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Since carbonate formation is an important process linking inorganic and
biological components of freshwater ecosystems, we characterized the
formation of modern carbonate sediments in a large, shallow, calcareous
lake (Lake Balaton in Hungary). We measured the amount of allochtonous
mineral particles delivered to the lake by tributaries and through the
atmosphere over a 2-year period, and estimated the mass of carbonate
minerals that precipitated from lakewater. Chemical and structural features
of mineral particles from various sources were also studied. Both the
mineralogical character and the amount of particles delivered by streams
and through the atmosphere were similar, and formed a minor fraction of
the annual sediment increment (~5%–6% by mass). Since the watercourses
feeding the lake had high concentrations of Ca2+, Mg2+, and HCO3

� (with a Mg/
Ca mol ratio ranging from 1 to 4), Mg-bearing calcite (with 2–17 mol% MgCO3)
was found to continually precipitate in the lake. According to X-ray powder
diffraction measurements, the Mg content of calcite increased from West to
East, in parallel with changes in water chemistry. Dolomite was detected as a
minor phase, and in the eastern part of the lake it typically produced a split
104 peak in X-ray diffractograms, suggesting two distinct sources:
stoichiometric dolomite was allochtonous, whereas a Ca-rich protodolomite
fraction formed in the lake. Mg-bearing calcite precipitating in the lake was
found by far the largest contributor to sediment formation, with an estimated
annual accumulation of about 0.75–0.9 mm consolidated sediment; thus,
~89% of the currently forming sediment consists of autochtonous
carbonate. In addition to providing new estimates for the rates of
accumulation of distinct sediment fractions, our results also provide a
baseline for further studies on the retention and release of nutrients by
sediment minerals.
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1 Introduction

Carbonate minerals in lake sediments play important roles in
nutrient cycles (Talbot 1990) and can be used as archives of past
climate changes (Mutti and Hallock 2003). The formation and
preservation of carbonates in lakes are in�uenced by both
biological and inorganic processes (Dittrich and Obst 2004).
While carbonate formation is an indirect consequence of
photosynthesis (Gierlowski-Kordesch 2010), it also depends
on water chemistry, which is primarily controlled by the
catchment geology and affected by seasonality, water level and
lakewater circulation patterns, all of which are governed by
meteorological conditions (Kelts and Hsü 1978; Tucker and
Wright 1990; Fedo et al., 1995; Khan et al., 2022). Water
chemistry is also responsible for either the long-term
preservation or potential dissolution of carbonate minerals in
lake sediments (Reimers et al., 1996). In this study, we evaluate

the processes that lead to the accumulation of carbonate minerals
in the sediments of Lake Balaton, Hungary. In addition to
satisfying scienti�c interest, a study of the interplay of the
factors that control carbonate deposition in shallow lakes and,
in particular, Lake Balaton, has important practical motivations:
both sediment accumulation and algal blooms (triggered by
nutrients mobilized from sediments) have consequences for
the commercial and recreational uses of the lake.

Some unique features of Lake Balaton make it a special case
of a freshwater “carbonate factory” (Figure 1A). It is the largest
lake in Central Europe by surface area (596 km2) but is extremely
shallow (on average 3.3 m), typically resulting in the lack of
strati�cation and the frequent stirring up of its sediments by
winds. The Tihany Peninsula divides the lake into the Western
(360 km2) and Eastern Basins (236 km2). Water delivered by
precipitation and in�ows is balanced by evaporation and out�ow
through a controlled outlet (Figure 1B); except for extremely dry

FIGURE 1
(A) Simpli�ed geological map of the catchment area of Lake Balaton (after Budai et al., 1999) with sampling sites marked. The location of lake
samples is shown by blue dots (1 Keszthely, 2 Szigliget, 3 Zánka, 4 Tihany, 5 Balatonkenese). Black dots indicate sampling sites at the only out�ow
(6 Sió Canal) and major in�ows (7 Zala River, 8 Nyugati-övcsatorna/Nyu, 9 Keleti-bozót árok/Kel, 10 Tetves-patak/Tet, 11 Tapolca-patak/Tap,
12 Burnót-patak/Bur, 13 Kéki Séd/Kék, 14 Lovasi Séd/Los). The two snow�akes show sites (15. Diós Bay, 16. Csopak) where sediment traps were
used under ice. White dot marks the location of rainfall collection (17 Csopak). The �ow directions of the main tributary (Zala River) and the only
arti�cial out�ow (Sió Canal) are also indicated. (B) Average water budget of Lake Balaton (2016–2018; KDT, 2017; KDT, 2018; KDT, 2019).
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years, such as from 2001 to 2003, the natural water balance of the
lake is slightly positive (Honti and Istvánovics 2011). The most
signi�cant in�ow, the Zala River delivers about half to two-third
of the annual in�ow and discharges into the lake at its western
end. The only (arti�cial and temporary) out�ow, the Sió Canal,
drains the lake near its eastern end. As a result, the lake is
characterized by W–E gradients in both chemistry and trophic
state (from typically eutrophic at its western, and meso- or
oligotrophic at its eastern end (Palmer et al., 2017)). The
catchment area is dominated by Miocene to Quaternary sand,
clay and loess deposits, and Mesozoic, predominantly Triassic
limestone and dolostone north of the lake (Budai et al., 1999)
(Figure 1A). As a result, the lakewater is characterized by high
HCO3

�, Ca2+ and Mg2+ concentrations, with Mg/Ca molar ratios
ranging from about 1–4, and a pH of around 8.5 (Tompa et al.,
2014). Evaporation concentrates dissolved ions from West to
East, except for Ca2+ and HCO3

�, which are reduced by the
precipitation of calcite from water (Müller et al., 1978; Tullner
and Cserny 2003; Nyir�-Kósa et al., 2018).

Calcareous sediment of variable thickness (0–9 m)
accumulated during the 12–15-ky history of the lake (Cserny
and Corrada 1990; Visnovitz et al., 2015a, Visnovitz et al., 2015b).
Strong winds and the resulting turbulence regularly stir up the
upper few cm of the unconsolidated mud. Redeposition of the
particles is controlled by the hydrodynamical characteristics of
the sub-basins (Torma and Wu 2019; Lük� et al., 2020). As a
result, the sediment reaches 6 m average thickness in the
Keszthely and Szigliget Basins, whereas it is practically absent
in the strait of Tihany. Due to the prevailing northerly wind
direction, sand-sized particles are deposited along the south
shore, whereas silt-sized particles (particle size 2–10 �m)
dominate elsewhere in the sediment (Máté 1987; Cserny
2006). Coarse grains are mainly of allochtonous origin and
therefore contain more quartz, feldspar and mica than �ne
mud, which is composed mainly of carbonate minerals and
clays (Tompa et al., 2014). Since the variable but relatively
high Mg concentration of the water results in the
precipitation of Mg-bearing calcite, the Mg content of which
re�ects the actual water chemistry, autochtonous carbonates can
be used as proxies for changes between dry and humid climatic
conditions (Müller et al., 1978; Tullner and Cserny 2003; Nyir�-
Kósa et al., 2018).

