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ABSTRACT 

An unexplored shallow soda lake in the Tanzanian African Rift: A first biogeochemical characterization
 
This study provides the first and preliminary biogeochemical characterization of Lake Magadi, an unexplored shallow soda lake in 
the Songwe region of Tanzania. The lake exhibited pH, alkalinity and electrical conductivity of 10.155, 760 mEquiv and 47 mS/cm, 
respectively, indicating that it is among the most extreme soda lakes in the East African Rift Valley and likely worldwide. Na+ (1215 
mM) predominated over Ca2+ and Mg2+ (1.40 mM and 0.42 mM, respectively), while Cl− (792 mM) predominated over sulfates (13 
mM). The levels of total dissolved inorganic phosphorus (2.7 mM), total dissolved nitrogen (0.51 mM) and dissolved organic carbon 
(7 mM) indicated a high accumulation of nutrients. The dissolved organic matter was comprised of highly humified, aromatic and 
large-sized moieties enriched in 13C, suggesting an accumulation of highly recalcitrant compounds in the water column. The detection 
of dissolved methane (~1 µM) indicated microbial methanogenesis was likely released into the anoxic sediments. The water column 
also exhibited high chlorophyll concentration (0.156 mg/L), with the planktonic primary producers dominated by Spirulina-like 
organisms. In summary, these preliminary results, including its extreme alkalinity, indicate a set of unique biogeochemical 
properties that make the lake a prime site for future ecological and biogeochemical research on extreme aquatic habitats.
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RESUMEN

Un lago sódico somero inexplorado en el Rift Africano de Tanzania. Una primera caracterización biogeoquímica.

Este estudio presenta los primeros y preliminares datos biogeoquímicos del lago somero sódico Magadi en la región 
Songwe en Tanzania en el Rift africano del cual no consta ningún estudio previo. El lago tiene un pH, alcalinidad y una 
conductividad eléctrica de 10.155, 760 mEquiv y 47 mS/cm que lo sitúan entre las masas de agua más sódicas de 
todo el Rift y probablemente del mundo. El Na+ (1215 mM) predomina sobre del Ca2+ y el Mg2+ (1.40 mM, and 0.42 mM 
respectivamente) mientras que el Cl− predomina (792 mM) por encima de los sulfatos (13 mM). El fosforo inorgánico disuelto 
total (1.86 mM), el nitrógeno disuelto total (0.51 mM) y el carbono orgánico disuelto (7mM) indican un gran acúmulo de 
nutrientes. La materia orgánica disuelta incluye compuestos aromáticos, altamente humificados con predominio de moléculas 
relativamente grandes y enriquecido de 13C que sugiere la acumulación en la columna de agua de compuestos altamente 
recalcitrantes. La detección de metano disuelto (~1 µM) en la columna de agua sugiere la presencia de arqueas metanógenas 
probablemente en los sedimentos anóxicos. La columna de agua presenta una elevada concentración de clorofila (0.156 mg/L) 
probablemente debida a la acumulación de cianobacterias del tipo Spirulina. En definitiva, estos resultados preliminares, 
incluyendo su extrema alcalinidad, revelan un conjunto de propiedades biogeoquímicas únicas que convierten el lago 
Magadi en un lugar privilegiado para futuras investigaciones ecológicas y biogeoquímicas en hábitats acuáticos extremos.
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INTRODUCTION

Endorheic saline-alkaline lakes of the East Af-
rican Rift are ecosystems characterized by 
unique biogeochemistry and biology. They are 
renowned for their extremely high pH and alka-
linity and for hosting very diverse and hyperac-
tive microbiomes (Fazi et al., 2021) in addition 
to facilitating the formation of complex evapo-
ritic minerals (Getenet, 2023; Sanz-Montero et 
al., 2019). Soda-saline water bodies are common 
and distributed worldwide (Lameck et al., 2023; 
Pellegrinetti et al., 2023; Boros & Kolpakova, 
2018), with their study transcending the fields 
of aquatic ecology, limnology and promoting in-
vestigations of the biosphere under extreme con-
ditions (Banciu & Muntyan, 2015), the origin of 
life (Cohen et al., 2024) and even astrobiology 
(Bruschini et al., 2024; Kempe & Kazmierczak, 
2022; Butturini et al., 2020, 2025).

