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Introduction 

The aim of my research was to study the sediment of Lake Balaton and suspended 

particles in the water, in order to determine the various forms of mineral-bound phosphorus, 

an element that plays an important role in the eutrophication of lakes. 

Eutrophication – excessive plant growth resulting from nutrient enrichment – has 

several consequences, one of which is the development of algal blooms. In calcareous lakes, 

the primary limitation for algal growth is the availability of dissolved phosphorus. Lake 

Balaton is an excellent model for shallow, calcareous lakes. As a result of lake management 

measures introduced in the 1980’s, the external phosphorus load of the lake decreased, thereby 

reducing the extent and frequency of eutrophication. However, in the summer of 2019 an 

unexpected and large-scale algal bloom occurred in the western part of Lake Balaton, followed 

by several smaller blooms in subsequent years. Prior to the 2019 algal bloom, no significant 

change in the external phosphorus load to Lake Balaton was detected; therefore, internal 

processes must have triggered the event. It is assumed that anoxic conditions led to the 

reduction of sediment minerals, leading to the release of phosphorus. 

Phosphorus speciation in lake sediments is generally assessed using sequential 

extraction methods. These methods separate the phosphorus content of the sediment into 

fractions based on their solubility and quantitatively evaluate each fraction. In the sediments 

of calcareous lakes such as Lake Balaton, phosphorus is considered to be bound to carbonates, 

iron oxides or, less frequently, to silicates, or stored in phosphate minerals, such as apatite. 

According to the classical eutrophication model, algal blooms associated with sediment 

reduction are attributed to the release of phosphorus adsorbed to iron oxides. Previous 

sequential extraction studies suggest that phosphorus in the sediment of Lake Balaton is 

primarily bound to carbonate minerals and, to a lesser extent, to iron oxides, while phosphate 

minerals such as apatite have not been detected. However, no recent and direct (non-

dissolution-based) data are currently available on the mineralogical speciation of phosphorus. 

In order to characterize the mineralogical properties of phosphorus-containing particles, 

I used transmission electron microscopy (TEM) to identify and characterize the phases in 

which the presence of phosphorus can be detected using the X-ray spectrometer connected to 

the microscope. TEM provides more direct information about P-rich particles than the 

dissolution-based methods; however, it has a relatively high detection limit for phosphorus 

(≈0.2 wt%). The examined samples included: i) sediment samples collected from Lake 

Balaton, ii) suspended matter collected from the lake during algal blooms, iii) sediment 



samples from Kis-Balaton reservoir, and iv) products of laboratory precipitation and 

adsorption experiments. The aim of the laboratory experiments was to model specific 

processes occurring in the lake, primarily the fixation of phosphorus by iron oxides. 

 

Objectives and hypotheses 

1.) Role of iron-oxide-bound phosphorus in the phosphorus cycle of Lake Balaton. 

We assumed that the 2019 algal bloom was triggered by sediment reduction, which led 

to the release of phosphorus bound to iron oxides. The objective of this study was to 

characterize the phosphorus associated with iron minerals in the sediment of Lake 

Balaton. 

2.) Characterization of phosphorus bound to carbonate minerals 

Carbonate minerals constitute the largest portion of the sediment of Lake Balaton. 

However, the amount and the type of phosphorus association with carbonates – whether 

through surface adsorption or structural incorporation – are not yet fully understood. The 

aim of this work was to characterize carbonate-bound phosphorus using TEM methods. 

3.) Characterization of phosphorus-rich particulates 

In addition to carbonate and iron oxide minerals, the presence of other phosphorus-rich 

phases (e.g., calcium phosphates) cannot be excluded on the basis of literature. An 

additional objective of my study was therefore to identify all phosphorus-containing 

constituents in the sediment of Lake Balaton. 

4.) Role of other minerals in the phosphorus cycle 

In addition to the adsorption of phosphorus, sediment minerals may also participate in the 

phosphorus cycle through other mechanisms, such as catalysis or hydrolysis. Part of my 

doctoral research focused on the characterization of sediment minerals involved in the 

phosphorus cycle of Lake Balaton. 

 

 

 



Novel scientific results  

1. In a lake environment phosphate adsorption onto iron oxides can lead to calcium 

phosphate precipitation. 

I investigated the homogeneity of phosphate adsorbed onto iron oxides. Literature models 

predict heterogeneous surface adsorption; however, using TEM methods, I did not 

observe such heterogeneity in the case of goethite or lepidocrocite crystals. In contrast, 

adsorption on ferrihydrite was inhomogeneous. At sites with high phosphorus density, 

surface precipitation was observed, resulting in the formation of amorphous calcium 

phosphate. 

2. Phosphorus bound to iron oxides is negligible in the case of Lake Balaton. 

My results challenge long-standing views – and my own initial hypothesis – regarding 

the importance of iron oxides in the phosphorus cycle of Lake Balaton. Phosphorus bound 

to iron oxide minerals has traditionally been considered a significant fraction of 

sedimentary phosphorus and a major contributor to the 2019 algal bloom. However, my 

research shows that there is no significant iron oxide in the sediment of Lake Balaton, 

and the amount of phosphorus adsorbed on iron oxides is negligible. 

3. Calcium phosphates play a significant role in the phosphorus cycle of Lake Balaton. 

My results once again contradict an existing paradigm, this time regarding the presence 

of authigenic apatite and other calcium phosphate phases in the sediment of Lake Balaton. 

I detected and characterized nanoscale Ca‑phosphate phases in the sediment, including 

apatite. 

4. Microbial polyphosphate is an important component of the phosphorus cycle in 

lakes. 

The role of polyphosphate in lake ecosystems has been recognized previously; however, 

my work is the first to i) measure and compare the composition of polyphosphate particles 

inside blooming algae and in their extracellular environment, and ii) demonstrate a 

correlation between the polyphosphate inclusions, extracellular phosphorus-rich 

particles, and phosphorus-rich particles in the sediment. 

5. Smectite promotes the transformation of calcium phosphate nanoparticles. 

I have shown that, in the sediment, both calcium phosphate and iron oxide phases are 

associated with clay minerals, primarily smectite. Smectite likely promotes the formation 

of the most stable calcium phosphate phase, apatite, thereby removing a portion of the 

phosphorus from the lake cycle. 
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