The potential silting of shallow Lake Balaton raised concern
already about a century ago (Lóczy 1913; Cholnoky 1918), and
still poses problems for recreational uses. Several attempts were
made to determine the rate of sediment accumulation and to
identify the various sources of minerals in the sediment
(Supplementary Table S1). Assuming continuous sediment
formation through the history of the lake and considering its
age of 12–15 thousand years (depending on the particular sub-
basin), an average sediment thickness of 6 m suggests a
deposition rate of 0.4–0.5 mm y�1 of consolidated sediment
(Cserny 2006). However, current rates may differ from the

15-ky average. Some recent estimates vary wildly
(Supplementary Table S1; Zlinszky et al., 2010; Korponai
et al., 2011; Buczkó et al., 2019); thus, a revision of current
sediment deposition rates is warranted.

The strengths of individual sources (both allochtonous and
autochtonous) contributing to the mineral budget of the
sediment are even less well known. Through the larger part of
the 20th century either wind-blown dust (Treitz 1911; Lóczy
1913) or biogenic organic matter (Szesztay 1961) were thought to
be the main constituents of bottom sediments. The signi�cance
of carbonates precipitating from lakewater was only recognized
in the 1960s, and their annual contribution to the sediment was
estimated either by the direct analysis of the sediment (Entz et al.,
1963) or by using thermodynamic models (Gelencsér et al.,
1982). Nevertheless, the estimates for individual sources of
sediment minerals vary signi�cantly, particularly for the
amount of precipitating carbonates (Supplementary Table S1).
In addition, the signi�cance of individual sources may change
with time as a result of changing land use (Jordán et al., 2005) or
the large amount of biogenic carbonates produced by invasive
mussels (Báldi et al., 2019). A reevaluation of sediment source
strengths is thus useful for understanding current geochemical
processes in the lake.

Sediment minerals play key roles in the cycles of nutrients in
lakes. In particular, carbonate and iron oxide minerals are known
to be major reservoirs of phosphorus (P) in Lake Balaton
(Gelencsér et al., 1982; Tátrai et al., 2000), binding P either by
adsorption or coprecipitation. Changes in lakewater chemistry,
pH or redox conditions can lead to the remobilization of P (Elser
et al., 2007). Eutrophication of Lake Balaton was a major problem
in the 1980s and 1990s. Following some major changes in lake
management, summer algal blooms disappeared for more than
20 years (Istvánovics et al., 2004). However, in August 2019 an
unexpected bloom of a cyanobacterium and a green alga species
occurred (Istvánovics et al., 2022). For the observed amount of
primary production an estimated 17.3 t of P was required within
a 3-weeks period; in lack of any substantial external input, the
sediment was identi�ed as the likely source (Istvánovics and
Honti 2021). However, it remains unknown which mineral
fraction and through what particular process supplied the P
for the bloom.

The aim of the present study was to characterize the
formation of modern sediments in Lake Balaton. We
measured the amount of allochtonous mineral particles
delivered to the lake by tributaries and through the
atmosphere, and estimated the mass of carbonate minerals
that precipitated from lakewater. In addition to establishing a
“mineral budget” for Lake Balaton sediments, we also studied
chemical and structural features of mineral particles from various
sources, in order to identify characteristics that could provide
clues about the origins and potential transformations of minerals
in the lake sediment. The results are useful for estimating the rate
of sediment accumulation and for providing a baseline for further
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studies on the retention and release of nutrients by sediment
minerals in shallow, calcareous lakes.

2 Materials and methods

2.1 Sampling of water and suspended solid
matter

Water and suspended solid particles were analyzed from
Lake Balaton, its tributaries, and atmospheric precipitation. We
collected samples over a period of two and a half years, from May
2016 to October 2018. In total, 55 samples from Lake Balaton,
11 from Sió Canal, 107 from tributaries, and 46 rain samples were
collected (Supplementary Table S2). Physical parameters (water
temperature, pH, electrical conductivity and oxygen saturation)
were measured at the time of sampling. All water samples were
returned to the laboratory within a few hours of being taken. For
water chemistry, subsamples were prepared by membrane
�ltering (using Millipore and Prat Dumas mixed cellulose
ester membranes with 0.45 µm nominal pore size), then the
water samples were stored frozen. The amount of total
suspended matter (TSM) in lake and stream samples was
determined by letting the solid content of 40-l water samples
settle for 7 days, and after decantation the remaining sludge (with
a volume of about 4–5 L) was then membrane �ltered. Then the
�lters were dried at 40°C, weighed, and stored in a desiccator. In
the case of rain samples, the mass of TSM was determined by
�ltering the total amount of collected water.

Four tributaries each on the north and south shores of the lake
(Tapolca-patak, Burnót-patak, Kéki Séd, Lovasi Séd and Tetves-
patak, Keleti-bozót árok, Nyugati-övcsatorna, Zala River,
respectively) were sampled at least 12 times, with the main
in�ow, the Zala River, sampled more often (Figure 1A;
Supplementary Table S2). Water samples were taken from the
shores of streams (except for the Zala River, where we used a
boat), close to their mouths. From Lake Balaton we collected total
column samples from a boat at 15 dates, at �ve locations (Keszthely,
Szigliget, Zánka, Tihany, Balatonkenese) along the long axis of the
lake, and also at the locks of the Sió Canal. Meteorological data (air
temperature, wind speed and precipitation) were obtained from the
National Meteorological Service (NMS; Supplementary Table S3) for
the day of sampling and the preceding 2 days, in order to identify
calm periods when resuspension of lake sediments by wind-driven
turbulence was assumed to be negligible. During our study period
the lake froze over only once, over a 4-week period in January and
February 2017, providing an opportunity to collect freshly
precipitated material, presumably devoid of resuspended
sediment. On this occasion, we placed home-designed sediment
traps under the ice (with 40–100 cm water column above the
collection vial) for 26 and 24 days in Csopak and Diós Bay,
respectively, with both samples recovered on the 3rd of February
(Figure 1A; Supplementary Table S2).

Rainwater samples were collected in Csopak, a village on the
northern shore, about 800 m from the lake, over a year from

FIGURE 2
Atmospheric input of material into Lake Balaton. (A) Monthly
amount of rain in the area of Lake Balaton from 08 April 2016 to
31 March 2017, based on daily meteorological reports by the
Hungarian Meteorological Survey (HMS) (blue columns), and
monthly amount of rainwater collected in Csopak over the same
period (red squares). (B) Amount of solid material �ltered from
rainwater (g/m2), and daily amount of rain (mm/event), based on
daily meteorological reports of HMS. The background colors
indicate the origins of air masses: yellow for South, green for East,
blue for North, and pink for West. Black arrows indicate Saharan
dust events (08 April 2016, 11–12 May 2016, 29 May 2016, 19 June
2016, 15 October 2016). (C) Average amount of settled dust (g/m2/
30 days) based on data published by the Hungarian Air Quality
Network. (An outlier data point of settled dust in Keszthely
(18.41 g/m2/30 days in 2002) has been deleted and was not
considered in our calculations, since it was probably in�uenced by
a local source.).
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April 2016 to March 2017 (Figure 2A). In this period,
74 precipitation events occurred at the sampling location and
46 samples were collected (Figure 2B). When less than 3 mm of
precipitation fell, it was impossible to obtain an appreciable
amount of solid material and the sample was discarded.
Samples were collected in a clean polycarbonate plastic
container on a raised platform. The collector was deployed
just before the onset of rainfall and withdrawn immediately at
the end of the event.

