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Carbonate mud production in lakes is
driven by degradation of microbial

substances
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Carbonate mud is crucial in the global carbon cycle and serves as a key sedimentary archive for
paleoclimate reconstruction. Understanding the mechanisms behind its formation is crucial for
explaining long-term carbon storage, including atmospheric carbon dioxide transfer to the
hydrosphere and variations in mud production over geological timescales. Various mechanisms
explain carbonate mud formation in both lake and marine sediments. Using bio-physicochemical
methods on deep sediments of Lake llay, Jura, France, we propose a model of micrite formation. Our
study shows that micrite mineralization occurs in sediments due to the degradation of ooze rich in
exopolymeric substances throughout the sediment core’s depth. This mineralization continues as
long as exopolymeric substances are present, persisting for at least 2000 years. Cryo-Scanning
electron microscope imaging reveals calcite nucleation at degraded exopolymeric substance nodes,
advancing with substance degradation and calcium release. These findings provide insights into fossil

carbonate mud origins and formation processes.

Carbonate mud represents a major reservoir in the global carbon cycle'
and one of the main sedimentary archives for reconstructing climate™’.
Despite these important roles, the origin of carbonate mud (particle
diameter <62.5 um) in lacustrine and marine environments is a yet unre-
solved sedimentary conundrum. A better understanding of the mechanisms
involved in carbonate mud formation is therefore critical to explain the
sedimentary carbon storage, including the CO, transfer from the atmo-
sphere to the hydrosphere and variations in mud production that are
observed over geological timescales’. The significance of carbonate mud
formation is further underscored by the massive annual atmospheric carbon
burial in modern lakes, associated with increasing atmospheric CO, boosted
by anthropogenic activity since the start of the industrial revolution®. Esti-
mates indicate that lacustrine sinks represent about one fifth of the marine
carbon burial*. Several mechanisms are proposed to explain the formation
of carbonate mud in the sediments of both lakes and marine systems. The
most commonly accepted models suggest a precipitation of crystals in the
water column' related to: (1) degradation of calcareous green algae”™; (2)
precipitation during “whiting events“*”"" and (3) biologically-induced by the
degradation of microbial extracellular polymeric substances (EPS), which
releases Ca”* and CO;>"% These processes form fine-grained carbonate

particles that ultimately sink to the sediment'*"’. These sediments are mixed
with intraclasts, picoplankton calcite tests and skeletal grains at the water/
sediment interface ultimately forming the carbonate mud*". In addition,
precipitation of calcite crystals can occur in EPS produced at the microbial
mats surface’". EPS are excreted by cyanobacteria'®"® and other mat
inhabitants™ and make the microbial mat gelatinous and sticky. These EPS
consist of polysaccharides, proteins, with small amounts of extracellular
DNA, exoenzymes, trace metals, and minerals. Carbonate precipitation
mediated by microbial processes have been suggested in discreet layers™*
but, to date, actual mechanisms along the depth of the sediment column
have not been resolved.

To fill this gap in our knowledge, this study aims to identify the process
of formation of micrite (<4 pm), the main constituent of the carbonate mud
in lakes. To accomplish this, we investigated a 1.2 m-long core representing
the most recently deposited sediment in the lake at 8.4 m water depth
(Supplementary Fig. 1). The upper 1.2 m were sampled and prepared for
Cryo-SEM analysis as well as EPS quantification and microbial degradation
potential.

In this study, we demonstrated unequivocally that carbonate pre-
cipitation was sustained at depth in sediments of Lake Ilay (Jura, France;
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Fig. 1 and Supplementary Note). The micrite mineralization occurred
predominantly in the sediment, not in the water column, and resulted
from EPS degradation along the entire depth of the sediment core (Fig. 1).
As long as there is organic matter to degrade, even at the bottom of the
core which covers at least two millennia; (Fig. 1), active carbonate mud
production continued. A conceptual model depicting the role of EPS in
carbonate production (formation in the water column and/or water-
sediment interface and degradation in the sedimentary column) is proposed
in Fig. 2a.