Lakes from the East African Rift are very 
different in size and origin, ranging from the 
huge tectonic Lake Turkana (the world’s largest 
alkaline lake) to small crater lakes. In between, 
there are medium-sized tectonic shallow lakes 
such as Natron, Bogoria, Elementaita, Nakuru, 
Magadi, Eyasi and Manyara. Most of these lakes 
have been documented in scientific reports since 
the 1970s and remain a central topic of ongo-
ing research (Schagerl & Renaut, 2016; Renaut 
& Owen, 2023). As these studies have noted, 
the large lakes have been studied extensively, 
whereas the small lakes, except for Crater Lake 
Sonachi (Butturini et al., 2020; Fazi et al., 2021), 
have received little to no attention. For example, 
Lake Kageinya, a remote lake in the Suguta val-
ley of Kenya's Northern Rift, has been studied 
only in the paleoclimatic context (Kyalo-Oma-
mo, 2023), while Lake Magadi, a small crater 
lake in Meru (Kenya), well-known by the local 
population for trona extraction, has received very 
little attention. Similarly, Lake Magadi in the 
south of Tanzania (not to be confused with the 
well-known Lake Magadi in Kenya) is a shallow 
playa lake that has never been studied before, de-
spite being an important hotspot for sodium car-

bonate extraction for the local population.  
This short note specifically focused on Lake 

Magadi in the Songwe region of Tanzania, with 
the main objective of presenting the first prelim-
inary biogeochemical information on this lake 
following a short visit with students from the 
Mbeya University of Science and Technology. 
Beyond presenting novel data, this note aims 
to contextualize the biogeochemical properties 
of Lake Magadi with the broader context of the 
soda lakes from the African Rift and to establish 
a basis for future research.

MATERIAL & METHODS

Description of the study site

Lake Magadi (8°35'50.06"S, 33° 4'49.57" E, el-
evation of approximately 833 m a.s.l.) is located 
in the Songwe region (SW Tanzania), close to 
Kanga village. The lake is located in the western 
arm of the Tanzanian rift valley near the eastern 
part of Lake Rukwa, close to the Lupa fault, 54 
km north of Mbeya city (Fig. 1). In this region, 
the Proterozoic and Archean rocks are covered 
by Quaternary sediments, including Holocene 
to Late Pleistocene volcanic deposits (Delvaux, 
1989; Fontjin et al., 2012). Lake Magadi is sit-
uated in a semi-arid region marked by distinct 
seasonal patterns, with the rainy season span-
ning from early December to May and the dry 
season occurring from June to October, accom-
panied by temperature fluctuations throughout 
the year. The lake is permanent, although it dried 
up in October-November 2019 as a consequence 
of a severe drought. The surrounding catchment 
area is marked by sparse vegetation, mainly con-
sisting of shrubs and grasses characteristic of a 
savanna ecosystem. The lake is almost circular, 
covers a surface area of around 4.92 km², and 
has an approximate perimeter of 7.5 km.  The 
lake has no outlet, and its maximum depth is 
unknown, but it is likely to be lower than 1 me-
ter. The vegetation along the lake edge is almost 
missing due to the abundant precipitation of tro-
na (Figs. 1 and 2).

PALABRAS CLAVE: lagos sódicos, rifts oriental africano, biogeoquímica.
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Figure 1. Map of the study area showing (a) the map of Tanzania, (b) the map of the Songwe Region and (c) Lake Magadi (Google 
Earth image). The red dot indicates the sampling point. Mapa del área de estudio (a) mapa de Tanzania, (b) mapa de la región de  
Songwe y (c) Lago Magadi (Imagen de Google Earth), El punto rojo indica el lugar de muestreo.