2.2 Analysis of water and solid matter

Quantitative concentrations of dissolved species were
analyzed using inductively coupled optical emission
spectrometry (ICP–OES) (for Na+, K+, Mg2+, and Ca2+), ion
chromatography (IC) (for Cl�, NO3

�, SO4
2-), and by titration

(for HCO3
�). In order to determine ion concentrations, samples

at room temperature were re-�ltered through a 0.2 �m syringe
�lter and diluted 10-fold with MilliQ water. A DIONEX ICS
instrument with Dionex IonPac AS17-C type hydroxide selective
anion exchange column was used for ion chromatography
(Tcolumn=28°C). The eluent was a 0.8 mM KOH solution,
prepared from analytic grade stock solution. For
quanti�cation, calibration series (10–4 M, 5 × 10�4 M, 10–3 M,
3 × 10�3 M and 5 × 10�3 M) were prepared from analytic grade
stock solution and chromatograms for each standard were
recorded. From the retention times of chromatographic peaks,
qualitative information was obtained based on the area under the
peak, using calibration lines.

The mineralogical composition of �ltered solid material
was determined from X-ray powder diffraction (XRD)
patterns obtained using a Siemens D5000 instrument
equipped with a graphite monochromator, using CuK�
radiation (� = 1.5406 Å) at 40 kV voltage and at 40 mA
tube current. Diffractograms were recorded �rst in the
2–65° 2� range with a step size of 0.05° and a counting time
of 2 s, then in the 26.1°–31.4° 2� range with 0.01° 2� step size
and 12 s/step counting time in order to achieve higher
resolution. The morphologies, compositions and structures
of mineral particles from various sources were studied using
both scanning (SEM) and transmission electron microscopy
(TEM). We used a �eld-emission gun ApreoLoVac SEM
instrument (ThermoFisher), equipped with an Octane Elect
Plus (AMETEK) spectrometer for energy-dispersive X-ray
spectrometry (EDS). Accelerating voltages of 2 and 10 kV
were used for obtaining secondary electron images and EDS
spectra, respectively. For TEM analyses, particle suspensions
were placed on carbon-covered lacey TEM copper mesh grids.
We used a Talos F200X G2 instrument (ThermoFisher),
operated at 200 kV accelerating voltage, and equipped with
a �eld-emission gun and a four-detector Super-X energy-
dispersive X-ray spectrometer. Selected-area electron

diffraction (SAED) patterns, bright-�eld (BF) and high-
resolution (HRTEM) images were obtained in conventional
TEM mode, whereas high-angle annular dark-�eld (HAADF)
images and EDS elemental maps were collected in scanning
transmission (STEM) mode.

2.3 Modeling of air mass transport and
carbonate stability

For atmospheric trajectory and dispersion calculations, the
HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) software was used (Draxler and Rolph 2012). The
model allows an air parcel to be tracked backwards in time from a
given location, and to calculate changes in its physical properties
and provide information about its transport routes (Stein et al.,
2015). The trajectories were calculated for 48 or 72-h total run
time at three altitude ranges: 500–1,500, 1,500–3,000, and
3,000–6,000 m. The model was run backwards in time for the
days when precipitation occurred.

In order to assess the thermodynamic stability of various
carbonate minerals under water chemical conditions typical for
Lake Balaton, we calculated the saturation indices (SIs) of several
CaCO3 and (Mg,Ca)CO3 phases. The SI was de�ned as SI = log
(IAP/Ksp), where IAP was the ion activity product and Ksp the
solubility product of the given phase. We calculated the SIs using
the PHREEQC software (Parkhurst and Appelo 2013), and used
the -logKsp values of 17.09 for ordered dolomite, 16.54 for
disordered dolomite, 8.38 for Mg-bearing calcite, and 8.48 for
calcite (Plummer and Busenberg, 1982; Mackenzie et al., 1983;
Bénézeth et al., 2018).

3 Results

3.1 Atmospheric wet and dry deposition

Based on daily meteorological reports of the Hungarian
Meteorological Survey (HMS), from April 2016 to March
2017 the distribution of precipitation was fairly uniform
geographically over the surface of Lake Balaton (596 and
543 mm in the Eastern and Western Basins, respectively) but
highly variable over time. From 46 rain events in Csopak (with
precipitation >3 mm in each case) we measured a total of
393 mm, amounting to 66% of the annual rainfall registered
by the HMS for the Eastern Basin of the lake (Figure 2A). With
the exception of June, the monthly amount of collected rain
followed the pattern registered by the HMS. The number of
events was largest in June (11), followed by October (7) and
August (6), with no rain observed in March. March and April
were extremely dry, followed by a relatively wet summer
(Figure 2A). Seasonal differences in rainfall are shown in
Supplementary Table S4.
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The atmospheric pathways of moisture transport leading to
the observed precipitation events were evaluated using a
Lagrangian trajectory model. On the basis of 48-h backward
trajectories (Figure 3), four source sectors were classi�ed as (1)
Northern Europe (contributing 11% of rain events), (2) Eastern
Europe (9%), (3) Mediterranean (11%) and (4) Atlantic (69%).
The origins of air masses carrying precipitation showed seasonal
changes (Figure 2B). Signi�cant amount of rainfall arrived
mainly from the Atlantic sector (West), particularly in
summer and autumn, whereas the other three sectors
contributed little to the annual precipitation. Rainfall events
caused by air masses arriving from the Mediterranean deserve
special attention, since Saharan dust (SAD) events are known to
deliver signi�cant amount of solid material to the region (Varga
2020). SAD transport was identi�ed by modeling 72-h
trajectories for air masses arriving from the South. As a result,
�ve individual SAD events were detected in the sampling period,
three in spring (with 4, 55 and 3 mm rain recorded), one in
summer (9 mm), and one in autumn (5 mm).

The amount of �ltered solid material at each rain event varied
from below detection limit to 0.24 g·m�2 (Figure 2B). On an event
by event basis, no relationship was apparent between the amount
of precipitation and the mass of solid material. While transport
from the Atlantic sector resulted in most of the collected
precipitation (73% of the total), these events delivered only
58% of the measured TSM. In contrast, three of the �ve
identi�ed SAD events delivered a large amount solid material.
One of these events (on May 11–12, 2016) also brought the
heaviest rain of the year (55 mm), but the other two events
(8 April 2016 and 19 June 2016) had relatively little precipitation
associated with signi�cant amount of solid material. Thus,
compared to their contribution to the annual precipitation,
SAD events delivered a disproportionately large amount of

allochtonous minerals into the lake. We studied the
mineralogy of solid material collected during the SAD event
of 8 April 2016 by using SEM and XRD. The sample was
dominated by common rock-forming minerals, including
clays, quartz, feldspars and carbonates, with grain sizes
reaching several tens of microns. In addition, pollen were also
abundant. Given the high variability of the measured solid
content of individual rain events, and the fact that we
collected only 69% of the annual rainfall, an upper limit of
2,100 ty–l of solid matter delivered by rain to the lake can be
assumed.

