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ABSTRACT

Authigenic Mg-calcite and dolomite are frequently observed in restricted,

evaporative environments, such as lagoon or lake systems, but their forma-

tion is difficult to capture due to slow growth rates. Lake Neusiedl, an alka-

line and subhaline lake with a mean water depth of 0.7 m in Austria, offers

a natural system to study the precipitation of Ca-Mg-carbonate phases, which

occur as fine-grained, unconsolidated and largely homogenized mud. To elu-

cidate the timing and formation mechanisms of these authigenic carbonate

phases, the mineralogical and isotopic composition and radiocarbon age of

different sediment grain-size fractions from <0.2 to >3.0 μm were analysed.

X-ray diffraction analyses show two broad peaks of Mg-calcite and protodo-

lomite (lacking ordering peaks), suggesting that the carbonates are authigenic

rather than detrital in origin. Calibrated carbon-14 ages range between

200 cal yr BP and 3700 cal yr BP. The linear correlation of age and grain size

suggests a very slow growth rate of single crystals of 0.23 to 0.60 μm/ka.

These rates suggest an extremely slow sedimentation rate in a shallow lake

that existed during most of the Holocene. The higher abundance of protodo-

lomite in older grain fractions, in contrast to the presence of high-Mg calcite

in the youngest fractions, suggests a growth succession where high-Mg cal-

cite develops first and subsequently transforms into protodolomite. Much

higher ages of 6 cal ka BP to 15 cal ka BP are measured in carbonates of lake

deposits exposed on land, in a section north-west of the recent lake, suggest-

ing a growth rate of those carbonate minerals of 0.13 μm/ka. These time con-

straints further suggest that some carbonate grains could already have

nucleated from lake water before or during the last glacial maximum,

although under slightly different hydrochemical conditions.

Keywords Authigenic carbonate, Lake Neusiedl, Mg-calcite, protodolomite,
radiocarbon age, stable carbon isotopes.

1� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

Sedimentology (2024) doi: 10.1111/sed.13161

https://orcid.org/0000-0002-3197-2115
https://orcid.org/0000-0002-3197-2115
https://orcid.org/0000-0002-3197-2115
https://orcid.org/0000-0002-7926-7714
https://orcid.org/0000-0002-7926-7714
https://orcid.org/0000-0002-7926-7714
https://orcid.org/0000-0003-3851-3808
https://orcid.org/0000-0003-3851-3808
https://orcid.org/0000-0003-3851-3808
https://orcid.org/0000-0002-6144-2449
https://orcid.org/0000-0002-6144-2449
https://orcid.org/0000-0002-6144-2449
https://orcid.org/0000-0003-0199-3174
https://orcid.org/0000-0003-0199-3174
https://orcid.org/0000-0003-0199-3174
https://orcid.org/0000-0003-1284-0544
https://orcid.org/0000-0003-1284-0544
https://orcid.org/0000-0003-1284-0544
https://orcid.org/0000-0001-7167-4940
https://orcid.org/0000-0001-7167-4940
https://orcid.org/0000-0001-7167-4940
https://orcid.org/0000-0002-9543-0163
https://orcid.org/0000-0002-9543-0163
https://orcid.org/0000-0002-9543-0163
https://orcid.org/0000-0003-3623-6456
https://orcid.org/0000-0003-3623-6456
https://orcid.org/0000-0003-3623-6456
mailto:stephanie.neuhuber@boku.ac.at
mailto:patrick.meister@univie.ac.at
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fsed.13161&domain=pdf&date_stamp=2024-01-10


INTRODUCTION

Calcium–magnesium carbonates precipitated
from oversaturated solutions in aquatic environ-
ments, so-called authigenic carbonates, represent
a significant part of Earth’s sedimentary record.
Showing distinct mineralogical and geochemical
signatures, they can serve as archives of past
environmental conditions (e.g. Hardie, 1987;
Viehmann et al., 2020). Calcium–magnesium
carbonates often form in evaporative marine and
lacustrine environments, where they exhibit a
diverse mineralogy, including hydrous, amor-
phous to poorly crystalline carbonates, arago-
nite, calcite and dolomite (e.g. Eugster &
Hardie, 1978; Warren, 1990, 2010; Teal et al.,
2000; Gierlowski-Kordesch, 2010, and references
therein). Calcite often shows a variable Mg-
content, ranging from low-Mg calcite (LMC) to
high-Mg calcite (HMC) and ‘very-high-Mg cal-
cite’ (Lumsden & Chimahusky, 1980). The latter
is also termed protodolomite (PD) if it contains
more than 36 mol% MgCO3 (Graf & Gold-
smith, 1956) but lacks structural ordering of the
cations (Machel, 2004; Gregg et al., 2015) (an
alternative definition of PD, i.e. showing partial
cation ordering, was suggested by Gaines, 1977;
this definition is not used here, since the appar-
ent partial ordering essentially reflects a mixture
of two phases, Mg-calcite and dolomite; see dis-
cussion in Gregg et al., 2015). Protodolomite and
dolomite do not form directly in modern ocean
water, but they are common in restricted coastal
lakes and carbonate platforms (for example,
Coorong lakes, Australia: Von der Borch
et al., 1975; Warren, 1990; Lagoa Vermelha, Bra-
zil: Vasconcelos et al., 1995; coastal sabkhas of
Abu Dhabi and Qatar: McKenzie, 1981; Wenk
et al., 1993; Bontognali et al., 2010) or endor-
heic, saline and alkaline lakes (summarized by
Last, 1990, and Last et al., 2012), including Lake
Nawar (Pakistan; Förstner, 1973a,b), Manito
Lake (Canada; Last et al., 2010), Deep Springs
Lake (California; Peterson et al., 1963; Clayton
et al., 1968; Meister et al., 2011a,b), Lake Acigöl
(Turkey; Balci et al., 2016) and Lake Van (Tur-
key; McCormack et al., 2018). However, the
understanding of authigenic Ca-Mg-carbonate
formation is incomplete in terms of mecha-
nisms, rates and controlling factors, which
limits its interpretation in the geological record.
For several of the examples cited above, it has

been suggested that precipitation is penecontem-
poraneous, i.e. related to the evaporating surface
water bodies (e.g. Meister et al., 2011a,b;

McCormack et al., 2018; Fussmann et al., 2020;
Fang et al., 2023), and this has also been proposed
for some shallow-marine (Preto et al., 2015; Meis-
ter & Frisia, 2019; Rieder et al., 2019) and lacus-
trine dolomite occurrences (e.g. Reinhardt &
Ricken, 2000; Hofbauer et al., 2021) in the geologi-
cal record. However, the formation of authigenic
Ca-Mg-carbonates in modern aquatic environ-
ments is difficult to capture in real time. This is
due to several circumstances: (i) The water chem-
istry and saturation state in evaporative environ-
ments is highly variable over short periods of time.
(ii) The kinetics of Ca-Mg carbonate precipitation
are poorly understood, and dolomite formation is
known to be inhibited by a strong kinetic barrier
(e.g. Land, 1998). Dolomite is presumably formed
via ripening over extended periods of time (Land,
1998) and its formation thus cannot be monitored
in real time. (iii) Authigenic, fine-grained mud par-
ticles become easily re-suspended by wave action
and are difficult to discern from freshly formed
crystals.
Ripening is an established concept based on

the idea that minerals form in the sequence from
metastable to more stable phases because meta-
stable phases have lower kinetic barriers (Ost-
wald’s step rule; Ostwald, 1897; Nordeng &
Sibley, 1994; Sibley et al., 1994). Following this
concept, Deelman (1999) suggested that ripening
occurs when the parent fluid fluctuates between
super- and undersaturation with respect to a
metastable precursor, while remaining supersatu-
rated with respect to a stable phase. Laboratory
studies found that, at high supersaturation, Ca-
Mg-carbonate phases grow via ripening from an
amorphous metastable phase and their transfor-
mation to a first crystalline phase occurs within
hours to days (Rodriguez-Blanco et al., 2012;
Zhang et al., 2012; Purgstaller et al., 2016; Blue
et al., 2017). Subsequent reaction steps including
recrystallization via dissolution–reprecipitation
are much harder to capture in laboratory experi-
ments because growth rates are often slow (Land,
1998; Rodriguez-Blanco et al., 2012). Nucleation
and successive ripening of Ca-Mg carbonates are
moreover subject to several influences besides
supersaturation, such as pH, cation ratios, ionic
strength and presence of organic substances in
the ambient fluid, that potentially affect
the kinetic barrier of precipitation (Meister &
Frisia, 2019; Meister et al., 2023), and thereby
modify element partitioning, mineralogical struc-
ture and rates of precipitation.
To advance understanding of authigenic car-

bonate formation in general and of PD in
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particular, it is vital to disentangle the different
steps of crystallization and potential growth path-
ways. For this reason, resolving the timing of Ca-
Mg-carbonate nucleation and ripening in natural
environments is of great importance for the
understanding of these longer-term processes. In
the 1960s, Peterson et al. (1963) performed a pio-
neering 14C dating study of dolomite in Deep
Springs Lake (California) using a sequential
leaching method. The different fractions revealed
increasing ages from the margin to the centre of
micrometre-sized, zoned crystals, suggesting very
slow growth rates in the order of tens of nano-
metres per thousand years, consistent with the
above-mentioned predictions based on laboratory
experiments.
In contrast to Deep Springs Lake, where dolo-

mite shows an advanced degree of cation ordering,
Lake Neusiedl, a shallow, subhaline lake in Aus-
tria, contains up to 70 cm of unconsolidated, fine-
grained mud of Holocene age consisting of Ca-Mg
carbonates with varying Mg content, including PD
(Wieden, 1959; Schroll & Wieden, 1960; Müller
et al., 1972; Blohm, 1974; Löffler, 1979; Prei-
singer, 1979; Fussmann et al., 2020) showing
nanometre-scale domains of ordered dolomite
(Meister et al., 2023). In contrast to the hypersaline
lakes mentioned above, Lake Neusiedl has a low
salinity (1.0 to 2.5 g/l; Knie, 1959; Wolfram
et al., 2021; Appendix S1, Fig. S1), the lowest
salinity of any lake with authigenic (proto)dolo-
mite worldwide (Last, 1990), although higher
values were reported from periods of high evapo-
ration (up to 16 g/l in the 1930s; Auer &
Dick, 1994). Hence, this system is suitable for
studying the active formation of Mg-calcite precur-
sors and their ripening to ordered dolomite.
The goal of this study was to constrain the

timing and pathways of authigenic carbonate
formation by radiocarbon dating in combination
with mineralogical as well as stable C-isotope
and O-isotope analyses. Radiocarbon dating of
very small sample volumes of grain-size frac-
tions from <0.2 to >3.0 μm provides apparent
growth rates for different authigenic calcite
phases of different stoichiometries. The reason-
ing is that larger crystals grew over a longer time
compared to smaller ones, and thus different
time sequences are integrated and preserved in
different grain sizes. Therefore, grain-size
separation of bulk sediment can provide insight
into the temporal evolution of these lacustrine
carbonates, because smaller grains will have
formed over a shorter time span while larger
ones had more time to grow. The main objective

of this study was to confirm such a temporal
relationship by dating Ca-Mg carbonates precipi-
tated in this lake that could serve as a model
system to better understand lacustrine and
restricted marine carbonate deposits of the geo-
logical record.