Results and discussion

Sedimentary column

The 120 cm-long core comprised alternating organic-rich layers and car-
bonate mud (micrite and biogenic remains). The upper 20 cm consisted of
microbial “ooze”, with a green coloration and a lumpy, gelatinous texture.
With depth, gelatinous layers diminished and micritic microbial-rich
muddy sediment increased, which was illustrated by alternating lighter
(Total Organic Carbone, TOC, mean content: 4.6%; Supplementary
Table 1) and darker layers (TOC, mean content: 12.1%), respectively. From
the activity profile of the short-lived artificial '*’Cs radionuclide, two sedi-
mentary layers can be precisely dated (Supplementary Fig. 2). The first peak,
which appears at a depth of 14.5 cm, corresponds to the fallout of cesium
following the Chernobyl accident in 1986™. The second peak, located at a
depth of 37.5 cm, which is also the largest, is recognized worldwide and
estimated to have occurred in 1963/64**”, consequently to the signing of the
Partial Test Ban Treaty in August 1963, which banished nuclear weapon
tests in the atmosphere. Moreover, the first appearance of '7Cs in the
sedimentary column at a depth of 50 cm also provides an interesting dating
constraint. Although inputs of artificial ’Cs began to contaminate the
global environment around 19527, it is generally accepted that the first
detectable '’Cs fallout, ubiquitous around the world, corresponds to the
1954-1955 period™. On the other hand, a *C analysis obtained from a leaf
sampled just one centimeter below (i.e., 51 cm depth) yielded a radiocarbon
age of 210 + 30 BP which belongs, once calibrated and expressed in calendar
dates, to the [1642-present cal. AD] time interval (See “Method” section).
Given the time control provided by the aforementioned first '*’Cs detection,
it is reasonable to assume that this sedimentary layer was deposited around
the late 40 s to early 50 s. Two other organic samples collected at depths of
80/81 cm and 110/111 cm provided radiocarbon ages at 1810 + 30 BP and
2150 £ 30 BP, respectively. Details and calibrations can be found in the
“Method” section and in Supplementary Material. However, since the pri-
mary aim was not to determine the sedimentation rate or other kinetics with
high precision but rather to give a general overview of the time span covered
by the core, these two samples were simply assigned to the 2nd-4th centuries
AD and the 4th-1st centuries BC, respectively. This clearly indicates that our
core spans at least the last two millennia.

X-ray diffraction analyses of the mineralogical fraction revealed pre-
dominantly calcite over the entire depth of the core. Furthermore, the dry
density showed an increasing trend below the first 57 cm, but with a slight
fluctuation of CaCOj; (78% * 6) and water content (75.4% + 2.36). This
suggested that the volumic concentration of calcite increased with depth,
which was confirmed by Cryo-SEM observations, minimizing the influence
of compaction (Fig. 1 and Supplementary Table 1). From a depth of 57 cm to
the bottom of the core, we found a more variable calcimetry and density that
could be explained by a variable organic matter content. A major change of
the C:N ratio was noted at 44 cm. From the top down to a depth of 44 cm, the
C:N ratio slightly increased from 8 to 11.5, such value indicating organic
matter of algal or microbial origin®’. This increase could result from the
selective consumption of N-containing molecules in EPS by microbes™ but
can also be explained by the presence of remnants of terrestrial plants
(Supplementary Fig. 3 and Table 1). Between 44 and 80 cm, the C:N ratio
increased from 12.5 to 15. Between 80 and 100 cm, the ratio decreased from
14 to 10 and downcore, the ratio evolved from 11 to 14. The abundance and
size (ranging from 0.5 um to >10 um) of calcite crystals in the sediment
increased progressively with depth.