Figure 2. View of Lake Magadi in October 2024. The insets highlight details of the sodium carbonate crust precipitating along the 
lake edge (b1 and b2 panels), the water-saturated bottom sediment (c1 and c2 panels) and the water column with Spirulina-like or-
ganisms (d1 and d2). Note in panel c2 the green color along the footprint perimeter indicating a high concentration of chlorophyll 
in the upper sediments. The photographs are from the authors. The image of the Spirulina-like organism (d2) was obtained with a 
microscope (author: J. Gomà). Vista del lago Magadi en octubre de 2024. Los recuadros (insets) resaltan detalles de: la costra de car-
bonato de sódico que precipita a lo largo de los bordes del lago (paneles b1 y b2); el sedimento del fondo saturado de agua (paneles 
c1 y c2), y; la columna de agua con organismos similares a Spirulina sp (d1 y d2). Nótese en el panel c2 el color verde a lo largo del 
perímetro de la huella, lo que indica una alta.
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Sampling and biogeochemical analysis
 
Sampling was performed on 11th October 2024 
at the end of the dry period. Therefore, the lake 
level was at a minimum. Water samples were 
collected at 12:00 noon about 10 m from the 
edge (water column was approximately 5 cm 
in depth). Two litres of water were collected. 
One litre was filtered with combusted Whatman 
GF/F filters and subdivided into four subsamples 
and stored at -20 °C. The second litre was also 
subdivided into four subsamples and stored at 
-20 °C without filtering. All samples were stored 
in plastic bottles. A 50-ml aliquot of the filtered 
sample was preserved unfrozen in a plastic bottle 
with minimal headspace to test alkalinity. Field 
measurements were limited to temperature, pH 
and electrical conductivity (a multiparameter 
waterproof meter from Hanna Instruments) as 
well as dissolved methane. A GF/F filter used for 
water filtering was stored at -20 °C to estimate the 
planktonic chlorophyll biomass.

Dissolved methane was estimated with the 
metal semiconductor sensor TGS 2611-E00 
(https://www.figarosensor.com/product/entry/
tgs2611-e00. html; Figaro), following the proto-
col described by Butturini & Fonollosa (2022). 
The sensor was calibrated a week before at the 
Ecology laboratory of the University of Barcelo-
na.

Alkalinity was measured a week later with 
the filtered unfrozen sample by conducting an 
acid titration with a 0.1-N H2SO4 solution. Due to 
the presence of a small headspace, the alkalinity 
value obtained should be considered a rough esti-
mate of the real alkalinity.

The metals (S, Na, K, Mg, Na, Ca, Zn, As, 
Ni, Pb, Cd, Co, Hg, Fe, Mn, Ba, Sr and Li) were 
analyzed by inductively coupled plasma optical 
emission spectrometry (ICP-OES, Optima 3500, 
PerkinElmer, Waltham, USA) and inductively 
coupled plasma mass spectrometry (ICP-MS, 
nexION 350, PerkinElmer, Waltham, USA). The 
four subsamples were diluted 1/150. Dilution 
precluded the detection of more diluted metals. 
Cl, SO4

2- and soluble reactive phosphorus (SRP) 
were estimated with Spectroquant ® colourimet-
ric kits (Merck). 