Dry deposition of atmospheric particles also contributes to
the mineral budget of Lake Balaton. Annual concentrations of
settling dust were measured by the National Air Pollution
Measurement Network at several locations around the lake
until 2007, and only in Siófok after 2007 (Figure 2C). No
apparent relationship could be observed between the amounts
of annual dust concentrations and precipitation; 2003 and
2009 were extremely dry years but the annual dust
concentrations did not show outstanding values. In lack of
seasonally resolved data it was impossible to identify and
separate the effects of distant and local sources. As seen from
the data reported for the years before 2007, there were signi�cant
differences in the measured concentrations among the individual
locations, in some years reaching a factor of 4 between the lowest
and highest values. Apparently, local sources from construction,
agriculture and traf�c might have strongly affected the amount of
settling dust, limiting the accuracy of any estimation of total dust
deposition. Based on the average of all available data for the
period from 2003 to 2017 (Figure 2C), we estimated a total of
33,000 ty–l dry deposition directly onto the lake surface, a value
about 16 times larger than the amount of solid material delivered
by precipitation. In the present study we did not collect and

FIGURE 3
72-h airmass back-trajectories for a Saharan dust event (08 April 2016), for height ranges of (A) 500–1,500, (B) 1,500–3,000 and (C)
3,000–6,000 m (using the HYSPLIT model).
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analyze settling dust; however, several earlier studies found that
dry atmospheric deposition in the region is dominated by
common rock-forming minerals, including silicates and
carbonates (Hlavay and Polyák 1998; Hlavay et al., 2001;
Jancsek-Turóczi et al., 2013).

3.2 Tributaries: Suspended solids and
water chemistry

Tributaries bring both water and solid particles into the
lake. While the chemistry of the former determines mineral-
forming processes within the lake, the latter is responsible for
delivering a signi�cant fraction of the allochtonous
constituents of the lake sediment. The amount of incoming
solid material per unit volume of water was estimated by
measuring the mass of �ltered particles (in g m�3) in all major

and some smaller tributaries (Supplementary Figure S1A,
panel marked ‘TSM’). Water discharge showed large
variations, both annually (the total discharge by tributaries
into Lake Balaton was 174, 120 and 193 m3·–s in 2016,
2017 and 2018, respectively) and seasonally, particularly for
the smaller streams. During �ooding higher loads of TSM per
unit volume were carried than under normal conditions;
values larger than about 15 g·m�3 TSM in Supplementary
Figure S1 correspond to conditions characterized by
rainfall or melting snow. Since we could not take samples
continuously, the variations in TSM input between high- and
low-water conditions could not be accurately accounted for.
Nevertheless, each stream was sampled 12 times and the Zala
river 23 times over a 2-year period (Supplementary Table S2),
and both normal and high-water conditions were
encountered, so we chose to take the average of the values
of measured TSM per unit volume of water for each

FIGURE 4
(A) Water discharge of the studied tributaries between 2016 and 2018, based on monthly average values (obtained from the of�cial reports of
the Central Transdanubia Water Directorate). (B) Total suspended matter (TSM; g m�3) measured in Lake Balaton water and wind speed (m s�1)
averaged for 3-day periods preceding (and including) the date of sampling. The background colors of the charts mark seasons: pink for spring, green
for summer, yellow for autumn, and blue for winter. Red ellipse indicates a sample taken during a calm period (12 September 2018).
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watercourse. The average amount of TSM over the sampled 2-
year period varied between 3.9 and 11.9 g·m�3 for the
12 sampled in�ows. Only three tributaries were responsible
for more than 90% of the water discharge into the lake
(Figure 4A), making these in�ows the largest suppliers of
allochtonous minerals to the lake. Zala river, Nyugati-
övcsatorna and Keleti-Bozót-árok were characterized by
3.9, 4.8 and 7.4 g·m�3 average TSM values, respectively.

The total amount of suspended matter delivered by
tributaries into the lake was estimated by multiplying the
measured average TSM per unit volume for each stream with
the annual water discharge of the stream, as reported by the
Central Transdanubian Water Directorate (CTWD), and then
adding the mass of material carried by all streams. Since we did
not sample some of the small tributaries (many of which are
ephemeral), we applied correction factors for the total water
discharge. The CTWD divides the lake into four parts from West
to East (I. Keszthely Basin, II. Szigliget Basin, III. Zánka Basin and
IV. Eastern/Kenese Basin; see Figure 1), and reports the total
water discharge for each basin annually. The watercourses we
sampled contribute close to 100% of the reported discharge in
Basin I, 60% in Basin II, 30% in Basin III and only 14% of Basin
IV. Therefore, we multiplied the measured annual TSM mass
with 1, 1.7, 3.5, and 7.1 for Basins I, II, III, and IV, respectively.
Since the vast majority of water input arrived in Basins I and II,

and the amount of TSM delivered into Basins III and IV was
almost negligible, this procedure was assumed to carry a
relatively small error. In summary, annual mass of TSM
delivered by tributaries was calculated as 24,000 t·y–l, with
most of the material arriving into Basin I (11,000 t·y–l) and
Basin II (10,000 t·y–l).

The measured elemental concentrations of major cations
(Na+, K+, Mg2+, and Ca2+) and anions (HCO3

�, Cl�, NO3
�,

and SO4
2-) showed some �uctuations, particularly in the

smaller streams (Supplementary Figure S1, S2). In general, all
watercourses were characterized by relatively high
concentrations of HCO3

� (averaging 5.5, 6.2 and
6.4 mmol·L�1in the Zala River and in northern and southern
shore in�ows, respectively), Ca2+ (averaging 1.6 mmol·l�1) and
Mg2+ (with averages of 1.4 mmol·l�1 in the Zala River and
2.1 mmol·l�1 in the smaller streams) (Supplementary Figure
S1A). The Mg/Ca molar ratio averaged 1.7. Outlier Mg/Ca
values were measured in Burnót-patak (12), Tetves-patak (13)
and Keleti-bozót árok (8.5) on two sampling dates
(06.04.2017 and 23.05.2017) and probably resulted from
measurement errors and were thus omitted from further
analysis. The concentrations of Na+, K+, Cl�, NO3

�, and SO4
2-

are shown in Supplementary Figure S2; among these, the
relatively higher concentrations of Na+ (1.2 mmol·l�1) and Cl�

(0.8 mmol·l�1) in the Zala River deserve to be mentioned. A

FIGURE 5
(A) Principal component and cluster analysis of water chemical parameters at the sampling sites in tributaries and Lake Balaton, based on
concentrations of the ions HCO3

�, NO3
�, SO4

2-, Cl�, Ca2+, Mg2+, Na+ and K+. (B) Effects of increasing concentrations of analyzed ions, squares
represent their weight.
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constrained cluster analysis was carried out on the basis of
principal components of main ion concentrations (Figure 5).
The distribution of tributaries in clusters appeared to correspond
primarily to the geology of the provenance: the carbonate-rich
catchment area of some north shore in�ows separated them from
the other smaller tributaries arriving from mixed geological
terrain, whereas the Zala River was distinct from all other
streams (Figure 5A).

