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• Calcite precipitation is a main yet poorly
resolved process of lakes' carbon cycle.

• Calcite precipitation is finely quantified in
Lake Geneva using high-frequency data.

• Seasonally, calcite precipitation depends
on the duration of lake stratification.

• Daily calcite precipitation scales tightly to
the intensity of primary production.

• Generated carbon fluxes are of similar
magnitude as net ecosystem production.
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In hardwater lakes, calcite precipitation is an important yet poorly understood process in the lacustrine carbon cycle, in
which catchment-derived alkalinity (Alk) is both transformed and translocated.While the physico-chemical conditions
supporting the supersaturation ofwaterwith respect to calcite are theoreticallywell described, themagnitude and con-
ditions underlying calcite precipitation atfine temporal and spatial scales are poorly constrained. In this study, we used
high frequency, depth-resolved (0–30 m) data collected over 18 months (June 2019 – November 2020) in the deeper
basin of Lake Geneva to describe the dynamics of calcite precipitation fluxes at a fine temporal resolution (day to sea-
son) and to scale them to carbon fixation by primary production. Calcite precipitation occurred during the warm strat-
ified periods when surface water CO2 concentrations were below atmospheric equilibrium. Seasonally, the extent of
Alk loss due to calcite precipitation (i.e., [30–42] g Cm−2) depended upon the level of Alk in surfacewaters.Moreover,
interannual variability in seasonal calcite precipitation depended on the duration of stratification, which determined
the volume of the water layer susceptible to calcite precipitation. At finer timescales, calcite precipitation was charac-
terized by marked daily variability with dynamics strongly related to that of planktonic autotrophic metabolism. In-
creasing daily calcite precipitation rates (i.e., maximum values 9 mmol C m−3 d−1) coincided with increasing net
ecosystem production (NEP) during periods of enhanced water column stability. In these conditions, calcite precipita-
tion could remove as much inorganic carbon from the productive layers as NEP. This study provides mechanistic in-
sights into the conditions driving pelagic calcite precipitation, and quantifies its essential contribution to the
coupling of organic and inorganic carbon cycling in lakes.
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1. Introduction

Inland waters are essential components of the global carbon cycle. De-
spite their modest contribution to the Earth's surface area, riverine and la-
custrine systems act as reactors rather than passive transporters of
terrestrial carbon to the ocean. For ∼1 Pg C yr−1 reaching the ocean, ∼
cember 2022
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0.5 Pg C yr−1 get buried in inland waters while ∼1 to 3 Pg C yr−1 are re-
turned as CO2 to the atmosphere (Cole et al., 2007; van Hoek et al.,
2021). Due to their longer water residence time, lakes and reservoirs play
a crucial role in carbon transformations along the freshwater continuum
(Tranvik et al., 2009). Lake metabolism (i.e., the balance between lacus-
trine photosynthesis and mineralization of terrestrial and autochthonous
organic matter) has traditionally been considered the primary process of
carbon transformation (Duarte and Prairie, 2005; del Giorgio et al.,
1999). This view, however, has been challenged, as studies have revealed
that inorganic carbon transformations and carbonate equilibria could over-
ride organic carbon processes in hardwater lakes (Finlay et al., 2009; Stets
et al., 2009).

Among the inorganic carbon reactions in lakes, calcium carbonate (cal-
cite) precipitation represents a pivotal biogeochemical process
transforming alkalinity (Alk) inputs derived from carbonate weathering in
the catchment (Müller et al., 2016). In lakes with Alk above ∼1 mM
(i.e., approximately half of the lakes worldwide; Marcé et al., 2015), calcite
precipitation is expected to occur during the warm season. Calcite precipi-
tation acts first as an inorganic carbon sink to the sediments and then as a
potential carbonate counter pump restoring dissolved inorganic carbon
(DIC) in surface waters (Andersen et al., 2017). Recent estimates suggest
that carbon losses due to calcite precipitation equal organic carbon burial
in lakes and reservoirs (i.e., 0.03 vs 0.15 Pg C yr−1), hence supporting its
relevance for the global lacustrine carbon budget (Khan et al., 2022). How-
ever, the current knowledge of the mechanisms of calcite precipitation in
lakes and the magnitude of inorganic carbon fluxes is limited, thereby rep-
resenting a key frontier in the understanding of lakes' carbon cycle.

The physico-chemical conditions supporting calcite supersaturation
(e.g., Alk, Ca2+ concentrations, water temperature and pH) are well de-
scribed (Plummer and Busenberg, 1982). However, the conditions underly-
ing the dynamics of calcite precipitation and nucleation, at fine temporal
and spatial scales, remain poorly understood. Calcite precipitation in
lakes has been related to primary production due to its effect on CO2 re-
moval and increase of pH, displacing the carbonate equilibria towards cal-
cite supersaturation (Müller et al., 2016; Stabel, 1986). Yet, different
mechanisms are suggested regarding the role of photo-autotrophs in the nu-
cleation and precipitation of the mineral. In shallow macrophyte-
dominated lakes and littoral areas, calcite precipitation has been described
as a controlled process allowing photo-autotrophs to cope with CO2 limita-
tions by using Alk (i.e. HCO3

−) while preventing a detrimental pH increase
for photosynthesis (Andersen et al., 2019). In these conditions, both calcite
supersaturation and precipitation are driven by littoral primary producers,
as observed in calcifyingmarine organisms (Gattuso et al., 1999), for which
calcification facilitates resource acquisition in low-light and nutrient-
depleted conditions (McConnaughey andWhelan, 1997). In the pelagic do-
mains of deeper lakes, calcite precipitation is regarded as a biologically in-
duced process (Hodell et al., 1998) whereby primary production favors
calcite supersaturation without necessarily controlling its precipitation. In
most case-studies in oligotrophic systems, calcite precipitation has been as-
sociated with picoplankton, especially picocyanobacteria. In contrast to
macrophytes, picoplankton would induce a passive calcite nucleation
mechanism linked to the alkalinization of their microenvironment during
photosynthesis and the specific structure of their cellular membranes
(Dittrich et al., 2004; Obst et al., 2009). In other studies, the precipitation
of calcite has also been related to micro-heterotrophs and extracellular
polymeric substances (Zhu and Dittrich, 2016), or catchment-derived detri-
tal particles (Effler and Peng, 2012), thus, further expanding the range of
environmental conditions and drivers supporting pelagic calcite precipita-
tion in lakes.