The filtered iced samples were thawed upon 

arrival at the laboratory. Aliquots of 25 mL were 
then acidified at pH 3 with a concentrated solu-
tion of HCl to remove the inorganic carbon pri-
or to the analysis of the dissolved organic matter 
(DOM). DOM is described quantitatively as the 
concentration of dissolved organic carbon (DOC) 
and qualitatively through its optical properties. 
DOC and total dissolved nitrogen (TDN) in the 
water samples were measured with the TOC-
VCSH equipped with a TNM-1 unit (Shimadzu, 
Japan; detection limit is 0.1 mg/L). The four sub-
samples were diluted 1/20 to minimize the impact 
of the salts on instrument function. The descrip-
tion of the DOM optical properties includes ab-
sorbance and fluorescence measurements. All the 
technical details are in Butturini et al. (2022). Ab-
sorbance values were used to estimate the specific 
aromaticity at 254 nm (SUVA254; Weishaar et al., 
2003) and the spectral slope ratio (Sr; Helms et 
al., 2008). Sr values typically increase upon irra-
diation and inversely correlate with the molecular 
weight of the DOM (Helms et al., 2008).

Fluorescence data were used to estimate three 
DOM qualitative proxies: the fluorescence index 
(FI), the biological index (BIX) and the humifica-
tion index (HIX). The FI positively correlates with 
the accumulation of microbial-derived DOM rel-
ative to terrestrial inputs (McKnight et al., 2001). 
It is the ratio of the fluorescence intensity emitted 
at 470 nm to that at 520 nm at an excitation wave-
length of 370 nm. BIX values positively correlate 
with the accumulation of recent autochthonous 
DOM. It is the ratio of the fluorescence intensity 
emitted at 380 nm to that at 430 nm at an excita-
tion wavelength of 310 nm (Huguet et al., 2009). 
The HIX is directly related to the accumulation of 
humic-like substances (Ohno, 2002). It is calcu-
lated by dividing the area of the emission spectra 
between 435 and 480 nm by the sum of the are-
as of the emission spectra between 435 and 480 
nm and between 300 and 345 nm at an excitation 
wavelength of 254 nm.

Planktonic chlorophyll was extracted from a 
GF/F filter with 90% acetate for 24 hours under 
dark conditions and at the laboratory tempera-
ture. The extracts were then sonicated for 10 min 
and filtered with a Whatman GF/F filter. Pigment 
spectra were collected with a Shimadzu UV-1700 
spectrophotometer in the wavelength range of 
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300 to 1000 nm and using a quartz cuvette with 
a 1-cm path length. Chlorophyll-a concentrations 
were estimated according to the spectrophoto-
metric models proposed by Ritchie (2006), as-
suming that cyanobacteria are the most relevant 
photosynthetic organisms.

RESULTS AND DISCUSSION

Sampling was performed at the end of the dry pe-
riod. Therefore, the lake level was likely to be at 
a minimum. Along the lake edge, sediments/rocks 
were covered by a sodium carbonate (likely tro-
na) precipitate layer that was 1-3 mm thick (Fig. 
2). The upper layer of the mineral precipitate 
showed a laminated structure and the presence of 
small domes. Its base colour was light grey. How-
ever, its hue shifted from dark green to light red, 
likely due to the influence of benthic chlorophyll, 
organic matter or dust minerals. We never detect-
ed the odour of hydrogen sulfide, which might 
suggest the presence of sulfate reducers.

The biogeochemical properties of the lake wa-
ter are summarized in Table 1. The lake exhibited 
a pH and electrical conductivity of 10.155 and 47 
mS/cm, respectively. Among the anions, Cl− and 
HCO3

− + CO3
2− predominated (792 mM and 760 

mEquiv, respectively) over sulfates (13 mM).
Figure 3 describes the relationship between 

pH and alkalinity in several saline-soda lakes in 
the East African Rift (Lameck, Skutai & Boros, 
2023), showing that Lake Magadi is among the 
most alkaline lakes in the entire rift and possi-
bly worldwide. However, it should be noted that 
this finding could be influenced by the fact that 
sampling was performed during low water condi-
tions. To draw a definitive conclusion on whether 
the lake is one of the world's most alkaline, it will 
be crucial to acquire data during its hydrological 
maximum.

Among the dissolved gases, the data are lim-
ited only to dissolved methane, which was pres-
ent at a concentration of approximately 1 µM. 
Its presence likely indicates the presence of 
methanogens within the anoxic sediments at the 
bottom. However, methane bubbling was not ob-
served during sampling.

