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1. Introduction

The Dziani Dzaha is a small tropical lake of vol-
canic origin (maar) hosted in a crater formed by a
phreatomagmatic eruption that likely occurred be-
tween 7000–4000 years BP [Zinke et al., 2003] on Pe-
tite Terre, an island of Mayotte archipelago (North-
ern Mozambique Channel, Western Indian Ocean).
The lake surface extends at ≈0 m above sea level.
Since this latter remained almost constant in the last
7000 years BP, some authors suggest that seawater
was by far the main contributor to the initial fill-
ing of lake Dziani Dzaha [Smith et al., 2011]. Subse-
quent isolation from the ocean made it an endorheic
hydrosystem, which evolved with time into a warm,
hypersaline and alkaline environment. However, be-
cause of its seawater origin, the chemical composi-
tion of this lake differs from classic continental alka-
line lakes and has been categorized as thalassohaline
[Leboulanger et al., 2017].

The Dziani Dzaha ecosystem hosts an atypi-
cal biological assemblage, almost exclusively com-
posed of microorganisms, with biomass dominated
by two phytoplanktonic species (the picoeukary-
ote, Picocystis salinarum, and the large filamentous
cyanobacterium, Arthrospira fusiformis; [Bernard
et al., 2019, Cellamare et al., 2018]. A diverse het-
erotrophic prokaryotic community of Archaea and
Bacteria complement the microbial community, ac-
companied with scarce eukaryotic protists [Aucher
et al., 2020, Hugoni et al., 2018]; no aquatic meta-
zoans have been detected to date [Hugoni et al.,
2018]. By contrast with other tropical saline-alkaline
ecosystems where Arthrospira profusely develops
seasonally (for example in Rift Valley lakes, Krienitz
and Schagerl, 2016), no grazing control of plank-
tonic biomass by macroorganisms or drastic sea-
sonal successions in plankton community’s com-
position was identified. Actively growing stroma-
tolites are found on the shores, with Cyanobacte-
ria (mostly Pleurocapsales and Leptolyngbia) and
non-sulfur purple bacteria (mostly Rhodobacter-
aceae) identified in the biofilms [Gérard et al., 2018].
These modern microbially-mediated sedimentary
structures are living counterparts of the oldest
fossil records of life (Late-Archean, Proterozoic
oceans). They are scarce in modern marine envi-
ronments and are mainly encountered in locations
where metazoans are excluded as a consequence

of extreme environmental conditions [Rishworth
et al., 2017].

The water column of lake Dziani Dzaha shows
a vertical physico-chemical structure that affects
both the structure and the activities of the differ-
ent microorganism populations [Bernard et al., 2019,
Hugoni et al., 2018, Leboulanger et al., 2017], which
in turn may directly or indirectly drive the non-
conservative chemical composition of the water col-
umn. Among the most remarkable biogeochemical
characteristics of the vertical stratification of this
lake, is the presence of a thin oxic water surface
layer (most of the time less than 1 m thick), originat-
ing from the very productive phytoplanktonic com-
munity and overlying a permanently anoxic water
column [Leboulanger et al., 2017]. This oxic/anoxic
stratification, together with the microorganism com-
position of the ecosystem and the presence of stro-
matolites, is another feature that the “modern” lake
Dziani Dzaha shares with some Precambrian envi-
ronments after the emergence of oxygenic photosyn-
thesis [Hamilton et al., 2016].

Thus, from a biogeochemical point of view, lake
Dziani Dzaha constitutes a fascinating, and maybe
unique system, which raises several questions:

• How did the chemical composition of this
lake evolve since its initial filling by seawater
(<7000 BP)?

• Which elements are conservative or non-
conservative? And what are the abiotic and
biotic processes involved in the dynamics of
the latter?

• Which scenario can be foreseen for the
biogeochemical evolution of Dziani Dzaha
water?

We here address these questions using the hydro-
logical and geochemical analyses performed during
several field surveys from 2012 to 2017. To our knowl-
edge, the present work is the first so far reporting the
detailed chemical composition and biogeochemical
functioning of lake Dziani Dzaha.

2. Site description: the lake and its watershed

The lake is located on the Petite Terre Island of the
Mayotte archipelago. Its geographical coordinates
are: 12° 46.237′ S and 45° 17.315′ E. The lake is ellip-
tical in shape with a major E–W axis of 640 m and
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Figure 1. Bathymetric map of the lake. Black
dots localize the sampling stations: CLB ca. 4 m
depth and DS (deep site) ca. 17 m depth.

a shorter N–S axis of 470 m, and a surface area of
0.236 km2. A bathymetric survey was performed in
April 2012 using an echo sounder coupled to a GPS
(Figure 1).

On the lake central area (CLB sampling station),
the water depth varies seasonally, from 3.5 m at the
end of the dry season (April to November) to ap-
proximately 4 to 4.5 m at the end of the rainy sea-
son (December to March). Within a very narrow zone
(<100 m2 i.e. about 0.04% of the lake surface) close
to the eastern shore, the water depth reaches 18 m
during the rainy season (DS sampling station). It is
surrounded by the walls of the crater: ca. 70 m above
sea level along the E–W axis and ca. 50 m along the
N–S axis. The surface area enclosed in the crater
top line accounts for the whole geographic water-
shed catchment area. It is of approximately 0.5 km2.
Since the crater slopes are very steep, the watershed
surface does not have a great extension compared
to that of the lake. However, the cross section pub-
lished by Sanjuan et al. [2008] shows that the hy-
drological catchment area has probably a larger sur-
face although it is not possible to evaluate its exten-
sion. The petrography of the lake catchment con-
sists of levels of pumice and volcanic ashes in which
many decimetric to centimetric fragments of clink-
stone are found (Figure in Supplementary 1). Ashes
and pumices are of phonolitic composition [Pelleter
et al., 2014] with anorthoclase Na0.7K0.3AlSi3O8 as the
dominant feldspar [Milesi et al., 2019]. It is likely that
the volcanic eruption also sputtered the underlying
carbonate reef, since ashes and pumices contain nu-
merous fragments of reef reaching up to one meter in
size [Milesi et al., 2019].

