.​aqion.​de). Aqion uses the well-known 
United States Geological Survey (U.S.G.S.) software 

(1)F = −

(

ϕDs

θ2

)

(

ΔC

Δx

)
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PhreeqC (Parkhurst & Appelo, 1999) as an inter-
nal numerical solver and thermodynamical database 
wateq4f (Ball & Nordstrom, 1991).

3 � Results and Discussion

3.1 � Sediment–water interface geochemistry.

The sediments were composed mainly by silt and clay 
at all sampling sites (average of clay, silt and sand 
were respectively, at Core 1 10.5, 83 and 6.5%; Core 
2 7.7, 88 and 4.3%; Core 4 7.9, 91.4 and 0.77%; Core 
5 9.7, 82.3 and 8.0%, and, Core 7 11.0%, 78.2% and 
10.7%). Porosity ranged from 0.8 to 0.9 in all sam-
pling sites. The PW presented pH values more neutral 
(pH 7.0 ± 0.2) than the hypolimnetic water, which had 
values slightly acidic (pH 6.8 ± 0.83) in most of sedi-
ment cores. However, the ORP presented larger differ-
ences between PW and the hypolimnetic water. The 
PW values were lower (46 ± 30  mV) than hypolim-
netic water (387 ± 68 mV), indicating an environment 
with less oxidative tendencies. ORP ranged between 
27 ± 12 mV (Core 2) and 85 ± 7 mV (Core 4) in the 
sediment cores. Despite this ORP variation, the pH 
did not change significantly with a variation coeffi-
cient of less than 3%. The distribution of pH and ORP 
in the PW and hypolimnetic water is shown in Fig. 2.

An increase of SRP, SO4
2−, NH4

+, Ca2+, Mg2+, 
K+, DIC, Si, Fe and Mn in the PW was registered 
from the bottom towards the sediment surface. High 
concentrations of these ions were detected in depths 
from 0 to 8 cm (Figs. 1 and 2, Supplementary infor-
mation- SI), indicating the presence of a sub-oxic 
layer (Froelich et  al., 1978). The highest concentra-
tions may be associated with: 1) a greater dissolution 
of carbonated minerals such as calcite and dolomite; 
2) cation exchange and aluminium weathering; 3) 
iron and silicate oxide hydroxides (Smolders et  al., 
2006). In the layers below 8 cm, there was a reduction 
of these ions concentration, suggesting an increase in 
their particulate forms. The concentration decrease 
may be attributed for example to the ions adherence 
to organic matter, sulphur forms or in the sediment 
grains (Keshavarzifard et  al., 2019; Miranda et  al., 
2022; Xia et  al., 2020). This compartmentalisation 
between surface and bottom sediment core can be 
observed by the high variability within the groups 
presented by PCA analysis (Fig. 3).

The two main axes from PCA explained 76% of 
total data variation, PC1 elucidated 43,6%, while PC2 
23,4% of data variation. The PC1 was mainly influ-
enced by Fe (0,98), Si (0,92), NH4 (0,82), DIC (0,81), 
ORP (-0,91) and SRP (-0,76). In the PC2, the vari-
ables that influenced the arrangement were K (0,97) 
e DOC (0,88) and Mn (-0,60). Cores 4 and 7 had 

Fig. 2   pH and ORP deter-
mined in the interstitial and 
hypolimnetic water
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lower concentrations of Fe and Mn in PW since the 
ORP values were higher. According to Wetzel (2001): 
“… a change in pH of one unit is accompanied by a 
change in redox potential of 58 mV.” Also, the pres-
ence of microorganisms that catalyse the oxidation 
of H2 coupled to the reductions of NO3

−, Mn (IV), 
Fe (III), sulphate or CO2 can affect ORP variations 
(Wetzel, 2001). These microorganisms can main-
tain lower pH levels as observed. In core 4 and 7, we 
also observed low values for total Fe contents, which 
implies lower Fe concentrations in its different forms. 
Of the many reducing compounds that contribute to 
the reduction in ORP, ferrous iron of the sediments 
is the most important (Wetzel, 2001). Therefore, in 
these cores (4 and 7), the highest level for the ORP 
can be associated with these lower Fe concentrations 
and confirmed by PCA.