The tenuous link between calcite precipitation and primary production
has been previously explored through their molar ratios (expressed as the
ratio of calcite precipitation to NEP, referred to as α in Khan et al., 2021).
Such an expression allows considering the effect of calcite precipitation
on total DIC removed and explaining deviations from the theoretical 1:1
metabolic relation between DIC and dissolved oxygen (DO) sometimes ob-
served in hardwater systems (Khan et al., 2020). Nonetheless, few estimates
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are available, especially for deep lakes, a lack of data due to the methodo-
logical approaches used to study calcite precipitation. In most cases, calcite
precipitation is assessed from sediment trap and core data (Hodell et al.,
1998) or from calcium and Alk mass balance calculations derived from
water sampling (Perga et al., 2016) or modelling (Homa and Chapra,
2011). While these approaches enable inferring seasonal precipitation
rates, they do not allow for a detailed examination of the process at fine-
scale and the delineation of mechanisms. This is an important limitation
for refining its environmental drivers at a short to medium time scale and
to foresee the effects of global environmental changes on its dynamics in
lakes.

Lake Geneva is the largest hardwater lake in western Europe and repre-
sents a suitable system to address these questions. Calcite precipitation is an
important process in the lake (Müller et al., 2016; Perga et al., 2016), which
has been related to distinct features across its basins. In the shallower part
of the lake, the authigenic calcite precipitation has been linked to the pho-
tosynthetic activity of biofilms or planktonic species (Martignier et al.,
2017; Pacton et al., 2012). In the larger basin of the lake, the phenology
of the process is, however, more complex owing to a deeper bathymetry,
dynamic mixing regimes and the occurrence of allochthonous sedimentary
inputs along the authigenic calcite sedimentation (Escoffier et al., 2022;
Graham et al., 2016).

In this context, the present study aimed to (i) assess the use of high-
frequency multi-parameter sensor data to trace the fine-scale dynamics of
pelagic calcite precipitation in the deeper basin of Lake Geneva, (ii) esti-
mate the magnitude of the process at different time scales (day to season)
and infer the importance of calcite precipitation for the lacustrine carbon
budget, and (iii) investigate the coupling of calcite precipitation with the
dynamics of primary production in surface waters of Lake Geneva.

2. Material and methods

2.1. Study site

With a surface area of 580 km2 and a total volume of 89 km3, Lake Ge-
neva is the largest hardwater lake in Western Europe (Fig. 1). Lake Geneva
has a mean water residence time of 11 years, and defines part of the border
between France and Switzerland, at 372m above sea level. The lake is com-
posed of two distinct basins, the Petit-Lac (maximum depth 70 m) and the
Grand-Lac (maximum depth 309 m), which hold 4 % and 96 % of the total
water volume, respectively. Lake Geneva is an oligomictic lake - complete
mixing of the deep basin happens every seven years on average during ex-
ceptionally cold winters (Gaudard et al., 2017). The water column is strat-
ified from April – May to September – October. Stratification favors
enhanced internal motions, which are dominated by vertical baroclinic dis-
locations (Fernández Castro et al., 2021).

The moderately alkaline waters of the lake (ranging between 1.2 and 2
mM) result from the weathering of carbonate rocks in the lake's 7395 km2

catchment. The Rhône River drains the Alps in the eastern part of the lake
and represents the main hydrological input (∼ 80 %). The remainder is
contributed by tributaries draining the Jura mountains to the north-west
and the pre-Alps in the south, while rainfall represents aminor contribution
(Halder et al., 2013). The current trophic state of Lake Geneva is oligo-
mesotrophic (Perga et al., 2016). Lake water quality has been monitored
on a monthly to fortnightly basis since the late 1950s at point SHL2
(Fig. 1; OLA-IS, AnaEE-France, INRAE of Thonon-les-Bains, and CIPEL;
Rimet et al., 2020).

2.2. Continuous multi-sensor data

The high-frequency dataset used in this study was acquired from the
LéXPLORE platform, which is a 100 m2 pontoon deployed in 2019 on
Lake Geneva (Wüest et al., 2021). The platform is located 570 m from the
lake's northern shore (close to the city of Lausanne, Fig. 1) and anchored
at a depth of 110 m.



Fig. 1. Lake Geneva and locations of the LéXPLORE scientific platform and SHL2 sampling point.
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At the LéXPLORE platform, a sensor line was installed in June 2019 to
measure water temperature (T), electrical conductivity and pH every
15 min at 6 depths in the top 30 m surface layer (i.e., 0.5, 5, 10, 15, 20
and 30 m). Temperature and electrical conductivity were measured using
Hobo U24–001 Conductivity sensors (Onset, MA, U.S.A.) while pH was
measured using Hobo MX2501 sensors (Onset, MA, U.S.A.). The metrology
of the sensors was controlled every 4 to 6 weeks during maintenance sur-
veys. Accordingly, sensors were immersed in a common bath in laboratory
and their data were compared to that of an independent multi-parameter
probe (Multi 3430, Set G, WTW) equipped with SenTix 940 and TetraCon
925 sensors specifically calibrated each time. The in-situ sensor data were
post-corrected for drift whenever necessary and possible, assuming linear
drift. pH Hobo MX2501 sensors were calibrated with fresh specific buffers
before each deployment and verified to be within a consistent +/− 0.05
pH unit range.

Air temperature, wind speed and direction, relative humidity, short-
wave radiations and atmospheric pressure were recorded at the LéXPLORE
platform, 5 m above the lake surface, every 15 min using a Campbell Scien-
tific automatic weather station. For this study, high-frequency datawere re-
corded between June, 4th 2019 and November, 11th 2020. All high
frequency data were averaged hourly.