The high porosity of pumices and ashes favors the
infiltration of rain and the supply of dissolved ele-
ments into the lake, as well as the probable contri-
bution of particulate detrital matter. This contribu-
tion of solid inputs is probably also ensured by the
dry fallout for which we have no data.

Several unusual features reinforce the unique-
ness of this lake. The most visible one is its deep
green color all year round which is due to the ex-
tremely high biomass (POC 30–70 mg·L−1) of micro-
bial phytoplankton, especially Arthrospira fusiformis
that represents up to 95% of the biomass [Bernard
et al., 2019, Cellamare et al., 2018, Leboulanger et al.,
2017].

The second most visible is the presence, mainly
along the South and West shores, of stromatolites,
some of them being columnar and emerging from
the lake surface during the dry season and usually
submerged during the rainy season [Gérard et al.,
2018].

The third one is the presence in several points of
magmatic CO2 outgassing revealed by bubbles that
come bursting onto the surface, some of them being
channelized by the columnar stromatolites [Milesi
et al., 2019]. Other magmatic CO2 degassing points
have also been reported on two beaches of Petite
Terre [Sanjuan et al., 2008, Traineau et al., 2006].

The structure of the water column is controlled
by the meteorological parameters, mainly the rain-
fall: at the end of the rainy season (April to May), ow-
ing to the accumulation of soft water, a strong salin-
ity gradient (halocline) develops at around 2 m. Dur-
ing the dry season (June to November) the halocline
vanishes and salinity is close to 65 psu whatever the
depth. An extensive description of the water column
structure is given in Section 5.3.

3. Materials and methods

Although a few samples were collected in 2009, 2010
and 2011 [Leboulanger et al., 2017], most of the field-
work was performed once to twice a year from April
2012 to November 2017 (except in 2013, no field
work). Complete description of sampling and analyt-
ical procedures are in Supplementary 2.

4. Results

Data are presented as vertical concentration pro-
files obtained at the DS station (17 to 18 m depth

C. R. Géoscience, 2020, 352, n 8, 559-577
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Figure 2. Evolution of air and water column temperatures from April 2012 to November 2017.

depending on the season). Lateral variations of the
measured parameters were considered negligible,
since the water samples collected at the CLB station
(3 to 4 m depth) did not show any significant differ-
ence with those collected at the DS station, the same
day at the same depth. Results are reported for all
the field surveys from April 2012 to November 2017
in Figures 5 to 10.

4.1. In situ measurements

Water temperature varied in a clear seasonal pattern
(Figure 2): mean summer temperatures (January to
March) were around 32 °C at 0.5 m depth, dropping
down to 27–28 °C in winter (end of August).

In four occurrences (out of six sequences), the on-
set of winter resulted in a thermal inversion, with the
temperature at 3 and 4 m depth exceeding the tem-
perature of the upper waters. Over the ca. 67 months
of recording, the surface temperature of the lake was
always above or at least equal to air temperature. Pro-
files of temperature, pH, salinity, dissolved oxygen
(DO) and Eh are shown in Figures 3 and 4. Seasonal
alternation resulted in a marked dilution of the salin-
ity in the upper water layer of the lake during the
rainy summer periods (from up to 63 psu in Novem-
ber 2017, down to 20 psu in April 2012 since the wa-
ter sampling was done just after a two days heavy
rain fall of 91 mm). The dilution by rainwater in-
duced a sharp halocline between 1.6 and 2 m depth,

as measured in April and August campaigns. This
halocline totally vanished after water column mixing,
as observed during October–November campaigns
(Table 3). This dilution also resulted in a marked in-
crease in pH within the first 2 m below the surface,
from almost 9.0 during the dry/non-stratified season
to above 9.4 during the rainy/stratified season.

DO concentration and redox potential (Eh) pro-
files are not unequivocally affected by the seasonal
variation, but exhibit a consistent pattern of decrease
from surface to ca. 2–3 m depth in all vertical pro-
files (Figure 4). Except for November 2014 and 2015,
surface DO reached concentrations that largely ex-
ceeded dioxygen solubility during the day, as a result
of intense photosynthetic activity of cyanobacteria
in the photic layer. Despite high DO concentrations,
Eh values are nevertheless notably low (always neg-
ative except in the 0.5 m upper layer in April 2015),
suggesting a highly reducing environment through-
out the whole water column.

4.2. Major elements

Figures 5 to 8 display concentration profiles of the
main major dissolved species in the water column.

Figure 5 displays the concentration profiles of ma-
jor cations (Na, K, Ca, Mg). At the end of the rainy
season they show a sharp concentration gradient lo-
cated at the halocline ca. 1.7 to 2.0 m below the sur-
face. Except for calcium for which concentrations are

C. R. Géoscience, 2020, 352, n 8, 559-577
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Figure 3. Profiles of in situ measurements: temperature, pH and salinity. Dots and triangles correspond
to periods when the water column was stratified (rainy season) or non-stratified (dry season without
halocline), respectively.

higher in the surface layer than below the halocline,
the others have the same pattern with lower concen-
trations in the surface layer. For all profiles, except
Ca, a slightly marked chemocline is observed at the
depth of 13 m.

Profiles of Cl, total dissolved sulfide (ΣS(-II) i.e.
[H2S] + [HS−]) and alkalinity (Alk) are displayed in
Figure 6.

The three profiles show a marked gradient at
the depth of the halocline already observed for the
major cations. The sharpest gradient concerns the
ΣS(-II) profile since the concentrations drop to less
than a few hundred µmol·L−1 in the upper layer
of the water column when it can reach more than
6 mmol·L−1 0.25 m below the halocline. When halo-
cline is lacking the ΣS(-II) concentrations are very
low, similar to these observed in the 0–2 m depth at
the end of the rainy season.

The depth profiles of sulfate and ΣS(-II), from
April 2015 are depicted in Figure 7. Whatever the sea-
son, the sulfate concentration above the halocline
was 2.4±0.4 mmol·L−1. Below it, the sulfate concen-
tration is lower than the limit of quantification when
it is analyzed in water samples whereΣS(-II) has been
previously eliminated (Figure 7). Therefore, ΣS(-II)

and SO2−
4 profiles reveal a “mirror” behavior of these

two species.
The mean DOC concentration in the surface wa-

ters is 5300 µmol·L−1 when the halocline exists.
When the water column is not stratified the mean
concentration is 6800 µmol·L−1 within the same
depth range (Figure 7).

