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Whether biological and/or physico-chemical variations may have changed the abun-
dance of microbialites over geological times remains debated. This calls for a better
appraisal of the conditions necessary for the formation ofmodernmicrobialites. Here,
we compiled datasets from 140 aqueous environments where modern microbialites
have been reported, including their respective physico-chemical parameters. By ana-
lysing this database, we find that solutions where microbialites form have a relatively
high saturation with calcite, the chemical activities of Ca2þ and CO3

2− being con-
trolled by the solubility of amorphous calcium carbonate (ACC) or monohydrocalcite

(MHC) in most of these localities. Further statistical analyses of two databases listing ∼8000 continental aqueous systems show
that only a few of them display saturationwith ACC/MHC, appearing as candidates for the detection of overlookedmicrobialites.
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Introduction

Microbialites are organosedimentary deposits formed by benthic
microbial communities that mediate authigenic mineral precipi-
tation (Burne and Moore, 1987). They are found throughout the
geological record up to 3.43 billion years ago and are considered
as among the oldest traces of life on Earth (Allwood et al., 2007).
It has been argued that the diversity of microbialites has varied
over geological time with an overall decline at the end of the
Proterozoic (e.g., Awramik, 1971). The causes of these fluctua-
tions have fed debates opposing two major models: (i) one
involving biotic causes suggests that grazing by Metazoans
induced the decline of microbialites (Walter and Heys, 1985),
and (ii) a second “abiotic” model proposes that changes in the
chemical composition of the ocean were responsible for micro-
bialite decline (Fischer, 1965; Kempe and Kaźmierczak, 1994;
Peters et al., 2017).

While this debate is difficult to directly tackle, it empha-
sises that we still do not understand the conditions necessary
for microbialites to form. Modern microbialites have been
described in diverse environments (e.g., marine, freshwater,
hypersaline) and in the presence of very diverse microbial com-
munities (e.g., Iniesto et al., 2021). Presently, there are many
reports in the literature characterising the aqueous geochemistry
of single sites wheremodernmicrobialites form.However, only a
few meta-analyses gathering some of these data provide a
broader, statistical overview (e.g., Zeyen et al., 2021). Here, we
achieve an unprecedented compilation of datasets from 140 loca-
tions where modern microbialites form, spanning freshwater,
brackish, saline and hypersaline environments (Table S-1).

We analyse the variability of the chemical parameters of micro-
bialite-hosting environments and look for possible invariants.
Moreover, in order to assess the rareness/commonness of condi-
tions encountered inmicrobialite-hosting environments,we com-
pare our database with two databases of continental aqueous
systems.

Results

Physico-chemical parameters of microbialite-hosting environ-
ments. The compilationwas achieved by systematically searching
the terms “stromatolite”, “thrombolite” or “microbialite” in the
literature (see Supplementary Information). The 140 compiled
modern microbialite-hosting systems occur on all continents
(Fig. S-1) in a diversity of climates and geological contexts.
Most of the environments were freshwater, but 34 were marine.
The database includes emblematicmicrobialites, such as those of
Shark Bay, Lagoa Vermelha or the Bahamas, that have received
much attention as modern analogues of ancient microbialites.
Dissolved Ca2þ and Mg2þ concentrations were measured in a
majority (∼90 %) of the corresponding aqueous solutions and
ranged from 0.001 to 643 mM and 0.001 to 1325 mM, respec-
tively. Concentrations of other major chemical species (Naþ,
Cl−, Kþ, SO4

2−) were also generally well documented (∼88 %
of systems on average). Measurements of the dissolved inor-
ganic carbon (DIC) concentrations ranged between 0.022
and 6236 mM. These measurements were less documented
(∼76 % of systems) in the database, despite their importance
in carbonate-rich environments. In seven lakes, alkalinity values
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were available and assumed to be equal to DIC (Dickson et al.,
1981; Fig. S-2).