Exopolymeric ooze

An EPS-rich ooze on the top of the core was observed when the water depth
of the lake exceeded 5 m (Fig. 1; Supplementary Fig. 4). This microbial ooze
had no defined boundary with the underlying sediment and ranged from 1
to 20 cm in thickness (Supplementary Fig. 4b-d). This ooze transitioned
laterally to a cohesive mat in the shallow part of the lake (where the water
depth was less than ~5 m; Supplementary Fig. 5a to f). The ooze displayed
only minor mineralization but evolved into microbial carbonate mud with
depth in the core (Supplementary Fig. 4e-g). The ooze, with a high EPS
content, had a similar biological composition with diatoms and filamentous
bacteria, as the mat that was found at a shallower water depth. Downcore
cryo-SEM observations of microbial carbonate mud confirmed that EPS
were preserved along the entire sedimentary column with an increasing
degree of alteration with depth (Fig. 1). The degradation of the EPS is
corroborated by the typical shape of a polygonal matrix™ that resembled a
spider web, increasingly airier with depth (Fig. 1). The EPS content
decreased from the top to the bottom of the sedimentary column, parti-
cularly in the first 50 cm. In the upper ~30 cm of the core, acidic functional
groups (with a strong binding capacity for cations such as calcium), proteins,
and structural sugars in EPS all declined by approximately one order of
magnitude (Fig. 1d). The ratio of both protein to acidic groups remained
constant in this depth interval, but ratio of sugar to acidic groups varied,
indicative of a major contribution of the protein fraction in calcium binding.
However, the sugar to protein ratio increased sharply with depth, suggesting
an expected preferential removal of the protein fraction by heterotrophic
microbial decay”. EPS-degrading microbial enrichments were readily
obtained from various depths of the core. Three layers at depth of 12, 44-47,
and 112 cm were sampled and enriched (mat and met). These layers were
incubated with 2 g . L™'dextran-sulfate (a model EPS) as the sole source of
carbon. Under these conditions, heterotrophic microbial activity consumed
71, 49, and 58 % of those EPS, respectively, over a 10-day period. The
remaining EPS presumably represents a highly recalcitrant fraction™.
Degradation at the top occurred in the presence of oxygen and was thus
likely more rapid than at depth, where anaerobic respiration prevailed. It is
well known that aerobic respiration, which needs more energy, typically
outpaces anaerobic respiration, in particular in the case of complex polymer
(i.e., EPS) degradation®".

Crystal morphology

Cryo-SEM revealed four different carbonate crystal morphologies (Fig. 2b):
(i) polyhedral (Supplementary Figs. 6, 7a, b), (ii) pyramidal (Supplementary
Fig. 8a), (iii) sub-spherical (Supplementary Fig. 8b) (iv) and bladed (Sup-
plementary Fig. 8c, d). The largely dominating polyhedral crystals were
composed by rhomb-shaped crystallites (Supplementary Fig. 7c-h). The
polyhedral crystals appeared in the first few centimeters of the sedimentary
core as isolated crystals (1 to 2 um). With increasing depth, these crystals
grew in size (up to 10 um) and abundance, ultimately forming clusters that
filled the residual porosity (Fig. 1 and Supplementary Figs. 6, 7, and 9).
Pyramidal crystals were only observed deeper in the core and were less
common than polyhedral crystals. These pyramidal crystals comprised an
agglomeration of rhomb-shaped crystallites up to 2 pm in size. Bladed
crystals were rare and consisted of tightly packed needle crystallites (Sup-
plementary Fig. 8d-g). The sub-spherical crystals were composed of a
combination of needle and rhombic crystallites (Fig. 2b). Both the needle
and rhombic crystallites resulted from the clustering of nano-globules
(<50 nm; Supplementary Figs. 6a, b, and 8h).

Regardless of morphology and growth stage, all crystals were con-
sistently embedded within the EPS matrix and nucleated mainly at the
polygon nodes (Supplementary Figs. 6a—f, 7, and 8). This strongly indicated
that crystal growth occurred during EPS degradation. The presence of nano-
globules on the surface of the crystals indicated that this growth continued
with depth in the sediment column until all the EPS were completely
degraded” (Supplementary Fig. 8h). With increasing depth, carbonate
minerals showed clearer crests, which was particularly evident in the
polyhedral morphologies. Ultimately, this resulted in a filled crystal with
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Fig. 1 | Dataset of the Lake Ilay sediments, Jura (see Supplementary Note and
location map-Supplementary Fig. 1). a 1.2 m-long core section showing the
position of the samples shown in (b, ¢, ) (1-6). b Cartoons showing an increase in
calcite crystal with depth based on cryo-scanning electron microscopy (Cryo-SEM)
observations. ¢ Cryo-SEM images of the samples from top to the bottom of the core
section (scale bar is 10 um) with (from top to bottom in panel): 1 Microbial com-
munities (filaments in EPS, diatoms, and organic components). 2 Matrix with
degrading EPS with a characteristic honeycomb structure and micritic precipitate.