4.3. Sediments and stromatolites

The EDAX spectrum of a stromatolite is shown on
Figure 8(a). Only calcium carbonates were detected.
XRDP analysis revealed the occurrence of both cal-
cite and aragonite.

The very superficial sediment (0–1 cm) collected
close to CLB station in 2010 and analyzed by XRDP,
consisted in a mixture of aragonite and hydromag-
nesite (Figure 8(b)) while the sediment collected at
the same place, 10 cm below the sediment-water in-
terface (SWI), showed an EDAX spectrum that re-
vealed the presence of inherited silicate minerals
(Figure 8(c)). The detection of NaCl (Figures 8(b)
and (c)) is an artifact due to incomplete rinsing of
pore waters, leading to the crystallization of halite
during freeze-drying.

C. R. Géoscience, 2020, 352, n 8, 559-577
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Figure 4. Profiles of in situ measurements: dissolved oxygen (DO) and redox potentiel. Same symbol as
Figure 3.

4.4. Gases

4.4.1. Fluxes of CO2 and C H4 at the water–air inter-
face

Fluxes of CO2 and CH4 measured on the field by
the FC method are displayed in Table 1.

These results show that the CO2 and CH4 fluxes
vary seasonally and are clearly anticorrelated (r 2 =
0.94).

4.4.2. C H4 profiles in the water column

Concentration profiles of CH4 measured at the
DS station in April 2015 and August 2016 (stratified
seasons), and November 2015 (non-stratified season)
are displayed in Figure 9.

In November 2015, in the absence of halocline,
the concentrations were very low (within the range of
100 µmol·L−1) along the whole water column, while
in April 2015 and August 2016, when the water col-
umn is stratified, there was a very strong concentra-
tion gradient superimposed on the halocline.

5. Discussion

5.1. Meteorological context and water balance

The temporal evolution of water and air temper-
atures between April 2012 and November 2017
highlight the marked contrast between a hot and
rainy season from ca. December to March and a

C. R. Géoscience, 2020, 352, n 8, 559-577
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Figure 5. Depth concentration profiles of sodium, potassium, calcium and magnesium. Dots correspond
to periods when the water column was stratified (rainy season) while triangles correspond to the period
without halocline (dry season).

warm and dry season from ca. April to November
(Figure 2).

It is remarkable that the temperature of the air is
most of the time lower than that of the water column,
which is quite unusual. This particularity is attribut-
able to the permanent dark green color of the wa-
ter, which promotes heat absorption by reducing the
albedo. It is also noticeable that the transition from
hot to warm season is accompanied by a more rapid
cooling of surface waters, which creates an inverse
thermal stratification except in 2013 (Figure 2). How-
ever, the thermal gradient is always weak (∼0.8 °C/m)
and do not seem to impact the hydrostatic equilib-
rium of the water column which is ensured by the
salinity gradient (Figure 3).

Irradiance exhibits a low amplitude seasonal vari-
ation with a maximum during the hot and rainy
season (Supplementary 3). The irradiance average
between 05 April 2012 and 31 December 2017 was
231± 55 W·m−2. This shows that the amount of en-
ergy, which mainly controls lake water evaporation,
is nearly constant through time.

Although we cannot totally exclude the occur-
rence of direct runoff during exceptional rainstorms
such as those of January 2008 (500 mm rainfall within

Table 1. Water-atmosphere fluxes of CO2 and
CH4 in mmol·m−2·d−1

Date CO2 CH4

April 2012 120 92

April 2014 42 136

April 2015 97 103

August 2016 60 107

October–November 2014 220 39

November 2015 211 38

4 days), we consider them as negligible over the
course of our six years survey and we assume in the
following discussion that the equilibrium of the wa-
ter system is a balance between direct rainfall, rainfall
infiltration lake water infiltration and evaporation.

Data from Julvez [1987] give the average rainfall
over a period of 12 years (1984–1996), which is es-
timated to 1340 mm·yr−1. Another estimation given
by Korzun [1978] for Indian Ocean between 10° and
20° S is 1410 mm·yr−1. Data from the Pamandzi air-
port meteorological station (Météo France), collected
between January 2012 and December 2017 yield an

C. R. Géoscience, 2020, 352, n 8, 559-577
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Figure 6. Depth concentration profiles of chloride, dissolved sulfide and alkalinity. Dots and triangles
correspond to periods when the water column was stratified (rainy season) or non-stratified (dry season
without halocline), respectively.

average of 1247 mm·yr−1, 8% lower than the Julvez’s
estimation. However, the rainfall (Supplementary 3)
remains subjected to large variations from one year
to another as shown in Table 2.

Evaporation is much more difficult to evaluate, ex-
cept for pure water for which empirical relations can
be used (www.thermexcel.com; 2012). For seawater
evaporation, published data are scarce. An estima-
tion of 2060 mm·yr−1 for the Indian Ocean between
10° and 20° S is given by Korzun [1978]. Applied to
Dziani Dzaha, this estimation would lead to the lake
drying out within a few decades, which is obviously
excluded.

Another estimation of water evaporation can be
calculated using the relation given by Yu et al. [2008]
which takes into account the flux of latent heat (QLH),
the water density (ρw ) and the latent heat of evapora-
tion (Le ) (Supplementary 4). Owing to the uncertain-
ties on QLH the evaporation is estimated to be 1370 to
1500 mm·yr−1 which is very close to the estimations

of average rainfall. These features make this lake
an endorheic and almost stationary hydrosystem.
Nevertheless, the evaporation rate could exceed pre-
cipitation and lead to the present-day salinity of the
lake, which is concentrated nearly twice with respect
to seawater (see discussion in Section 5.3).