Overall, microbialite-forming waters in our database span
a high diversity of water chemical types as defined by Boros and
Kolpakova (2018), which were: saline (53 % of the occurrences),
soda-saline (23 % of the occurrences) and soda (24 % of occur-
rences) (Fig. S-3). Principal component analyses (PCA) were
conducted on 10 chemical variables measured on 545 samples
of microbialite-hosting environments in order to find the varia-
bles contributing tomost of the dataset variability. It showed that
most of the variance (∼62 %) in the dataset was explained by (i)
salinity (logarithms of Na, Cl, K activities) (35.22 %), and
(ii) the logarithm of CO3

2− activity anticorrelated with the loga-
rithm of Ca2þ activity (26.32 %) (Fig. S-4).

Assessment of the saturation index of waters in which
modern microbialites form. The anticorrelation between Ca2þ

and CO3
2− activities was further analysed by plotting their log-

arithms against each other. This plot also allows us to assess the
saturation index (defined as SI= log(IAP/Ks), where IAP is the
ion activity product and Ks is the solubility constant) of solutions
with various CaCO3 phases such as anhydrous crystalline phases
and amorphous phases (ACC). Four hundred and sixteen chemi-
cal measurements performed on 102 microbialite-forming envi-
ronments that were available in the database. The mean value
was considered for the environments for which several measure-
ments were available (Fig. 1). Conclusions were similar when
using the median.

A large majority (89 %) of aqueous environments were
highly supersaturated with respect to calcite and aragonite and
aligned between the solubility lines of vaterite and anACCphase
(ACC2) as determined by Brečević and Nielsen (1989) (Fig. 1).

Diverse ACC phases exist with logKs varying between −7.63
and −6.04. Here, many points align close to the solubility lines
of MHC and ACC1 phase (another ACC phase as determined by
Kellermeier et al., 2014).

A few environments (n= 5) appeared significantly under-
saturated with calcite. However, three of them harbouredmicro-
bialites that were siliceous (e.g., Great Obsidian Pool, Mound
Spring; Table S-1) or formed by pure trapping and binding of
clays (e.g., Lake Untersee, Antarctica; Table S-1). In two others
(Kauai caves, Hawaii), microbialites formed on cave walls in
freshwater seeping out of basalts and may experience significant
chemical variations by evaporation and CO2 degassing (Léveillé
et al., 2007).

Finally, some environments hosting carbonate microbia-
lites were on average supersaturated with anhydrous carbonates
but undersaturated with ACC and vaterite (n= 9; Figs. 1, S-5).
Only one single analysis was available for Ciocaia drill
(Romania). However, several ones were available for the other
locations. For Pavilion Lake, solution geochemistry varied over
time, reaching saturation with ACC at certain periods (Fig. S-5).
For Lake Kelly, none of the several availablemeasurements were
saturatedwith ACCbut it was reported thatmicrobialitesmay no
longer actively form (Lim et al., 2009). Last, at least four other
environments showed spatial chemical heterogeneities. They
were undersaturated with ACC on average but supersaturated
with ACC at certain locations. For example, Lakes Joyce and
Hoare (Antarctica) have chemically stratified waters, and micro-
bialites form at depths where DIC water content rises (Mackey
et al., 2018). Pastos Grandes (Bolivia) harbours groundwater out-
flows chemically evolving by evaporation along their travel away
from the source. Microbialites form when water reaches satura-
tion with ACC (Muller et al., 2022). Overall, 98 % of aqueous

Figure 1 Plot of the log of the activities of CO3
2− vs. Ca2þ for 102 microbialite-hosting environments. Solubility lines (dashed lines) are

reported for calcite (logKs=−8.48), aragonite (logKs=−8.34), monohydrocalcite (MHC; logKs=−7.6), vaterite (De Visscher and
Vanderdeelen, 2003), ACC1 as reported by Kellermeier et al. (2014; logKs=−7.63) and ACC2 as reported by Brečević and Nielsen (1989;
logKs=−6.39). Only mean values are provided for each environment by a diamond. Green diamonds correspond to siliceous microbialites;
red diamond corresponds to a clayeymicrobialite. Black diamonds correspond to environments saturated and oversaturatedwith ACC1 and/
or vaterite; grey diamonds correspond to environments undersaturated with vaterite. The grey shaded zone highlights a 95 % confidence
interval on the saturation values of microbialite-hosting environments with respect to ACC1/MHC.
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environments hosting modernmicrobialites were saturated with
ACC at least part of the time.