3 Polyhedral calcite crystal composed of nano-globules embedded in altered (i.e.,
partially degraded) EPS. 4 Calcite crystals embedded in altered EPS, with organic
remains and framboidal pyrites; calcite nucleation points are observed at the node of
EPS structures. 5 Polyhedral calcite crystals with perfect rhombic unfilled faces
embedded in altered EPS. 6 Rich-calcite micrite matrix with framboidal pyrites.

d Calcium carbonate calcimetry with depth (gr.cm™*). e Major EPS constituents
(ug.g ' dry sediment): proteins, acidic groups (Alcian Blue; A.B), and structural
sugars (phenol-sulfuric acid assay; PSA).
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perfect planar rhombic faces, which contrasted the unfilled faces observed in
the uppermost centimeters of the core. The crystal faces developed through
a progressive occlusion of the remaining EPS-filled cavities (Fig. 1). Thus, we
established that micrite crystal growth was achieved by successive addition
of crystallites, that in turn were made through progressive addition of calcite
nano-globules (Fig. 2b; Supplementary Fig. 7c—e).

EPS role in binding and releasing of calcium

The sequential replacement observed of EPS by calcium carbonate was
active down to atleast 1.2 m, i.e., the bottom of our core. Microbial activity at
several meters depth has been documented in a variety of environments™*,
and can be supported by aerobic and anaerobic heterotrophic bacterial
activity degrading EPS'****>**. EPS degradation has been linked to carbonate
precipitation, notably in microbial mats'**”**. Initially, EPS act as inhibitors
of carbonate precipitation by limiting access to nucleation sites due to its 3D
architecture. The consecutive degradation of EPS leads to the creation of
space around the nucleation points and encourages crystal growth”.

EPS are produced by a variety of organisms in the water column, such
as phototrophic organisms, like cyanobacteria®, diatoms* and hetero-
trophic bacteria®’. However, the difference in EPS properties between the
water column and sediments in Lake Ilay suggests an important production
by the benthic microbial community at the water/sediment interface. Thus,
the EPS in the ooze do not result solely from the settling from the water
column (Supplementary Table 2). Although we cannot rule out that the
difference in polymer composition is due to degradation of water column
EPS, the large amount of ooze with different properties at the sediment
surface implies a major role for benthic production of EPS. Irrespective of
changes in composition between water column and sediments, the abun-
dance of acidic groups in protein of EPS at the sediment interface repre-
sented a major calcium binding potential. The negatively-charged
functional groups in fresh EPS bind free cations (such as Ca**) directly from
the surrounding solution®, initially inhibiting CaCO; precipitation'**.
Upon saturation of the binding sites, microbial degradation of the EPS
releases Ca’" and HCO;™ allowing CaCOj; to nucleate on the organic
matrix'>***. As demonstrated in previous studies™* and here, various
heterotrophic bacteria consume EPS as a carbon source through enzymatic
degradation.

Calcium budget in a lake system

In our study, we found a high binding capacity of the calcium to EPS at the
water/sediment interface, which was also documented in the water column™
(Supplementary Table 2). The calcite saturation indices, based on free cal-
cium, fluctuated between 0.56 and 0.87 in the water column (Supplementary
Table 3), and thus the pelagic mineralization capacity is reduced or inhibited
depending on the season. EPS analyses carried out in May 2023 in the water
column showed that the calcium bound to this polymer matrix can be up to
four times greater than the amount of free calcium (47.2mg.L™" ). It
should be noted that we cannot discard the occasional whiting events that
could deliver CaCO; particles in water column'’, but these have not been
observed in Lake Ilay in the frame of this study.

We recorded a progressive decrease in EPS preservation downcore and
an increase in free Ca’" in the pore water (93.23 mg. L™"; Supplementary
Table 4). Thus, we can assume that the degradation of these polymers
released calcium ions. This would locally increase the saturation index to
>0.9 and consequently, the mineralizing capacity (Supplementary Table 4),
allowing the precipitation of calcite in the sediment'>*"*******, This is fur-
ther corroborated by the decrease of EPS with depth and the presence of
heterotrophic microbial polymer degrading enrichment cultures, that could
be obtained from different depths throughout the core. Furthermore, the
negative charged groups in the water column EPS and that in the ooze at the
sediment surface trap Ca**, making it unavailable for calcite precipitation.
This provide a source of calcium deeper in the sediment when the protein/
acidic groups decrease rapidly, and local nucleation commences as less Ca™*
is bound. In this scenario, carbon is predominantly supplied through the
degradation of EPS and organic matter present in pore water.