Data series obtained from the limnigraph (Sup-
plementary 5) installed on site do not disagree with
the hypothesis of a quasi-stationary steady state. It
recorded alternate periods of water level fluctuations
due to the ratio between evaporation and precipita-
tion and show also that there is a lag time between
the rain input and the infiltration that slowly feeds
the lake through phreatic waters. The observed lin-
ear variations of the lake level with time allow to
infer that there is no correlation with the oceanic
tide period which, every six hours, induces a mean
tidal range close to 3 m in the nearby Mozambique
Channel, reinforcing the hypothesis that lake Dziani
Dzaha is isolated from the ocean.

C. R. Géoscience, 2020, 352, n 8, 559-577
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Figure 7. Typical SO2−
4 and ΣS(-II) profiles obtained in April 2015. DOC profiles. Dots and triangles

correspond to periods when the water column was stratified (rainy season) or non-stratified (dry season
without halocline), respectively.

Table 2. Average rainfall recorded between January 2012 and December 2017 at Pamandzi airport station
(Petite Terre)

Year 2012 2013 2014 2015 2016 2017

Rainfall (mm) 1310 951 1201 1326 1439 1255

5.2. Water column stratification

According to the season, the water column was either
stratified with an upper layer having a lower salinity
than the deep layer, or non-stratified when the salin-
ity was homogeneous with depth. The upper layer ex-
hibited a maximum thickness at the end of the rainy
season, but the stratification remained until the be-
ginning of the dry season as observed in August 2016
when the lake level was still very high as a conse-
quence of heavy rainfalls (Table 2).

The upper water layer at the end of each rainy
season resulted from mixing between low-density
rainwater and the much denser deep water, induc-
ing a salinity gradient between 1.75 and 2 m depth
(Figure 5).

The CTD, DO, pH and redox profiles (Figures 3
and 4) clearly show that the structure of the water col-
umn was dependent on the season. At the end of the
rainy season the water column was stratified for all
these parameters, which leads to very marked gradi-
ents except for the temperature. These gradients were
superimposed on the halocline, which precise posi-
tion depended on the amount of rainfall during the
months preceding fieldwork (Table 3). The DO and
Eh gradients were located at a smaller depth than the
others suggesting that redox processes occurring in
the upper layer of the lake generate a strong reducing
medium in account of the highly negative Eh values.

At the end of the dry season there were practi-
cally no gradients except for DO, Eh and temperature
in the vicinity of the surface. It is noteworthy that

C. R. Géoscience, 2020, 352, n 8, 559-577
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a

Figure 8. (a) EDAX spectrum of a stromato-
lite; (b) XRDP diagram of superficial sediment
where only aragonite and hydromagnesite were
detected; (c) EDAX spectrum of subsurface sed-
iment (ca. 10 cm depth) showing the contribu-
tion of inherited silicate minerals.

the water column was permanently anoxic at depth
(Figure 4), whatever the season. The oxygenated
surface layer extended up to 1.25–1.50 m depth in
April 2012 and November 2017, when O2 maximum

Table 3. Cumulated rainfall recorded 2 months
before the field campaign

Period Rain (mm) Halocline depth (m)

April 2012 670 1.6

April 2014 653 2.0

October 2014 12 None

April 2015 329 2.0

November 2015 10 None

August 2016 16 1.75

November 2017 51 None

In 2016, the rainiest year, rainfalls happened
from January to April but the halocline was still
present in August.

concentrations were observed, while this layer was
much smaller (a few tens of centimeters) and O2 con-
centration lower during the non-stratified period ex-
cepted in November 2017 (Figure 4). These results
can be explained owing to the presence or the lack
of halocline. When halocline is present, the sharp
salinity/density gradient leads to a drastic reduc-
tion of the dispersion coefficients for all dissolved
species, therefore O2 exchanges happen mainly be-
tween the lake surface (oversaturated) and the atmo-
sphere. Then, diffusion towards the lake bottom is
very low and O2 is promptly consumed by reducing
chemical species, which presence was attested by the
very negative values of the Eh. The bulk result be-
ing the anoxia of the water column below the halo-
cline. When halocline vanished, there was no remain-
ing diffusion barrier and O2 could be reduced within
the first top centimeters of the water column.

5.3. Origin of the lake water and its evolution
towards the present day composition

The hierarchical clustering diagram which com-
pares 50 saline lake waters published by Leboulanger
et al. [2017] shows that the Dziani Dzaha composi-
tion can be convincingly ascribed as having evolved
from seawater (thalassosaline lake). We thus as-
sume that the lake quickly filled with seawater af-
ter the phreatomagmatic eruption, between 7000
and 4000 yr BP [Zinke et al., 2003], and that its
present-day composition results from yearly cycles

C. R. Géoscience, 2020, 352, n 8, 559-577
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Figure 9. CH4 profiles obtained at the DS station showing the contrast between (a) stratified (April 2015,
August 2016) and (b) non-stratified (November 2015) periods.

Table 4. Averaged Lake/Seawater molar ratios of major dissolved chemical species and alkalinity for the
water layer between 2 and 13 m

Nalake/NaSW Klake/KSW Silake/SiSW Alklake/AlkSW

2.3±0.2 4.0±0.7 114±7 115±8

Cllake/ClSW Calake/CaSW Mglake/MgSW SO4 lake/SO4 SW

1.64±0.05 0.008±0.003 0.08±0.01 0.08±0.02

of rainfall/evaporation/infiltration and from the
biological activity that has been at work up to now.

Because evaporation modifies the molar ratio
of any dissolved element Xlake relative to seawater
XSW, the ratios Xlake/XSW should reflect concentra-
tion/dilution processes as well as geochemical pro-
cesses that may have changed the lake water compo-
sition since its seawater origin. Table 4 displays these
ratios for major dissolved species but, in order to ap-
prehend a long-term evolution of the composition of
the lake water and eliminate seasonal variations, we
consider only the part of the water column located
between the halocline and the deep chemocline i.e. 2
to 13 m.

These data allow us to classify dissolved chemical
elements into four categories according to their ratio
Xlake/XSW.

• Conservative elements, such as Cl− with a ra-
tio of 1.64± 0.5, which is known not to par-
ticipate in biogeochemical processes. Salin-
ity may also be included in this category, its
Lake/SW ratio being of 1.8 ± 0.1, i.e., very
close to that of Cl−.