Comparison of the chemistry of modern microbialite-
hosting aqueous solutions with two global freshwater databases.
The chemical compositions of carbonate microbialite-hosting
environments were compared with many aqueous environ-
ments listed in two general databases, in order to assess how
unique the former might be. The Global Lake Ecological
Observatory Network (GLEON) database compiles 105,678
samples from 6422North European lakeswith only temperature,
pH, DIC and Ca2þ concentrations as physico-chemical parame-
ters (Weyhenmeyer et al., 2019; see Supplementary Information).
The Environmental Data Initiative (EDI) groups 28,455 samples
from 1547 North American lakes with several additional

parameters (Supplementary Information). Someof the lakes com-
piled in the EDI and GLEON databases possibly harbour micro-
bialites but if this is the case, they have not been described in the
literature and therefore are not in our microbialites database. The
comparison showed that pH, DIC and calcium concentrations in
the carbonate microbialite database were significantly higher on
average than in lakes from the GLEON and EDI databases
(Wilcoxon comparison tests of means; threshold of 0.05 and p val-
ues of 0, 2.1× 10−210 and 3.8× 10−175, respectively) (Figs. 2a–c, 3
and S-6). A principal component analyses on the physico-chemi-
cal parameters from EDI and microbialite-hosting environments
databases outlined that∼88% of the variance of all these aqueous
environments is explained by the activity of Cl− or Ca2þ (70.2% of
the variability) andDIC (17.9%) (Fig. 2d). The EDI lakes spread as

Figure 2 Comparison of the microbialite-hosting environments and lakes in the EDI and GLEON databases. Compared distributions are
(a) the log [Ca2þ(mM)], (b) the log [HCO3

−þ CO3
2− (mM)] and (c) the pH of the microbialite-hosting environments (black bars) and the

EDI and GLEON databases (grey or blue surface). Ca2þ activities were calculated using all major ion concentrations in the EDI database,
whereas they were approximated to concentrations in the GLEON database. Errors due to this approximation are estimated to be minor
(Fig. S-7). (d) Correlation circle from the global PCA of the physico-chemical parameters of EDI lakes and microbialite solutions. The loga-
rithms of the activities and DIC were used. The colours correspond to those used to differentiate the principal components on the micro-
bialite-hosting environments PCA (Fig. S-4). (e) Plot of all aqueous environments hosting microbialites (red dots) and from the EDI database
(black and grey dots) along the two main dimensions of the ACP.
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two groups in the plot of the two PCA dimensions. One
group contains Adirondack region lakes (USA), including
Mirror Lake, New York, whereas the second group is composed
of all other more saline lakes. In this plot, microbialite-forming
solutions mostly plot separately and stretch orthogonally to the
freshwaters from the EDI database (Fig. 2e). GLEON data were
not included in this PCA analysis, because too many parameters
were missing.

Finally, by plotting the EDI and GLEON environments in
the CaCO3 solubility diagram, less than 5 % of them show
saturation with ACC/MHC (Fig. 3).

