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Abstract
Limnic eruptions, involving the sudden release of carbon dioxide (CO₂) clouds from lakes, caused
catastrophic disasters at Lakes Monoun and Nyos in the mid-1980s, killing nearly 2,000 people. Yet
direct evidence of the conditions preceding, accompanying, and following such events has remained
lacking. Here we present the first reconstruction of a limnic eruption from a multiproxy analysis of a
sediment core from Lake Monoun. We show that an increase in siderite abundance in the sediments,
linked to the rising dissolved CO₂ concentration in the lake, preceded the eruption. By the mid-1960s, CO₂
accumulation had displaced the chemocline to shallower than 25 m depth. Furthermore, a pure siderite
layer associated with the 1984 event records maximum gas saturation, and the event was followed by a
decline in CO₂-related geochemical signals. We also identified eight other likely degassing episodes over
the past ~ 500 years.

Introduction
First recognized in the mid-1980s, limnic eruptions are a rare geological hazard with potentially
catastrophic consequences. They occur when dissolved carbon dioxide (CO₂) is abruptly released from
volcanic lakes as a cloud denser than the ambient air, posing a severe threat to surrounding
populations1. In August 1984, such an event in Lake Monoun (Cameroon) killed 37 people by
asphyxiation. Two years later, a similar but more intense disaster at Lake Nyos claimed more than 1,800
lives. The scale, suddenness, and severity of these tragedies drew global attention to the geochemical
and limnological conditions that govern gas accumulation and abrupt degassing in volcanic lakes.
Sigurdsson et al.1 first described the eruptive mechanism at Lake Monoun and subsequently extended it
to Lake Nyos. Continued monitoring after these disasters revealed persistent CO₂ recharge into both
lakes2–4, supporting spontaneous degassing as the most plausible eruption mechanism, thus requiring
neither external (earthquakes, landslides, wind forcing) nor internal triggers (subaqueous mass
movements, internal waves). These findings also highlighted the likelihood of future recurrences5, 6.

Risk assessment has relied largely on dissolved gas chemistry in the water column, whereas mitigation
has been achieved through continuous artificial degassing7. In parallel, large-scale diagnostic surveys
based on repeated measurements of dissolved CO₂ in volcanic lakes, particularly stratified maar lakes,
have been conducted worldwide, notably at Lakes Albano8–10, Monticchio11,12, and Averno12,13 (Italy),
Pavin (France)14,15, Laacher See (Germany)16,17, Lake Kivu (Democratic Republic of the Congo)13,18, and

Río Cuarto and Laguna Hule (Costa Rica)19. All investigated lakes have CO₂-rich deep waters, but the
potential for limnic eruptions in these systems remains debated, largely because most are located in
temperate regions where recurrent water-column overturn limits long-term gas accumulation at
depth10,20. Nonetheless, modern monitoring alone is insufficient to assess the long-term behavior,
recurrence, and sedimentary expression of conditions associated with limnic eruptions. Sedimentary
archives therefore offer a critical complementary approach for identifying past degassing events and
reconstructing the processes that preceded them.
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More than 40 years after the limnic eruptions at Lakes Nyos and Monoun, the sedimentary records of
these two maar lakes in the Cameroon Volcanic Line (Fig. 1a)21,22 have yet to be examined for evidence
of past limnic eruptions.

Here, we examine the sedimentary archive of Lake Monoun (1080 m a.s.l. in the western Noun Plain)6.
The lake comprises three crater sub-basins, including the larger and deeper eastern basin (~ 100 m
deep) where active degassing presently occurs23–25. Focusing on this basin, we aim to identify
sedimentological, mineralogical, and geochemical proxies of the 1984 limnic eruption, refine the limnic
eruption mechanism based on sedimentary evidence, and assess the occurrence of past limnic
eruptions. More broadly, this study highlights the potential of sedimentary archives to extend hazard
assessments beyond contemporary monitoring and provide a longer-term framework for understanding
limnic eruption dynamics in volcanic lakes worldwide.