The concentration of Na+ (1215 mM) was al-
most two to four orders of magnitude greater than 

Table 1. Summary of the biogeochemical parameters me-
asured at Lake Magadi during sampling. The average and 
standard deviation values were obtained from four analytical 
replicates of the same sample. * not replicates. DOC: dis-
solved organic carbon; TDN: total dissolved nitrogen; SRP: 
soluble reactive phosphorus. Resumen de los parámetros 
biogeoquímicos medidos en Magadi durante el muestreo. 
Los valores de la media y la desviación estándar se obtu-
vieron a partir de 4 réplicas analíticas de la misma muestra. 
* No hay réplicas. DOC: carbono orgánico disuelto; TDN: 
nitrógeno total disuelto; SRP: fósforo reactivo soluble.

Parameter Average ± SD

pH 10.155*

Alkalinity (mEquiv) 760.5 ± 4.12

Cl− (mM) 792.67 ± 215

SO4
2− (mM) 13.79 ± 0.5

Mg (mM) 0.42 ± 0.02

Na (mM) 1215 ± 7

K (mM) 21.55 ± 0.5

Si (mM) 3.33 ± 0.2

Ca (mM) 1.40 ± 0.2

Zn (µM) 15.39 ± 2

As (µM) 6.87 ± 0.02

Ni (µM) 0.71 ± 0.44

Pb (µM) 0.27 ± 0.03

Hg (µM) 0.16 ± 0.01

Fe (µM) 12.57 ± 0.74

Mn (µM) 0.76 ± 0.1

Ba (µM) 5.39 ± 1.1

Sr (µM) 11.63 ± 0.54

Li (µM) 2.72 ± 1.4

CH4(µM) 0.89 ± 0.05

TDN (mM) 0.51 ± 0.08

SRP (mM) 1.86 ± 0.06

Dissolved organic matter

DOC (mM) 7.01 ± 1.9

SUVA254 9.18 ± 2.1

FI 0.94 ± 0.004

HIX 0.95 ± 0.0001

Sr 0.75 ± 0.006

d13C-DOC -9.3075 ± 1.2

Chl-a

mg/L 0.156*
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that of K+ (21.5 mM), Ca2+ (1.4 mM) and Mg2+ 
(0.42 mM). Among the metals, the most relevant 
are Zn (15.4 µM), Fe (12.6 µM), Sr (11.6 µM), 
As (6.9 µM) and Ba (5.4 µM). The concentra-
tions of Hg (0.16 µM) and Pb (0.26 µM) were 
also noticeable. The concentrations of Zn, Fe and 
Mn in Lake Magadi were roughly half of those 
measured in Lake Rukwa (Lameck et al, 2024), 
a large soda lake situated approximately 20 km 
to the north. By contrast, the concentration of Pb 
was approximately the same, while that of Sr was 
almost one order of magnitude greater than that 
reported for Rukwa (Lameck et al, 2024).

SRP, TDN and dissolved organic carbon 
(DOC) averaged 1.86 mM, 0.51 mM and 7 mM, 
respectively. 

The concentration of DOC, while two orders 
of magnitude lower than that of the inorganic 
fraction, was nonetheless high and in the same 
range as that reported for other organic-rich en-
dorheic soda/hypersaline waters (Butturini et al., 
2020, 2022).

The DOM was highly humified and aromatic 
(high HIX and SUVA254), with a high proportion 
of large molecules (low Sr) and a low proportion 
of microbially-derived moieties (low FI and BIX 
values) compared to other endorheic systems 
such as Sonachi (a soda lake in Kenya; Butturini 

et al., 2020) and Salineta (a hypersaline shallow 
lagoon; Butturini et al., 2022). Furthermore, the 
DOM was highly enriched in 13C (Fig. 4). Col-
lectively, this information suggests that the DOM 
accumulating in the lake is highly degraded and 
likely to be highly recalcitrant (Fig. 4).