• Non-strictly conservative elements: Na+, K+

with slightly higher Lake/SW ratios than Cl−.
• Reactive elements: Ca2+, Mg2+ and SO2−

4
with very low Lake/SW ratios.

• Alkalinity and dissolved silica with very high
Lake/SW ratios.

5.4. Strictly conservative elements

The lack of reactivity of Cl− together with the iso-
lation of the ecosystem with respect to the ocean
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resulted in the invariability of the initial stock of this
element. Salinity was included in the same category
since it is a good tracer of physical processes like wa-
ter mixing, dilution or concentration. In the interme-
diate part of the water column between the halocline
and the deep chemocline, the Cl− concentration and
the salinity remain nearly constant whatever the year
of sampling (Figures 3 and 6). Therefore, the present
ClLake/ClSW = 1.64 ± 0.05 observed today indicates
a deficit of meteoric inputs compared to evapora-
tion over the lake history. This deficit is compatible
with the present hydrological balance given the un-
certainties that affect it. Assuming that both the en-
dorheic character and the present-day climatic con-
ditions can be extrapolated for the whole lake history,
we can predict that in the long-term future the lake
would eventually dry up, following the concentra-
tion processes observed for salt marshes (NaCl sat-
uration) or for Bolivian “salars” sufficiently concen-
trated to precipitate sylvite and/or natron. To reach
this situation the concentration factor of the seawa-
ter must approach 90 [Copin-Montégut, 1996]. The
timescale needed to reach such a concentration fac-
tor can be calculated assuming isothermal evapora-
tion, which is a diffusion process obeying Fick’s first
law. It originates from the difference in chemical po-
tential between the activity of water in the liquid and
the gaseous phase (Supplementary 6).

Two “limit models” can therefore be considered:

• an evaporation rate that decreases linearly as
a function of time;

• a non-linear evaporation rate.

Using Cl− as the reference species we can write:

R(t ) = Cllake/ClSW at any time t , with R0 = 1

when the lake formed 4000 years ago.

In the case of a linear model, we can write:

R(t ) = R0 +kt , with R0 = 1 so R(t ) = 1+kt .

With t = 4000 years and R(t ) = 1.64±0.05, k = (1.6±
0.1)×10−4 yr−1.

In the case of a non-linear model, the evolution
speed of R(t ) decreases as R(t ) increases. This is sug-
gested by the ∆G of evaporation process, which in-
creases as evaporation progresses leading to a wa-
ter which is more and more concentrated. In other
words, the evaporation of water requires more and
more energy. Since the energy input (irradiance close

Figure 10. (a) evaporation models. (b) focus
showing the divergence between the models
after 40 kyr.

to 231 ± 55 W·m−2 whatever the season) is not ex-
pected to vary much, the rate of evaporation should
decrease.

Then we can write:
dR(t )

dt
=−k ·R(t )

the integration of which leads to:

R(t ) = (R0 −R∞) ·exp(−k · t )+R∞

with limits conditions R0 = 1(t = 0) and R∞ = 90
(t → ∞) which corresponds to drying out and na-
tron/sylvite precipitation. The above equation yields
k = (1.8±0.3)×10−6 yr−1.

Time evolution of R(t ) for both models is shown
in Figure 10. Divergence between the two models be-
comes large when R(t ) > 8 (t > 40 kyr). It is presently
impossible due to the lack of additional information,
to know which model is the most pertinent. However,
the work by Zinke et al. [2003] shows that paleogeo-
graphic and paleoclimatic conditions have not dras-
tically changed over the last 7000 years period. We
can thus assume that these conditions will remain in
the future close to the present ones.
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5.5. Non-strictly conservative elements: Na and K

The non-strictly conservative behavior of these
two elements is evidenced by the NaLake/NaSW and
KLake/KSW ratios significantly higher than those cal-
culated for Cl and salinity. The value of these ra-
tios, respectively of 2.3 ± 0.2 and 4.0 ± 0.7, show
that Na+ and K+ are sourced to the lake by weath-
ered minerals from the lake catchment: specifically,
clinkstone/phonolitic glasses and pumices, rich in
anorthoclase (Na0.7K0.3AlSi3O8) [Milesi et al., 2019].

A larger dispersion of the Na and K profiles de-
pending on the sampled year compared to Cl (Fig-
ures 5 and 6) for which the lake is considered to be
a closed system indicates changes in the inputs of Na
and K into the lake, linked to changes of groundwater
circulation, which in turn depends on seasonal rain-
fall. The sink for these two elements is the neoforma-
tion of smectites [Milesi et al., 2019] revealed by the
XRDP analysis of the first meter of sediment. These
are essentially saponites, which can constitute a sink
for Na and K, as well as for Mg sourced from the dis-
solution of the hydromagnesite, abundance of which
decreases with depth [Milesi et al., 2019].

5.6. The fate of reactive elements

Elements depleted with respect to seawater: Ca and
Mg

It can be reasonably assumed that during ini-
tial lake filling calcium and magnesium concentra-
tions were close to those of the current seawater,
i.e. 10 mm·L−1 and 53 mm·L−1 respectively. Since
then, these two elements have been continually sup-
plied to the lake by watershed rocks weathering via
their transfer by phreatic waters. Yet, their actual con-
centration is very low with respect to seawater (i.e.
78 µmol·L−1 and 4.4 mmol·L−1, respectively). The
question is what are the geochemical processes that
have been at work to ensure that present ratios are so
low compared to the initial seawater?

Ca
Given the petrographic environment of the lake

catchment, Ca may originate from the dissolution of
volcanic glasses rich in plagioclases and other ac-
cessory minerals such as amphiboles and pyroxenes.
Dissolution of carbonate blocks of coral reef embed-
ded in volcanic ashes is also likely.