Results

Sedimentology
Core LMo23-2 was retrieved from the eastern basin in 2023 at a water depth of 25 m, above the 2015
chemocline (C2, Fig. 1c) and near the depth of the 2003 chemocline (C1, Fig. 1c)24,26. The core was
subdivided into four units on the basis of sedimentological features (Fig. 1d) observed in the split-core
surface and X-ray computed tomography (CT) imagery, together with organic-matter content (OM; 7–
37%) and magnetic susceptibility (MS; 10–1000 × 10⁻⁵ SI).

Unit 1 (110–79 cm depth in core) consists of reddish to yellowish sediments intercalated with dark
greenish to blackish deposits and is characterized by strongly fluctuating MS and OM values. Between
107 and 94 cm, the laminated sediments are disturbed and are interpreted as a mass-transport deposit
(e.g., Schnellmann et al.27). At 89–88 cm, a coarse white layer with sharp boundaries and high MS may
represent a tephra layer, although this remains to be confirmed. Between 85 and 81 cm, a sand-filled
fault fracture, probably induced during coring, is clearly visible in the CT imagery due to its high
radiodensity; it appears to originate from a sand bed forming the base of a turbidite between 81 and 79
cm depth (Fig. 1e). This gray-green turbidite displays normal grading, with sand grains concentrated at
its base, consistent with the observed decrease in radiodensity and increase in MS. The high MS and low
OM values of this unit indicate its dominantly clastic composition.

Unit 2 (79–52 cm) is characterized by yellowish to reddish laminated sediments that become darker and
more greenish upwards. Above 75 cm, this color change is accompanied by decreasing radiodensity,
declining MS values (250–15 × 10⁻⁵ SI) and increasing OM content (18–25%).

Unit 3 (52–27 cm) is composed of brown-red sediments that become lighter upwards. Lamination is
moderately developed towards the top, although it is visible throughout the unit in the CT data. Unit 3 is
characterized by relatively stable MS values (20–45 × 10⁻⁵ SI) and OM content (~ 20%).
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Unit 4 (27–0 cm) is faintly laminated and consists of dark sediments interrupted by yellowish and
reddish layers at 9–6 cm and 4–3 cm. It is characterized by fluctuating MS values (10–200 × 10⁻⁵ SI) and
an overall increase in OM content (20–40%), reaching the highest values in the record. Peaks in OM
content, together with troughs in MS, are associated with dark deposits, whereas the decreased OM
content between 14.5 and 6.5 cm coincides with a gradual increase in MS, culminating in the reddish
layer between 9.5 and 6.5 cm.

Age model
In core LMo23-2, the excess ²¹⁰Pb (²¹⁰Pbxs) activity ranges from 2 to 210 mBq g⁻¹ and decreases
downcore (Fig. 2a), reaching negligible levels at 49.5 cm depth in core. Anomalously high values in the
intervals 15.5–13.5 cm (377–577 mBq g) and 5–4.5 cm (118 mBq g⁻¹) disrupt the expected exponential
²¹⁰Pbxs decay profile (Fig. 2a) and coincide with depths marked by high OM content (> 20%) and
mineralogical changes described in the Bulk mineralogy subsection. These intervals were excluded from
the sediment accumulation rate (SAR) calculation.

²³²Th activity ranges from 2 to 49 mBq g⁻¹ and increases downwards (Fig. 2a), consistent with the
sedimentary changes described above. Accordingly, the 210Pbxs profile was normalized against 232Th to

account for these changes.

The ²³²Th-normalized ²¹⁰Pbxs profile yields an average SAR of ~ 2.45 mm yr⁻¹ for the upper 50 cm of the
core. The ¹³⁷Cs activity peak, corresponding to maximum nuclear fallout in 1963, occurs at a depth of 15
cm (Fig. 2a) and is consistent with this age model.

The Bayesian age model for core LMo23-2, which is constrained by the year of core recovery (2023),
²¹⁰Pb and two ¹⁴C ages (Table 1), indicates that the sequence spans the last ~ 500 years (Fig. 2b). The
lower ¹⁴C sample was obtained from the mass-transport deposit (MTD) and only provides a maximum
age. Nevertheless, we include it because it is consistent with the sedimentation rates inferred from the
upper half of the core.
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Table 1
Radiocarbon ages and calibrated age ranges (95.4% probability).