Discussion

Saturation with vaterite/ACC/MHC as a necessary condition for
the formation of microbialites. The need for a relatively high
apparent critical saturation of the solutions so that microbialites
form is suggested by the analysis of the compiled database. Arp
et al. (2001) argued that a SI of ∼1 relative to calcite was required
for biofilm calcification to occur, based on the study of modern
non-marine calcifying cyanobacterial biofilms. Such a value
approximately corresponds to the solubilities of vaterite, ACC1
or MHC. Moreover, Fukushi et al. (2020) observed that several
alkaline lakes were saturated with MHC and suggested this
phase as a precursor of anhydrous carbonates. Accordingly,
many microbialite-hosting environments in our database are
alkaline. More recently, the same observation was done by
Zeyen et al. (2021) in microbialite-hosting lakes in Mexico,
who suggested ACC as an alternative precursor. In order to
explain these observations, they proposed that ACC may pre-
cipitate first, before transforming to the less soluble MHC, then
anhydrous carbonate phases, including vaterite. Here, based on
a new database of 140 microbialite-bearing systems, encom-
passing freshwater, saline and hypersaline conditions, we gen-
eralise this observation to all environments where microbialites
form, suggesting that saturation with ACC1/MHC or with vater-
ite appears as a necessary condition for the formation of modern
microbialites. This model may be further adjusted in the future.

The ACC1 solubility line reported in Figure 1 is a lower bound
for ACC. Indeed, the solubility of ACC increases with the Mg
content (Mergelsberg et al., 2020). According to Blue and Dove
(2015), the partition coefficient Kd of Mg vs. Ca in ACC is con-
stant (0.047) for pH below 9.5. Based on this, the Mg/Ca ratio in
ACC possibly formed in microbialite-bearing systems ranges
between 0.012 and 225, which may correspond to a variation
in solubility by ∼1 log unit.

Several conditions may allow the achievement of rela-
tively high SI values with CaCO3 as observed in microbialite-
hosting environments. Aqueous alkaline environments are
fed by fluxes of Ca2þ and HCO3

− ions, e.g., from water-rock
interactions, and/or atmospheric inputs (Pulido-Villena et al.,
2006). This generally does not directly create high saturation
conditions, except when locally, e.g., Ca2þ-rich groundwater out-
flows in highDIC lakes such as in Lake Van (Shapley et al., 2005).
In many cases, evaporation is a major driver for concentrating
solutions and achieving high saturation with CaCO3 (Pecoraino
et al., 2015). This is consistent with the abundance of microbia-
lites in saline environments. The SI values of aqueous solutions
are not controlled by the precipitation of crystalline anhydrous
CaCO3, which are the least soluble CaCO3 phases. Instead,
SI values are higher. Recently, Pietzsch et al. (2022), suggested
that in some alkaline lakes, orthophosphate concentrations
are high and inhibit crystalline anhydrous CaCO3 precipitation,
allowing the onset of saturation levels as high as the solubility of
ACC. Unfortunately, this cannot be further tested here since dis-
solved PO4

2− concentrations are only reported in eleven micro-
bialite-forming environments of our database. Similarly, the role
of exopolymeric substances (EPS) in locally controlling SI values
could be questioned. Whether this inhibition may be a major
process in all reported microbialite-hosting environments
will require further data acquisition. Once Ca2þ and CO3

2− activ-
ities reach values high enough so that MHC/ACC solubility is
attained, we hypothesise that any further input of Ca2þ and/or
DIC to the system can contribute to the accumulation of carbon-
ates, partly asmicrobialites, helping to control their overall abun-
dance in the aqueous system.

Figure 3 Plot of the activity of CO3
2− vs. Ca2þ for all lakes from the EDI (blue diamonds), GLEON (grey diamonds) and microbialite-hosting

environments (yellow diamonds) datasets. Solubility lines of aragonite, calcite, monohydrocalcite and ACC are the same as in Figure 1.
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Another outcome of the present analyses is that they may
help in finding localities where modern microbialites have been
potentially overlooked so far, by screening aqueous environ-
ments based on their SI with CaCO3 (Fig. 3). Some environ-
ments listed in the GLEON and EDI databases are saturated
with ACC/MHC. However, we presently do not know if they
hostmicrobialites. Two options are possible: (i) all these environ-
ments host microbialites, which would imply that saturation
with ACC/MHC is a necessary and sufficient condition for
microbialite formation; and (ii) some of these environments
do not contain microbialites, which means that some other con-
ditions may be necessary in addition to saturation with ACC/
MHC to form microbialites.