2.3. Discrete sampling and analytical procedures

In parallel with high frequency data, water samples were regularly col-
lected at LéXPLORE at each of the six depths covered by sensor measure-
ments using a Niskin bottle (KC Denmark, Silkeborg, Denmark). Samples
for the determination of major ions and total alkalinity (Alk) were filtered
immediately on the platform using 0.22 μm pore size polyethersulfone sy-
ringe filters (Minisart, Sartorius AG, Goettingen, Germany). Samples were
stored at 4 °C in the dark in sterile polypropylene tubes (Greiner Bio-One)
for analyses within two weeks. Ion chromatography (MetrOhm, Herisau,
Switzerland) was used to measure major anion and cation concentrations,
with a detection limit of 0.1 mg L−1. Colorimetric titration using methyl-
orange to a final pH of 3.2 implemented in a SmartChem 200 analyzer
(AMS Alliance, France) was used to determine Alk, with a precision of 2
% measured on external prepared standards.
3

Sediment traps were deployed at 10 m and 30 m depth in 2020 at
LéXPLORE. Sediment trap samples were retrieved every four to six weeks
and freeze-dried in the laboratory. The total inorganic carbon (TIC) content
of the samples was measured using a Soli TOC analyzer (Elementar Gmbh,
Germany).

2.4. Data analyses and reduction

To estimate calcite precipitation rates from high frequency sensor data,
several steps were followed, as detailed in the next subsections. In brief, (i)
conductivity datawere used to estimate Alk, which, along pH data, allowed
us to (ii) calculate the other descriptors of the carbonate system (i.e., partial
pressure of CO2 (pCO2) and DIC as the sum of CO2, HCO3

− and CO3
2− con-

centrations) at high frequency. Then, (iii) using the pluri-annual monitoring
data of Lake Geneva to constrain the relation between the saturation index
of CO2 (i.e., ΩCO2) and the saturation index of calcite (ΩCaCO3), ΩCO2 was
calculated from high-frequency data and used as a proxy to resolve the
depth of the calcite supersaturatedwater layer. In the calcite supersaturated
layer, calcite precipitation rates were calculated from Alk losses.

2.4.1. Alkalinity timeseries
Specific conductance at 25 °C (C25) was calculated from electrical con-

ductivity and water temperature and related to discrete Alk data by linear
regression, following the approach by Groleau et al. (2000). The equation
of the significant linear correlation between C25 and Alk data was subse-
quently used to transform C25 data into continuous Alk timeseries.

2.4.2. Carbonate system calculations
Timeseries of Alk, pH, T along with measurement depth at LéXPLORE

were used to calculate the remaining parameters describing the carbonate
system (i.e., pCO2 and DIC) at each depth and timestep using the CO2SYS
function developed for the MATLAB program by van Heuven et al.
(2011), and the specific constants from Millero (1979) for freshwaters.

2.4.3. Calcite precipitation rate estimation
In a study of several hardwater lakes in Switzerland, including Lake Ge-

neva,Müller et al. (2016) observed that calcite precipitation occurredwhen
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the lake waters were undersaturated with respect to CO2 (i.e., when ΩCO2,
the ratio of the pCO2 inwater divided by the pCO2 in atmosphere, was≤1).
Accordingly, we used the pluri-annual monitoring data of Lake Geneva to
investigate the link between ΩCO2 and ΩCaCO3 and evaluate the possibility
of usingΩCO2 as a proxy for calcite saturation conditions, and, hence, poten-
tial calcite precipitation.

Pluri-annual pCO2 data and CO3
2−concentrations in the lakewere calcu-

lated from Alk, pH, and T datameasured at 20 depths (i.e., from the surface
down to 309 m) at the long-term monitoring station (SHL2) during the
2012–2016 period, using the CO2SYS function previously described, and
ΩCO2 was calculated assuming a constant atmospheric pCO2 of 400 ppm.

The saturation index for calcite was calculated using the open-source
chemical equilibrium software Visual Minteq version 3.1., as (Eq. (1)):

ΩCaCO3 ¼
Ca2þ

� �
CO2−

3

� �

Ks0
ð1Þ

where {Ca2+} and {CO3
2−} are the activities of Ca2+ and CO3

2− calculated
from their respective concentrations at SHL2 using the Debye-Hückel ap-
proximation and the ionic strength determined from major ion concentra-
tions, and accounting for possible complexation and neutral species. KS0

corresponds to the solubility constant of calcite, whichwas adjusted tomea-
sured temperatures according to Plummer and Busenberg (1982).

The graphical representation of the pluri-annual data ofΩCO2 as a func-
tion of ΩCaCO3 revealed a nonlinear pattern of increasing calcite saturation
with decreasing ΩCO2 (See supplementary Fig. S1), consistent with former
observations (Müller et al., 2016). Using the corresponding nonlinear fit,
we retained a ΩCO2 value of 0.75 as a conservative threshold below
which calcite precipitation is possible. Indeed, below such ΩCO2 threshold,
values of ΩCaCO3 were always ≥2.5, which has been shown as a minimum
calcite supersaturation level allowing for potential precipitation in LakeGe-
neva and other nearby peri-alpine lakes (Dittrich et al., 2004; Escoffier
et al., 2022; Groleau et al., 2000).

Calculating ΩCO2 at high frequency from sensor-derived pCO2

timeseries (see Section 2.4.2), we then estimated at each time step the max-
imum depth of the calcite supersaturated layer where precipitation was
thermodynamically achievable (i.e., ΩCO2 ≤ 0.75 corresponding to
ΩCaCO3 ≥ 2.5). In practice, the first depth (from the surface) where ΩCO2

> 0.75 was identified, and the compensation depth (i.e., where ΩCO2 =
0.75) was calculated by linear interpolation using the above measuring
depth and its corresponding ΩCO2 value.

This approach allowed us to resolve the thickness of the calcite supersat-
urated layer at each time step while coping with the effect of internal mo-
tions. Indeed, internal motions in Lake Geneva imply substantial vertical
baroclinic dislocations (Fernández Castro et al., 2021) such that sensors at
fixed depths may alternatively measure super- or undersaturated water
layers with respect to calcite. Mean Alk in the calcite supersaturated layer
was calculated from the sensor-derived Alk data above the compensation
depth, so as to trace its decrease due to calcite precipitation. The corre-
sponding mean Alk timeseries was then averaged daily and smoothed
using a 5-days moving average window consistent with the main period
of Kelvin waves in nearshore regions of Lake Geneva (Bouffard and
Lemmin, 2013). Volumetric calcification rates were calculated as half the
daily Alk mean rate of change, following the stoichiometry of the precipita-
tion reaction (Eq. (2)).

Ca2þ þ 2HCO�
3 ↔

Ks
CaCO3 sð Þ þ CO2 þ H2O (2)

Areal calcification rates were determined in the samemanner but using
the daily rate of change of the Alk stock integrated between the surface and
30mdepth. Both volumetric and areal rateswere additionally corrected for
dilution effects as detailed in the next section.