3.3 Mineral formation in Lake Balaton

3.3.1 Lakewater chemistry
The chemistry of shallow Lake Balaton is sensitive to changes

in the annual water budget (Szilágyi 2005). However, over the
2 years of our sampling campaign the lake had a relatively high
water level, without any signi�cant �uctuations. Therefore, our
66 individual lakewater samples from six locations (Keszthely,
Szigliget, Zánka, Tihany, Balatonkenese and Sió Canal) show
minor variability in chemical composition both in space and time
(Supplementary Figure S1B). Concerning the ions that form
carbonate minerals, the lakewater had signi�cantly lower
concentrations of Ca2+ and HCO3

� than the tributaries (while
the concentration of Mg2+ was essentially the same as in the
streams). Along the longitudinal axis of the lake the average
concentration of Mg2+ changed from 2.0 (Western Basin) to
2.8 mmol·l�1 (Siófok, Eastern Basin), while the average Ca2+

concentration decreased from West (Keszthely, 0.83 mmol·l�1)
to East (Siófok, 0.67 mmol·l�1); as a result, average Mg/Ca mol
ratios were lowest at Keszthely and highest in the Eastern Basin
(at Tihany and Balatonkenese). The primary reason for the
contrasting gradients of Ca2+ and Mg2+ is the precipitation of
low-magnesian calcite from lakewater, a process that removes
part of the dissolved Ca2+ while causes little change in the Mg2+

concentration (Müller et al., 1978; Tullner, 2002; Nyir�-Kósa
et al., 2018). A secondary reason is the difference in the balance of
the water budgets between the western and eastern sections of the
lake, the latter receiving negligible direct input through
tributaries, and therefore being more susceptible to the
concentrating effect of evaporation. Because of this secondary
effect, values of Na+, K+, SO4

2- and Cl� concentrations were also
slightly higher in the Eastern than in the Western Basin
(Supplementary Figure S3; Supplementary Table S5). The
West–East chemistry gradients were also apparent in the
positions of lakewater data points in the cluster analysis
(Figure 5). The pH of the water did not show a systematic
variation with geography, with typical values around 8.5, except
in the spring and early summer of 2016 when values higher than
9 were measured (Supplementary Figure S1B).

Lakewater chemistry is responsible for some of the
differences in the properties of allochtonous and
autochtonous carbonate minerals of the sediment.
Allochtonous carbonate particles from distinct sources
(carried by tributaries and deposited dry or wet from the

FIGURE 6
Secondary electron SEM images of typical mineral particles �ltered from stream, rain and lakewater. (Note the different length scales of the
images.) (A) Tributary-originated mineral grains with various sizes (small particles are calcite and clay minerals, large ones are quartz crystals). (B) A
weathered calcite particle from Lovasi Séd stream. (C) Large quartz grains, pollen and unidenti�ed mineral particles from a rainwater sample. (D) A
characteristic quartz particle with an eroded surface from a Saharan dust sample; (E–F) Mg-bearing calcite particles that precipitated from
lakewater and allochtonous layer silicates from a lakewater sample; the morphologies and sizes of aggregate-looking, elongated Mg-bearing calcite
crystals are typical for particles precipitated from Lake Balaton.
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atmosphere) have similar mineralogies as the lake sediment,
since both contain calcite and dolomite. However, detrital
carbonate particles were found mostly in grains of several tens
of �m, and typically with euhedral morphologies (Figures
6A–D). In contrast, particles that make up the lake
sediments (Figure 6E) were found to be dominated by low-
magnesian calcite with a distinct, elongated, aggregate-
looking morphology and a rather constrained, smaller
particle size (Figure 6F) between about 2 and 8 �m (Nyir�-
Kósa et al., 2018). In addition, their compositions and,
consequently, the cell parameters of autochtonous
carbonates distinguish them from their detrital counterparts.

3.3.2 Structures and compositions of
precipitating carbonates

Shifts in the values of cell parameters of calcite and dolomite,
as measured using XRD, have long been used for the analysis of
their Mg content (Goldsmith and Graf, 1958; Reeder and
Sheppard, 1984; Zhang et al., 2010; Tompa et al., 2014).
Because of the smaller size of the Mg2+ ion relative to Ca2+, its
presence in calcite causes a shrinkage of the unit cell; conversely,
dolomite with an anomalous, Ca-rich composition has a larger
unit cell than stoichiometric dolomite. We measured the d104

lattice spacings of both calcite and dolomite in XRD patterns
obtained from the suspended material that was �ltered from 40-l

water samples (Figure 7). Whereas the measured d104 values of
calcite particles carried by the tributaries suggested a MgCO3

content between 0 and 4 mol%, the same parameter was smaller
in calcite from the lake, corresponding to an average Mg content
of about 6–8 mol% [as calculated using the calibration curve by
Zhang et al. (2010)]. The difference in the Mg content of calcite
types re�ected their distinct origins: we assume the streams
carried calcite abraded from mostly Triassic rocks (Figure 1),
whereas the suspended particles in the lake represented
predominantly autochtonous material that precipitated from
the Mg-rich lakewater. We note that the compositions of
individual Mg-bearing calcite particles from the lake fall into
the ranges commonly termed low-Mg calcite (LMC) and high-
Mg calcite (HMC); however, since the observed range of
compositions was continuous between these categories, we use
simply “Mg-bearing calcite” in this paper.

Since dolomite was a minor component in our samples, it
produced a relatively low-intensity 104 peak in the XRD patterns.
Nevertheless, a shift in the position of this peak between different
samples was clearly observable (Figure 7). The measured d104

lattice spacings scattered around the value for stoichiometric
dolomite (2.885 Å) in the samples collected from tributaries. On
the other hand, the majority of suspended matter samples
collected from the lake, particularly the ones from the Eastern
Basin, contained dolomite that produced a split 104 peak in XRD

FIGURE 7
Calcite and dolomite d (�104)-values measured on XRD patterns obtained from suspended particles collected from tributaries, Lake Balaton,
and the Sió Canal. Each datapoint represents a sample, except for some samples from the Eastern Basin of the lake, for which the dolomite �104 peak
was split and thus two data points correspond to each sample (error bars: ± 0.003 Å). The d (�104) values of stoichiometric calcite and dolomite are
represented by the horizontal green and the vertical yellow lines, respectively.
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patterns (Figure 7), suggesting the presence of at least two
different varieties. One type of dolomite produced d104 values
close to that of the stoichiometric mineral, presumably indicating
its detrital origin. The other type appeared to be a Ca-rich variant
(with a larger d104 value), and its presence in the Eastern Basin
suggested a relationship between its formation and the higher
dissolved Mg/Ca ratio of the water than in the western part of
the lake.