Lab code Core Depth
(cm)

14C age (yr
BP)

Cal age

(CE)

Midpoint
cal

(CE)

GdA-
7877.1.1

LMo23-
2

50–51 231 ± 20 1640–1673.34 (51.5%)

1743.1–1750.32 (1.4%)

1765.8–1773.9 (2.2%)

1777.98–1798.9
(35.4%)

1656.5 ± 33

GdA-
7879.1.1

LMo23-
2

93.5–94.5 478 ± 43 1326–1350 (2.8%)

1394–1487 (92.6%)

1440.5 ± 94

GdA-
7878.1.1

LMo23-
1

71–72 1.3499 ± 
0.003

1962.62–1962.78
(3.9%)

1975.94–1977.06
(83.8%)

1977.38–1977.68
(7.8%)

1969.5 ± 15

GdA-
7880.1.1

LMo23-
1

101–102 191 ± 20 1660.1–1686.82
(20.8%)

1730.98–1807.26
(56.8%)

1926.1 (17.8%)

1795 ± 250

Bulk mineralogy
Mineralogies derived by X-ray diffraction reveal the presence of carbonates (siderite), clay minerals
(kaolinite/dickite), silicates (quartz, orthoclase, anorthite), and oxides/hydroxides (hematite, gibbsite,
anatase). Principal component analysis (PCA) shows an inverse relationship between siderite and all
other minerals (Supplementary Fig. 1a), suggesting that variations in siderite content largely control the
relative abundance of the other mineral phases. Moreover, siderite abundance varies strongly throughout
the core (Fig. 3), a pattern that is particularly well captured by the siderite/kaolinite ratio (Supplementary
Fig. 2). Nine intervals in core LMo23-2 are characterized by siderite contents exceeding an arbitrary
threshold of 35% and are commonly followed by an abrupt decline; these are hereafter referred to as
siderite episodes SE1 to SE9 (Fig. 3).

Units 1 and 2 together (1500–1769 CE-) contain SE1–SE6, with maximum siderite abundances of 40–
60%. Hematite is preferentially observed during SE1 to SE4, although only in minor amounts. Notably,
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SE2 and SE3 occur immediately above the MTD and the turbidite, respectively. In Unit 3 (1769–1910 CE),
no siderite episodes are observed, and siderite abundances remain relatively low and stable, increasing
gradually from 2% at 52 cm depth in core to 20% at 40 cm, then declining progressively to 10% at the top
of the unit. Unit 4 (1910–2023 CE) is marked by three siderite-rich intervals at 27–17 cm (SE7), 15–6 cm
(SE8), and 5–3 cm (SE9). During SE7 (1910–1945 CE), siderite abundances increase progressively from
10% to 35% between 27 and 20 cm, then decrease back to 10% at 17 cm. SE8 (1965–1990 CE) is
characterized by the highest siderite abundances in the core, ranging from 70% to 100% at 9 cm (~ 1984
CE), before dropping to 40% at 6 cm. SE9 (2001–2009 CE) shows an increase in siderite from 45% to
80% at 4 cm, followed by an upwards decrease to 30%.

Elemental geochemistry
X-ray fluorescence core-scanning data reveal marked geochemical variability, notably in the relative
abundances of Fe, S, Ca, and Ti (Fig. 4). Principal component analysis (PCA) identified two dominant
components that together account for 81.5% of the total variance. Element loadings define two main
groups: Al, Ti, Zr, and Rb in the first, Fe, Br, S, Cl, and Ca in the second (Supplementary Fig. 1b).

Across SE1 to SE6 (Units 1 and 2), higher Fe abundances are associated with lower S and Ti abundances
and Ca/Fe ratios. Fe abundances remain relatively stable during the two oldest episodes (SE1 and SE2)
but increase progressively from SE3 to SE6. In Unit 4, the center of Fe-rich interval SE8 (~ 9.5 cm; ~1984
CE) coincides with a sharp decline in S abundance (purple band, Fig. 4).