Carbonate production in the sedimentary column

During burial, the subsurface sediment undergoes early diagenetic alteration
through microbial and physicochemical processes. Based on the progressive
EPS degradation and increasing calcite content with depth in our core, we
postulate that the micritic mineralization takes place over a prolonged
period (at least two millennia) supported by the degradation of the EPS
downcore. The continuous presence of EPS surrounding sediment particles
with an increasing degree of alteration and the abundance of biological
remnants (e.g., filaments, diatoms or pollen) suggest that these sediments
are formed from degrading microbial ooze. Thick filamentous sheaths that
are part of the ooze could represent remnants of cyanobacteria preserved
during early diagenesis”. They are typically present in deeper layers of
microbial mats™. The production of carbonate minerals within the sedi-
mentary column rather than in the overlying water fueled by benthic EPS
degradation, therefore, requires that the microbial ooze has sufficient cal-
cium storage capacity to sustain active CaCO; precipitation, even after
millennia of burial.

Nucleation points and crystal growth

Nucleation points, defined as nano-globules forming mineral clusters, were
observed at the junction between several EPS structural polygons (i.e., the
nodes in the honeycomb structure; Supplementary Fig. 9) as proposed by
Dupraz et al. ** and Luo et al. *>. No nanobacteria or viruses were observed in
the vicinity of these polygons. These clusters were observed throughout the
entire depth of the core, with an increasing abundance in the layers where
EPS degradation was more pronounced (Fig. 1; Supplementary Fig. 6a, b).
The clustering of nano-globules results in the formation of small crystallites
(around 500 nm) with thomb and needle shapes. Overgrowing of these
crystallites forms calcite crystals constituting micrite (Fig. 2b). SEM obser-
vations showed the progressive growth of crystal faces and edges towards
regular geometric shapes with depth. Consequently, the crystal growth is
progressive with burial due to combined physicochemical and microbial
activity (EPS degradation). Despite the crystals are angular in shape, they are
not necessarily the result of abiotic processes, contrary to what is often
proposed in the literature®.

These observations imply that the crystallization of carbonate minerals
takes place in metabolically active sediments until the EPS matrix is com-
pletely depleted. When considering the association of micritic crystals and
framboidal pyrite embedded in the EPS matrix, a similar mechanism of
nucleation and growth can be invoked (Supplementary Fig. 10).

EPS were present to the bottom of a 1.2 m-lake sediment core, but the
properties changed with depth. Notably, the amount and relative abundance
of negatively charged, cation-binding functional groups decreased with
depth. Fresh EPS initially scavenged calcium ions, thus initially limiting the
carbonate precipitation. Consecutive microbial heterotrophic degradation
of EPS deeper in the core released calcium and produced inorganic carbon.
This locally increased the saturation index and actively promoted calcite
precipitation, even at bottom of the core. Although the composition of the
EPS in the water column and at the water/sediment interface differed
(Supplementary Table 2), both contribute to calcium storage. Calcium is
thus initially a limiting reactant for the carbonate precipitation. Our dating
confirms that sediments as old as the beginning of our era remain the locus
of microbial carbonate precipitation. This was further supported by cryo-
SEM images of degraded EPS showing nucleation and the growth of calcite
crystals at the bottom of the core. Calcite nucleation points are observed at
the nodes of degrading EPS polygons and increase with depth in association
with advanced stages of EPS degradation. These nucleation points include
calcite nano-globules that agglomerate to form crystallites, the growth and
accretion of which lead to the formation of crystals of calcite. Down the core
section, we show an increase in the size of the well-shaped crystals with filled
faces and clear crests.

The formation of micrite in sediments during burial raises questions
about the origin of carbonate microcrystalline minerals preserved in the
fossil record. Importantly, the conservation of their isotopic signals and
offers a novel insight into their formation. Carbonate production in Lake
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Tlay is positively influenced by factors linked to increased atmospheric CO,
concentrations, including increased alkalinity and intensified photosynth-
esis by EPS-producing phototrophs like diatoms and cyanobacteria*. The
resulting production of EPS in the water column increases calcium trapping,
transporting this to the sediments following settling from water column. In
Lake Ilay, most of the carbonate production thus occurs progressively
through sedimentation and the degradation of these EPS, releasing Ca** in
the sedimentary column (Fig. 2a). The carbonate precipitation, during early
diagenesis, leads to the long-term sequestration of carbon, whereas in
contrast, modern accumulation of organic matter is a short-term seques-
tration. This major role of CO, storage as carbonate contemporary mud
needs further consideration.