Regarding the trace-metals, Cr, Ni and Pb suggest 
uncertain toxic effects to biota (> threshold effect 
level, TEL, CCME, 1999). On the other hand, in Core 
5, Cr exceeded the probable effect level (PEL), and 
the adverse toxic effects are likely to occur (Table 2, 
see SI). Actually, toxic effects depend on several fac-
tors as geochemical characteristics, species, expo-
sure routes and condition of the biota. Therefore, 
to be sure about the toxicity we suggest future eco-
toxicological investigations conducted in laboratory 
as well as in natural conditions considering organ-
ism, population and community levels. The release 
of metals trapped in sediment into water column can 
occur for several factors already mentioned. These 

changes occur mainly by vertical movements of the 
column water (Lewis, 2000). As reported by Melo 
et  al.,(2019), Itupararanga Reservoir presents strati-
fication in the water column during warmer season 
(November to March) and it is totally mixed in the 
colder season (July to August). Therefore, the varia-
tions of ORP visualised in the sedimentary samples, 
especially at sites 2 and 5, can also be the result of 
oxygen stratification periods and vertical mixing of 
the water column that may lead to the release of com-
pounds trapped in the sediment.

3.1.1 � Phosphorus release

Although essential to phytoplankton growth, excess 
of P (SRP) may cause potentially harmful algal 
blooms such as the ones caused by cyanobacteria (de 
Souza Beghelli et al., 2016). High SRP concentrations 
were observed in the interstitial water in the cores 2, 
4 and 5 (Fig.  4). Maassen et  al. (2005) determined 
that the concentration of SRP found in the interstitial 
water of the sediments is a good indicator of the sur-
face waters trophic status. In fact, paleolimnological 
studies in sediment cores indicate that aquatic organic 
production contributes to the organic enrichment of 
the sediments (de Oliveira Soares Silva Mizael et al., 
2020). However, SRP was not detected in the PW at 
sampling Core 1 that is located in the most eutrophic 
area of the reservoir (Melo et al., 2019). The results 
from the sites 2, 4 and 5, in the contrary are in 
accordance with Maassen et al., (2005) observations. 

Fig. 3   PCA with PW data
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The absence of SRP in the PW water from Core 1 in 
contrast to the observations of (Maassen et al., 2005) 
opens the opportunity to explore how the spatial het-
erogeneity in subtropical reservoirs may influence 
sedimentary P dynamics (Thornton, 1990).

The Itupararanga Reservoir inlet is the shallowest 
site and has the lowest light incidence (Melo et  al., 
2019). This is because it has higher flow velocity that 
can be confirmed by the presence of high particu-
late matter content (Melo et al., 2019). Burger et al. 
(2007) found no difference in SRP releases between 
light and dark exposed benthic chambers, suggesting 
that primary productivity at the water–sediment inter-
face may not have an important influence on nutrient 
fluxes in shallow regions. The authors explain that 
convective transport and disturbance of sediments 
do not allow significant accumulation of periphytic 
material (Burger, 2006; Burger et  al., 2007; Dodds, 
2003).

A possible explanation for the absence of SRP 
in Core 1 may be its precipitation with inorganic 
material. High Ca2+ concentrations (> 15  mg L−1) 
for instance favour precipitation and deposition of P 
with calcite in the sediments (Flower et  al., 2022). 
Supersaturation of calcite (CaCO3) was confirmed 
by Aqion in Core 1.

In the PW, a relationship was observed between 
reduction or absence of SO4

2− as there was an 
increase in Fe and SRP concentrations (Figs.  3, 4 
and 5). ORP compartmentalisation at Core 2 and 
Core 5 can be observed on cluster analysis (Fig. 5). 
Through the analysis, we observed surface sediment 
core was split from bottom sediment core in both 
samples (Core 2 and 5); in contrast, we observe 
Core 4 was not influenced by ORP and remained in 
the group where they had higher SRP and Fe con-
centrations and lower ORP concentrations.

Two variations in the ORP values were recorded 
in the Core 2: the first one at depth of 5 cm, where 
an ORP reduction was observed (30 to 5 mV) with 
the appearance of phosphate and ferrous species in 
PW (Fig.  6a). Furthermore, reduction of Fe in the 
solid portion of the sediment occurred (Fig.  6b). 
The second ORP variation took place in the layer 
from 14 to 20  cm, where we recorded total reduc-
tion of the SO4

2− as there was an increase in Fe, 
DIC, DOC, NH4

+ species in PW (Fig. 6b and c). At 
Core 5, the surface sediment (0–5 cm—dashed line 
– Fig.  7) from Core 5, the decrease of SO4

2− and 
increase of Fe and SRP in the interstitial water.