STUDY AREA

Location and geological setting

Lake Neusiedl (German: Neusiedler See, Hungar-
ian: Fertő-tó) is located at the border of Austria
and Hungary. Due to its habitats and ecological
significance, part of this area is a transnational
National Park since 1993, a UNESCO World
Heritage Site since 2001, and part of the Euro-
pean Union Natura 2000 network of protected
environments since 2013. The lake is situated in
the westernmost part of the Little Hungarian
Plain or Danube Basin (Hungarian: Kisalföld ),
which is characterized by a very low relief and
dominated by Quaternary fluvial and lacustrine
sediments deposited on top of Pannonian
(Upper Miocene) brackish and freshwater sedi-
ments (Fuchs & Schreiber, 1985). The area is
located at the geodynamically and geomorpholo-
gically important intersection between the Alps,
the Carpathians and the Pannonian Basin, and
represents a complex deformation zone, which
has been active since at least the Early Miocene
(Székely et al., 2009). High-resolution lake seis-
mic surveys indicate very thin Pleistocene/Holo-
cene lake sediments on top of Pannonian
deposits that are slightly tilted towards the
south-east along north-east/south-west trending
strike-slip and normal faults (Loisl et al., 2017;
Zámolyi et al., 2017). The larger area tilts
towards the east, towards the subsidence centre
of the Danube Basin at Győr (Šujan et al., 2021),
south-east of Lake Neusiedl. This tectonic move-
ment was ongoing during the Quaternary, as
indicated by the increase in Quaternary sedi-
ment thickness from almost zero at the lake to
more than 25 m at the boundary between Aus-
tria and Hungary (Tauber, 1959; Häusler et al.,
2021a,b).

Hydrology

At present, the mean water level of Lake Neusiedl
is located at 115.50 m above sea level (a.s.l.; at Tri-
este, Adriatic Sea) and the water body covers
321 km2 (143 km2 open water, 178 km2 reed area;
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Bácsatyai et al., 1997). Despite its large surface
area, its water depth is only about 1.4 m on aver-
age (Heine et al., 2014) with a maximum depth of
1.8 m. The lake area and the wetlands to the east,
including diverse saline ponds (‘Seewinkel’), rep-
resent a highly dynamic system where the present-
day extent of the water body and tributaries is very
different from past conditions (Draganits
et al., 2022). At present, the catchment comprises
1120 km2 (Herzig, 2014) and only the river Wulka
and a few very small tributaries in the west and
south of the lake provide surface water inflow (e.g.
Soja et al., 2013). Since the onset of instrumental
measurement, the water balance is dominated by
evaporation over precipitation, compensated
by river inflow; the artificial canal is controlled by
a sluice. For the period of 1967 to 1984, Reitinger
et al. (1991) states an average of 184 Mm3/year
precipitation, 208 Mm3/year evaporation,
47 Mm3/year river inflow and 25 Mm3/year out-
flow through the canal. Similar proportions were
reported by Sailer & Maracek (2019) during the
period of 1965 to 2018. The excess evaporation
occurs mostly during the summer months, when
the salinity increases, but also varies over several
years (Federal Environmental Agency; Fig. S1 in
Appendix S1). Such variable conditions may also
have prevailed in historical times (several events
are reported when the lake dried up completely)
and probably during most of the prehistoric
period. Episodically, at high water level, drainage
occurs through the Einser Kanal (Sailer & Mara-
cek, 2019), an artificial outlet finished in 1910
(Fally & Kárpáti, 2012), which connects the lake
via the river Répce/Rabnitz with the Danube
(Fig. 1). The lake water level is artificially kept at
115.50 m a.s.l. by closing the lake off via a weir
at low water levels but draining it during episodes
of high-water levels.
The present hydrology of Lake Neusiedl is

very different from that in the past, as shown
by historical maps, sediment data and geomor-
phological observations (Draganits et al., 2007,
2008, 2022). The major reason for this drastic
change is melioration by drainage channels and
dams, from the 16th century onward (Draganits
& Gmasz, 2023). Anthropogenic changes include
the construction of a road dam between Fertőd
and Pamhagen (completed in 1780), which pro-
gressively disconnected the lake from important
tributaries including the Ikva, Répce/Rabnitz
and Kis-Rába rivers. Still, during a flood of the
Rába river in 1853, Lake Neusiedl was filled by
these rivers from the south up to 117.60 m a.s.l.
(Kovács, 2010). Before construction of the road

dam, Lake Neusiedl and the Hanság area to
the east formed a continuous wetland area with
a catchment of approximately 8300 km2 as
opposed to 1120 km2 today (Draganits et al.,
2022). Historical maps and sediment data as
well as palaeo-shorelines indicate episodic lake
levels up to 2 m above the present-day level
(Draganits et al., 2007), which is also consistent
with the originally much larger catchment.
However, drier periods with lower lake levels
compared to today are also reported, for exam-
ple, the lake fell largely dry from 1865 to 1870
(Moser, 1866; Sauerzopf, 1959) and possibly
several times before (Sauerzopf, 1959; Kromp-
Kolb et al., 2005).

Holocene sediment infill and stratigraphy

The present lake is filled with unconsolidated
sediment up to 0.7 m thick (Heine et al., 2016,
fig. 13), consisting mainly of HMC and PD, as
documented by several studies since the 1950s
(Wieden, 1959; and references cited above). The
sediment thickness, however, varies strongly in
different areas of the lake, with hardly any sedi-
ment in the north-east and an increase towards
the south-west (Heine et al., 2016). This hetero-
geneous distribution is largely due to re-
suspension and transport of the fine-grained
unconsolidated sediment, since even moderate
wind can generate currents and waves that
mobilize sediment from the shallow lake bottom.
Up to 1.10 m difference in lake level has been
recorded at opposing shorelines as a result of
this wind effect. 210Pb dating of sediment cores
documented recent sediment accumulation on
the western shore, while no recent deposition
was observed in the centre and along the eastern
shore of the lake (Irlweck et al., 1990). This
study stated that no reliable sediment accumula-
tion rate could be determined given the constant
re-mobilization by wind as well as by erosion by
ice in winter. Cores taken in Rust Bay on the
western shore of the lake revealed a homoge-
nous layer of 20 cm thickness, underlain by dar-
ker laminated sediment (Fussmann et al., 2020).
Thus, sediment accumulation following strati-
graphic superposition is not expected in the
upper homogeneous zone due to constant
reworking. However, the laminated sediments
pre-date the homogenous layer and record dif-
ferent sediment accumulation dynamics.
Near the village of Jois in the north-west of

the lake, a lithostratigraphic section of older lake
deposits shows more than 2 m of silty carbonate
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mud covered by a chernozem soil (Draganits
et al., 2022, fig. 13.3). A shell fragment from
the lower part of the profile yielded
14 439 �223 cal yr BP. Such a thick carbonate
succession is unknown from the modern lake.

Lake and porewater chemistry

The water composition of Lake Neusiedl is mon-
itored several times per year by the Federal
Environmental Agency (Umweltbundesamt,
Vienna, Austria) at the stations shown in Fig. 1.
The lake chemistry shows high ionic concentra-
tions in comparison to other temperate freshwa-
ter lakes but low concentrations in comparison
to most evaporative lakes. Its long-term average
content of total dissolved solids is 1.0 to 2.5 g/l
(Knie, 1959; Federal Environment Agency Aus-
tria, online database, 2000–2021; Wolfram
et al., 2021; see Appendix S1, Figs S1 and S2).
The concentrations vary seasonally but also in
the course of several years. Sodium concentra-
tions in the range of 8 to 24 mmol/l have been
recorded since 2000. In summer, concentrations

are on average about 6 mmol/l higher than in
winter, but larger variations occur over several
years (Federal Environmental Agency; see Wol-
fram et al., 2021, and compilation in Fig. S1).
The lake water pH ranges between 8.7 and 9.2
(Fig. S1) but also higher variations were
reported. Other than most oligohaline lakes,
Lake Neusiedl has a high Mg/Ca ratio with vary-
ing concentrations of Ca and Mg (Ca: 0.2 to
1.1 mmol/l; Mg: 3.5 to 7.5 mmol/l). These varia-
tions can be explained by evaporative concentra-
tion in summer, while decreasing concentrations
of Ca may be due to seasonal precipitation of
carbonates. The relatively high Na-related alka-
linity helps to buffer the pH so that the lake
water is near the tipping point to a dilute soda
lake (Wolfram et al., 2021; see discussion
below).
The lake shows significant primary production

of organic matter (Gunatilaka, 1990), in particu-
lar along its reed-covered western shore. Primary
production mainly comprises green algae and
diatoms (e.g. Padisák & Dokulil, 1994). Anaero-
bic degradation as reflected by elevated NHþ

4 ,

Fig. 1. Geological map of Lake Neusiedl (modified after Pascher et al., 1999) with its main tributary (Wulka
River), outlet (Einserkanal), and this study’s sampling points for water (red and green dots) and sediment (yellow
dots). Federal Environmental Agency.
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HS� and CH4 is an important early diagenetic
process (Tanzberger, 2005; Loisl et al., 2017;
Fussmann et al., 2020). Organic carbon re-
mineralization results in a diffusive gradient of
dissolved inorganic carbon (DIC) reaching
12 mmol/l at 5 cm depth in the Bay of Rust
(Fussmann et al., 2020). Although alkalinity
generally increases in the sediment, the lower
pH (7.5 to 8.8) within the sediment compared to
the water column reduces the saturation state
with respect to carbonates near the sediment–
water interface. This is due to anaerobic respira-
tion and fermentation processes, which lower
the saturation state even further compared to the
upper water column, as reported in studies by
Blohm (1974) and Fussmann et al. (2020).