Online methods
Terminology
The terminology for crystal size and shape is from Folk®. Rhombic refers to
euhedral rhombohedral crystals with 6 rhombuses, whereas polyhedral
refers to multi-faceted crystals having more than 6 faces. The terms euhe-
dral, subhedral, and anhedral refer to crystals with well-defined, moderately
defined, and poorly defined crystal faces, respectively™. As calcite mor-
phogenesis is not beyond the purpose of this manuscript, we consider that
the different morphology may result from the complex interaction between
different physico-chemical parameters which often act simultaneously (e.g.,
carbonate mineral supersaturation, Mg/Ca ratio of the parental fluid,
organic and inorganic additives). Mercedes-Martin et al. *' discuss the
driving forces at the origin of calcite morphogenesis and considered two
competing mode of calcite precipitation: the calcite supersaturation level of
the parental fluid, and the concentration of microbial-derived organic
molecules (alginic acid).

The term micrite is here used as proposed by Folk” and as a
compound-acronym for “microcrystalline calcite”. The term micrite is used
to address fine-grained carbonate that is, for the most part, smaller than

53,54

4 pm in size, independent of the calcite or aragonite mineralogy .

Field sampling

Sediment core sampling. All sedimentological analyses and observa-
tions were based on a sediment core collected on 11/24/2022 on the
western shore of lake Ilay (Lat 46.625640°, Long 5.895115°) at a water
depth of 8.4 m. The 1.2 m sediment core was retrieved using an Uwitec
gravity corer fitted with a 63 mm diameter PVC tube. In the laboratory,
the sediment core was split into two equal halve and stored under
UBGD.300450 (Biogeosciences-Recolnat). Sediment samples were
stored in the dark at 4 °C until processing.

Lake water sampling and in situ analysis. To monitor variations in the
physiochemical conditions of the water column of Lake Ilay, a multi-
parameter probe (In Situ, Aqua TROLL® 500, Fort Collins, USA) was
installed on 05/11/2022 to measure continuously (every 6 h) pH, the
electrical conductivity, the chlorophyll a concentration, turbidity and
temperature of the lake water. The probes were supported by a buoy at a
depth of 2 m and connected to a modem using the HydroVu (In Situ, Fort
Collins, USA) software for database storage. This monitoring was sup-
plemented by water sampling and by field measurements (see details in
Supplementary Table 3) of pH and electrical conductivity with portable
pH/Cond multi-parameter probe (ProfiLine® 3320 WTW®, Weilheim,
Germany). The spot measurements covered the entire lake at different
periods of the year. Depth-dependent measurements are also taken using
a 2L Niskin bottle/Water Sampler (Bionef® Ruttner Standard Water
Sampler, Montreuil, France). The water samples collected were processed
using a 0.22 or 0.45 pm-membrane filter and are stored cold before
analysis.

Analysis of water chemistry
Concentration of major ions were measured using the ion chromatography
method with a Dionex® DX100 (Thermo Fisher Scientific, Waltham, MA,

USA) installed at Biogéosciences laboratory (Dijon, France), whereas Ca**
concentrations were obtained by flame atomic absorption spectroscopy
(AAS), using a AAnalyst 400 (PerkinElmer Instruments, Wellesley, MA,
USA). For both methods, homemade solutions of known concentrations
were inserted in the sample list to check data accuracy. For ion chromato-
graphy, uncertainty and detection limit can be estimated to be 3x10°M
while for AAS this parameters are lower than 2% and 2 pug . L™, respectively.
The Gran titration method> using 0.01 N solution of HCl in laboratory was
used to assess the total alkalinity. The flame atomic absorption spectroscopy
and Gran Titration analyses were carried out at the Geosciences Environ-
ment Toulouse laboratory (GET, Toulouse, France). The saturation index
(SI) values of calcite and aragonite was calculated in all water samples by
using software PHREEQC Interactive (version 3.6.2) and the respective
database™”’. The values of pH, alkalinity, temperature, and calcium con-
centration measured at the time of sampling were used for these calcula-
tions. Generally, the calcite saturation index corresponds to the threshold
above which calcite precipitates. (Super)saturation conditions are given
when SI e = 0, but spontaneous calcite precipitation apparently needs a
supersaturation of at least SI = 0.8, The SI values measured in the surface
waters of Lake Ilay are presented in Supplementary Table 3, combined with
the pH, conductivity, and Ca*" concentration values.