2.4.4. Dilution by the Rhône River
During the stratified period, the propagation of snowmelt-diluted

Rhône River water as an interflow through the lake's metalimnion can
4

lower the Alk and ion concentrations in the surface layers (Halder et al.,
2013). Therefore, additional correction was required to account for such
an effect on the estimation of calcite precipitation rates. Following the ap-
proach by McConnaughey et al. (1994), discrete Mg2+ concentrations
were used to normalize the estimated daily calcite precipitation rates, as
(Eq. (3)):

Calcification tð Þ ¼ dAlk=2
dt

� Mg2þ
� �

avg
Mg2þ
� �

tð Þ ð3Þ

where [Mg2+]avg corresponds to the average Mg2+ concentration in the
lake (i.e., 240 μM) and [Mg2+](t) to the instant average concentration in
surface layers. Mg2+ was selected because of its relatively conservative be-
havior; in Lake Genevawaters themolar ratio ofMg:Ca< 2 implies thatMg-
bearing carbonate minerals should not precipitate (Stabel, 1986). We inter-
polated between Mg2+ measurements to estimate daily Mg2+ concentra-
tions.

The coherence of this approach was also assessed by comparing the rel-
ative seasonal loss of Ca2+ estimated from areal calcite precipitation rates
or derived from the temporal evolution of discrete Ca2+/Mg2+ ratios calcu-
lated at each of the 6 measuring depths and integrated from the surface
down to 30 m depth.

2.4.5. Net Ecosystem Production rate estimation
During periods of potential calcite precipitation, daily volumetric rates

of NEP (mmol C m−3 d−1) were calculated in the calcite supersaturated
layer following Andersen et al. (2019), and according to (Eq. (4)):

NEPc tð Þ ¼ dDIC
dt

� Calcification tð Þ � FCO2 tð Þ (4)

Daily calcification rates were determined according to the previous de-
tails. Daily DIC rates of change were computed frommean DIC in the super-
saturated layer, which was, as with mean Alk, first calculated from hourly
data before being averaged daily and smoothed over 5 days. Daily DIC
rates were also corrected for dilution effects. The flux of CO2 (FCO2 in
mmol m−2 h−1) between the lake water and the atmosphere was calcu-
lated according to Perolo et al. (2021) as (Eq. (5)):

FCO2 tð Þ ¼ k L ΔpCO2 (5)

where k is the piston velocity (cm h−1), L is the CO2 solubility coefficient
(mmol m−3 μatm−1) and ΔpCO2 is the partial pressure difference between
the water and the atmosphere corrected for altitude (μatm). The piston ve-
locity k was calculated according to the process-based model by Read et al.
(2012) accounting for wind shear and convection derived from the local
weather measurements at the LéXPLORE platform. The calculated fluxes
were also corrected for chemical enhancement following Wanninkhof and
Knox (1996). Hourly volumetric CO2 fluxes were obtained by dividing
the hourly areal fluxes by hourly values of the mixed layer depth.

The depth of the mixed layer was defined from the pycnocline depth,
which was estimated whenever a minimum vertical temperature gradient
of 0.5 °C m−1 could be identified in the water column. It was calculated
from water density at an hourly timestep according to the formulas pro-
vided in Read et al. (2011), as was also estimated the maximum buoyancy
frequency (i.e., N2max in s−2). The hourly volumetric CO2fluxeswere then
summed over 24 h to obtain daily estimates and smoothed over 5 days to be
consistent with the other terms used for NEP calculations.

3. Results

3.1. Timeseries overview

The time series of sensor measurements illustrated the typical seasonal
patterns of surface layers in Lake Geneva (Fig. 2 & Fig. S2). In both 2019
and 2020, warming water temperatures (Fig. 2a) accompanied the estab-
lishment of stratification, with surface temperature increasing from ∼15



Fig. 2.Hourly averaged time series of temperature (a), specific conductance (b, C25) and pH (c) data measured at 6 depths between 0.5 and 30 m at LéXPLORE from 04 June
2019 to 18 November 2020. Daily mixed layer depth (i.e., pycnocline depth) is indicated as a white line and was calculated whenever a minimum gradient of 0.5 °C m−1

could be identified in the water column.
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°C to maxima of∼25 °C during the stratified periods. At the end of spring,
themixed layer depth showed important vertical variations due to theweak
strength of stratification. With warming surface conditions, the mixed layer
depth becamemore stable and tended to deepen until early October in both
years when the cooling of surface waters weakened the stratification.While
incomplete for 2019, the dataset suggested a longer duration of the stratifi-
cation in 2020. As a result, the meanmixed layer depthwas deeper in 2020
compared to 2019, averaging respectively−9.8 ± 2.3 m and−8.7 ± 3.5
m for the summer period. Short-term variability was superimposed to the
seasonal pattern, with strong verticalmixing events occurring on timescales
from hours to days in response to wind-induced internal motions.

Specific conductance and pH followed clear seasonal trends on which
short-term variability overlapped (Fig. 2b& c). Following the onset of strat-
ification, pH values increased in the surface layers from a homogeneous
winter value of ∼7.9 to maximum average summer values between 8.6
and 8.7 during both years. A local maximum of ∼9 was measured after
spring overturn in 2020. Coincident with temperature and pH during strat-
ification but slightly lagged, specific conductance values in the mixed layer
decreased from a winter value of 320 μS cm−1 to values of∼270 and 260
μS cm−1 at the end of the summer 2019 and 2020, respectively. Interest-
ingly, the concomitant pH increase and specific conductance decrease oc-
curred deeper than the mixed layer depth during both years. In 2019,
these patterns were observed down to ∼15 m during summer while, for
2020, they occurred down to ∼20 m. At the end of the stratification pe-
riods, pH and specific conductance decreased and increased, respectively,
with values becoming more homogeneous at all depths.