Figure 5 shows dissolved calcium profiles ob-
tained for each field survey. Between 3 and 13 m
depth, the CaLake/CaSW ratio is of 8 × 10−3 and the
mean concentration of 78± 36 µM. When the halo-
cline is present, there is a systematic increase and
a higher dispersion of the Ca concentration in the
vicinity of the surface (0 to 1 m layer), which is not ob-
served for Na, K and Mg. It is likely that this increase
is due to the weathering of the microbialites that
emerge during the dry season and which are grad-
ually submerged as the water rises during the rainy
season. This weathering is enhanced by acid rains,
pH of which lies between 4.40 and 5.94. Under these
conditions carbonic acid is the main species of DIC
and the carbonates of the bio-constructions can dis-
solve. On the other hand, the water column is super-
saturated with respect to aragonite and a fortiori to
calcite. For example, the saturation coefficient (logΩ)
of calcite and aragonite was respectively 1.2±0.2 and
1.0± 0.1 in April 2014, and 1.5± 0.1 and 1.3± 0.1 in
November 2014. The high pH (>9) and the tempera-
ture of the water (always close to 30 °C) would have
favored the precipitation of these carbonates.

A sampling of the very few centimeters of the
sediment done in September 2010 showed that the
surface sediment, after combustion of the organic
matter, contains 100% of carbonates. XRDP analy-
sis showed that it is only composed of aragonite and
hydromagnesite. Ten centimeters below the SWI this
proportion falls to 49±3% owing to the mixing with
inherited minerals. Similar paragenesis was observed
in all the core samples investigated by Milesi et al.
[2019].

Mg
Like calcium, magnesium is very depleted with

respect to seawater. Within the 3 to 13 m water
depth range, the MgLake/MgSW ratio is 0.08. In addi-
tion to aragonite, the other main authigenic carbon-
ate evidenced by XRDP analysis is hydromagnesite
Mg5(CO3)4(OH)2:4H2O. It is present at the SWI and
it was identified for the first time in March 2009 (Fig-
ure 8(b)) in the short sediment core obtained at the
CLB station. The Visualminteq software was used to
check the saturation coefficient (logΩ) of this min-
eral in the water column. The calculated logΩwas in
the range 1 (August 2016) to 3 (April 2014) in surface
water. This does not prove by itself that hydromagne-
site precipitates in the water column of lake Dziani
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Dzaha because we have no information about the re-
action kinetics but it shows that it is thermodynam-
ically possible. However, the occurrence of hydro-
magnesite in settling particles clearly indicates a ne-
oformation within the water column. Deeper in the
sediment (between 20 and 100 cm depth), a magne-
sian saponite forms at the expense of hydromagne-
site without substantially altering the aragonite sedi-
ment content [Milesi et al., 2019].

Thus, carbonate precipitation is the main sink for
calcium and a transitional sink for magnesium. This
can explain the very low concentrations of both ele-
ments compared to the original seawater.

5.7. Depletion of sulfate and sulfur cycle

Sulfate and soluble sulfide (
∑

(S-II)), are the only
major sulfur species measured in the water col-
umn. With respect to the original seawater, sulfate
is presently highly depleted (SO4(lake)/SO4(SW) =
0.08±0.02) while H2S concentrations are highly vari-
able according to the season. Figure 6 shows that at
the end of rainy seasons (April 2012, 2014, 2015) very
strong gradients exist at 1.75 m to 2 m depth while
when the lake is mixed (November 2014, 2015, 2017)
concentrations are very low. On the other hand, the
sulfate concentration falls below the detection limit
when the H2S concentration starts to increase (Fig-
ure 7). When H2S exhibits very low concentrations in
the top of the water column, the sulfate concentra-
tion is always within the range 2400±450 µmol·L−1.

Bacterial sulfate reduction (BSR) can explain the
behavior of sulfur species according to the global
reaction:

(CH2O)106(NH3)16H3PO4 +53SO2−
4

+106H+ → 106CO2 +53H2S+16NH3

+H3PO4 +106H2O

It should also be noted that BSR produces a signifi-
cant increase in alkalinity and pH since the alkalinity
increase is greater than those of DIC (∆Alk/∆DIC =
1.15). We show later in the paper that H2S could also
be produced by anaerobic oxidation of methane.

Sulfate in seawater is nearly a conservative el-
ement [Copin-Montégut, 1996]. If this was subject
only to precipitation/evaporation cycles, the ratio
SO4Lake/SO4SW should be close to the one calcu-
lated for chloride (1.64 ± 0.05) and the present sul-
fate concentration would reach about 52 mmol·L−1

(32 mmol·L−1 in present-day seawater). The low
value of the SO4Lake/SO4SW ratio (0.08±0.02) clearly
shows that this species is involved in processes that
trend to eliminate it from the system.

A question that remains to be solved is why do
we observe, whatever the season a nearly constant
sulfate concentration of 2400± 450 µmol·L−1 in the
water column?

If we go back to the original hypothesis which as-
sumes that the lake was originally filled with seawa-
ter, there must be a definitive sink for sulfate which
has led during 4000–7000 years to its decrease from
its initial concentration of 32 mmol·L−1 in seawater
to its current concentration of 2.4 mmol·L−1.

A simple qualitative experiment done in 2010 on
a short sediment core (0 to 10 cm below the SWI)
showed that iron could be the definitive sink for sul-
fate through (i) BSR and (ii) iron sulfide precipitation.
This experiment has shown that in contact with air,
the sediment gets rusty within a few tens of minutes,
attesting to the oxidation of soluble Fe(II) to insoluble
Fe(III). On the other hand, drops of concentrated HCl
on the sediment led to a strong release of H2S likely
due to iron sulfides dissolution. Then the definitive
sink for sulfate can be summarized by an irreversible
pathway: SO4 → BSR(H2S)+Fe(II) → FeSx .

Whereas Fe can be permanently supplied through
the weathering of the lake catchment, mainly in the
form of particulate Fe(III) (oxides and oxyhydroxides
are reduced in soluble Fe(II) within the anoxic envi-
ronment of the lake), it is radically different for sul-
fate, the stock of which is limited since there are no
external sources to the ecosystem.

Then, the current measured concentration
(∼2.4 mmol·L−1 during the homogeneous period
or above the halocline when the water column is
stratified) represents the remaining fraction of the
32 mmol·L−1 initially present in the original seawater
about 4000–7000 years ago.