METHODS

Sampling and sample processing

Three samples were investigated in this study;
two were taken from sediments in the modern
lake (samples KR7-D and SEE8-1) and one in
older lake sediments exposed in a construction
pit at the northern shore, near the village of Jois
(sample ED05/JOIS/3; Draganits et al., 2022). At
the two sites in the lake, KR7 (N 47°48053.6800/E
016°42019.4200) and SEE8 (N 47°52027.9700/E
016°44001.6100; Fig. 1), recent unconsolidated
lake sediment was retrieved by boat using an
acrylic glass corer that was pushed into the sedi-
ment. The cores were processed in the labora-
tory of the Biological Station Neusiedler See at
Illmitz within a few hours after sampling. The
sediment was pushed out of the tubes and sliced
into sections. The top 25 cm of the cores con-
sisted of light grey, homogeneous, very fine-
grained and water-saturated sediment. The
lower part between 25 cm and 50 cm consisted
of very fine-grained sediment with a lower water
content and showed a more adhesive consis-
tency. The top 25 cm of the homogeneous sedi-
ment (ca 750 ml) of each core was separated
and further processed.
Sampling site ED05/JOIS (N 47°57014.100/E

016°47030.800; Fig. 1) was temporarily accessible
in a construction pit. Around 300 g of light grey
sediment was taken with a trowel from the
wall of a trench at a depth of 1.6 m below sur-
face (i.e. 116 m a.s.l.; 0.6 m below the base of
the soil) and ca 1.5 m above today’s groundwa-
ter level (Sample ED05/JOIS/3; Draganits
et al., 2022).

Grain-size separation and granulometry

Previous studies of Lake Neusiedl sediment
samples have demonstrated that grain-size sepa-
ration effectively separates coarser detrital parti-
cles from smaller authigenic crystals
(Wieden, 1959; Schroll & Wieden, 1960;
Blohm, 1974; Preisinger, 1979). Therefore, a
stepwise centrifugation protocol following Tan-
ner & Jackson (1948) was developed to obtain
the grain-size fractions <0.2 μm, 0.2 to 0.5 μm,
0.5 to 1.0 μm, 1 to 2 μm, 2 to 3 μm and >3 μm
by extracting the smallest fraction first, followed
by re-suspension and removal of the next
coarser grain-size fraction. All grain-size sepa-
rates were dried at 80°C. Afterwards, each frac-
tion was split into aliquots, which were used for
further analyses.
The grain-size distribution of two samples

(SEE8-1 and KR7-D; Fig. S3) was determined
using a SediGraph5100 (Micromeritics, Nor-
cross, GA, USA) on 3 g bulk sample after drying
at 80°C and re-suspension. Na-tripolyphosphate
was used as a dispersant.

Thermogravimetry by simultaneous thermal
analysis

Simultaneous thermal analysis (STA) measures
the weight loss due to endothermic and exother-
mic reactions to identify organic and inorganic
carbon phases. For each sample 50 mg, were
heated to 1000°C in a Netzsch Simultaneous
Thermal Analyser (STA 409PC LUXX®; Netzsch,
Selb, Germany) with gas control (PU1.851.06)
using a 50 ml/min air and 15 ml/min N2 gas
flux rate, and a temperature increase of
10°C/min. The amounts of organic and inorganic
carbon were measured by weight loss. Results
were quantified according to different reaction
temperatures using the built-in software at the
Institute of Applied Geology (University of Nat-
ural Resources and Life Sciences, Vienna, Aus-
tria). The analytical uncertainty is smaller than
2% of the measured value. The contributions of
carbonate phases were calculated using the stoi-
chiometric conversion factor for CO2 loss from
carbonates, which differs for calcite (2.274) and
dolomite (2.095). Concentrations for pure calcite
and pure dolomite stoichiometry were calcu-
lated, and the average of the two results is
reported as carbonate content (Fig. 2). The total
wt% of organic carbon and carbonate phases
were subtracted from 100 wt% to obtain the
weight-percentage of silicate phases.
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Mineralogy and Mg content of carbonate
minerals

Powder X-ray diffraction (XRD) (Panalytical PW
3040/60 X’Pert PRO, CuKα radiation, 40 kV,
40 mA, step size 0.0167° 2θ, 5 s per step; Mal-
vern Panalytical Limited, Malvern, UK) was
used on oriented and unoriented samples at the
Department of Geology, University of Vienna
(Austria) to identify the mineral phases present
in the different size fractions. Quartz (107 536;
Merck, Darmstadt, Germany) was used as an
internal standard. For determination of the peak
positions and quantification of peak areas of car-
bonate minerals the ‘fit profile’ option of the
Panalytical X’Pert Highscore plus software was
used. The extent of Mg substitution in calcite
was calculated from the (104) peak shift accord-
ing to the method of Goldsmith & Graf (1958).

Scanning electron microscopy

High-resolution secondary electron (SE) micro-
scopy of selected sample fractions was performed
using a Zeiss digital scanning electron micro-
scope (SEM) (DSM 982 Gemini; Carl Zeiss AG,
Oberkochen, Germany) equipped with a field
emission gun, at the Institute of Earth Sciences at
the University of Graz, Austria. For this purpose,
1 to 5 mg of sediment was loosely disseminated
on SEM sample holders and coated with Au-Pd.
Observations were made in SE mode in high

vacuum (3.0�9 μPa) at an accelerating voltage of
2 kV and a probe current of 2350 mA.

Stable carbon and oxygen isotopes

Aliquots of different grain-size fractions were
analysed in duplicate (and triplicate for sample
KR7-D) for their stable carbon and oxygen iso-
tope composition (δ13Ccarb and δ18Ocarb) using a
Thermo Fisher DeltaPlusXL mass spectrometer
equipped with a GasBench II (Thermo Fisher
Scientific, Bremen, Germany) at the Institute of
Geology at the University of Innsbruck, Austria,
following the procedure of Spötl & Venne-
mann (2003). Results were calibrated against cal-
cite NBS 19, CO1 and CO8 reference materials
and reported as ‰ relative to Vienna PeeDee
Belemnite (VPDB). The long-term 1-sigma uncer-
tainty of δ13C and δ18O values is �0.06 and
�0.08‰, respectively.

Radiocarbon analyses

To test whether lake water CO2 is equilibrated
with CO2 from the atmosphere, CO2 was purged
from 2 l of lake water with He and trapped in
liquid N2. A dissolved carbonate standard (40
pMC corresponding to 0.4 F14C) was processed
as a blank using the same setup. Trapped CO2

was immediately graphitized for radiocarbon
analysis.
In addition, radiocarbon was analysed on dif-

ferent grain-size fractions of each sample follow-
ing the method described in Steier et al. (2017).
In short, 50 μg of sample powder was hydro-
lysed in valve-sealed quartz vials by phosphoric
acid at approximately 50°C for 1 h. The pro-
duced CO2 was cryogenically purified and
reduced to graphite using hydrogen and an Fe-
catalyst (Bosch reaction). The 14C content was
quantified by accelerator mass spectrometry
(AMS) at the Vienna Environmental Research
Accelerator (VERA) at the Institute of Nuclear
Physics, University of Vienna, Austria. Data are
reported as F14C, which is the 14C content rela-
tive to a hypothetical ‘modern’ reference value,
defined as 95% of the content of the NIST
oxalic-I standard (Stuiver & Polach, 1977) and
corrected for isotopic fractionation. The advan-
tage of reporting F14C is that numbers obey sim-
ple equations in mixing processes, whereas
calculated radiocarbon ages behave strongly
nonlinearly and cannot be directly used
in mixing equations. For calibration of radiocar-
bon ages, the program OxCal 4.4 (Bronk

Fig. 2. Distribution of silicate, carbonate and organic
carbon phases determined by simultaneous thermal
analysis (STA) in the grain-size fractions of modern
and ancient lake sediment samples. Locations
arranged north to south from left to right.
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Ramsey, 2009) with the IntCal20 calibration
curve (Reimer et al., 2020) was used.