3.2. Tracing alkalinity from specific conductance

Alk data from discrete samples were strongly linearly correlated with
specific conductance (p < 0.001; Fig. S3a), so that high-frequency data
could be used as a proxy of the Alk dynamics in surface waters. Moreover,
the highly significant correlation between discrete Alk and Ca2+ concentra-
tions (p < 0.001; Fig. S3b), and especially the value of the slope, indicated
that calcite precipitationwas themain process underlying the Alk dynamics
5

(i.e., slope = 0.55+/− 0.02, consistent with the loss of two moles of Alk
(i.e., HCO3

−) for one mole of Ca2+ during precipitation; Eq. (2)).
The integration of the sensor-derived Alk data in the top 30 m of the

lake was used to describe the temporal dynamics of the total Alk stock dur-
ing the study period (Fig. 3). Daily estimates showed a substantial decrease
of the Alk stock during the stratified periods of both years, from initial
values of ∼48 mol m−2, after spring overturn, to minimum values of
∼41 and∼39 mol m−2 in 2019 and 2020, respectively. In both years, pe-
riods of progressive decline in the Alk stock were interspersed with short-
term plateaus or slight increase associated with higher daily variability
(e.g., in early July 2019). High daily variability was also observed at the
end of the stratified periods in both years when the shouldering of the
Alk stock values preceded their subsequent increase.

Coincident observations of theMg2+ concentration dynamics in the top
30 m of the lake indicated that the apparent Alk stock losses of ∼7 and
∼9molm−2 in 2019 and 2020, respectively, were not solely related to cal-
cite precipitation. As for other ions, the average Mg2+ concentration de-
creased by ∼5 % during stratification compared to its initial value at
spring overturn (Fig. S4). This decrease cannot be attributed to the precip-
itation of Mg-bearing carbonate minerals. Instead, it reflects the influence
of the snow- and glacier-melt diluted Rhône River waters that propagate
as an interflow in the lake's metalimnion and progressively accumulate in
surface layers during the stratified season.

Accounting for such an effect, themaximumAlk stock loss due to calcite
precipitation amounted to∼5 and∼7 mol m−2 in 2019 and 2020, respec-
tively, corresponding to ∼30 and ∼42 gC m−2 precipitated as inorganic
carbon. Importantly, for the 2020 stratified period, the sensor-derived
flux was in close agreement with the cumulative total particulate inorganic
carbon flux measured from sediment traps (Fig. 4).

3.3. Depth-resolved dynamics of calcite precipitation

The similar flux measured at 10 and 30 m depth from sediment traps
(Fig. 4) as well as the dynamics of Ca2+/Mg2+ molar ratios (Fig. S5) indi-
cated that the overall Alk stock losses resulted from calcite precipitating



Fig. 3. Temporal dynamics of the Alk stock (in mol m−2) integrated between the 0.5 and 30 m depths, and estimated from specific conductance sensor data. Smoothed daily
averaged Alk stock values are represented as circles while black dashed-lines correspond to daily standard deviation. Orange-colored circles identify the periods of water
column stratification.
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mainly in the uppermost part of the water column. This observation is con-
sistent with the time-resolved depth of the calcite supersaturated layer,
which extended from the surface down to −10.5 ± 2.6 m and −13.3 ±
3.3 m during the summer periods of 2019 and 2020, respectively (Fig. 5
& Fig. S6). These results support the observations that water layers contrib-
uting to calcite precipitation extended below the mixed layer depth (Fig. 2
in Section 3.1). However, the substantial vertical variability of these layers
at short timescales also showed that they typically overlapped and mixed
over the temporal window considered for our calculations. The Alk levels
in the calcite supersaturated layer were remarkably homogenous, as illus-
trated by the temporal evolution of the corresponding average Alk and its
moderate variability across depths (Fig. 6a). Such a dynamicwas character-
ized by an overall decrease of the average Alk during the stratified seasons
with values ranging between 1565.2 ± 24.5 μM and 1269.3 ± 11.5 μM in
2019 and between 1611.8 ± 5.8 μM and 1245.6 ± 7.9 μM in 2020. Ac-
counting for the dilution by the Rhône interflow, the minimum average
Alk represented a seasonal loss of∼15 % and∼20 % compared to the ini-
tial level at the beginning of summer or spring overturn in 2019 and 2020,
respectively.

Periods of increasing water column stability (e.g., in July – August of
both years, Fig. 6a) corresponded with high Alk losses due to calcite
Fig. 4. Cumulative total particulate inorganic carbon flux (gC m−2) measured from
sediment traps deployed at the 10m (green points) and 30m (blue points) depths at
LéXPLORE in 2020 or estimated from the sensor-derived dilution-corrected Alk
stock loss in the top 30 m during stratification.
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precipitation (Fig. 6b).Maximumdaily calcite precipitation rates computed
from dilution-corrected Alk loss (i.e., ∼ 9 and∼8.1 mmol C m−3 d−1, in
2019 and 2020, respectively) were associated with local maxima of the
water column stability (i.e., ∼ 3 10−3 s−2 and 2.2 10−3 s−2 in 2019 and
2020, respectively; Fig. S7). Lower values were mostly calculated at the be-
ginning and end of the stratified periods. Estimated daily calcite precipita-
tion rates averaged 2.2 ± 1.9 mmol C m−3 d−1 in 2019 and 1.8 ±
1.9 mmol C m−3 d−1 in 2020.

3.4. Calcite precipitation and Net Ecosystem Production

Former observations showed that periods of calcite precipitation and
stratification coincided with depleted surface CO2 concentrations and un-
dersaturated pCO2 values (Fig. 5). Despite these conditions, substantial
levels of autotrophic metabolism were maintained (Fig. 7). During summer
2019, maximumNEP values occurred at the end of June and end of August,
ranging between∼8.5 and 15mmol Cm−3 d−1 (Fig. 7b). In 2020, summer
maximum NEP values were slightly lower (i.e., ∼ 8.5 mmol C m−3 d−1)
while highermaximum values (i.e.,∼ 14mmol Cm−3 d−1) were observed
both in spring and early autumn. Autotrophic metabolism corresponded to
substantial amounts of DIC removed from the water column (Fig. 7a). How-
ever, the speciation and origin of the removed DIC varied across the periods
and years considered. At the beginning of summer 2019 and in spring 2020,
the total DIC removed included a higher contribution of CO2 derived from
the inward atmospheric flux (i.e., reaching maximum values of ∼5 mmol
m−3 d−1 in both situations), while the magnitude of this flux decreased
during summer in both years (i.e., averaging ∼2.5 mmol m−3 d−1). Con-
comitantwith this decrease during highwater column stability, the increas-
ing quantity of DIC removed to support summer NEP had to originate from
another inorganic carbon species. Coincident maxima of summer NEP and
calcite precipitation rates during both years suggest that the additional DIC
was withdrawn from the Alk pool. Periods of increasing summer NEP
values were coupled to increasing calcite precipitation rates, so that calcite
precipitation to NEP molar ratios increased accordingly (Fig. 7b-c). Over
the whole study period, calcite precipitation to NEP molar ratios averaged
0.39 ± 0.24 (or 0.56 when estimated from the slope of the linear correla-
tion between daily estimates of NEP and DIC, Fig. S8a). Considering each
year separately, the average calcite precipitation to NEP molar ratio was
0.43 ± 0.23 in 2019 and 0.37 ± 0.24 in 2020 (or 0.57 in 2019 and 0.37
in 2020 from respective linear correlations, Fig. S8b). However, fine-scale
daily observations indicated that calcite precipitation to NEP molar ratios
reached maximum values of 1:1 during periods of high productivity
(Fig. 7c). Interestingly, these periods corresponded to windows of decreas-
ing CO2 concentrations in the calcite supersaturated layer (i.e., reaching
values as low as ∼6 μM), indicating that local maxima of the molar ratios
coincided with enhanced calcite supersaturation levels in surface waters.