Presently, it may be speculated that changes in seawater
chemistry, possibly at the end of the Proterozoic, from ACC-
saturated to ACC-undersaturated seawater, may have caused
the decline of microbialite abundances (Fig. S-8). However, to
be validated, this speculation will need further constraints on
the value of SIACC in past oceans.

Finally, a control of water chemistry by MHC/ACC pre-
cipitation as a necessary condition for the growth ofmicrobialites
does not mean that microbial communities or any biological
parameter have no impact at all in the formation of microbialites.
Instead, it suggests that in order for them to participate in authi-
genic microbialite formation, at least some specific physico-
chemical environmental conditions, i.e. saturation with ACC/
MHC, must be met.
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BREČEVIĆ, L., NIELSEN, A.E. (1989) Solubility of amorphous calcium carbonate.
Journal of Crystal Growth 98, 504–510. https://doi.org/10.1016/0022-0248
(89)90168-1

BURNE, R.V., MOORE, L.S. (1987) Microbialites: organosedimentary deposits of
benthic microbial communities. PALAIOS 2, 241–254. https://doi.org/10.
2307/3514674

DE VISSCHER, A., VANDERDEELEN, J. (2003) Estimation of the Solubility Constant of
Calcite, Aragonite, and Vaterite at 25°C Based on Primary Data Using
the Pitzer Ion Interaction Approach. Monatshefte für Chemie/Chemical
Monthly 134, 769–775. https://doi.org/10.1007/s00706-002-0587-3

DICKSON, A.G. (1981) An exact definition of total alkalinity and a procedure for the
estimation of alkalinity and total inorganic carbon from titration data.Deep
Sea Research Part A. Oceanographic Research Papers 28, 609–623. https://doi.
org/10.1016/0198-0149(81)90121-7

FISCHER, A.G. (1965) Fossils, early life, and atmospheric history. Proceedings of the
National Academy of Sciences 53, 1205–1215. https://doi.org/10.1073/pnas.
53.6.1205-a

FUKUSHI, K., IMAI, E., SEKINE, Y., KITAJIMA, T., GANKHUREL, B., DAVAASUREN, D.,
HASEBE, N. (2020) In Situ Formation of Monohydrocalcite in Alkaline
Saline Lakes of the Valley of Gobi Lakes: Prediction for Mg, Ca, and
Total Dissolved Carbonate Concentrations in Enceladus’ Ocean and
Alkaline-Carbonate Ocean Worlds. Minerals 10, 669. https://doi.org/10.
3390/min10080669

INIESTO, M., MOREIRA, D., REBOUL, G., DESCHAMPS, P., BENZERARA, K., BERTOLINO, P.,
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Materials and Methods 
 

Setup of a new modern microbialite-hosting environment database and description of the database. Modern 
microbialite localities were identified by searching the literature published between 1962 and 2022. For this purpose, 
the terms “microbialite”, “microbialite-forming mat”, “stromatolite” and “thrombolite” were used in search engines 
such as Web of Science or Google Scholar as well as the ScienceDirect, SpringerLink and ResearchGate platforms. 
Papers describing microbialites and containing chemical data on the aqueous environments where these microbialites 
form, were retrieved from papers listed in the database. Sedimentary structures referred to as “tufas” or “travertines” 
were not compiled in the database because of the significant differences sometimes attached to these terms (Pentecost 
and Viles, 1994). While there might be some subjectivity in choosing the term microbialites instead of another one, we 
did not add further subjective bias by reappraising ourselves the validity of the terms used in published studies. 