RESULTS

Granulometry and mineral composition

Grain-size analyses of samples KR7-D and SEE8-
1 exhibit similar grain-size distribution patterns,
with 87% (weight/volume) in the <10 μm frac-
tion and 42% in the <3 μm fraction (Fig. S3).
According to STA analyses, carbonates contrib-
ute 18 to 79 wt%, organic carbon 3 to 16 wt%,
and the remaining silicates 17 to 71 wt% to the
different size fractions (Fig. 2; Table 1). In
the fractions <1 μm, the abundance of carbonate
minerals is generally lower and the abundance
of silicate minerals higher than average (Fig. 2).
At all three locations, the sediment contains

quartz, muscovite, Fe-chlorite, K-feldspar, pla-
gioclase, LMC and PD (Fig. 3A). In modern lake
sediments, a broad peak of HMC is present in
XRD patterns (around 60%; Fig. 3A and B), but
this phase is depleted in the >3 μm fractions.
Most carbonates are depleted in the <0.5 μm
fractions, where a broad peak appears instead.
The degree of Mg substitution in calcite allows

identifying carbonate minerals of different Mg
content (Figs 3 and 4; Table 2). In modern lake
sediments, carbonate phases are dominated by a
continuum with two broad peaks in the 2θ region
between 29.5° and 31°. In most fractions, only
minor amounts of poorly defined LMC (by defini-
tion, the LMC–HMC boundary is at 4 mol%
MgCO3; Tucker, 2001; Bischoff et al., 1993) are
indicated by a terrace in the HMC peak near 29.6°
2θ. Stoichiometric calcite (3.04 Å) and stoichio-
metric (proto)dolomite (2.88 Å) were only
detected in the >3 μm fraction (Fig. 3B). Sample
ED05/JOIS/3 shows predominantly (71 to 93%) a
LMC–HMC cluster (1 to 7 mol% MgCO3; here
referred to as ‘LMC’) and low amounts of PD (7 to
29%; 43 to 49% MgCO3) but lacks the broad HMC
peak. In the <0.2 μm and >3.0 μm fractions,
(proto)dolomite has a stoichiometric composition
(ca 50 mol% MgCO3).
The degree of dolomite ordering is indicated

by the 015 : 110 peak ratio according to
Füchtbauer & Goldschmidt (1966). However,
only traces of the 015 peak could be identified
in the bulk fractions (Fig. 3C) and show no sys-
tematic distribution in the different grain-size
fractions. The peak may indicate incipient cat-
ion ordering (see details in Meister et al., 2023),

while the overall phase has predominantly a cal-
cite structure, and hence is regarded as PD.
Scanning electron microscope (SEM) imaging

of sample SEE8-1 reveals that a portion of the
carbonate fraction forms rhombohedral to irregu-
lar crystals with diameters between 0.5 μm and
1.0 μm (Fig. 5A). Judging from their different
shapes, several generations of crystals are pre-
sent. Their surfaces reveal a high abundance of
kinks (Fig. 5B).

Stable carbon and oxygen isotopes

The δ13C-values from modern lake sediments
range between �3.8‰ and �2.2‰ in all frac-
tions, with one outlier of 3.2‰ in the >3 μm
fraction from site SEE8, while at site ED05/JOIS
the values range from �1.7 to �0.1‰ (Fig. 6A
and B; Table 1). Two size fractions from sample
ED05/JOIS/3 (0.2 to 0.5 μm and 1 to 2 μm) scat-
ter widely, presumably due to incomplete
homogenization. δ13C-values decrease with
increasing grain size. Only the fine fractions
(<0.2 μm and 0.2 to 0.5 μm) deviate from this
trend, showing mostly lower values (Fig. 6B).
The oxygen isotope values range from �3.6 to

�0.4‰ with one outlier (KR7-D 0.2 to 0.5 μm:
9.2 �0.4‰; Fig. 6A and C). A slight difference of
0.3 to 0.5‰ is observed between samples SEE8-1
and KR7-D, where all size fractions from sample
SEE8-1 show lower values. In sample ED05/
JOIS/3, all grain sizes show values that are
largely within the range of the values of the mod-
ern lake sediment. Analogous to carbon isotopes,
δ18O values show a slight decreasing trend with
increasing grain size and a deviation from this
trend in the small grain-size fractions. Moreover,
a covariant trend of δ13C versus δ18O values was
revealed for the different size fractions of the
samples SEE8-1 and KR7-D (Fig. 6A).

Radiocarbon activity

Carbon dioxide purged from lake water sampled
on 1st March, 2017 (surface water at the pier of
Rust harbour; for location see Fig. 1) yielded a
modern radiocarbon activity (F14C) of 1.04 �0.02
(cf. 1.015 as the atmospheric value from 2017;
Hua et al., 2022), and documents that the lake
water is equilibrated with the atmosphere.
Grain-size fractions of all samples yielded

measurable radiocarbon contents (Table 1).
Radiocarbon activities (F14C) in sediments taken
from within the lake range between 0.64 and
0.91 for sample SEE8-1, and between 0.76

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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and 0.92 for sample KR7-D (Fig. 7). Lower F14C
values from 0.26 to 0.33 were measured in sam-
ple ED05/JOIS/3. The radiocarbon activity of
sediment samples from all sites decreases with

increasing grain size. All samples follow a linear
trend of decreasing radiocarbon activity, except
for the coarsest fraction which deviates from the
trend by a higher depletion in 14C content

A

B C

Fig. 3. (A) X-ray diffractograms of grain-size separates of sediment sample KR7-D. The patterns show the pres-
ence of muscovite, chlorite, quartz, feldspar, calcite and protodolomite, with a broad peak of high-Mg calcite
(HMC) which decreases in the >3 μm fraction, while the peaks in the regions of low-Mg calcite (LMC) and dolo-
mite/protodolomite increase. (B) Detailed view of the 2θ region with the 104 peaks of carbonate phases in differ-
ent grain sizes. (C) Close-up of the 2θ range showing the 015 ordering peak of dolomite relative to the 110 peak. A
small ordering peak is visible in the bulk sample.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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(Table 1). Conventional (uncalibrated) radiocar-
bon ages range from 700 to 3700 BP increasing
with grain size (see column ‘14C age’ in Table 1;
Fig. 8A). Calibration and corrections will be dis-
cussed below.
The finest grained subsample of ED05/JOIS/3

(<0.2 μm) with the highest radiocarbon activity
of all Jois subsamples (F14C = 0.33) consists
only of LMC and PD. Here, F14C decreases from
0.30 in the 0.5 to 1.0 μm fraction to 0.26 in the 2
to 3 μm fraction. One subsample from
ED05/JOIS/3 (0.2 to 0.5 μm) was marked as an
outlier (see discussion below) due to its scatter
in both radiocarbon and stable isotope values.
Conventional radiocarbon ages range from 6000
to 13 300 BP with increasing grain size (see col-
umn ‘14C age’ in Table 1; Fig. 8B).

DISCUSSION

Radiocarbon ages and timing of authigenic
mineral formation

The measured radiocarbon activity depends pri-
marily on the average age of carbon in the sedi-
ment grains, integrating the old nucleus and the
younger rim. The derived radiocarbon age, and
hence the timing of mineral precipitation, may
be altered by the contribution of pre-aged car-
bon from other pools, for example, from organic
matter, mixing of phases of different age, recrys-
tallization, or variations in atmospheric radio-
carbon activity through time. In the following,
the different effects are assessed, and their mag-
nitude estimated in order to reliably constrain

Fig. 4. Carbonate phase
distribution of different grain-size
fractions; position on the x-axis
indicates Mg content (in mol%) of
the carbonate minerals calculated
from X-ray diffraction (XRD)
measurements (Goldsmith &
Graf, 1958). Lengths of each line on
the y-axis add up to 100% for each
carbonate phase and specify their
relative abundance. The length of
each line indicates the relative
percentage of a phase in a particular
grain-size fraction. HMC, high-Mg
calcite; LMC, low Mg-calcite; PD,
protodolomite.
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the ages for the different authigenic carbonate
phases.

Conversion of F14C into calendar ages
Radiocarbon ages can be calculated from F14C
values using the formula of Libby et al. (1949),
Arnold & Libby (1949) and Stuiver &
Polach (1977) using the half-life of 14C of
5730 �40 years (Godwin, 1962). The resulting
ages of 700 to 3700 BP for the modern lake sites
and 6000 to 13 300 BP for site ED05/JOIS
increase with grain size. These calculated 14C
ages do not account for atmospheric 14C

variations over time. This effect can be corrected
by calibrating F14C values to the atmospheric
14C curve (Reimer et al., 2020). The calibrated
ages (column ‘Age cal’ in Table 1 and displayed
in Fig. 8) are only slightly different for younger
ages in modern lake sediments, but the ages of
the older samples from ED05/JOIS (ED05/JOIS/3,
>3 μm; 15 457 cal yr BP) are shifted by more
than 2000 years towards older ages.

Contribution of pre-aged carbon
When carbonate minerals precipitate from aque-
ous solutions, they can be assumed to be in iso-
topic equilibrium with the dissolved inorganic
carbon (DIC) species. Kinetic fractionation of C
and O isotopes during carbonate precipitation
has been observed under extreme conditions
(e.g. Meister et al., 2011b) but is most likely
insignificant in a lacustrine system, such as Lake
Neusiedl. If DIC is solely of atmospheric origin,
the timing of carbonate precipitation can be
determined by the radiocarbon content of the
mineral phases. However, dating of lacustrine
carbonates is often limited by the effect that
‘old’ carbonate rocks are dissolved in the catch-
ment, which provides 14C-free DIC, diluting the
14C activity of the sample and, thus, resulting in
anomalously low radiocarbon activities (also
known as ‘hard water effect’).
Radiocarbon measurements of CO2 sparged

from Lake Neusiedl water yielded a modern
activity (F14C of 1.04, local variations up to the
order of 0.04 are possible; Reimer et al., 2004;
Major et al., 2018) which suggests full equilibra-
tion with atmospheric CO2. In comparison,
atmospheric δ13CCO2 data from the nearby mete-
oric station at Hegyhatsal (46.97°N, 16.38°E,
240 m a.s.l.) vary between �7‰ and �10‰
(Demény & Haszpra, 2002), which matches well
the modern δ13CCO2 in the atmosphere, with
some variations reflecting seasonal changes in
CO2 uptake (Troilier et al., 1996). The large sur-
face area and shallow water depth in combina-
tion with wind-driven waves and currents result
in strong mixing of the lake water several times
per year and may support equilibration of the
lake’s DIC pool with atmospheric CO2. However,
despite the measured atmospheric 14C signature
of the surface water, δ13C-values of the carbon-
ates range between �3.8‰ and �2.2‰ in sam-
ples KR7-D and SEE8-1 in the modern lake
sediments, which is several permille lower than
values of calcite or dolomite that would form
from DIC in equilibrium with atmospheric CO2

(based on the fractionation factor by Mook

A

B

Fig. 5. Scanning electron microscopy (SEM) photomi-
crographs showing the shape and size of Ca-Mg car-
bonate crystals in sample SEE8-1. (A) Overview
shows several grains in the order of 0.5 to 1.0 μm.
The overall shapes tend to be round to rhombohedral
while their surfaces always are nano-facetted. (B)
Close-up of the area in the white frame in (A) show-
ing that the facets of the grain are largely in crystallo-
graphic continuity. Presumably, the different grain
types represent different generations of crystal phases.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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et al., 1974, between CO2 and bicarbonate). The
isotopic composition of bicarbonate in equilib-
rium with this calcite and dolomite would range
from �6.6 to �4.0‰ and from �8.3 to �6.7‰,
respectively (according to the fractionation fac-
tor; see calculation in Appendix S1, Table S1).
Since HCO�

3 is the most abundant species at a
pH between 6 and 9, its isotopic composition
should approximately represent the composition
of the DIC, and indeed the δ13C-values calcu-
lated for HCO�

3 match well with δ13C-values
between �5.6 and �2.0‰ in DIC of lake water

measured in 2019 and 2020 (Schnedlitz, 2020).
Sediments from the onshore site ED05/JOIS
show less negative δ13C-values, but they are also
more negative than they would be if they had
formed in isotopic equilibrium with atmospheric
CO2.
Isotopically light DIC fixed during primary

production in the surface water (Hollander &
McKenzie, 1991) is released from degradation of
organic matter (Botz & Von der Borch, 1984;
Botz et al., 1988). Primary production by C3
plants and algae results in biomass of

A

B C

Fig. 6. (A) Stable carbon and
oxygen isotope values of carbonate
samples from Lake Neusiedl. The
respective grain sizes are indicated
by the level of grey shading and are
labelled within each symbol. Error
bars are 1 σ SD of duplicate
measurements of the samples and
are mostly within the size of the
symbol. Dashed lines indicate the
covariance between δ13C and δ18O
values in the samples SEE8-1 and
KR7-D. The value measured for a
bivalve shell from site ED05/JOIS is
indicated. (B) Stable carbon isotope
composition and (C) oxygen isotope
composition of different grain-size
fractions for the three sampling
sites.
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approximately �25‰, so that organic matter
intermixed with the lake sediment can be
expected to show similar values. Fussmann
et al. (2020) demonstrated that organic matter is
degraded by anaerobic dissimilatory metabolism
in the lake sediment, linked to several electron
acceptors (nitrate, ferric iron and sulphate), but
also via aerobic respiration near the sediment–
water interface. The release of inorganic carbon
results in a downward increasing gradient,
reaching 12 mmol/l DIC at 5 cm (18 mmol/l at
30 cm) below the sediment–water interface and
further increasing below. Hence, DIC diffuses
upward and across the sediment–water interface
and becomes intermixed with lake water. Even
more extreme fractionation may occur during
methanogenesis, but this effect may become
counterbalanced by 13C-enriched CO2, also pro-
duced during methanogenesis (Meister &
Reyes, 2019). Somewhat less negative values
would result from degrading Phragmites reeds,
abundantly present on the western shore of the
lake, which ranges between �10‰ and �18‰
(mean �13‰; O’Leary, 1981). Another potential
source of isotopically light carbon is DIC from
tributaries to Lake Neusiedl, in which Schne-
dlitz (2020) measured δ13C values as low as

�11‰, most likely derived from the degradation
of organic matter from soil.
To test the effect of pre-aged DIC from organic

matter degradation on F14C values and radiocar-
bon ages, a sensitivity test was performed,
assuming a δ13CTOC of �25‰ and varying the
age of total organic carbon (TOC; at the time of
carbonate precipitation). Since F14C values are
not affected by isotope fractionation, the atmo-
spheric F14C and the F14C of pre-aged TOC can
be mixed in the proportion indicated by the
δ13C mass balance (for the calculation see
Appendix S1, Table S1). A pre-aged DIC pool,
due to TOC input, would mean that the carbon-
ate phases are in fact younger than indicated by
the measured radiocarbon activity. Thus, a
higher assumed age of TOC will result in youn-
ger ages for the carbonate phases. The TOC-age
can be varied to the point where radiocarbon
ages of carbonates are negative.
Note that the corrected ages also need to be cali-

brated for the change in atmospheric 14C over
time. This calibration can only be considered as a
rough estimate, because multiple sources of C
with different ages may have contributed to the
overall 14C activity of the carbonate phase, and
each source would require its own calibration.

Fig. 7. Radiocarbon activity (F14C) of the three samples SEE8-1, KR7-D and ED05/JOIS/3 in relation to grain size.
The values largely show a linear decreasing trend with increasing grain size, but more depleted values in the
>3 μm fraction. The values from sample ED05/JOIS/3 are much lower and do not overlap with the range observed
in the modern lake sediment.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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However, because the 14C activity decreases over
the last 25 kyr (Reimer et al., 2020), the calibra-
tion would roughly account for the combined
effect of the different sources.
Results of this calculation show that the maxi-

mum age of organic matter, being degraded at
the time of carbonate precipitation, would be

around 2000 years (see Table S1 for details).
Assuming this age for TOC yields radiocarbon
ages that are on the order of 500 years younger,
and this shift is similar for old and young ages
(Table 1, column ‘Age corr.’; Fig. 8). The effect
does not change the overall magnitudes and
trends, nor rates, but it shows that the finest

Fig. 8. Calculated radiocarbon ages from different grain-size fractions: (i) radiocarbon ages calculated from mea-
sured F14C values (conventional ages; empty symbols); (ii) calibrated ages from measured F14C data (grey sym-
bols); and (iii) calibrated ages from total organic carbon (TOC)-corrected F14C values (filled symbols). (A) Modern
lake sites; and (B) ancient lake sediment from Site ED05/JOIS.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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fractions (<0.2 μm) reach a modern age, within
the error of the dating method (due to the input
of anthropogenic CO2 into the atmosphere, sam-
ples formed after ca 1850 AD yield approxi-
mately the same radiocarbon age, which leads to
a large uncertainty). Hence, it is reasonable
to assume that carbonates in Lake Neusiedl are
still forming today, at least episodically, if the
conditions are favourable.

Authigenic versus detrital carbonates
A further effect that could influence radiocarbon
ages is the presence of detrital carbonate lacking
14C. Although carbonates are primarily affected
by chemical weathering, physical erosion sup-
plies fine grain sizes that can be transported by
water and wind. Sharp peaks in XRD patterns
could indicate detrital calcite and dolomite par-
ticles, because Triassic to Neogene sediments
from the source area comprise predominantly
well-defined stoichiometric compositions of
LMC and dolomite. X-ray diffraction patterns
of the >3 μm fraction record distinct peaks for a
calcite with low MgCO3 content (≤2 mol%) and

(proto)dolomite with 49 to 51 mol% MgCO3

(Figs 3 and 4; Table 2), whereas diffractograms
of smaller grain-size fractions exhibit up to three
broad diffraction peaks indicating carbonate
phases of variable Mg content (Fig. 3B; Table 2).
The latter carbonate phases are most certainly
authigenic as they would be metastable over
geological timescales; but also, the phase with
dolomitic stoichiometry is largely metastable
protodolomite, since the 015 ordering peak is
either extremely small or absent. This indicates
that carbonate phases are predominantly authi-
genic in origin.
An authigenic origin of most carbonate phases

in the Lake Neusiedl sediments is further sup-
ported by SEM observations, showing rhombohe-
dral, and somewhat irregular, crystals consisting
of nanocrystalline rhombs arranged with coherent
orientation (Fig. 5; Meister et al., 2023). SEM did
not show angular or subangular carbonate parti-
cles that could be clearly assigned to a detrital
origin.
A contribution of detrital carbonate leads to

older ages in the larger grain-size fractions, while

Fig. 9. Radiocarbon ages [calibrated and total organic carbon corrected] in comparison with relative abundance of
the carbonate phases low-Mg calcite (LMC), high-Mg calcite (HMC) and protodolomite (PD) at the three locations
SEE8, KR7 and ED05/JOIS. At the modern lake sites, protodolomite increases with age, suggesting slow formation,
possibly due to ripening. In contrast, HMC is most abundant in the younger size fractions and remains present
also in older fractions. Low-Mg calcite does not show a significant trend with age. In contrast, sample ED05/JOIS/
3 shows a high abundance of LMC and low PD, but no HMC.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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the small grain sizes approach modern ages. In
particular, sample SEE8-1 shows an age of
3644 cal yr BP in the >3 μm fraction. This age is
considerably older compared to the smaller size
fractions of this sample, even if the trend line
would be extrapolated to include the fraction in
which all grain sizes >3 μm are integrated
(Fig. 7). While a contribution of detrital carbonate
grains eroded from carbonate bedrock is regarded
as minor, for the reasons explained above, older
authigenic carbonate could be derived from pre-
Holocene lake deposits exposed on land, as, for
example, at location ED05/JOIS. In any case, data
of the coarse fractions should be interpreted with
caution.

Sample homogeneity
Due to homogenization of the sediment, the
measured radiocarbon activity represents aver-
age values, i.e. individual carbonate crystals
may be older or younger than the bulk average.
Although the samples were well-homogenized
and replicates of stable isotope and radiocarbon
measurements agree within the uncertainty of
the measurement, a considerable scatter in δ13C
among the grain-size fractions of sample
ED05/JOIS/3 (0.5 to 1.0 μm and 2 to 3 μm) most
likely indicates heterogeneity for those samples.
The three identified carbonate phases (LMC,

HMC and PD) cannot be mechanically or chemi-
cally separated; therefore, stable isotope and
radiocarbon data of Lake Neusiedl samples have
to be interpreted carefully. Different grain-size
fractions from each sampling site consist of the
three carbonate phases in different proportions
(Fig. 4), but no trends between mineral abun-
dances and isotope values are apparent. Despite
mixing, the age trends with grain size are sys-
tematic and suggest that the average age shifts
with grain size. Using calibrated average ages
represents a meaningful estimate, as the calibra-
tion curve shows a more or less continuous
decrease in the abundance of 14C over time.
As is known from sequential leaching of fine-

grained dolomite from Deep Springs Lake (Peter-
son et al., 1963), crystals may grow stepwise,
with concentric zones showing outward decreas-
ing ages (see Meister et al., 2023). Hence it has
to be considered that the cores of some grains
are older than the age derived from the average
radiocarbon activity, while the rim may be
younger or even modern. This needs to be taken
into account for the subsequent discussion of
growth rates.