Fig. 5.Hourly time series of pCO2 (a) and Alk (b) between 0.5 and 30m depth at LéXPLORE from 04 June 2019 to 18 November 2020. The white line represents the average
daily lower depth of the calcite supersaturated layer.
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4. Discussion

The present study provides a detailed analysis of the dynamics of calcite
precipitation in the surface layers of the deep basin of Lake Geneva. Specif-
ically, it (i) assesses the relevance of using high-frequencymulti-sensor data
to trace calcite precipitation, (ii) estimates the magnitude of the process at
different time scales (day to season) and evaluates its significance for the la-
custrine carbon budget, and (iii) investigates fine-scale coupling between
pelagic calcite precipitation and primary production in the lake surface
waters.
Fig. 6. (a) Temporal dynamics of the daily average Alk (μM) in the calcite supersatur
according to the corresponding daily averaged value of the maximum buoyancy frequ
standard deviation. (b) Daily calcite precipitation rates (mmol C m−3 d−1) comp
supersaturated layer (i.e., half the daily rate of change of data in (a)).
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4.1. Calcite precipitation from high-frequency data

The correlation between sensor and discrete sample measurements sup-
ported the use of high-frequency specific conductance data as a proxy of Alk
dynamics in surface waters. However, several conditions had to be fulfilled
to strictly relate Alk variations to calcite precipitation.

In freshwater systems, Alk is commonly expressed as the sum of
[HCO3

−] + 2[CO3
2−] (Michard, 2002), but this simplification may be bi-

ased by the occurrence of substantial concentrations of HS− and S2−. The
well oxygenated surface layers of Lake Geneva prevent the formation of
ated layers in 2019 and 2020. Daily Alk values are represented by circles colored
ency N2 (s−2) at the pycnocline depth. Black dashed-lines represent the daily Alk
uted from daily variation in the dilution-corrected average Alk in the calcite



Fig. 7. (a) Daily values of the total DIC removed (in dark blue) from the calcite-supersaturated layer with contribution from the inward daily atmospheric CO2 flux over the
study period represented as a shaded area (in light blue). (b) Daily NEP rates (mmol C m−3 d−1) in the calcite-supersaturated layer (in dark green) on which daily calcite
precipitation rates (from Fig. 6b) have been superimposed (in light grey). (c) Daily calcite precipitation rates to NEP molar ratios computed from the estimates in (b) and
temporal dynamics of the daily average CO2 concentration in the calcite supersaturated layer (mean ± SD as solid and dashed orange lines, respectively).
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these latter compounds, thereby corroborating the common expression of
Alk. Moreover, considering the pH of Lake Geneva surface waters (i.e., ∼
7.9–9), bicarbonate ions are predominant over carbonate ions, and Alk
can be approximated as ∼ [HCO3

−]. Furthermore, the value of the linear
slope relating Ca2+ and Alk was consistent with the stoichiometry of the
calcite precipitation reaction (Eq. (2)), supporting that specific conductance
was used as a tracer of the process.

The link between specific conductance and Alk is a common feature in
hardwater lakes (Andersen et al., 2017; Müller et al., 2016), which derives
from carbonate or silicate weathering in the catchment (Marcé et al., 2015;
Zobrist et al., 2018). Specific conductance may hence allow tracing major
ions such as Ca2+ and bicarbonates, but additional caution is required. As
previously observed (McConnaughey et al., 1994), our data showed that
snow- and ice-melt waters can significantly dilute ion concentrations in
the lake. To infer biogeochemical dynamics from high-frequency data,
such effects must be taken into account.

Our approach to integrating the depth-resolved dynamics of calcite pre-
cipitation derived from previous investigations describing the effects of in-
ternal waves on lake metabolism estimation from high-frequency DO data
(Fernández Castro et al., 2021).Moreover, building on additional geochem-
ical observations (Müller et al., 2016), we used the relationship between
ΩCO2 and ΩCaCO3 in Lake Geneva to define the calcite supersaturated
layer susceptible to precipitation. The relevance of this method was sup-
ported by the pH values in the calcite supersaturated layer, which were
equal to or higher than the theoretical pH of water in equilibrium with cal-
cite and atmospheric pCO2 (i.e., ∼ 8.32; Michard, 2002).

Beyond identifying the calcite supersaturated layer, accurate quantifica-
tion of calcite precipitation depended on the isolation and extent of mixing
of this layer with deeper waters. The depth of the calcite supersaturated
layer was generally slightly higher than the pycnocline depth during both
years, likely corresponding to the lower edge of the metalimnion. During
8

stable stratified conditions, strong density gradients in the metalimnion
imply the prevalence of slow molecular diffusion, which can be neglected
regarding themixing of dissolved species (Groleau et al., 2000). In contrast,
during periods of weak stratification, vertical turbulent diffusion may bias
the estimation of calcite precipitation from apparent Alk loss in the super-
saturated layer due to its mixing with more concentrated hypolimnetic wa-
ters. This probably occurred at stratification onset in late spring or early
summer and prevented quantifying calcite precipitation during transient
mixing events in July 2019 and July 2020. This effect could restrict our ap-
proach outside periods of stratification, but corresponding calcite supersat-
uration windows were not identified during the study. Thus, while
turbulent mixing processes may have affected the accuracy of our esti-
mates, previous findings in Lake Geneva (Fernández Castro et al., 2021) in-
dicate that such an effect was negligible during stratification.Moreover, the
close correspondence between sensor-derived TIC flux and sediment trap
estimates in 2020 (Fig. 4) supports the reliability of our approach to trace
calcite precipitation in Lake Geneva.