Discussion

The significance of siderite
Siderite, an iron carbonate (FeCO₃), occurs in both marine and lacustrine environments and has
previously been used as a paleoenvironmental proxy because its formation depends on specific
environmental conditions28–30. Authigenic siderite precipitation occurs when reduced iron (Fe²⁺) reacts
with dissolved inorganic carbon, mainly in the form of carbonate (CO₃²⁻) or bicarbonate (HCO₃⁻), within
an anoxic ferruginous redox window. This process is favored under neutral to slightly alkaline conditions,
low sulfur availability (which limits the preferential formation of iron sulfides), and low Ca/Fe ratios
(which reduce competition with calcium carbonates)30–32. In CO₂-rich systems, the dissolution of CO₂
increases bicarbonate availability and can enhance alkalinity once acidity is buffered by processes such
as silicate weathering, microbial activity, or mixing with alkaline lake waters33. The reduced iron involved
in siderite formation may derive from microbial Fe(III) reduction during early diagenesis, as well as from
deep fluid inputs in volcanic lake settings16,30,31.

Lake Monoun provides favorable conditions for authigenic siderite formation. The maar lake is
characterized by deep CO₂ degassing, reflecting magmatic gas recharge, as indicated by the ¹³C isotopic
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composition of bicarbonate and CO₂ measured in the deep water column1,31,34. Mineralogical and
geochemical data further suggest that siderite is not controlled by the same processes as the detrital
sediment fraction. Principal component analysis of both mineralogical (Supplementary Fig. 1a) and
geochemical data (Supplementary Fig. 1b) indicates that siderite, interpreted here as an authigenic
phase, is decoupled from the processes controlling the other minerals.

The association of Fe with elements commonly linked to organic matter, such as Br, Cl, and S35, points to
a connection with water-column productivity and internal lake processes (Supplementary Fig. 1b). By
contrast, Al, Ti, Zr, and Rb define a detrital fraction dominated by silicates and oxides (identified by XRD)
and delivered to the lake from the watershed through surface runoff. Among the silicates, the dominance
of kaolinite is consistent with the tropical setting of the watershed, where it forms under moderate
hydrolysis in warm and humid conditions36. In addition to this detrital kaolinite supply, Rietveld
refinement suggests a minor contribution from dickite, a high-temperature kaolinite polytype37. The
presence of this distinctive clay phase is consistent with the volcanic setting and the circulation of hot
fluids.

These observations support an authigenic origin of siderite in Lake Monoun sediments and suggest that
its abundance records internal geochemical changes in the lake, potentially linked to variations of CO₂
input.

Sedimentary evidence of the 1984 limnic eruption
Distinct mineralogical and geochemical changes are observed between 15 and 6 cm depth in core
(1965–1990 CE) in Lake Monoun sediments (Fig. 5), an interval encompassing the 1984 limnic eruption.
According to the age model (Fig. 2), the layer between 9.5 and 10.5 cm is dated to 1983 ± 5 years. The
highest siderite abundance (100%; SE8) occurs between 10 and 9 cm, consistent with the age of the
1984 limnic event. This abrupt shift in mineral assemblage coincides with increased Fe and decreased
OM contents, suggesting that, at least in the siderite-rich layers, iron was not solely associated with
organic matter but may also have been supplied by ascending volcanic fluids16. In addition, the low

Ca/Fe ratio (Fig. 5) would have favored siderite precipitation over calcite31.

Prior to the 1984 limnic eruption, siderite, Fe, S, and Ca abundances increased and remained elevated
since 1965 (15–9.5 cm) (Fig. 5). We interpret this interval as a precursor phase to the limnic eruption. At
the coring depth, the mineralogical and geochemical data indicate reducing conditions and high
dissolved CO₂ contents consistent with strong water-column stratification and a chemocline positioned
shallower than 25 m, that is, above the core site.

The maximum siderite abundance (100%) indicates a period during which the system reached saturation
with respect to Fe²⁺ and dissolved inorganic carbon. The abrupt decrease in S abundance at 9 cm depth
suggests rapid reorganization of the water column accompanied by oxygenation, and thus a disruption
of stratification, which we interpret as the sedimentary imprint of the limnic eruption. Residual CO₂ would
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then have been released to the atmosphere during collapse of the chemocline, triggering abrupt water-
column mixing. The concomitant decreases in siderite, Fe, and Ca abundances, alongside increases in S
and OM abundances between 9 and 6 cm, indicates a gradual return to pre-1965 conditions and thus the
re-establishment of the chemocline > 25 m depth.