Overprint due to recrystallization
As shown by multiple studies, authigenic carbon-
ates may undergo transformation from HMC to PD
and LMC (e.g. Hardie, 1987; Budd, 1997;
Rodriguez-Blanco et al., 2015; Kell-Duivestein
et al., 2019; Fussmann et al., 2020; Pina
et al., 2022). Therefore, percentages of carbonate
phases from our samples were compared with
measured radiocarbon ages (Fig. 9). While the data
are quite varied, it is noticeable that the proportion
of Mg-calcite is particularly high in the younger
size fractions. At the same time, the proportion of
PD is low in the youngest samples of modern lake
sediments. This would support the scenario pro-
posed by Fussmann et al. (2020) and Meister
et al. (2023) that HMC initially precipitates and is
subsequently transformed into PD. Alternating epi-
sodes of concentric growth and ripening would
occur under variable conditions while the grains
are suspended in the water column or the benthic
boundary layer.
Transformation processes could reset the 14C

age. Therefore, measured ages may represent
minimum ages. However, considering that the
measured 14C ages are rather old, it is reasonable
to assume that 14C signatures were probably con-
served during ripening. As observed by Fuss-
mann et al. (2020), metastable phases do not
show much change downcore, which suggests
that these phases remain preserved in the pres-
ence of sedimentary porewater. Once buried, the
mineral assemblage preserves most of its 14C
content. The exact mechanism will be discussed
below, in the section Ripening of metastable car-
bonate phases.
In contrast to modern lake sediments, the

older lake sediment from site ED05/JOIS does
not contain HMC. Most likely, former HMC was
replaced by PD over time. Also, LMC is predom-
inant in the sediment of site ED05/JOIS com-
pared to modern lake sediments, which may be
due to a different lake chemistry, for example,
different Mg/Ca ratio of the lake water, in
the past.

Rates of precipitation

Radiocarbon activity decreases with increasing
grain size and thus records growth of authigenic
minerals over time. The correlation between
grain size and radiocarbon age is linear, if some
outliers such as the fraction >3 μm are
excluded. The relation between grain size and
age is, however, not straightforward. It can be

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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assumed that a crystal is oldest at its core and
concentric growth zones are progressively youn-
ger moving from the centre to the edge. The
measured radiocarbon age represents the average
age of the grain. As an approximation, the rhom-
bohedral carbonate crystals were treated as
cubes. With every time step, the age of the entire
grain increases in proportion to the volume of
the newly accreted layer. At a small step size,
the resulting age to grain-size function is nearly
linear and can be fitted with a regression line
(Fig. 8). To fit the regression lines, it was
assumed that also the most recent growth layer
has a minimum age, which is 270 cal yr BP for
Site SEE8 and 180 cal yr BP for Site KR7. These
ages are, however, within the resolution of the
radiocarbon data, i.e. they are regarded as
modern.
This calculation resulted in a normal growth

rate (i.e. growth perpendicular to the crystal sur-
face) of 0.60 μm/ka at the open lake site (SEE8),
and 0.23 μm/ka at site KR7. The reason for the
difference between the two sites is not entirely
clear. Because Lake Neusiedl has experienced
variable environmental conditions ranging from
high lake levels to dry episodes during the past
centuries (Sauerzopf, 1959; Draganits et al.,
2022) crystal growth was most likely discontinu-
ous and possibly episodic. Hence, the obtained
growth rates represent long-term (centennial-
scale) average values. Moreover, sediment
dynamics varies between different sites, as indi-
cated by the variable sediment thickness (Heine
et al., 2016). Presumably, re-suspension varies
from site to site, and also the reeds attenuate
waves and currents and may therefore trap sedi-
ment. Presumably, crystal growth stops when
the carbonate grains are buried and chemically
equilibrated with the pore water (as further dis-
cussed below).
The obtained normal growth rate corresponds

roughly to half of the growth rate of the rhombo-
hedral edge length. In comparison, rhombohe-
dral growth rates determined by 14C dating of
sequentially leached grains in Deep Springs
Lake record a maximum rate of about 0.5 μm/ka
(Peterson et al., 1963, fig. 7). These values are in
good agreement with those of site KR7 in Lake
Neusiedl, whereas the growth rate at site SEE8
is about twice as high.
In contrast to modern lake sediments, growth

rates determined for grain-size fractions of old
lake sediments from ED05/JOIS are considerably
lower (around 0.13 μm/ka; Fig. 8B). It is possible
that the chemical composition of the lake water

or the hydrology (with episodic dry periods) at
that time was different, resulting in lower aver-
age precipitation rates. Like Lake Neusiedl
today, the older lake was affected by re-
suspension due to wind and waves. It is likely
that old sediments were mixed several times
resulting in a re-distribution of carbonates of dif-
ferent age which ultimately results in more
homogeneous ages of different grain sizes, and
would be expressed in lower apparent growth
rates. In contrast, in the modern open lake, the
sediment layer is thinner and mixing would
have involved a smaller age range.

Timing of nucleation
Using the herein calculated growth rate, the
time of nucleation for a cubic crystal (as an
approximation of a rhombohedral calcite crystal)
can be estimated. The resulting ages reveal that
the nuclei are surprisingly old. For 3 μm sized
grains a nucleation age of ca 2700 cal yr BP (as
estimates are based on calibrated ages) was
obtained for the open lake site SEE8, and ca
6600 cal yr BP for site KR7 in the reed belt.
Larger grains would suggest even higher ages.
For the old lake deposits from site ED05/JOIS,

the nuclei of 3 μm grains yielded ages of ca
25 cal ka BP, i.e. the range of nucleus ages in
larger grain-size fractions would include the
entire last glacial maximum (ca 26 to 20 ka BP;
Ivy-Ochs et al., 2022). This potentially high age
has to be taken into account for reconstruction
of the environmental evolution of Lake Neusiedl
as well as the nucleation and growth mechanism
of authigenic Ca-Mg-carbonates.

Implications for sedimentation rates
Given the normal growth rate of carbonate min-
eral surfaces, this value can be extrapolated to
estimate the volume gain for the whole sediment
in order to obtain average sedimentation rates,
using the porosity, carbonate content (from
STA) and grain-size distribution (from the Sedi-
graph curve for sample KR7-D; Fig. S3). The
grain-size distribution can be approximated by a
lognormal distribution (Middelburg et al., 1997),
which yields an average grain volume and aver-
age volume change per time, for the entire popu-
lation of grains. Based on this information and
using a growth rate of 0.6 μm/ka, a sedimentary
layer doubles about every 3500 years, assuming
constant growth. This number decreases if pre-
cipitation occurs episodically. More critically,
the sedimentation rate also depends on how
much sediment is suspended in the water
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column and how much of the sediment column
was repeatedly re-suspended. High pH causes
the water to be turbid, keeping particles floccu-
lated and in suspension. Although the pH mea-
surements over the last 20 years appear very
stable (Fig. S1), influx of lower pH water would
result in sinking of the particles while precipita-
tion would be discontinued.
The considerably lower crystal growth rate of

0.13 μm/ka at site ED05/JOIS results in sedimen-
tation rates in the order of 16 000 years to dou-
ble the homogenized sediment layer. This low
apparent sedimentation rate is calculated from
older 14C ages and suggests that authigenic car-
bonate precipitation had already started during
the Late Glacial. The oldest radiocarbon age was
determined in sample ED05/JOIS/3 which
yielded a calibrated age of 15 cal ka BP in the
>3 μm size fraction. In comparison, a fragment
of a bivalve shell from the same pit (sample
ED05/JOIS/2, 2.6 m depth, i.e. 115.0 m a.s.l.;
Draganits et al., 2022) yielded an age of
14.4 cal ka BP and is thus in excellent agreement
with the proposed age of the authigenic carbon-
ate fraction. Moreover, the very old back-
calculated nucleation age of around 25 cal ka BP

suggests the onset of lake sedimentation before
or during the last glacial maximum.
The obtained sedimentation rates are orders of

magnitude lower than those of authigenic calcite
deposition in temperate freshwater lakes (e.g.
Hsü & McKenzie, 1985; Teranes et al., 1999).
Explanations for this large difference may be: (i)
Sediment in suspension could have been lost to
the Danube, during periods of flooding. Drainage
could have been episodically high before con-
struction of the dams (Draganits et al., 2022).
Also, at times of desiccation, aeolian deflation
could have removed significant amounts of sedi-
ment. However, this explanation is not sup-
ported by the extremely slow growth rate of the
carbonate crystals. Also, such an effect would
probably have removed a great part of the fine
fraction. (ii) Significant amounts of carbonate
may dissolve. Although dissolution–reprecipita-
tion may indeed occur, resulting in the transi-
tion of Mg-calcite to PD (Fussmann et al., 2020;
Meister et al., 2023) and LMC, the grains do not
show clear signs of dissolution. (iii) Precipita-
tion was very slow, reflecting the rather slow
contribution of ions from inflowing water, and
perhaps also the episodic removal of ions by
outflowing solutions. Despite episodes of strong
evaporation in the past, evaporative concentra-
tion has led to only slow authigenic carbonate

precipitation of both carbonates and silicates.
Diatoms produce amorphous silica frustules,
which are rapidly dissolved due to the elevated
pH. In turn, silica is mostly incorporated into
authigenic clay minerals, as shown in experi-
ments by Molnár et al. (2021). At the same time,
the supply of detrital sediment is very low (due
to the flat topography). All in all, this lake is
characterized by very low sedimentation rates
that may have prevailed for thousands of years.