To determine the physico-chemical properties of the pore-water
contained in the carbonate sludge of Lake Ilay, four other sediments cores
were collected in the immediate vicinity of the main core. To be as close as
possible to the area of interest, the cores were extracted by divers using
plexiglass tubes. The same day, the cores are pierced, and the pore water
collected using a Rhizon system. Two to four water micro samplers were
connected per core. All sampling systems are activated at the same time on
the same core to minimize water migration within the cores. Only one
sample was collected in sufficient quantity for analysis of elemental com-
position and alkalinity. The other samples were analyzed with a multi-
parameter probe for pH and conductivity, as explained previously. Results
are presented in supplementary Table 4.

Dating

Three radiocarbon ages were obtained from terrestrial material. After
sieving the sediment at 200 pm, the terrestrial macro vegetal remains were
carefully sorted using fine forceps under a stereo-microscope at 10-60 X
magnification. Between 20 mg and 100 mg of material were extracted at
three depths: 51 cm (leaves), 80-81 cm (charred leaves), and 110-111 cm
(wood). Radiocarbon dating was performed at the Beta Analytic Laboratory
(Miami, Florida) using Accelerator Mass Spectrometry (AMS), after
applying a standard pretreatment protocol. The samples were first gently
crushed, dispersed in deionized water, washed with hot HCl acid to elim-
inate carbonates, and then with NaOH to remove secondary organic acids.
The final step consisted in an acid rinse to neutralize the solution before
drying.

The three radiocarbon ages were calibrated using the OxCal software
(v.4.4) using the IntCal20 calibration curve’®, providing calibrated calen-
dar dates with their 95% confidence intervals (see Supplementary Methods).

Concerning the ¥Cs measurement, samples were extracted from bulk
mud along from the top deep to 50 cm. They were dried at 60 °C during 48 h
and crushed. A known mass of sediment was then filled in petri dishes.
Activity of the short-lived radionuclide *’Cs were measured each 2 cm up to
50 cm depth using a gamma spectrometer (Canberra Spectrometer- GeHP®
detector, CO, USA), installed at the Chrono-Environment Laboratory. The
artificial '*’Cs radioisotope emits at 661 keV. The spectra were deconvoluted
and the extremely small background that may still exist at 661 keV was not
taken into account in the calculation of 'Cs mass activity. The spectrometer
was calibrated with a standard of known radioactivity supplied by the IAEA
to ensure the reliability of measurements.

Cryo-SEM observations
Fresh samples were collected directly from the cored section every time there
is a change in facies (carbonate and organic matter estimation), texture
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(slime and granular) or color (dark brown to green creme layers) and
prepared for Cryo-SEM analysis. This method of analysis, mainly used in
biology, does not denature the samples, unlike traditional SEM methods.
The sediments were not dehydrated or dried, but directly cryogenically
frozen and only metallized with platinum to increase the conductance. The
mud (ie, ooze) surface was characterized by cryo-scanning electron
microscopy (cryo-SEM) using a high-resolution field emission scanning
electron microscope (FE-SEM, SU 8230, Hitachi High-Technologies,
Tokyo, Japan) equipped with a cryo-preparation unit (Quorum PP3010T).
Prior to imaging, samples were cryofixed into the pasty nitrogen slusher pot
of the workstation, and cryofixed samples were transferred to the cryo-stage
(PP3010T, Quorum, Laughton, UK). Following, they were sublimated at
—90 °C for 10 min and coated with a thin platinum layer by sputtering at
10 mA for 15s.

EPS extraction and analysis

EPS was extracted using 100 mM EDTA solution®. After centrifugation,
and threefold precipitation in cold ethanol, followed by a second cen-
trifugation step, the EPS content in each layer was measured with anionic
functional groups using the Alcian Blue assay’, reducing sugars using the
phenol-sulfuric acid method®, and protein. Xanthan and bovine serum
albumin were used as standards**".