Updated model for limnic eruptions

Following the 1984 limnic eruption at Lake Monoun, Sigurdsson et al.1 proposed a limnic eruption
mechanism that was later extended to Lake Nyos. More recently, Ohba et al.24 proposed a model

integrating bathymetric data23 with water chemistry changes from the day after the eruption to 201526.
This model highlights two large depressions at the lake bottom (D1 and D2, with D1 being more active;
Fig. 1b), interpreted as discharge points for ascending warm (24°C), acidic (pH 5.67), CO₂-rich fluids.
CO₂-rich water, emitted mainly through D1, is then redistributed horizontally within the hypolimnion,
contributing to gradual gas accumulation or recharge below the chemocline, estimated at ~ 50 m depth.
According to this model, gas bubbles themselves may contribute to destabilizing the system and
promoting rapid CO₂ releases.

Here, we propose an updated conceptual model for limnic eruptions based on mineralogical and
geochemical data from core LMo23-2, retrieved at 25 m water depth in Lake Monoun. The occurrence of
several siderite-rich episodes suggests repeated periods of CO₂ build-up in the lake, possibly punctuated
by episodes of degassing. The model comprises four stages, as illustrated in Fig. 6.

Stage 1 (Fig. 6a) corresponds to ca. 1952–1961. Magmatic CO₂-rich fluids ascend along the annular
fault of the diatreme and enter the lake bottom through depression D1. At this stage, the chemocline
was likely deeper than 25 m, consistent with the model of Ohba et al.24. As gas accumulated in the
hypolimnion and approached saturation, gas bubbles may have remained longer in the water
column.

Stage 2 (Fig. 6b) corresponds to the period around 1965, when continued CO₂ influx may have
displaced the chemocline to shallower than 25 m depth. At the coring site, this transition is
associated with enhanced siderite deposition, consistent with increased dissolved CO₂ content.

Stage 3 (Fig. 6c) spans the interval between 1965 and 1984. Continued CO₂ influx likely led to
progressive saturation of the system and increasingly reducing conditions in the water column,
favoring increased siderite precipitation in the sediment. We infer that the chemocline rose further
towards the surface, possibly reaching ~ 15 m depth shortly before the limnic eruption. This position
is consistent with the chemocline inferred by Sigurdsson et al.1 from oxygen isotopes and is

shallower than that proposed in the previous model of Ohba et al.24. At this stage, siderite reached
its maximum abundance, recording peak CO₂ sequestration in the sediment.

Stage 4 (Fig. 6d) corresponds to the limnic eruption itself. Gas pressure likely destabilized the
chemocline and the water-column stratification, leading to rapid mixing of the water layers and the
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release of CO₂ towards the atmosphere. This sudden release may have generated surface waves
and laterally dispersed CO₂-rich clouds over the surrounding land. After the eruption, the lake
returned to a more stable state, with the re-establishment of the chemocline at greater depth (~ 60
m according to Ohba et al.24).

Potential recurrence of limnic eruptions
After identifying the sedimentary signatures of the 1984 limnic eruption, we use them here as a
reference framework to interpret potential past degassing episodes in Lake Monoun. The observation of
a chemocline at around 25 m depth in 200324, corresponding to SE9 in our sediment core, further
supports this approach. The identified intervals show a geochemical evolution broadly similar to that
observed before and after the 1984 event, although with variable intensities. Taken together, these
observations suggest repeated episodes of strong stratification and displacement of the chemocline
toward shallower depths due to CO₂ recharge, followed by system destabilization, CO₂ release, and
mixing of the water masses. Six episodes (SE1–SE6) occurred between ~ 1500 and ~ 1750 CE (Units 1
and 2), whereas three others (SE7–SE9) occurred in the last century, between ~ 1900 and 2010 CE (Unit
4) (Figs. 3, 4).