In fact, the increase in SRP may be derived from 
the release of Fe oxyhydroxide phases into the 

Fig. 4   Normalised concen-
trations by z-score method 
(x-axis) of SO4, Fe and 
SRP in interstitial water of 
cores 2, 4 and 5
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Fig. 5   Cluster analysis 
using ward’s method 
distance

Fig. 6   Normalised concen-
trations by z-score method 
(x-axis) of SRP, Fe and 
SO4 and variation of ORP 
in interstitial water and 
TP in sediments from the 
core 2
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interstitial water (Froehlich et  al., 1978; Li et  al., 
2016). As nitrate was not found in any of the stud-
ied sites, it was probably completely consumed by 
the microbial respiration processes (Konovalov et al., 
2007). Although the SRP release rates are generally 
much higher during column anoxia (Nowlin et  al., 
2005), there are evidence of high release rates under 
aerobic conditions in sediment core incubations 
(Krivtsov et  al., 2001). The authors explain that the 
rapid decomposition utilises oxygen and nitrate cre-
ating a localised reductive condition that leads to P 
desorption from metal complexes (Andreas Klee-
berg, 1997; Krivtsov et al., 2001). As well as Froelich 
et al., (1978), the present investigation eliminated the 
possibility of phosphate release by anoxic diagenesis 
and indicated the mineralisation of OM through oxic 
pathways.

Related to contamination limits, values above of 
4.8 mg N g−1 were observed and indicated contami-
nation of sediments according to the Ontario and 
Canadian Sediment Quality Guidelines (Canadian 
Council of Ministers of the Environment; CCME, 
1999; Persaud et al., 1993) and current local legisla-
tion (Brazilian National Environment Council, CON-
AMA, resolution 454/2012). Conversely, P presented 
constant values and low coefficient of variation over 

time (Table  3, SI). Furthermore, no contamination 
according to CCME and CONAMA 454/2012 for P 
in sediments was observed (values below 2 mg g−1).

3.2 � Diffusional flow into sediment–water interface

According to the two-dimensional flow calculations 
(Table  1), P was being released to the water col-
umn at Core 5 while retention at Core 2. The con-
tribution of 2.42 mmol m−2 SRP day−1 which corre-
sponds to 74.83 mg m−2 SRP day−1 at Core 2 could 

Fig. 7   Normalised concen-
trations by z-score method 
(x-axis) of Fe, SO4 and 
SRP in the interstitial water 
of sediment core 5

Table 1    Two-dimensional fluxes of DIC, DOC, NH4, Fe, Mn, 
and SRP at the SWI (in mmol L−1 m−2 d−1). Negative values: 
release to reservoir water Positive values: retention to sedi-
ment.

NA: not available.

Core 1 Core 2 Core 4 Core 5 Core 7

Unit mmol L−1 m−2 day−1

DIC -11.33 -35.88 -14.07 6.42 -24.60
DOC -0.44 -1.32 -11.32 -0.03 -2.19
NH4 -12.19 -39.68 -28.83 -18.82 36.43
SRP NA 2.42 NA -0.02 NA
Fe -9.98 -24.93 -8.19 -18.71 -14.61
Mn -0.36 -0.52 -0.23 -0.79 -0.56

Water Air Soil Pollut (2022) 233: 104 Page 9 of 14    104



	

1 3
Vol:. (1234567890)

be considered a substantial concentration to pro-
mote harmful effects on the quality of surface water. 
This concentration would classify the reservoirs as 
eutrophic (P between 52 to 120 mg L−1) according to 
the Environmental Company of the State of São Paulo 
(CETESB, 2008). Although the concentration found 
in Core 2 is trapping, the opposite direction could 
occur, resulting in the release of P from sediment. 
This phenomenon can lead to increase of eutrophica-
tion process in this meso-eutrophic reservoir due to 
sediment flux activity. We need to highlight Core 4 
had the highest concentration of SRP on PW; how-
ever, no concentration in bottom column water was 
verified to proceed with Diffusional Flow calculation. 
We believe core 4 had the capacity to release/retain 
due to the SRP concentration found at PW, but we 
cannot confirm that for lack of data.

Regarding the metals, the calculation of flux indi-
cated release of Fe, Mn, Zn and Cr from sediment to 
the hypolimnetic water (negative values). The results 
of NH4

+ (Core 7) and DIC (Core 5) indicated reten-
tion in the sediment (positive values) (Table 1).