At any time t the evolution of the sulfate concen-
tration can be written:

d(SO4)

dt
= regeneration−consumption

As shown by Berner [1980], a zero-order reaction
prevails for BSR (consumption) when the substrate
(sulfate) is renewed experimentally. It turns to order 1
when the supply of substrate is limited. Since our
ecosystem appears to be closed with respect to sul-
fate, it is relevant to infer a kinetics order of 1 soon
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after the lake has developed a high primary pro-
duction together with an anoxic zone in the water
column.

Several hypotheses can be considered for the writ-
ing of the above equation:

1. Order 0 for regeneration: anoxygenic photo-
synthesis and direct oxidation of HS− by O2

with a kinetics constant set as k1. Evapora-
tion which exists also for sulfate as it does
for chloride can be included in the “regener-
ation” term. Order 1 for consumption with a
kinetics constant set as k2.

2. Order 1 for regeneration and order 0 for con-
sumption. This hypothesis has no sense be-
cause it leads to an increasing SO4 concen-
tration with time.

3. Order 0 for both regeneration and consump-
tion.

4. Order 1 for both regeneration and consump-
tion.

The hypothesis (1) leads to write:

d(SO4)

dt
= k1 −k2(SO4)

integration of which gives:

(SO4)t = (SO4)0 ·exp(−k2t )+ k1

k2
· (1−exp(−k2t )).

When t = 0, the second term of the right side is 0
and (SO4)t = (SO4)0 i.e. 32 mm·L−1.

The second limit condition takes into account
the permanent decrease of sulfate concentration due
to its initial limited amount and its definitive trap-
ping as FeS in the sediment. Then we can infer that
(SO4)t → 0 as t → ∞. Reporting this limit condition
in the above equation leads to set:

(SO4)t→∞ = k1

k2

Assuming that BSR is no longer possible when
the substrate has reached a concentration as low as
0.01 mmol·L−1 sets the ratio k1/k2 = 0.01.

Using the above initial conditions and taking
into account the present sulfate concentration of
2.4 mmol·L−1 with t = 4000 yr we calculate k2 = 6.50×
10−4 yr−1 and k1 = 6.50 × 10−6 yr−1. This returns a
half-life for sulfate t1/2 = 1067 yr. The somewhat arbi-
trary limit of 10 µmol·L−1 is reached after 20 kyr. The
other important uncertainty is that we do not know if
the kinetics of the BSR has ever switched from order
0 to order 1 and, if so, when?

The third hypothesis leads to a linear decrease of
sulfate: k1–k2 = −7.4× 10−3 yr−1, with t1/2 = 2160 yr
and the concentration of 10 µmol·L−1 reached after
4300 years i.e. within the next 300 years which does
not seem very likely.

The last hypothesis (4) returns:

(SO4)t = (SO4)0 ·exp(k1 −k2) · t

With the same initial and present-day conditions,
k1–k2 = −6.47 × 10−4 yr−1 which leads to the same
results than for the first hypothesis i.e. t1/2 = 1067 yr
and a vanishing SO2−

4 concentration reached after
20 kyr.

We cannot definitively conclude about the fate of
sulfate in the lake. Hypotheses (1), (3) and (4) lead to
very different temporal evolutions because we have
no data about the kinetics of the regeneration pro-
cesses. However, it is probably one of these reactional
pathways that has led to the present-day concentra-
tion. This could result from: (i) a definitive trapping
in sulfides, the most likely being iron sulfides, and
(ii) an incomplete re-oxidation of sulfide produced
by the BSR. An attempt to depict the sulfur cycle and
this interactions with carbon and iron is displayed on
Figure 11.

6. The carbon cycle

Like in any lacustrine ecosystem, all processes re-
garding the carbon cycle are driven by exchanges
of CO2 with the atmosphere. The dissolution of this
gas generates the DIC and is the primary carbon
source which sustains the development of cyanobac-
teria and part of the microbial population through
the photosynthetic bacteria. All the other processes
i.e. mineralization (oxic and anoxic respiration), or-
ganic matter (OM) early diagenesis and authigenic
carbonates are directly or indirectly the consequence
of the CO2 dissolution. In addition to atmospheric
CO2 we must add, first, a magmatic contribution,
a relic of volcanic activity which is a hallmark of
the lake and secondly, the exogenous contribution
that results from the mineralization of the plant
material transported by the wind. The organic car-
bon mineralization from phytoplanktonic or exoge-
nous sources causes high concentrations of DOC in-
dependent from the season, which reinforces the
hypothesis of a permanent input to the ecosys-
tem. If we consider the 3 to 13 m depth range,
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Figure 11. The sulfur cycle and its interactions with these of carbon and iron.

the average DOC concentration calculated for the
campaigns 2012 to 2017 is 7328 ± 815 µmol·L−1,
a concentration which is about 30 times higher
than the local seawater (measured in November
2015).

6.1. CO2 fluxes at the air–water interface

In addition to the measured CO2 fluxes displayed
in Table 1, we have calculated with the software Vi-
sualminteq the pCO2 for the surface water which
shows a permanent over saturation with respect to
the atmospheric pCO2 set at 400 µatm. The satura-
tion coefficient lies between 1.2 to 10. Moreover, di-
rect measurements of CO2 fluxes show that the de-
gassing of the lake is permanent even during the day-
time when photosynthesis is the most active. During
the stratified (rainy) periods, the average flux is 80±
35 mmol·m−2·d−1 while, during the homogeneous
(dry) periods, it is 215±5 mmol·m−2·d−1. This can be
explained by differences in diffusion processes: dur-
ing the stratified period the strong gradient induced
by the halocline considerably decreases the disper-
sion coefficients and opposes the diffusion of CO2.
Therefore, the water layer above the halocline only
contributes to the diffusion of the CO2 produced by
the biomass respiration. Conversely, during a homo-
geneous period, the CO2 can diffuse freely towards
the atmosphere over the entire height of the water
column.