Environmental conditions during mineral
formation

Environmental conditions are well-reflected by
the oxygen isotope composition of the carbon-
ates. All samples except subsample KR7-D 0.2 to
0.5 μm have δ18O values between �3.6‰ and
�0.4‰ VPDB. This range and the annual temper-
ature range of 0 to 30°C were used to calculate
the oxygen isotope composition of lake water at
the time of carbonate precipitation. Using the
fractionation factor of Kim & O’Neil (1997;
assuming that all carbonate is calcite) results in
δ18O values for the water of �0.2 to 3.0‰ (Vienna
Standard Mean Ocean Water; VSMOW) at 30°C
and �6.6 to �3.4‰ VSMOW at 0.1°C for the
water under the assumption of isotopic equilib-
rium. This falls into the range of measured δ18O
values of Lake Neusiedl water between �6‰ and
�1‰ VSMOW (Baranyi et al., 1994; Rank
et al., 2016; Schnedlitz, 2020) with a noticeable
seasonality between winter (low values) and
summer (high values). These values indicate the
influence of meteoric water during the winter
months and of evaporation during the summer
months. The relatively high values are atypical
for freshwater lakes (e.g. McKenzie & Hol-
lander, 1993; Teranes et al., 1999; Teranes & Ber-
nasconi, 2005) as they reflect the shallow water
depth and high evaporation of Lake Neusiedl (cf.
Reitinger et al., 1991; Boroviczény et al., 1992;
Sailer & Maracek, 2019). The most extreme value
of 9.2‰ measured in sample KR7-D (only in the
0.2 to 0.5 μm size fraction but verified by repli-
cate measurements) suggests formation during an
episode of extreme evaporation. It cannot be
resolved whether and how the isotope values
vary between different mineral phases, presum-
ably formed during different seasons. Moreover,
the oxygen isotope composition is likely reset
during recrystallization, so that partial equilibra-
tion may also occur during winter. This could
explain the slight decrease in δ18O with grain
size (and age), while the smallest grain sizes
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(<0.5 μm) may be subject to more dynamic
conditions.
Oxygen and carbon isotope values correlate in

modern Lake Neusiedl sediments, which is com-
monly observed in evaporative lakes (e.g. Tal-
bot, 1990; Hofbauer et al., 2021), even though C
and O isotopes are not per se coupled. This trend
may reflect meteoric water input that is coupled
to a higher supply of 13C-depleted DIC from
degrading organic matter (for example, from soil).
Seasonal variations of ionic compositions of

lake water over time (Fig. S1) show an increasing
trend during the summer months, which is
related to seasonal evaporative concentration.
However, long-term trends of the last 20 years
show higher amplitudes than seasonal variations,
where the total ions more than double (Fig. S1).
As the total ionic content changes, so does alka-
linity due to the conservative ion balance
(Fig. S2). This change in alkalinity is balanced by
equilibration with atmospheric CO2, so that the
pH remains rather constant. With increasing alka-
linity and ionic concentrations, the saturation
states of calcite and dolomite also increase
(Fig. S2).
Calcium concentration in the lake water shows

the opposite trend, i.e. higher concentrations in
winter and lower ones in summer (Fig. S1), sug-
gesting precipitation of Ca-Mg-carbonate at times
of high supersaturation (Blohm, 1974; Wolfram
et al., 2021; Figs S1 and S2). While the Ca2+

concentration may drop by half a mmol/l due to
precipitation, Mg2+ may further increase due to
evaporative concentration. As Mg-levels are
almost ten-fold higher, the effect of precipitation
is not so visible for Mg. Assuming that the pre-
cipitate consists of Mg-calcite with a stoichio-
metric composition of 30% MgCO3, a carbonate
content of 60% of the sediment and a porosity of
0.7, a sedimentation rate on the order of
10 cm/ka can be estimated. This would be in
line with the sedimentation rate based on 14C
given above. This would also be sufficient to cre-
ate the sediment cover that was deposited over
several thousand years.
Remarkable for the lake water chemistry is an

excess of Mg over Ca, which is in contrast to the
Wulka River, the main tributary, with an average
Mg/Ca ratio around 0.7 (Berger & Neuhuber, 1979;
Schnedlitz, 2020). How much groundwater
recharge contributes to the ion balance is not
clearly known (see Tchaikovsky et al., 2019). This
Mg/Ca ratio is in the range of the total sediment
composed of a mixture of LMC, HMC and PD. An
excess of Mg in the solution could be caused by
different kinetics of the carbonate minerals. If this
was the case, a small excess of Mg could then be
amplified by HMC precipitation, as the Mg/Ca
ratio in the precipitate does not exceed a 1 : 1
ratio. The additional Na-related alkalinity helps to
draw down Ca2+ to very low concentrations (see
Wolfram et al., 2021).

Fig. 10. Schematic representation of lake evolution over time. (A) Scenario of a deeper lake at times of a cooler
and more humid climate (highstand), and strong internal sediment redistribution. An extended reed belt may have
further contributed to sediment trapping. (B) Scenario of the present state of the lake, with higher evaporation
and lower lake level. Besides palaeoclimate changes, also tectonic faulting may have created accommodation
space for the modern lake basin.
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Besides evaporative concentration and carbon-
ate precipitation, Mg-content, and to a minor
extent also Ca, may be further influenced by
adsorption and incorporation into the interlayers
of clay minerals, in particular of smectite, which
has been detected by XRD in this study’s sam-
ples (Fig. 3). Adsorption and desorption equilib-
ria are largely controlled by pH, temperature
and salinity (Krachler et al., 2000). Moreover,
smectites may form at high concentrations of Mg
and silica, and high pH (Bristow et al., 2012).

Environmental evolution of the lake during
the Holocene
No significant relationship between the C-
isotope and O-isotope composition and the
radiocarbon age was observed in modern Lake
Neusiedl sediments, that would provide a hint
for a temporal evolution of the lake environ-
ment. Also, the increase of PD with age may
indicate ripening rather than a changing lake
environment.
Significant changes are caused by anthropo-

genic activity: melioration measures including
the diversion of the Rabnitz River, documented
in a report from 1568 (Draganits & Gmasz, 2023),
the completion of a dam road in 1780 that suc-
cessively separated the present-day lake from its
water supply from the south and east, and the
excavation of a canal completed 1909/1910 (Dra-
ganits et al., 2022). Therefore, the modern
hydrological setting is vastly different from the
pre-16th century situation. The changes caused
by melioration after 1568 can, however, not be
resolved by 14C dating. Lake level fluctuations
were probably more pronounced before this
period, with high levels due to river input,
interrupted by low levels due to desiccation or
outflow into the Danube. The lake was virtually
dry between 1865 and 1870 and very low in the
winters of 1917/1918, 1924/1925 and 1933/1934
(Draganits et al., 2022). Such periods of dryness
must have caused breaks in carbonate precipita-
tion and deposition. Also the influx of low pH
water from tributaries resulting in a decrease in
carbonate saturation could have caused periodi-
cal cessation of carbonate precipitation.
The 14C ages of the Mg-rich carbonate mineral

assemblage suggest that the dynamic chemistry
of the lake persisted for a long time, going back
to at least 3700 cal yr BP (oldest calibrated 14C
age) and perhaps even to more than 8000 cal yr
BP (inferred oldest nucleation age based on cali-
brated ages). Lake Neusiedl can therefore be
regarded as a Holocene phenomenon. Most

likely, due to the extremely flat topography, any
preceding Pleistocene lake deposits either did
not form within the present lake area, or they
were removed by erosion, so that the Holocene
deposits within the present lake rest on Panno-
nian clayey bedrock.

Implications for the early evolution of the lake
system
Sample ED05/JOIS/3, taken outside the modern
lake, contains on average more than 80% LMC,
subordinate PD and no HMC. δ18O values of this
sample range between �0.8‰ and �2.9‰ and are
in the same range as those from the other two
localities. In contrast, the δ13C values of sample
ED05/JOIS/3 (�1.69 to �0.39‰) are 1.5 to 3.0‰
higher compared to samples SEE8-1 and KR7-D.
The presence of LMC accompanied by higher
δ13C values suggests conditions more similar to a
freshwater lake. The Mg/Ca ratio at that time was
probably lower, and the DIC pool less influenced
by organic matter. The lake was probably deeper
and affected by more freshwater input, presum-
ably during a cooler and locally more humid cli-
mate. Even a somewhat deeper lake (cf. today’s
Balaton Lake; e.g. Müller, 1970; Nyirö-Kósa et al.,
2018; Molnár et al., 2021) could still have been
dominated by evaporation, as reflected by the
oxygen isotope composition, which differs from a
freshwater lake.
Radiocarbon data from site ED05/JOIS yield a

calibrated age of 15.5 cal ka BP and a potential
onset of nucleation around 25 ka BP. This corre-
sponds to the period within the last glacial max-
imum (see summary of records in the Eastern
Alps by Heiri et al., 2014). The study area was
never glaciated and only affected by periglacial
permafrost. Clearly, the sedimentary section at
site ED05/JOIS is thicker (>2 m) than the Holo-
cene lake infill and cannot be found in today’s
Lake Neusiedl below the Holocene layer that
directly overlies Pannonian clay. The top of the
section at site ED05/JOIS is >2 m higher than
today’s water table. This may indicate a deeper
lake basin, where sediment distribution was
highly uneven (see scenario in Fig. 10). Such a
variable sediment distribution could be
explained by stronger winds, but also by sedi-
ment trapped in a reed belt. Both effects are also
observed today, even though at a smaller magni-
tude. Another explanation could be differential
subsidence of the lake basin due to tectonic
faulting or differential compaction of the under-
lying Neogene sediment. Indeed, faults running
parallel to the margin of the Leitha range have
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been observed in seismic profiles (Loisl
et al., 2017; Zámolyi et al., 2017) and they are
indicated by dashed lines in Fig. 10.

Implications for pathways of authigenic
carbonate formation

Radioisotope ages and the calculated growth
rates provide unprecedented insight into the
precipitation of Ca-Mg-carbonates and ripening
of HMC to PD and eventually ordered dolomite.
In Lake Neusiedl, these processes appear to be
still ongoing which offers an opportunity to
assess the controlling thermodynamic and
kinetic factors in the surrounding environment.