The intensity of CO₂ accumulation below the chemocline when shallower than 25 m appears to vary
among these SEs. This interpretation is consistent with the hypothesis of Sigurdsson et al.1 that, if CO₂
accumulation is gradual, each additional input should increase siderite supersaturation. When
accumulation reaches a high level, siderite records enhanced CO₂ sequestration prior to system
destabilization and gas release. The abrupt decreases in siderite abundance observed at the ends of the
episodes may therefore mark the onset of degassing. SE8, which corresponds to the 1984 event,
represents the most extreme expression of this dynamic, characterized by a sediment wholly composed
of siderite. The other SEs, whose peaks do not reach 100%, suggest intermediate levels of CO₂
accumulation. For example, SE9 shows siderite and Fe peaks consistent with a period of accumulation
followed by a degassing episode. The relatively limited width of this episode suggests weaker or shorter-
lived accumulation than during more strongly expressed episodes. This interpretation is consistent with
the position of the chemocline at ~ 25 m depth in 200324. Such limited accumulation may explain the
non-catastrophic nature of this degassing event. By contrast, broader peaks may reflect longer
accumulation episodes.

However, several processes may have prevented the sustained accumulation of gas in the water column,
in relation to both stratification stability and the intensity of CO₂ recharge, thereby preventing the system
from reaching maximum siderite saturation. One possibility is insufficiently stable stratification, as
suggested by the coexistence of reduced and oxidized Fe-bearing phases38, particularly during SE1–SE4.
Other mechanisms of episodic destabilization may also be considered, including volcanic eruptions
(Fig. 1e), the ejection of tephra containing siderite-rich sediments34, and sedimentary disturbances such
as the MTD and turbidite, respectively associated SE2 and SE3. Overall, these results suggest that Lake
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Monoun has experienced recurrent episodes of CO₂ recharge, shallowing of the chemocline, and water-
column destabilization over the past centuries. However, only the 1984 event clearly records the highest
saturation level, which is consistent with a major limnic eruption. The sedimentary archive thus
highlights both the variable intensity of these episodes and the value of sediments for reconstructing the
history of past degassing. Whether climate change may have favored the exceptional accumulation
recorded in 1984 by strengthening lake stratification remains an open question.

Conclusions
More than 40 years after the recognition of limnic eruptions, direct geological evidence capturing the
conditions before, during, and after these disasters has remained lacking. Here, the sedimentary record
of a short core (LMo23-2), retrieved at shallow depth (25 m) in Lake Monoun, provides a strong basis for
refining the existing limnic eruption model. The main conclusions of this study are as follows.

The presence of siderite and progressive increases in its abundance record reducing bottom-water
conditions and high dissolved CO₂ contents, which were supplied by ascending magmatic fluids.

The 210Pb age model indicates that a pure siderite layer was deposited just prior to the 1984 limnic
eruption, providing the first sedimentary record of such an event.

The sedimentary archive of Lake Monoun reveals several siderite-rich layers, indicating recurrent
degassing episodes over the past 500 years. These episodes vary in expression, reflecting variable
degassing conditions linked to the gradual accumulation of dissolved CO₂ and the position of the
chemocline. The 1984 event stands out as unprecedented over the past 500 years, during which
only smaller episodes of gas buildup and release are inferred.

The occurrence of an event after the 1984 limnic eruption (SE9, around 2003) shows that significant
gas inputs may still occur in the lake. Although artificial degassing is currently employed to remove
CO₂ from the lake, another limnic eruption remains possible if the CO₂ influx exceeds the removal
capacity of the pumping system. Continuous monitoring of gas levels and lake dynamics is
therefore essential to reducing future risks.

More broadly, these results provide a reference framework for future research and monitoring of
Nyos-type lakes worldwide. They also highlight the need to integrate climate-change dynamics into
hazard assessment.

Materials and methods

Sediment coring and non-destructive analyses
In March 2023, two sediment cores were recovered from the main eastern basin of Lake Monoun
(Fig. 1b) using a Uwitec® coring system equipped with a 90 mm diameter tube. Core LMo23-1 (120 cm
long) was retrieved at a water depth of 45 m, whereas core LMo23-2 (110 cm long) was collected at 25
m water depth on a plateau. Both cores were scanned by X-ray CT at Ghent University Hospital (Siemens
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SOMATOM Definition Flash, Siemens AG), with a spatial resolution of ~ 0.2 mm in the x-y plane and 0.3
mm in the z direction. Visualization and analysis were performed using VGStudio 3.2 and ImageJ,
respectively.