Our TEM observations of individual particles con�rmed
the large variation of Mg content in Mg-bearing calcite
particles and the close association of calcite with nm-scale
�akes of the clay mineral smectite, as reported by Nyir�-Kósa
et al. (2018). In addition, the anomalous, Ca-rich dolomite
fraction identi�ed by XRD could be characterized using
combined information from TEM images, SAED patterns

and EDS element maps (Figure 8). A group of carbonate
particles and a larger diatom fragment are shown in
Figure 8A, from a sample collected in a sediment trap in
Csopak (Eastern Basin) in January 2017. Whereas four of the
numbered carbonate particles were Mg-bearing calcite with a
Mg/Ca mol ratio of 0.1 or less (Figure 8E), particles #2 and
#6 had very high Mg contents (Mg/Ca = 0.6 in the case of #6
(Figure 8F). A SAED pattern obtained from the same particle
#6 (Figure 8H) displayed rows of re�ections (marked by
arrows) that could either suggest a dolomite-like ordering
of Ca and Mg in its structure or were produced by multiple
diffraction from a calcite-type structure. Further evidence for a
nanoparticle with dolomite-type structure is presented in
Supplementary Figure S5. Therefore, we interpret the
anomalous dolomite re�ections observed in XRD patterns

FIGURE 8
TEM analysis of typical autochtonous carbonate particles in Lake Balaton. (A) High-angle annular dark-�eld (HAADF) STEM image of carbonate
particles (numbered) and a larger diatom fragment from suspended matter. (B–D) Ca, Mg, and combined Ca+Mg+Si energy-dispersive STEM X-ray
spectrometry (EDS) element maps. (E) and (F) EDS spectra and Mg/Ca mol ratios of particle #2 (Mg-bearing calcite) and particle #6 (protodolomite),
respectively. (G–H) Selected-area electron diffraction (SAED) patterns of particles #2 and #6; the red arrows mark rows of re�ections that are
forbidden by the calcite space group; they could arise either from multiple diffraction effects or from the ordering of Mg and Ca in particle #6. (I)
Composite of Ca, Mg and Si maps of particle #1. The red arrows mark �akes of smectite. (J–K) EDS spectra and Mg/Ca ratios of selected Mg-poor
and Mg-rich regions (as indicated by the white arrows in (I) in particle 1#.
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as produced by “protodolomite” particles (such as #2 and #6);
we use this term to indicate that protodolomite has some
ordering of Ca and Mg in its structure but can be enriched in
Ca relative to proper dolomite (in which Mg/Ca = 1).

STEM-EDS element maps revealed compositional variety
even within some single particles. An example is shown by a
composite of Ca, Mg, and Si maps of particle #1 (Figure 8I) that
displayed a zone of high Mg content (Mg/Ca = 0.25; Figure 8K)
within a typical low-magnesian calcite host (having Mg/Ca =
0.09; Figure 8J). The Mg-rich zone appeared to occur along the
rim of an approximately rhombohedral phantom crystal.
Although we found that low-magnesian calcite with
homogeneous composition (such as particles #3, 4, and 5 in
Figure 8) was the dominant carbonate particle type in suspended
matter, both Ca-rich “protodolomite” (such as particles #2 and 6)
and low-magnesian calcite with a non-uniform Mg distribution
(such as particle #1) appeared to be ubiquitous minor
constituents.

3.3.3 Estimated mass of precipitating carbonate
The mass of annually precipitating carbonate can be

estimated in several ways, all of which produce rather
inaccurate results. For example, annual carbonate precipitation
can be estimated by considering the balance of dissolved Ca2+ and
Mg2+ arriving through tributaries and rain and leaving through
the Sió Canal, and assuming that the difference constitutes the
precipitated material (with the composition of lakewater being
approximately constant over the residence time of water; the
balance of HCO3

� is not considered, since its concentration is
affected by the dissolution of atmospheric CO2). By using our
measured water chemistry data for tributaries, rain and the Sió
Canal (Supplementary Figures S1, S4; Supplementary Table S5),
and taking an average water balance of the 5 years from 2014 to
2018 (the residence time of lakewater is 4.7 years; Kutics, 2019),
we calculated about 8.3 × 109 mol Ca2+ and 7.8 × 109 mol Mg2+

“remaining” in the lake annually. These values convert to nearly
1.5 × 106 t Ca-rich dolomite with a composition of
Ca0.52Mg0.48CO3, equivalent to 0.88 mm consolidated
sediment thickness.

Measuring the amount of suspended material in the lake may
appear the most direct way of estimating the mass of
precipitating carbonate minerals. However, this approach is
also ridden with uncertainties, since sediments in the shallow
lake are prone to resuspension by turbulence resulting from even
relatively gentle winds (Rákóczi 1987), thereby mixing freshly
precipitated and older carbonate particles. Moreover, the
intensity of carbonate precipitation is highly heterogeneous
both spatially and temporally (for example, phytoplankton
blooms can result in “whiting” events), making point
measurements hardly representative. In our 66 samples the
mass of total suspended matter (TSM) ranged between
3.81 and 50.20 g·m�3 (see the inset in Figure 4B). The average
mass of TSM measured in the Western Basin (17.85 g·m�3) was

signi�cantly higher than in the Eastern Basin (8.41 g·m�3),
probably due to the fact that the eastern part of the lake is
deeper. Material in the Sió Canal is less affected by resuspension,
and is characterized by an average TSM mass of 6.11 g·m�3

(1,300 t·y–l). The TSM graph in Figure 4B shows the average
wind speed both on the day of sampling and over the 3 days
preceding sampling. As expected, high wind speeds result in
larger amounts of TSM, although there is signi�cant variation in
the measured TSM mass between different parts of the lake. We
assumed that the sample taken on 12th September 2018, when a
3-day calm period preceded our sampling, did not contain much
resuspended sediment and was thus the most representative for
freshly precipitated carbonate. On this day we measured
5.68 g·m�3 TSM in the Western and 5.56 g·m�3 in the Eastern
Basin. Based on Stokes’ law, calcite grains with a diameter of
5 �m need 3 days to settle 3 m, whereas grains of 2 �m size need a
week. On this basis, it was considered that the amount of
suspended material measured in the water sample of 12th
September 2018 represented freshly precipitated calcite formed
in about 3 days. Based on this �gure and assuming continual
calcite precipitation over a year, annually about 1.3 × 106 t
carbonate forms in the lake, producing a layer of 0.76 mm
thickness.