The physicochemical parameters of the aqueous environments in which modern microbialites form were further 
searched when needed in additional publications not focusing on microbialites. Overall, we managed to compile 140 
localities with 30 major variables into this database. The database is reported in Table S-1. Temperature, pH, 
conductivity, major ion and trace element concentrations, and some isotopic data (e.g., δ18O, δ34S, δD, δ13Corg, δ13CDIC) 
were compiled when available. The type of environment (lacustrine, marine) as well as some details on the data collected 
from the literature and references were added. Moreover, the database contains the sampling dates and depth of 
microbialites, the major mineral phases composing them and the geological context. For aqueous environments of the 
GLEON database where both DIC and alkalinity were available, we checked that there was a 1:1 correlation between 
these parameters (Fig. S-2; Dickson, 1981). Then, for seven microbialite-hosting environments for which DIC was not 
available, DIC was equated to the alkalinity. Concentrations provided in mg L−1 or ppm were converted into mM in the 
database. For 81 localities, several water sample analyses were available and all of these data are reported, resulting in 
a total of 610 aqueous geochemistry analyses in the database. 
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Figure S-1 shows that modern microbialites can be found all over the world. The chemical types of all aqueous 
environments were determined according to the approach by Boros and Kolpakova (2018) by plotting them in Ca2+–
Na++K+–Mg2+ and SO4

2−–Cl−–CO3
2−+HCO3

− ternary diagrams (Fig. S-3a). This shows that environments hosting 
modern microbialites are hydrochemically diverse and can be 'saline' for lakes with calcium and carbonate 
concentrations below 25 %, 'soda-saline' for lakes with Ca2+ and DIC contents >25 % and Na2+ as the dominant cation 
and carbonates not as the dominant anions, and 'soda' for lakes with Ca2+ and DIC contents >25 % and Na2+ and 
carbonates as the dominant cations and anions. In this classification, 53 % of microbialite-hosting environments are 
saline, 23 % soda-saline, and 24 % soda on a total of 95 environments. Microbialite-hosting aqueous solutions were also 
plotted in a ternary diagram defined as Mg2+–SO4

2−–HCO3
−+CO3

2− (Deocampo and Jones, 2014) (Fig. S-3b). Red arrows 
indicate chemical evolutions upon evaporation and precipitation of calcite and dolomite. This shows that many saline 
microbialite-hosting environments may result from advanced evolution of an initially high Ca2+/CO3

2− solution. 
However, several saline environments may have had a low initial Ca2+/HCO3

− and became enriched in sulfates. By 
contrast, for soda-saline and soda microbialite-hosting environments, most may result from the evolution of an initially 
low Ca2+/CO3

2− solution and kept relatively sulfate poor. 
 

Environmental Data Initiative (EDI) and Global Lake Ecological Observatory Network (GLEON) datasets. 
The dataset of freshwater environments from the Global Ecological Observatory Network (GLEON, https://gleon.org/) 
was previously analysed by Weyhenmeyer et al. (2019). It groups 160,660 analyses of lake samples and reports six 
parameters: water depth, pH, temperature, Ca2+, and dissolved CO2 and DIC contents. Only data of lakes with available 
data for Ca2+ and DIC concentrations were extracted and used here, which represent 105,678 samples from 6,422 North 
European environments. Of those, at least 78 % had pH and/or temperature parameters. 

The dataset from the Environmental Data Initiative (EDI, 
https://portal.edirepository.org/nis/browseServlet?searchValue=limnology) in the section “limnology” contains 
analyses of 29,176 samples from ~1600 environments, with 18 main variables: lake elevation, size, water depth, pH, 
temperature, conductivity, DIC, dissolved organic matter, dissolved oxygen, Ca2+, Mg2+, Si, Na+, Cl−, K+, SO4

2−, NO3
− 

and NH4
+ contents. Only 28,455 analyses from over 1,547 lakes from North America were selected as they included 

both Ca2+ and DIC contents. Interestingly, this database contained more parameters than the GLEON one, including the 
concentrations of several other major ions for over 40 % of the data. This allowed us to compare this database with the 
modern microbialite database on more parameters using PCA (Fig. 2 in the main text). 
 