The cores were then split lengthwise using a GEOTEK® core cutter, imaged by line scanning, and logged
at 2 mm intervals for MS using a Bartington MS2E point sensor mounted on a GEOTEK® Multi-Sensor
Core Logger at Ghent University (Ghent, Belgium).

Relative elemental geochemical variations were measured using a Scopix X-ray imaging system (58 kV,
10 mA) and an Avaatech X-ray fluorescence core scanner equipped with an Fe-Mo tube at the PACS
platform of the EPOC laboratory, University of Bordeaux (Bordeaux, France). Measurements were
performed on half-core sections at 10, 30, and 50 kV with exposure times of 15, 20, and 25 s,
respectively.

Destructive analyses
Loss-on-ignition and bulk mineralogical analyses were performed on core LMo23-2. Subsamples of 1
cm³ were collected at 1 cm intervals and oven-dried overnight at 105°C to determine water content and
dry bulk density. Organic matter content was estimated by combustion at 550°C for 4 h, followed by
estimation of inorganic carbonate content by heating at 950°C for 2 h39.

Bulk mineralogy was determined by X-ray diffraction at an average sample spacing of 1 cm. Samples
were ground using an agate mortar and pestle, sieved through a 150 µm mesh, and prepared following
the back-loading method40. Unoriented powders were scanned over 2–70° 2θ with a step size of 0.009°
2θ and a counting time of 0.5 s per step using a Bruker® D8 Advance Eco diffractometer (Cu Kα
radiation, λ = 1.5418 Å, 40 kV, 25 mA) coupled to a LynxEye Xe detector. Mineral phases were identified
using Bruker® EVA software, and their relative abundances were estimated by Rietveld refinement using
Bruker® TOPAS software.

Sediment dating
The activities of ²¹⁰Pb, ²²⁶Ra, ²³²Th, and ¹³⁷Cs were determined in the upper 50 cm of cores LMo23-1 and
LMo23-2 by direct gamma spectrometry on ~ 2 g of dry sediment. Measurements were performed using
a low-background, high-efficiency well-type gamma detector at the EPOC laboratory. Excess ²¹⁰Pb
(²¹⁰Pb�ₛ) activity was calculated by subtracting ²²⁶Ra activity from total ²¹⁰Pb activity. Because excess
both ²¹⁰Pb�ₛ and ²²⁶Ra were observed in some layers, ²¹⁰Pb�ₛ was normalized to ²³²Th to obtain 210Pbxs

activities only influenced by decay/time and not changes in sediment composition. Also, because there
are changes in sediment, the layers with high values are not taken into account in the calculation. The
normalized values (²¹⁰Pb�ₛ–²³²Th) were used to calculate SAR using the constant flux/constant
sedimentation model. SAR was then used to calculated ages. 137Cs was used to check the validity of the
²¹⁰Pb-dervied age model.
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To determine the ages of deeper sediments, four leaf fragments were sampled at 50–51 cm and 93.5–
94.5 cm depth in LMo23-2 and at 71–72 cm and 101–102 cm in LMo23-1 (Table 1) for radiocarbon (¹⁴C)
analysis by accelerator mass spectrometry. Analyses were performed at the GADAM Centre, Silesian
University of Technology (Gliwice, Poland). The ¹⁴C ages were calibrated using the IntCal20 calibration
curve for the Northern Hemisphere41. The ²¹⁰Pb and ¹⁴C ages from LMo23-2 were then integrated into a
Bayesian age-depth model using the Bacon 2.5.3 package42 in R43. Two layers, at 82–79 cm and 102–93
cm, were identified as mass deposits and excluded from the age-depth model.
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Figure 1

Location, bathymetry, and sedimentological features of Lake Monoun.