4 Discussion

4.1 Sediment budget

We estimated the annual contributions of distinct sources
to the sediment budget of Lake Balaton, based on the amount
of suspended material in in�ows, rain and lakewater, as
measured over a 2-year period, and using data for
atmospheric dry deposition (Figure 9). This budget includes
mineral constituents only. Organic matter, such as biological
debris, has not been considered. Nevertheless, in Lake Balaton
organic matter rapidly decomposes due to the lake’s
shallowness, frequent mixing and good oxygen supply
(Szilágyi 2005), resulting in typically <2% organic carbon
content in the upper 10 cm of the sediment (Máté 1987).
As far as external sources are considered (streams, rain and
dry atmospheric deposition), our estimates for the amount of
solid matter delivered to the lake (Figure 9) are basically
consistent with the results of earlier studies (Supplementary
Table S1). We found a smaller amount of solid material
delivered by tributaries (24,000 t·y–l) than former estimates
(30,000–50,000 t·y–l, Virág, 1998), probably re�ecting the
effect of the gradual restoration of the Kis-Balaton wetlands
since the 1980s that resulted in less solid matter discharge into
the lake by the Zala River (Hatvani et al., 2014; Honti et al.,
2020). A noteworthy result of our measurements is the
observation of signi�cant contributions of Saharan dust
events to the solid material in rainwater, and probably also

Frontiers in Earth Science frontiersin.org12

Rostási et al. 10.3389/feart.2022.1067105

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1067105


to dry deposition (Rostási et al., 2022). Since climate change
appears to have rearranged synoptic meteorological patterns
(Varga 2020), the incursion of southern air masses became
more frequent in recent years (Varga et al., 2013), and the
amount of Saharan dust reaching Lake Balaton is expected to
increase in the future.

In contrast to external sources of sediment material, our
results signi�cantly differ from earlier data concerning authigenic
mineral formation (Supplementary Table S1). According to our
estimates, carbonates precipitating from lakewater overwhelm
material from other sources, contributing almost 90% of the mass
of current sediment formation (Figure 9). The average thickness
of lake sediment is about 6 m, deposited over 15 k years (Cserny
et al., 1995). If we consider 2/3 of this material to consist of
autochtonous carbonate minerals, then an annual increment of
0.27 mm pure carbonate results. This �gure does not take into
account variations in the intensity of carbonate precipitation over
time. In the cooler, rainier climates of the �rst few thousand years
of the lake’s history a large amount of siliciclastic debris was
delivered into the lake (Müller et al., 1978; Cserny and Nagy-
Bodor 2000). Thus, current rates of carbonate accumulation may
be larger than the value obtained from the average sediment
thickness.

As mentioned above, any estimate of the rate of carbonate
accumulation carries a large error. Nevertheless, similar values
resulted from our two different approaches: 0.76 mm·y�1 from
the mass of suspended matter, and 0.88 mm·y�1 from the balance
of dissolved Mg+Ca ions. Since sediment resuspension in the
shallow lake is a common phenomenon, we used the data
obtained for the calmest period (Figure 4B; Supplementary
Figure S1B and Supplementary Table S2) as the upper bound
of the precipitating calcite mass. Our measured average TSM
mass for these calm conditions (~5.6 g·m�3) is in agreement with
the lower ranges of TSM concentrations measured by others. For
example, LIDAR observations resulted in a TSM range of
2.93–35 g·m�3 (Palmer et al., 2013) and 10–80 g·m�3 (Pelevin
et al. (2017), with the latter data also validated by satellite
imaging. Earlier studies, based on mass measurements of
deposited material from water also reported background TSM
concentrations of 2–5 (Gelencsér et al., 1982) and 2–7 g·m�3

Virág (1998). Temporal changes in calcite precipitation
notwithstanding, we believe our estimates from the measured
TSM mass can be regarded as the upper limits of carbonate
accumulation.

The above carbonate sedimentation rates were calculated for
the density of calcite (2.71 g·cm�3); thus, these values refer to solid

FIGURE 9
Sketch of estimated mineral budgets from distinct sources and sedimentation rates in Lake Balaton, with the main mineralogical features and
controlling factors.
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rock. However, at least the upper half meter of the sediment is a
loose mud with a large water content (assumed to be 70%;
Gelencsér et al., 1982), resulting in an annual increment of
the sediment about twice the thickness of pure calcite.
Therefore, our measurements suggest a current annual rate of
carbonate sludge accumulation of 1.5–1.7 mm·y�1, as averaged
over the entire lake. These values are signi�cantly larger than the
0.4–0.6 mm·y�1 rate that was calculated on the basis of
radiocarbon and palynological dating (Cserny 2006). However,
recent studies suggested an even larger rate for the last few
decades. On the basis of zebra mussel (Dreissena polymorpha)
remains, the sediment accumulation rate was estimated at
~5.5 mm·y�1 year for the topmost (40 cm) sediment (Korponai
et al., 2011), whereas seismic measurements in the Eastern part of
the lake were interpreted to re�ect a ~8.8 mm·y�1 year
accumulation since ~1980 (Zlinszky et al., 2010). Dating of a
sediment core obtained in the middle of the lake using a
combination of 14C, 210Pb and 137Cs data suggested that the
upper 32 cm of the sediment accumulated over just ~150 years
(Pál� et al., 2021), yielding an accumulation rate of 2.1 mm·y�1,
slightly larger than (but generally consistent with) our estimates.
Since turbulence and currents move and redeposit sediment
material, the sediment accumulation rate varies by location, as
was shown by both sediment stable isotope (Cserny et al., 1995)
and seismic measurements (Zlinszky et al., 2010; Visnovitz et al.,
2021). In summary, we estimate an average rate of
~1.5–2 mm·y�1 sludge accumulation, with current sediment
formation dominated by the precipitation of carbonate minerals.

4.2 Formation and properties of
authigenic carbonates

Our XRD and TEM results con�rm that Mg-bearing calcite is
the main precipitating carbonate phase, and that its Mg content
increases along a chemical gradient in the lakewater from west to
east. While these facts have been reported before (Müller et al.,
1978; Tullner et al., Cserny et al., 2009; Tompa et al., 2014; Nyir�-
Kósa et al., 2018), we showed for the �rst time that the occurrence
of protodolomite also follows the same chemical gradient
(Figure 7). Protodolomite is present in the Eastern Basin of
the lake, and its appearance is clearly related to Mg-rich
conditions in water chemistry.

In addition to its spatial pattern, temporal changes also occur in
the dissolved Mg/Ca ratio, according to the hydrological balance.
Dry periods result in a lowering of lake level, increased ion
concentrations, and higher Mg/Ca ratios (Müller et al., 1978;
Tullner 2002). The annual water budget of Lake Balaton is
determined by the balance of in�ow+precipitation (I+P) vs.
evaporation+drainage (E+D) (van Straten et al., 1979), typically
expressed in changes of water level (in mm y�1). The 2 years of our
study were characterized by slightly contrasting water balances, with
a 90 mm·y�1 excess water in 2016 (I=705, p=652, E=787 and

D=480 mm·y�1), and a de�cit of �80 mm·y�1 in 2017 (I=530,
p=587, E=897, and D=300 mm·y�1, KDT, 2017; KDT, 2018).
However, such small changes in the water budget did not result
in noticeable differences in the average composition of Mg-bearing
calcite or the relative amount of protodolomite in our suspended
matter samples. Studies of sediment cores showed the presence of
either one (Müller et al., 1978) or two distinct, protodolomite-rich
layers ~5,300 and 8,100 years before present (Pál� et al., 2021),
attesting to speci�c events in the history of the lake with higher Mg
concentration in lakewater and presumably much drier conditions
than today.