Speciation calculations. The activities of major ions were calculated with the PHREEQC software (Parkhurst 
and Appelo, 2013) based on the Hückel-Debye method, and taking into account the temperature in the activity 
calculation for the solubility products of CaCO3. The thermodynamic database “thermoddem.dat” (Blanc et al., 2012) 
was used, with the solubility constants of calcite and aragonite from Plummer and Busenberg (1982), monohydrocalcite 
(MHC) from Hull and Turnbull (1973), and those of amorphous calcium carbonate (ACC) measured by Brečević and 
Nielsen (1989) at Ks = 10−6.4 (i.e. ACC2) and Kellermeier et al. (2014) at Ks = 10−7.63 (i.e. ACC1). 

For the calculation of activities in the microbialite-hosting aqueous solutions, all available chemical species 
concentrations and temperature were considered. In the GLEON dataset only Ca2+ content, DIC content, temperature 
and pH were available to calculate the ion activities. The water chemistry analyses from all the databases were validated 
by verifying that the electric charge imbalance was between −10 % and +10 %. 
 

Statistical analyses. The distributions of the major ion concentrations in the GLEON and EDI datasets vs. in the 
microbialite dataset are shown in Figure S-6. The differences between these distributions in the GLEON and EDI 
datasets vs. in the microbialite dataset were statistically tested. As these values are not normally distributed, the non-
parametric Wilcoxon-Mann-Whitney test was chosen with a p-value threshold of 5 %. 
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Principal component analyses (PCA). Similar to what was done by Zeyen et al. (2021), we conducted PCA to 
assess which parameters explain most of the variability in the datasets. In these analyses, each axis (or principal 
component) is a linear combination of variables defined so that they maximise the spatial discrimination of samples; 
coordinates of vectors on each axis indicate the coefficient of the variables in the linear combination. The longer the 
orthogonal projection of an arrow on a given axis, the stronger the contribution of the variable to this axis. The smaller 
the angle between arrows, the stronger the positive linear correlation between corresponding variables. Orthogonal 
arrows indicate no correlation, while arrows pointing in opposite directions indicate a negative correlation. The samples 
are plotted in two dimensions using their projections onto the first two principal components. The part of the total sample 
variability explained by each axis is indicated in the axis label (Zeyen et al., 2021). We compared EDI and microbialite-
hosting environments. One PCA was performed on the microbialite-hosting environments dataset (Fig. S-4). A second 
PCA was performed on the combined EDI and microbialite-hosting environments datasets (Fig. 2d, e). For each PCA 
dataset, the parameters missing for more than half of the environments were removed. The environments where more 
than half of the parameters were missing were then removed. The missing values were further imputed based on the 
nearest neighboring environments. Imputation of missing values and PCA were performed using the R packages 
missMDA, FactoMineR and Factoshiny (Lê, Josse and Husson, 2008; Josse and Husson, 2016). The GLEON dataset 
was not used in this analysis because most of the water chemistry parameters describing the microbialite-hosting 
environments are missing. 
 

Prediction of overlooked microbialite-hosting environments. The present analysis may also help finding 
localities where modern microbialites have been potentially overlooked so far, by screening aqueous environments 
based on their SI with CaCO3. Among the 7969 lakes in the GLEON and EDI databases, around 318 were on average 
saturated with ACC/MHC (Fig. 3; Table S-2) and therefore appear as potentially favorable for the development of 
microbialites. Looking back at the literature on some of these lakes, we found reports of (i) biogenic carbonate 
precipitation in Locknesjön lake (Sweden; Labuhn et al., 2022), (ii) tufa precipitation in Sinijärv lake (Estonia; Laumets 
et al., 2014), (iii) calcifying microbial mats in Deer lake (Canada; Zorz et al., 2019), (iv) cyanobacterial calcareous mud 
in Storfjärden, Hållsjön and Käringsjön lakes (Sweden; Brunberg and Blomqvist, 1999), and (v) seasonal CaCO3 
production in Ripley lake (US; Garrison and Pillsbury, 2009). Only future systematic and careful campaigns will be 
able to determine whether modern microbialites may form in these localities or not. If all of these lakes eventually prove 
to host microbialites, this will further support the conclusions of the present study. If some do not host microbialites, it 
will be important to understand what other parameters (including biological parameters) may prevent microbialite 
formation in an otherwise chemically favorable environment. 
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Supplementary Tables 
 
Table S-1 Modern microbialite-hosting environments database. 
 