a Location of Lake Monoun in Cameroon. Black areas show the Cameroon Volcanic Line, extending from
the Atlantic Ocean to northern Cameroon, and red dots mark Lakes Nyos and Monoun. b Bathymetric
map of Lake Monoun, modified after Ohba et al.24. WB, western basin; CB, central basin (46 m depth); EB,
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eastern basin (56 m depth); L1, transect shown in c; L6, transect shown in Fig. 6; D, perimeter of the
diatreme; D1 and D2, depressions. White and red stars mark the locations of cores LMo23-2 and LMo23-
1, respectively; LMo23-1 is not discussed further in the text. c Cross-section along line L1. DP, artificial
degassing pipe (97 m long); C1, shallow chemocline observed in 2003; C2 and C3, chemoclines
observed in 201524,26. d Sedimentological description of core LMo23-2, showing, from left to right,
sedimentary units, CT images, core photographs, and downcore variations in magnetic susceptibility
(MS) and organic matter (OM). e Close-up views of distinctive sedimentological features, including a
mass-transport deposit (MTD, CT sections in the y-z and x-z planes), a possible tephra layer (t), and a
turbidite (T).
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Figure 2

Age-depth model for core LMo23-2.

a Age model derived from radionuclide measurements in the upper part of core LMo23-2. Left panel:
open stars, measured 210Pbxs data reported vs. core depth; green circles, 210Pbxs data normalised by
232Th (i.e. 210Pbxs - 232Th) and used to calculate the sediment accumulation rate (SAR); open circles,
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points excluded for the SAR calculation due to their abnormally high 210Pbxs values or low resolution.

Middle panel: measured 232Th data reported vs. core depth. Right panel: measured 137Cs data reported
vs. core depth. b Bayesian age-depth model based on the 210Pbxs-derived SAR and 14C ages. The upper
panels illustrate the iterations of the Markov Monte Carlo chain (left) and the Bayesian parameter
distributions with the priors in green and the posteriors in gray (middle, right). In the bottom panel, the
red line shows mean age estimates, with the 95% confidence intervals reported as the gray error
envelope. Green distributions represent 210Pb ages. The distributions of 14C ages at 50.5 and 94 cm
depth in core are shown in blue. The two gray bands (82–79 and 102–93 cm depth in core) represent the
mass deposits that were removed from the model.

Figure 3

Mineralogical evolution in core LMo23-2.

Page 19/23



The nine siderite-rich intervals (SE1 to SE9) are marked on the right-hand side. Notably, dominantly to
exclusively siderite sediments occurs in SE8 around the time of the 1984 limnic eruption.

Figure 4

Geochemical variations in core LMo23-2.

Element intensities were centered log-ratio (clr) transformed and min-max normalized. Black curves
show five-point moving averages. The nine siderite-rich intervals (SE1–SE9) are indicated by gray
horizontal bands. The purple horizontal band marks the end of SE8.
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Figure 5

Mineralogical, geochemical and sedimentological variations in core LMo23-2 associated with the 1984
limnic eruption.

The yellow to dark red band highlights distinct changes in the sediments occurring before and after the
limnic eruption (indicated by the dark line).
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Figure 6

Schematic model of Lake Monoun before and during the 1984 limnic eruption.

The small gray square on the left marks the position of core LMo23-2, collected at a water depth of 25
m. a Stage 1: CO₂-rich fluid ascending along the annular fault of the diatreme enters the lake bottom
through depression D1, accompanied by gas bubbles. Deep waters contain high dissolved CO₂
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concentrations, and the chemocline is at ~50 m depth24,26. b Stage 2: continued CO₂ influx displaces the
chemocline to shallower than 25 m depth. c Stage 3: shortly before the limnic eruption, continued CO₂
influx further displaces the chemocline to ≤15 m depth (C). C′ indicates the chemocline proposed in the
previous model of Ohba et al.24. d Stage 4: limnic eruption. Rupture of the chemocline leads to mixing of
the water layers. CO₂-rich water rises towards the surface, generating a wave, while CO₂ clouds spread
laterally by gravity across the surrounding land.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementarymaterialsforE.L.ENature.pdf

Page 23/23

https://assets-eu.researchsquare.com/files/rs-9481796/v1/5d1acab1b81ccab8a3eaef62.pdf