Our observations suggest that protodolomite forms by similar
processes as the dominant carbonate, Mg-bearing calcite. In addition
to their co-occurrence in the suspended matter in the Eastern Basin,
particles of the two minerals have similar sizes, morphologies, and
both are attached to the clay mineral smectite (Figure 8). However,
the exact timescale of the formation of these carbonates is dif�cult to
assess. When calculating the amount of precipitating calcite, we
assumed that under calm conditions the suspended material consists
of freshly precipitated particles. Indeed, whiting events in the lake
appear to produce calcite instantaneously (Pósfai, 2020). In contrast,
in laboratory experiments designed to simulate Lake Balaton
conditions (including water chemistry, temperature, pH, and the
presence of smectite), aragonite was the �rst carbonate phase to
precipitate, and composite particles of protodolomite and Mg-
bearing calcite appeared only after a few months of aging
(Molnár et al., 2021). It is possible that factors absent from our
laboratory setup accelerate the precipitation of calcite-type, Mg-rich
carbonates in the lake. For example, organics (Fang et al., 2022) and
dissolved silica (Fang and Xu, 2022a, Fang and Xu, 2022b) have been
shown to catalyze dolomite formation; however, these species were
neither included in our experiments, nor measured in the lake. On
the other hand, we cannot exclude the possibility of some particles in
the suspension representing aged material, recycled from the
topmost layers of the sediment. Nevertheless, our results strongly
suggest that instead of being a product of transformation from
calcite within the sediment over extended periods of time, as have
been implied before (Müller et al., 1978; Cserny et al., 1991),
protodolomite forms in contact with lakewater.

The observed intraparticle heterogeneity of Mg content (such
as in Figure 8I) may suggest that dissolution-reprecipitation
processes are important in forming protodolomite with a
partially ordered distribution of Mg and Ca atoms in its
structure. According to thermodynamic modeling, the typical
Mg-bearing calcite in Lake Balaton is metastable at any range of
conditions (including T, pH and water chemistry) occurring at
present in the lake (Figure 10). In contrast, calcite, dolomite and
disordered dolomite are stable most of the time. The dissolution
of a thermodynamically metastable phase may produce high local
supersaturation at the surface of the mineral, triggering its
replacement by a more stable phase, the direct precipitation of
which is kinetically hindered (Putnis 2009). Such coupled
interfacial dissolution-reprecipitation phenomena have been
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recognized as important in forming Mg-rich phases on carbonate
surfaces (Ruiz-Agudo et al., 2014), and could also have resulted in
the observed Mg-rich zones in particles from Lake Balaton. In
our previous studies on carbonates from Lake Balaton (Nyir�-
Kósa et al., 2018) and on their model systems (Fodor et al., 2020;
Molnár et al., 2021) we identi�ed the important role of smectite
clay in the nucleation and growth of Mg-bearing calcite and
protodolomite. The clay mineral was shown to serve as a suitable
surface for the nucleation of Mg-bearing calcite. In addition, we
assume that the nm-scale �akes of smectite could provide
compartmentalized spaces in which high local
supersaturations can be achieved when metastable Mg-bearing
calcite locally dissolves, eventually leading to the reprecipitation
of Mg-rich carbonate, including protodolomite. Whether these
dissolution-reprecipitation phenomena happen in the water
column or at the sediment/water interface (where aerobic
oxidation of organic matter lowers the pH) should be the
subject of future studies; nevertheless, the processes are rather
complex and even advanced stable isotope studies may return
ambiguous results (James et al., 2021).

4.3 Implications

Arguably, the most important aspect of mineral accumulation
(and potential dissolution) in lakes is the role these minerals play in
nutrient cycles. The key nutrient, P originates from external sources;
however, today the amount of total P delivered by the Zala river is
about the fourth of the values that were typical in the 1970s and
1980s (Istvánovics et al., 2007; Honti et al., 2020). This is consistent
with our data that suggest a relatively minor fraction of the currently
depositing solid material being delivered to Lake Balaton by
tributaries and through the atmosphere. This shift in the

strength of P sources, primarily resulting from large-scale lake
management measures, highlights the importance of intralake
processes in controlling the bioavailability of nutrients, especially
in the case of extreme events, including a record-setting algal bloom
in 2019 (Istvánovics et al., 2022).

The majority of P stored in the sediment is likely bound to
carbonate minerals, and to a lesser extent to iron oxides (van Straten
et al., 1979; Gelencsér et al., 1982). The detection limit of our EDS
technique is ~0.1 w% P when it is associated with Ca, about an order
of magnitude larger than the expected P concentration. Nevertheless,
the results discussed above (see Figure 10) suggest that dissolution
(and reprecipitation) of Mg-bearing calcite likely occurs, particularly
within the surface layer of the sediment where oxidative dissolution of
organic matter produces CO2 and lowers the pH. Whereas cycles of
carbonate dissolution could release bioavailable P, under typical lake
conditions carbonate precipitation and the associated P adsorption
would balance this effect, as suggested by our estimate of a net increase
of the amount of carbonate in the sediment. A comprehensive analysis
of hydrometeorological data identi�ed anaerobic P release as the only
feasible driver of the algal bloom of the summer of 2019 in the western
part of Lake Balaton (Istvánovics et al., 2022). However, the
mineralogical basis of an anaerobic P release is not trivial. With a
very low concentration of iron oxides in the sediment (not even
detected in XRD patterns and TEM micrographs), carbonate minerals
appear to be the most likely source of P, even though they are not
supposed to be sensitive to redox changes (Ba�kowska-Sobczak et al.,
2020). Further studies should address the question whether in some
indirect ways, perhaps involving biological intermediaries, anaerobic
conditions lead to P release from carbonate minerals.

Climate change will inevitably affect, and is already affecting,
sedimentation processes. While warming coupled with high lake levels
may lead to bottom hypoxia, as discussed above, extended hot and dry
periods in the summer have also become more common in the 21st

FIGURE 10
Calculated saturation indices for Mg-bearing calcite (with a composition Ca0.94Mg0.06CO3), calcite, disordered dolomite and ordered dolomite,
as a function of temperature and considering a typical Lake Balaton water chemistry, at three different pH values that are roughly representative of (A)
the sediment, (B) the sediment-water interface, and (C) the water column.
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century, with the largest drop in lake level recorded in 2003–2004
(Somlyódi and Honti 2005). Heterogeneity in the temporal
distribution of precipitation is predicted to increase in the future,
with drier springs and summers than at present (Kis et al., 2017). Such
conditions will result in lower lake levels, higher ionic strength and
increased Mg/Ca ratio of lakewater, and the formation of more Mg-
rich carbonates, including protodolomite. Changing regional weather
patterns (Varga et al., 2021) may also result in more Saharan dust
reaching the lake. Although this process contributes a minor fraction
to the sediment, the long-range transport of dust and possibly
nutrients deserves further study. Although our results were
obtained for Lake Balaton that has some speci�c features, most of
the above implications hold for any shallow lake with carbonate-
dominated sediments. Our estimate of almost 90% of the currently
forming sediment being authigenic carbonate highlights the
signi�cance of intralake processes in cases when long-term water
management measures reduced the amount of materials from
external sources.
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