6.2. Origin of C H4 and fluxes at the air–water
interface

The origin of methane
Methane is a common component of lacustrine

ecosystems [Bastviken et al., 2008], being either dis-
solved or escaping from the water to the atmosphere
owing to its very low partial pressure (presently 1.8×
10−6 atm and a residence time about 10 years).
Methane production in a lake results from the dis-
proportionation of organic matter. Since the main
source of organic carbon has a phytoplanktonic ori-
gin, we can write the reaction statement as:

2(CH2O)106(NH3)16H3PO4 → 106CO2 +106CH4

+32NH3 +2H3PO4

However, this statement does not enlighten the main
metabolic pathways involved, which are acetogene-
sis and hydrogenotrophy.

Both processes are microbially mediated by
methanogenic Archaeal populations, which are
abundant in lake Dziani Dzaha [Hugoni et al., 2018].
For hydrogenotrophy, the hydrogen needed can
come from the Wächtershäuser reaction [Drob-
ner et al., 1990] which operates in a strictly anoxic
medium:

FeS(solid)+H2S(dissolved) → FeS2(solid)+H2(gas)

∆G0
r =−36.6 kJ·mol−1
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H2S is always present even at weak concentrations,
occurrence of FeS have not been proved experimen-
tally but it should be present in the sediment in an
amorphous form while pyrite has been evidenced in
the sediment and in the stromatolites as framboids.

Measured and calculated methane fluxes
Measured CH4 fluxes are displayed in Table 1.

Fluxes can be calculated with the profiles obtained
in April 2015 and August 2016 when the water col-
umn was still stratified (Figure 9). Another profile has
been obtained in November 2015 when the lake had
no halocline: the absence of halocline makes possi-
ble the diffusion of oxygen from the surface to the
bottom and explain the observed very low concen-
trations (40 to 120µmol·L−1). The increasing concen-
tration of CH4 between 15 m (37 µM) and the lake
bottom at DS (2274 µM at 17 m) was due to diffusion
from the pore water where CH4 is continuously pro-
duced by organic matter fermentation in sediments.
However, CH4 can also be oxidized at depth through
anaerobic reactions which use intermediate sulfur
products, as S◦, if there is no sulfate [Cassarini, 2017,
Milucka et al., 2012].

CH4 profiles observed when the water column
was stratified (April 2015 and August 2016) showed
very strong gradients located at the halocline. Ow-
ing to these very sharp gradients, we can infer that
the dispersion coefficient for CH4 must be close to
the molecular diffusion coefficient at 30 °C i.e. 2.0×
10−5 cm2·s−1. Then it is possible to calculate the re-
lated fluxes with the first Fick’s law:

• 1 mmol·m−2·d−1 for April 2014
• 1.4 mmol·m−2·d−1 for August 2016.

They can be compared with the fluxes measured
by the FC method that were 103 mmol·m−2·d−1 and
107 mmol·m−2·d−1 respectively, which is about 100
times larger than calculated fluxes. Such a discrep-
ancy cannot be attributed to a difference of the dis-
persion coefficient. Since a concentration peak is ob-
served at the halocline (August 2016), it is likely that
methane is produced at this depth by methanogenic
Archeae which generate two vertical fluxes down-
wards and upwards within the water column. For the
latter the distance to the surface is too short and
the residence time of the methane is too low for it
to have time to oxidize or to be consumed by aero-
bic methanotrophic bacteria, which explains the very
high fluxes towards the atmosphere.

These measured fluxes can be compared to what
is produced in other lacustrine ecosystems. Walter
et al. [2006] reported CH4 fluxes from several lakes in
Siberia around 4.4 mmol·m−2·d−1 while a study done
on 14 lakes by Casper et al. [2000] provided values be-
tween 1 to 24 mmol·m−2·d−1. A more complete bibli-
ographic search never mentions such high values as
those measured in Dziani Dzaha which appears as
the most methane productive lake ever studied.

Carbon sources and sinks
As a conclusion about the carbon cycle in lake

Dziani Dzaha, we can summarize the various sources
and sinks for carbon and then try to draw a pattern of
its cycle in the ecosystem.

(i) Direct carbon sources

• inorganic: atmospheric and hydrothermal
CO2 inputs

• organic: detrital inputs of terrestrial plants
from the watershed (POC and DOC).

(ii) Indirect carbon sources

• aerobic respiration of living organisms and
organic matter mineralization (DIC)

• anaerobic respiration of sulfate through BSR
(DIC)

• organic matter fermentation (CO2 +CH4)
• Mg and Ca carbonates precipitation are

sources of CO2.

Carbon sinks

• oxygenic and anoxygenic photosynthesis
• outgassing of CO2 and CH4

• carbonates precipitation because half of the
carbon is trapped in the solid for calcite or
aragonite and two sevenths for hydromagne-
site

• refractory organic matter preserved in the
sediment and burial of organic residues.

This inventory does not account for the many in-
terconnections that exist between all biogeochemical
processes including interactions with the sulfur cycle
through the BSR and the methane oxidation by oxi-
dized sulfur species (Sox).

7. Conclusions

This study of the Lake Dziani Dzaha completes the
previous works mainly devoted to the peculiar hy-
drobiological and biological features of the lake and
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help to a better understanding of how this ecosystem
works. This lake first appears as a microbial world
where highly adapted Archaea, Bacteria and Eukary-
ota co-exist. Starting from the original seawater, the
slow but permanent evaporation has led to a concen-
trated medium where only specialized microorgan-
isms are able to survive and thrive. In other words,
this specific environment leads to sustain a very low
biodiversity and has locked any possibility to open
any other ecological niche. In some aspects this evo-
lution may remind the primitive ocean at the time of
the GOE about 2.4 Gy ago [Canfield et al., 2013].

We showed that the main geochemical processes
are oxygenic and anoxygenic photosynthesis, BSR
and methanogenesis which, as far as we know, gen-
erate the largest methane fluxes ever been recorded
in lacustrine aquatic ecosystems.

Future researches will be addressed to improve
our knowledge of the biogeochemical functioning of
this very peculiar ecosystem; especially, more data
concerning microbial processes related to their geo-
chemical and hydrological context are needed.

Then, lake Dziani Dzaha, through its exceptional
biogeochemical peculiarities is probably a unique
ecosystem if we consider that nothing similar has
never been published before 2017.

Consequently, it seems essential that the local
institutions responsible for environmental manage-
ment make the necessary decisions for its protection.
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