Microbial enrichment and EPS degradation potential

Aliquots of sediment sampled at the depth of 12, 44-47, and 112 cm were
transferred to sterile mineral media that contained 02 g. L™ of NH,C,
0.225g.L™" of CaCl,-2H,0, 0.2g.L 'of KCL 02 g.L™" of MgClL.6H,0,
0.02g.L™" of anhydrous KH,PO,, and 2.0g.L™" of anhydrous Na,COs,
supplemented with 0.1% yeast extract”. The medium was amended with
mannose, fructose, gluconate, glutamate, aspartate, glutamine (50 mM final
concentration each) and 0.1% dextran sulfate (Sigma Co, Missouri, St. Louis,
USA). The inoculum from 12 cm depth was grown aerobically, the other
samples were incubated anaerobically in medium purged with N,. After two
transfers to fresh medium, enrichments from each depth were transferred to
a mineral medium with 1.0% dextran sulfate (a model EPS'**) as the sole
source of organic carbon and 0.05% yeast extract. Alcian Blue assays at the
start and after 10 days of incubation at room temperature showed 71,49, and
58% degradation in the enrichments obtained from 12, 44-47, and 112 cm
depth, respectively.

Mineralogical analyses

The mineralogical composition of the mud samples was analyzed by X-ray
diffractometry at the Biogéosciences laboratory (Dijon). Samples were
ground in an agate mortar and analyzed using a Bruker D8 Endeavor
diffractometer (Bruker Corporation, Billerica, MA, USA) with CuKa
radiations combined with a LynxEye XE-T detector, under 40 kV voltage
and 25mA intensity. Elemental compositions of selected crystals were
analyzed using an UltraDry EDS detector (Thermo Scientific, Waltham,
MA USA) coupled to Cryo-SEM.

Dry bulk density, total organic carbon (TOC), Total nitrogen (TN)
Samples were collected every centimeter over the first thirty centimeters,
then every two centimeters covering the entire core. The sediment samples
were dried (60 °C, 48 h) until reaching constant weight, and water content
(WC) was calculated from the weight loss. and powdered. Dry bulk density
was determined from the weight of the dry sediment sample divided by the
total sample volume. The ratio of wet to dry sediment weights allows us to
estimate the water content of the entire cored sample, expressed in percent.

Total organic nitrogen and carbon concentrations (% dry mass) were
contiguously measured from Lake Ilay core with a Vario-max CNS analyzer
(Elementar) using 10-100 mg (according to the expected % Corg content to
avoid saturation of the detector) of dried material from 2 cm-thick samples
following the procedure described in ref. 64. A certified reference material of
highly organic sediment (B2150), with known carbon and nitrogen con-
centrations (C=7.45% + 0.14% and N=0.52% + 0.02%; 95% confidence

level), provided by Elemental Microanalysis, was inserted every 20 unknown
samples to ensure the reliability of the analysis.

Total organic carbon (TOC) was measured using a Vario TOC Cube
analyzer (Elementar). Prior to organic carbon analysis, the sediments were
decarbonated in silver caps by adding HCl (3.7%) in excess to samples
placed on a hot plate, until effervescence ceased. A total of 20-30 mg of
samples was then analyzed in tin pellets. For that procedure, a B2178 cer-
tified material was used (C=3.19% + 0.07%, 95% confidence level). The
carbon:nitrogen ratio (C:N) is widely used to assess the abundance of ter-
restrial and aquatic components of OM®.

Total inorganic carbon

The carbonate content was estimated for all samples by calculating the
difference between total carbon and organic carbon. Additionally, Bernard
calcimetry, a volumetric standardized method conventionally used to esti-
mate the concentration of CaCO; in comparison with a pure calcite
standard®, was also applied for 7 samples, whenever a notable change was
observed in the core. Note that this method consumes about ~1 g of sedi-
ment making any high-resolution measurement impossible. In this study,
three measurements were performed and averaged. The results showed that
both methods provided similar outcomes (see Supplementary Table 1).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data can be found in the supplementary information and are available at
EV. and P.B. Database Lake Ilay sediment core IL226b-num
UBGD.300450[DS/OL]. V1. Science Data Bank (2024[2024-07-29]).
https://doi.org/10.57760/sciencedb.11496.
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