4.2. Dynamics of calcite precipitation and relevance for the carbon budget

Calcite precipitation in hardwater lakes has mostly been studied using
coarse-scale methodological approaches. The proposed methodology pro-
vides novel insights into the environmental conditions supporting the dy-
namics of calcite precipitation at distinct time scales.

Alk loss in Lake Geneva in 2019 and 2020 occurred during the warm
stratified seasons when CO2 was depleted in surface waters. Over the sum-
mer season, areal calcite precipitation rates (i.e.,∼ 30 and∼42 gCm−2 in
2019 and 2020)were in close agreementwith former estimates for Lake Ge-
neva (Dominik et al., 1993; Perga et al., 2016). In contrast, our results are
higher than fluxes measured in high-altitude lakes (Ohlendorf and Sturm,
2001) or in the Great Lakes area (Hodell et al., 1998) and lower than values
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reported for Lake Constance (Stabel, 1986) and hardwater lakes from the
Swiss Plateau (Müller et al., 2016) or nearby regions (Groleau et al.,
2000; Perga et al., 2016).

While these differences may result frommethodological inconsistencies
and limitations (e.g., advection of detrital material in sediment traps or
cores, dissolution of calcite induced by organic matter mineralization, and
hydrological uncertainties in mass-balance calculations), they may also re-
flect fundamental features in the functioning of lacustrine systems. As con-
ceptualized byMüller et al. (2016), calcite precipitation in hardwater lakes
may depend both on total P (TP) concentrations and Alk levels in surface
waters at spring overturn. By stimulating primary production, higher TP
concentrations may enhance CO2 removal and calcite supersaturation.
Areal estimates of calcite precipitation in the oligo-mesotrophic Lake Ge-
neva support this assertion as they generally position above oligotrophic
(Hodell et al., 1998; Ohlendorf and Sturm, 2001) and belowmeso- to eutro-
phic values (Müller et al., 2016). Yet, the relationship between CO2 and TP
may be non-monotonic such that effects on calcite precipitation may be
more complex (Perga et al., 2016). Surface Alk at spring overturn is another
fundamental parameter as it determines the amount of calcite that can pre-
cipitate before the lake water reaches equilibrium with calcite and atmo-
spheric CO2 (i.e., equilibrium Alk ∼1200 μM). The spring Alk in Lake
Geneva (∼ 1700 μM) confirms that above the equilibrium value lakes are
prone to calcite precipitation (Marcé et al., 2015).Moreover, themagnitude
of seasonal Alk losses in 2019 and 2020 (i.e.,∼ 15 % and∼20 % of spring
levels, respectively) supports theoretical predictions that a maximum of 30
% of Alkmay be precipitated as calcite (Müller et al., 2016). Our results and
previous ones (Dominik et al., 1993), nevertheless, illustrate the interan-
nual variability in themagnitude of calcite precipitation, indicating that ad-
ditional environmental factors constrain the process.

Water temperature is an important driving condition as it affects the sol-
ubility of calcite and saturation state of thewater aswell as the stratification
of the lake (Hodell et al., 1998). The differences in seasonal areal precipita-
tion rates between 2019 and 2020 did not correspond with varying maxi-
mum water temperatures but could be related to distinct patterns of
water column stratification. The higher seasonal calcite precipitation ob-
served in 2020 was not associated with the strength of stratification, as
maximumN2 stability occurred in 2019 (Fig. S7b). It could rather be related
to the duration of lake stratification. Though data are incomplete for 2019,
our results suggest a longer period of stratification in 2020, which trans-
lated into a deeper pycnocline and depth of the calcite supersaturated
layer (Fig. 2 & Fig. 5). This observation explains that, despite similar aver-
age daily volumetric rates of calcite precipitation in the two years (i.e., 2.2
± 1.9 and 1.8 ± 1.9 mmol C m−3 d−1 in 2019 and 2020, respectively),
more Alk was lost in 2020 because calcite precipitation occurred from a
largerwater volume. Similar observations weremade in LakeOntario, indi-
cating more calcite precipitation during warm years with earlier seasonal
stratification (Hodell et al., 1998). This increase in precipitation was, addi-
tionally, reflected in the higher δ13C-DIC, which is illustrative of the greater
volumetric CO2 removal by photosynthesis. Importantly, in Lake Geneva
the magnitude of seasonal inorganic C loss as calcite from the top 30 m in
2019 and 2020 (i.e.,∼ [30–42] g C m−2) was similar to the amount of or-
ganic C produced by NEP in 2019 (i.e., [50–89] g C m−2; Fernández Castro
et al., 2021). This highlights themajor contribution of the inorganic compo-
nent to the cycling of C in lake surface waters during stratification. More-
over, the fate of these distinct forms of particulate C in the water column
may have important implications for the dynamics of the whole lake C
cycle. Organic C may be more prone to remineralization in the water col-
umn than calcite to dissolution during settling, leading to a greater net ac-
cumulation of inorganic rather than organic C in the sediments (Müller
et al., 2016). However, net organic C burial may still occur (Dominik
et al., 1993) and its subsequent remineralization may create the conditions
for benthic calcite dissolution (Megard, 1968; Müller et al., 2006). These
combined processes may hence affect spatially and temporally the translo-
cation between particulate and dissolved phases as well as the speciation of
C in the lake. Furthermore, the regeneration of DIC produced in bottom sed-
iments to surface waters may act as a carbonate counter pump whose
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relevant time scales depend on the depth and mixing regime of the system
(Andersen et al., 2017).

Beyond refining the seasonal contribution of calcite precipitation to the
lacustrine C budget, we documented the fine scale variability and magni-
tude of the process. Maximum daily calcite precipitation rates (i.e., ∼ 9
and ∼8.1 mmol C m−3 d−1, in 2019 and 2020, respectively) were near
the upper range of the few reported estimates (Khan et al., 2022). These ob-
servations may derive from the inherent averaging effect of the methodol-
ogies used to study calcite precipitation but also indicate that short-term
variability responds to dynamic environmental controls.