In order to understand the potential of the sedi-
ment to release P observed in Core 5, a sequential 
extraction of P was performed, which is considered 
the most important factor to explain the mobility of 
phosphorus in sediments (Kwak et  al., 2018; Min 
et  al., 2014). The predominant fractions determined 

in the sediments were NaOH-NRP (56%) > NH4Cl 
(26%) > BD-P (10%) > P-rest (4%) > NaOH-SRP (3%) 
(Fig.  8) (Table  4  – At SI). According to Cardoso-
Silva et  al. (2021), the Itupararanga sedimentation 
rate in the lentic area is 0.55  cm  year−1. Therefore, 
the sediment cores in present study managed to reach, 
on average, the period between 1978 (bottom core) 
and 2018 (surface sediments).

The fractions NaOH-NRP (56%) > NH4Cl 
(26%) > BD-P (10%) > (4%) P-rest > NaOH-SRP (3%) 
were predominant in sediment. In summary, NH4Cl 
fraction is the phosphorus present in interstitial 
water; BD fraction phosphorus soluble under reduc-
ing conditions phosphates (Fe-hydroxides and Mn-
bonds); the NaOH-SRP fraction bound to surfaces of 
metal oxides (Al, Fe); NaOH-NRP the phosphorus in 
microorganisms, detritus and humic substance; and 
residual P-refractory organic phosphorus. The results 
of P-fractionation indicated that the concentration of 
P in the sediments was adhered to microorganisms 
and detritus, P bound to humic materials (NaOH-
NRP) followed with phosphate in the interstitial water 
(NH4Cl). Both predominant fractions confirm that the 
release of P is being controlled in Core 5 by the deg-
radation of labile organic material. Together with the 
C:N ratio, the results confirmed that the sedimentary 
OM is mostly of autochthone origin (data in SI)(Fin-
lay & Kendall, 2007). In contrast, recent investigation 

Fig. 8   Sequential extrac-
tion of phosphorus in the 
sedimentary core 5. 1) 
NH4Cl-phosphorus present 
in interstitial water; 2) 
BD-phosphates soluble 
under reducing conditions 
phosphates (Fe-hydroxides 
and Mn-bonds); 3) NaOH-
SRP-phosphates bound to 
surfaces of metal oxides 
(Al, Fe); 4) NaOH NRP 
phosphorus in microor-
ganisms and detritus-P 
and humic substance; 
5) Residual P-refractory 
organic phosphorus
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of the sedimentary OM (humic substances) from sur-
face sediments revealed that allochthonous sources 
are predominant across Itupararanga Reservoir, 
although the authors detected an increase in autoch-
thonous originated material towards the dam area 
(the C/N decrease over the reservoir) (Gontijo et al., 
2021). Cronological variation in Core 5 could be 
observed since the coefficient of variation was more 
than 30% to NH4Cl, NaOH-SRP and P-rest and more 
than 60% to BD-P (SI-Table 4). This means that the 
variations in BD-P concentrations demonstrated that 
re-oxygenation by water circulation is affecting the 
release of P in SWI.

4 � Conclusions

The characterisation of the PW of Itupararanga Res-
ervoir was useful to understand the dynamics of P 
and metals between the water column and sediments. 
We observed different behaviours in different areas 
of the reservoir: in core 5, an area with high trophic 
levels, we observed SRP release (core 5) from sedi-
ments, meanwhile core 2, in an upper reaches area 
tended to retain SRP. We suggested that the release 
of SRP in interstitial water was caused by the miner-
alisation of OM by oxic pathways. Furthermore, tem-
poral seasonality could be a factor influencing SRP 
release into the water column through oxygenation/
deoxygenation of the hypolimnion that induces the 
reactions of release of P adhered to Fe oxi-hydroxides 
as supported in the P-fractionation results of Core 5.

Among the methods used in this study, the two-
dimensional diffusional flow helped to understand the 
importance of how sediments can act as important 
sources of pollution for the aquatic environment and 
how this compartment should be monitored to avoid 
damage to the multiple uses of these ecosystems. In 
addition, sequential extraction was a tool to under-
stand the structural dynamics of its release into the 
waters. Therefore, we suggest that both methods can 
be applied to better understand the dynamics of P in 
reservoirs.

Finally, this study showed the importance of inves-
tigating sediment interstitial water and expanded 
a discussion in sub-climatic environments on the 
release and contribution of sediments in the geo-
chemistry of P in aquatic ecosystems. Although no 
contamination according to CCME and CONAMA 

454/2012 for P in sediments was observed, increases 
in population and land use and occupation without 
adequate public policies can increase the inputs of P 
and other contaminants. We suggested that the inputs 
of P need to be reduced and/or they should be extin-
guished to avoid possible future negative impacts to 
water quality. Otherwise, the reservoir multiple uses 
will be compromised.
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