Finally, the chlorophyll concentration in 
the water column was extremely high, with the 
planktonic primary producers likely to be dom-
inated by Spirulina-like organisms (Fig. 2d2). 
Although these data are preliminary, they are in 
line with those reported in old and recent studies 
performed at Sonachi (Melack, 1982; Fazi et al., 
2021), reflecting high primary production. More-
over, the upper layer of the benthic sediments 
stored a remarkable amount of chlorophyll, indi-
cating that they store primary producers that are 
likely to have a strong impact on the primary pro-
duction of the whole ecosystem (Fig. 2, panel c2).

CONCLUSIONS AND PERSPECTIVES

Soda lakes from the East African Rift, which are 
characterized by a huge amount of dissolved and 
mineral inorganic carbon as well as an exception-
al accumulation of organic matter and highly ac-
tive microbiomes, harbour a vigorous carbon cy-
cle that has attracted little to no research interest. 

Figure 3. Relationship between pH and alkalinity in several saline-soda lakes from the East African Rift (Lameck, Skutai & Boros, 
2023). The large red dot is Lake Magadi. The names of some of the lakes are included. (The graph includes the Mono Lake in the 
USA). Relación entre pH y alcalinidad en varios lagos salino-sódicos del Rift de África Oriental (Lameck, Skutai y Boros, 2023). El 
punto rojo grande representa el lago Magadi. Se incluyen los nombres de algunos lagos (el gráfico incluye el lago Mono en EE. UU.).
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For instance, there is little that we know about the 
impact of the microbial processes in sediments on 
carbon fluxes in the water column. Similarly, there 
is little information on the air-water exchange of 
CO2 and CH4 in these systems (Fazi et al., 2021), 
and absolutely nothing is known about the release 
of other gases such as nitrous oxide and volatile 
organic compounds. Due to the elevated pH and 
alkalinity, the dissolved CO2 is expected to be un-
dersaturated. In addition, along the lake edge, the 
large surface of sodium carbonate is exposed to 
the atmosphere. Therefore, soda lakes, in contrast 
to freshwater ones, should be potential net carbon 
sinks. However, in-situ field measurements are 
missing. Moreover, the impact of the production 
(day)-respiration (night) of benthic sediments 
(submerged or exposed) on the CO2 net flux is un-
known. Another fundamental gap in knowledge 
is the information regarding the reciprocal impact 
between microorganisms and evaporitic minerals. 
There is no information on the role of microor-
ganisms in mineral formation and speciation or 
on the role of minerals in microbial community 

function and atmospheric gas exchange. 
To conclude, given its extremely high alka-

linity, elevated pH, shallow water column, and 
presumed high microbial activity in both the 
sediments and water column, coupled with the 
massive precipitation of sodium carbonate along 
its edge, Lake Magadi offers a compelling case 
study. It holds the potential to significantly ad-
vance our understanding of how mineral-microbe 
coupling influences the carbon cycle and how 
these unique extreme systems exchange carbon 
with the atmosphere.
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Figure 4. Dissolved organic matter. Box plots are shown of the concentration as well as the optical and isotopic properties of the 
DOM. The interpretation of the descriptors is in the text. The values from Lake Magadi are compared with those of two organic-rich 
endorheic systems: Sonachi, a crater soda lake (Butturini et al., 2020), and Salineta, a shallow hypersaline lagoon (Butturini et al., 
2022). Black dots represent outliers. Materia orgánica disuelta. Diagramas de caja de las concentraciones y propiedades ópticas y 
isotópicas de la MOD. La interpretación de los descriptores se encuentra en el texto. Los valores de Magadi se comparan con dos 
sistemas endorreicos ricos en materia orgánica: el lago sódico del cráter Sonachi (Butturini et al., 2020) y Salineta, una laguna 
somera hipersalina (Butturini et al., 2022). Los puntos negros son valores atípicos.
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