4.3. Coupling between calcite precipitation and primary production

The relationship between calcite precipitation and primary production
has commonly been considered through the lens of pH increase due to
CO2 assimilation that enhances the supersaturation of waters with respect
to calcite (Stabel, 1986). Our detailed observations support this coupling
and provide additional insights into its fine scale dynamics in a deep
hardwater lake.

Calcite precipitation and NEP have been related through their molar ra-
tios, noted as α hereafter, which allow accounting for the relative contribu-
tions of both processes on the total DIC removed from the water. At the
seasonal scale, α values for 2019 and 2020 (i.e.,∼ [0.35–0.55]) are within
the range of values reported for littoral habitats and shallow lakes
(i.e., [0.3–0.7]; Andersen et al., 2019; McConnaughey et al., 1994), while
slightly exceeding the few available pelagic estimates (i.e., [0.25–0.4];
Megard, 1968). These values are reflected in the ratio between seasonal
areal precipitation in 2019 (i.e., ∼ 30 g C m−2) and DO-derived NEP in
the top 30 m (i.e., [50–89] g C m−2; Fernández Castro et al., 2021) and,
therefore, support the relevance of our estimates. These results, moreover,
indicate that a third to a half of the DIC fixed as NEP during summer derives
from calcite precipitation. The consistent range of pelagic α estimates in
Lake Geneva and other lakes may partly result from geochemical con-
straints linked to the maintenance of calcite supersaturation (Megard,
1968) or Alk surface level (e.g., α hypothesized as = 0.2 for Alk between
1 and 2.23 meq L−1; Khan et al., 2020). However, additional insight into
the mechanisms supporting α values may be derived from their fine scale
dynamics, which reflect the interplay between DIC availability, speciation,
and intensity of primary production.

Our study documented a dynamic coupling between processes, with in-
creasing rates of calcite precipitation during periods of increasingwater col-
umn stability, coinciding with maximum NEP and α ratios (Fig. 7). This
indicates that during stable periods of limited atmospheric and
hypolimnetic exchange, increasingly more DIC was extracted from the
Alk pool to support primary production such that calcite precipitation and
NEP rates eventually reached equimolar values. This finding supports the
previously reported positive relationship between calcite saturation level
and α (Khan et al., 2021), as illustrated by the concurrent decrease in sur-
face CO2 concentrations and increase in α ratios (Fig. 7c). Moreover, it en-
ables comparisons with the mechanisms observed in shallow macrophyte-
dominated lakes, where dynamicα ratios have been documented, both sea-
sonally and daily (Andersen et al., 2019; McConnaughey et al., 1994).

The α value reflects the relative allocation of C between organic bio-
mass and calcite. It depends on the balance between photosynthesis with-
out calcification, which raises pH without affecting Alk, and
photosynthesis accompanied by precipitation, which decreases Alk without
modifying pH (Sand-Jensen et al., 2021). As shown from mesocosm exper-
iments (Hammer et al., 2019), in hardwater lakes of intermediate to high
DIC concentrations, the initial consumption of net available CO2 by the for-
mer photosynthetic process elevates pH so that DIC from both chemically
enhanced atmospheric uptake and calcite precipitation may additionally
be supplied to NEP. However, as Alk is increasingly eroded by calcite pre-
cipitation and pH stabilized, the decrease in carbonate buffering capacity
reduces the efficiency of atmospheric uptake, enhancing the relative impor-
tance of precipitation for NEP and hence the α value. These patterns are
consistent with observations made in Lake Geneva but may differ with
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regard to relevant time scales compared to shallower environments. In shal-
low lakes, higher photosynthetic rates favored by diel convective DIC re-
plenishment may constrain this succession of processes to the sub-daily
scale (Andersen et al., 2019).

In both environments, these mechanisms buffer pH below detrimen-
tal levels for photosynthesis, as confirmed in Lake Geneva. Yet, in
macrophyte-dominated lakes calcification is recognized as a controlled
process, while in deeper hardwater systems, it is considered a passive
one generally induced by picocyanobacteria (Dittrich and Obst, 2004;
Hodell et al., 1998). The precipitation of calcite in Lake Geneva may,
hence, be simply triggered by the photosynthetic activity of
picocyanobacteria, which can dominate phytoplankton productivity
during stratification (Parvathi et al., 2014). Conversely, the precipita-
tion process may respond to a controlled mechanism relying on intracel-
lular amorphous calcium carbonate inclusions found to be widespread
among cyanobacteria (Benzerara et al., 2014) and uncovered in nano-
eukaryotes from the Petit-Lac (Martignier et al., 2017). Owing to the
prevalent CO2-concentrating mechanisms developed by autotrophs in
alkaline systems (Maberly and Gontero, 2017), these considerations,
along with the dynamic coupling with NEP, challenge the non-
controlled nature of pelagic calcite precipitation.
5. Conclusions

The present study showed that high frequency multi-sensor data pro-
vides an accurate approach for tracing pelagic calcite precipitation in a
large hardwater lake, Lake Geneva. We quantified the magnitude of the
process over two annual cycles, and described the underlying macroscopic
environmental drivers. In particular, our results supported previous obser-
vations that the level of Alk, trophic state, and the duration of water column
stratification are major determinants of calcite precipitation at the seasonal
scale. We found that calcite precipitation is an important contributor to the
whole-lake C budget. At a finer scale, our results highlighted the tenuous
link between organic and inorganic C processes revolving around calcite
precipitation. The fine temporal resolution of our approach revealed a
marked daily variability in calcite precipitation, which was tightly coupled
with the dynamics of pelagic autotrophic metabolism. Beyond quantifying
daily calcite precipitation rates and their stochiometric ratios withNEP, our
analyses indicated an increased coupling of both processes during condi-
tions of increasing water column stability. Such pattern resulted from the
enhanced extraction of DIC from the Alk pool by primary production during
stable conditions, thereby raising the question of whether pelagic calcite
precipitation is only induced by increasing calcite saturation during
bicarbonate-based photosynthesis or is more actively controlled. Elucidat-
ing these mechanisms and the fate of the inorganic C precipitated as calcite
are next critical steps towards deepening our knowledge of the biogeo-
chemical cycling of C in lakes.
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