Supersaturation
At least three distinct carbonate phases with dif-
ferent Mg content are present in Lake Neusiedl.
This may indicate that different types of nuclei
form(ed) under different initial conditions or, as
suggested by Meister et al. (2023), re-ordering
occurs via recrystallization under variable con-
ditions. Saturation indices calculated from lake
water chemistry (Fig. S2) are around one for cal-
cite and three for dolomite. This is consistent
with calculations by Fussmann et al. (2020) and
Schnedlitz (2020), which show that all carbon-
ate phases are supersaturated in the lake water.
Seasonal and multi-annual increase in ion con-
centrations and alkalinity may cause a variation
of the SI by up to one unit, so that an increase
in supersaturation could induce nucleation of
carbonate phases.
On the other hand, the more soluble carbonate

phases, such as HMC, may become undersatu-
rated, either due to ion depletion in the winter
months (cf. Figs S1 and S2) or due to a drop in
pH (e.g. Blohm, 1974; Wolfram et al., 2021).
While the pH is relatively stable in the water
column (between 8.5 and 9.5; Schnedlitz, 2020),
Fussmann et al. (2020) recorded a drop in pH
near the benthic boundary layer, where mixing
with porefluid and, presumably, organic acids
could further lower the pH. Under these condi-
tions it is possible that HMC becomes locally
and temporally undersaturated. These authors
then proposed that undersaturation may cause
recrystallization. A similar scenario of dolomite
growth was proposed for other evaporative
lakes, such as Deep Springs Lake (Meister
et al., 2011a,b) and Lake Van (McCormack
et al., 2018). Despite the high alkalinity in these
environments, carbonate supersaturation is lim-
ited due to the relatively low concentrations of

cations. Due to the dynamic conditions in the
water column and in the benthic mixing layer,
waters may be temporally undersaturated with
respect to the more soluble carbonates.
Fussmann et al. (2020) showed that the pore

water of the sediment remains saturated with
regard to carbonate phases. This would prevent
the dissolution of HMC and therefore
prevent recrystallization to PD in the buried
sediment.

Kinetic barrier
While a range of carbonate minerals are oversatu-
rated in the lake water, reaction kinetics deter-
mines which mineral phase forms first. Under
ambient conditions in Lake Neusiedl, most likely
HMC with a range of stoichiometric compositions
(10 to 20 mol% Mg) forms first, even though
representing a metastable phase (e.g. Sand-
berg, 1983; Johnson & Goldstein, 1993). This is
not unusual, as often the most soluble phases
form first, because they tend to have a lower
energy barrier due to their lower interfacial
energy – this is commonly referred to as Ost-
wald’s step rule (Ostwald, 1897). In this way, at
high supersaturation, amorphous calcium carbon-
ate (ACC) or amorphous calcium–magnesium car-
bonate was observed as precursor phase in
laboratory studies (e.g. Rodriguez-Blanco et al.,
2012; Zhang et al., 2012; Purgstaller et al., 2016;
Blue et al., 2017) but, so far, not in Lake Neusiedl.
As shown in the experiments by Rodriguez-

Blanco et al. (2015), PD forms more sluggishly.
Dolomite, often the most supersaturated phase
in marine and lacustrine environments, is inhib-
ited by a high kinetic barrier (Land, 1998). Pre-
cipitation studies under controlled laboratory
conditions show that dolomite crystallization on
a well-ordered dolomite surface in supersatu-
rated solution will stop after two monolayers
(Higgins & Hu, 2005; Fenter et al., 2007). Dolo-
mite formation may proceed extremely slowly,
which is also supported by the high 14C ages in
this study. For this reason, dolomite is widely
considered not as a primary phase nucleating
directly from the water column, but as a diage-
netic (Machel, 2004) or ‘penecontemporaneous’
product (Budd, 1997). It is widely accepted that
dolomite may form via ripening of a metastable
precursor (Nordeng & Sibley, 1994; Sibley
et al., 1994; Deelman, 1999). The reason is that,
according to Ostwald’s step rule, the metastable
phase forms first.
The nature of the kinetic barrier for dolomite

formation is still incompletely understood.
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Lippmann (1973) proposed the concept that
water molecules strongly bind to Mg-ions and
that dehydration imposes a strong energy bar-
rier, and recent studies proposed that diverse
factors, such as organic matter, microbes or clay
minerals, may have an effect on the dehydration
of Mg (see discussion in Fussmann et al., 2020;
and references therein). However, this does not
explain why the kinetic barrier affects, specifi-
cally, dolomite, while Mg-calcite readily forms.
Instead, it is possible that kinetic barriers specif-
ically affect the mineral surface, but the exact
nature of this presumed energy barrier is not
known.

Ripening of metastable carbonate phases
Slow transformation of HMC to PD and LMC
could have occurred in samples from this study.
Indeed, grain-size fractions in modern lake sedi-
ments containing more PD show a higher 14C
age, which suggests that PD forms at a lower rate
as a result of ripening, while fractions showing
a young age contain abundant HMC (Fig. 9).
These findings might indicate that the precursor
HMC undergoes transformation to PD, and some
HMC may also transform to LMC. In addition to
the major phases detected by XRD, which are
essentially part of a compositional continuum,
Meister et al. (2023) observed micrometre-scale
rhombohedral crystals showing Mg-poor and
Mg-rich zones. The Mg-poor zones show signs
of dissolution, suggesting a replacement of HMC
by PD. Moreover, high-resolution transmission
electron microscope images revealed nano-scale
dolomitic domains within PD, in coherent orien-
tation with the host crystal lattice. Meister
et al. (2023) proposed a scenario where nano-
domains form as nanocrystals at the recrystalli-
zation front and then become incorporated in an
oriented way in the crystal lattice of the PD.
High Mg-calcite readily nucleates and grows in

the water column, and also ripening may occur
while the growing crystals are held in suspen-
sion. During this process, then, re-suspension
and ripening in the water column would not be a
diagenetic process. This view is supported by the
observation that the metastable phases HMC and
PD remain in the deeper buried layers (at 30 cm
depth or deeper; Fussmann et al., 2020). The rea-
son for this longer-term preservation of metasta-
ble phases could be that the pore water remains
saturated with respect to the metastable phase
(HMC). Ripening to PD (and dolomite nano-
domains) may occur under fluctuating conditions
in the water column or the benthic mixed layer,

while the metastable minerals are stabilized
within the buried sediment. This mechanism
may explain the long-term stability of metastable
authigenic phases in Lake Neusiedl sediment,
while ripening only occurs during short episodes
of re-suspension and mixing.
In contrast to the modern lake sediments,

HMC has not been detected in the older lake
sediments at site ED05/JOIS. This is to be
expected, since these sediments are older than
6000 cal yr BP and decoupled from the modern
lake water where precipitation of HMC is ongo-
ing. The PD content is also much lower than in
modern lake sediments, and the predominant
phase is LMC, indicating different water chemis-
try, possibly due to different climatic and/or
hydrological conditions.

CONCLUSIONS

Calcium–magnesium carbonate phases in mod-
ern, unconsolidated sediments of Lake Neusiedl
consist of a continuum of Mg-calcite phases
with the predominance of high-Mg calcite
(HMC) with 10 to 20 mol% MgCO3 and protodo-
lomite (PD) with 40 to 50 mol% MgCO3, as well
as traces of low-Mg calcite (LMC). Moreover,
older lake deposits show predominantly LMC
with minor amounts of PD. Based on the poorly
defined stoichiometry and an 015 ordering of
dolomite near the detection limit, the identified
carbonate phases are predominantly authigenic
in origin. Radiocarbon ages of these authigenic
carbonates from the lake increase with grain size
from 200 cal yr BP in the <0.2 μm fraction to
3700 cal yr BP in the >3 μm fraction. The youn-
gest sample yielded a modern age, so that it is
possible that suspended carbonate crystals are
still growing today in the lake water column.
The obtained growth rate of grain surfaces
between 0.23 μm/ka and 0.60 μm/ka is extremely
slow, but within the range of dolomite growth
rates observed in other evaporative lakes. The PD
content only increases in older grain-size frac-
tions, while HMC is present in the youngest frac-
tions, suggesting that PD forms by ripening of
HMC. An estimated nucleation age between 3600
and 8000 cal yr BP suggests that the present Lake
Neusiedl persisted during most of the Holocene
and experienced extremely low sedimentation
rates. Authigenic mineral formation was mainly
driven by variable humid and evaporative condi-
tions at high pH and elevated salinity. Fluctuat-
ing environmental conditions may be responsible
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for the ripening of HMC to PD, and incipient
dolomite formation.
In contrast to the modern lake, older lake sedi-

ments with radiocarbon ages between 6 and
15 cal ka BP, suggest a growth rate of 0.13 μm/ka.
The extrapolated nucleation age goes back to
more than 25 cal ka BP, suggesting the presence
of a lake during the last glacial maximum. This
precursor lake was at least episodically deeper,
and its water contained less Mg, but its chemis-
try was already dominated by evaporation.
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Oberösterreichischen Landesmuseums – Neue Serie, 163,
101–114.

Higgins, S.R. and Hu, X. (2005) Self-limiting growth on

dolomite: Experimental observations with in situ atomic

force microscopy. Geochim. Cosmochim. Acta, 69, 2085–
2094.

Hofbauer, B., Viehmann, S., Gier, S., Bernasconi, S.M. and
Meister, P. (2021) Microfacies and C/O-isotopes in

lacustrine dolomites reflect variable environmental

conditions in the Germanic Basin (Arnstadt Formation,

Upper Triassic). Austrian J. Earth Sci., 114, 66–87.
Hollander, D.J. and McKenzie, J.A. (1991) CO2 control on

carbon isotope fractionation during aqueous

photosynthesis: a paleo pCO2 barometer. Geology, 19, 929–
932.
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Seewinkel und des Neusiedlersees. In: Landschaft
Neusiedlersee: Grundriss der Naturgeschichte des

Großraumes Neusiedlersee Anläßlich des XIV.
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Társaság, XXVIII, Országos Vándorgyűlése, Sopron, 2010,
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(2021) The polyphase rifting and inversion of the Danube

Basin revised. Global Planet. Change, 196, 103375.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

28 S. Neuhuber et al.

 13653091, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.13161 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [31/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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Supporting Information

Additional information may be found in the online
version of this article:

Appendix S1. Supporting material for radiocarbon
ages of microcrystalline authigenic carbonate in Lake
Neusiedl (Austria) suggest millennial-scale growth of
Mg-calcite and protodolomite.

Table S1. Calculation of carbonate F14C values cor-
rected for C from organic matter.
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