Table S-2 List of the names of the lakes in GLEON and EDI datasets that are saturated with ACC as shown in 
Figure 3. Only six cases of microbially induced carbonates have been found in the literature in some of these lakes. 
Microbialites may have been overlooked in these environments. Some lakes may become artificially ACC-saturated, 
and possibly not prone to microbialite formation, following anthropic alkalinisation using liming to fight acidification. 
This is particularly the case in more than 20,000 rivers and lakes in Sweden (Svenson et al., 1995; dataset used by 
Weyhenmeyer et al., 2019). 
 
 
Tables S-1 and S-2 (.xlsx) are available for download from the online version of this article at 
https://doi.org/10.7185/geochemlet.2311. 
 
 
 
 
 
 
Supplementary Figures 

Figure S-1 All modern microbialite-hosting environments listed in the database represented on a world map 
(provided by Microsoft Excel). 
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Figure S-2 Linear correlation between the alkalinity and the DIC in freshwater environments from the GLEON 
dataset. We note that the pH range encompassed by these lakes is such that H2CO3 and CO2 are not important contributor 
to DIC. 
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Figure S-3 Ternary diagrams of microbialite environments. (a) Chemical types are assessed based on the approach 
of Boros and Kolpakova (2018). (b) Deocampo and Jones’ (2014) triangles that show chemical evolution of aqueous 
environments by evaporation and precipitation depending on their initial Ca2+/HCO3

− ratio (red arrows) between modern 
microbialite-hosting environments. 
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Figure S-4 Correlation circle from the PCA on 10 physicochemical parameters from 545 aqueous samples collected 
from microbialite-forming environments. Ten variables were available, which are: log(aCO3), log(DIC), pH, T (°C), 
log(aCa), log(aMg), log(aNa), log(aCl), log(aK) and log(aSO4). The variance of these environments is explained for 
almost 62 % by a dimension (blue arrows, explains ~35.22 % of variability) grouping the chemical species responsible 
for salinity as well as sulfates and by another dimension (red arrows, explains ~26.32 % of variability) characterising 
the carbonates contents, pH and temperature anticorrelated to the calcium and to a lesser extent magnesium contents. 
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Figure S-5 Plots of CO3

2− vs. Ca2+ activities for aqueous environments undersaturated with ACC on average. 
Different squares represent analyses at different times or different locations along the aqueous system. Table S-2 lists 
these environments and summarises some of their characteristics. It appears that 73 % of these environments reach 
saturation with ACC at least once in the time and/or place of sampling; it is assumed the variability in their chemistry 
makes them outliers. 
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Figure S-6 Compared distributions of the logarithms of the main dissolved chemical species (and saturation index 
(SI) of ACC1/MHC) in North American (grey) vs. microbialite-hosting (coloured) lakes. (a) Magnesium logarithm, (b) 
sodium logarithm, (c) chloride logarithm, (d) potassium logarithm, (e) sulfates logarithm, (f) SI of ACC1/MHC. 
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Figure S-7 Comparison between activities in the microbialite-hosting environments (i) calculated based on the 
knowledge of all the dissolved species concentrations available (open black points; “standard” approach) vs. (ii) 
approximated based on the knowledge of pH, Ca and DIC concentrations only (open blue circles; “approximated” 
approach). The differences between the approximated and standard calculated activities appear minor. The mean 
difference based on Euclidean distances between the values of the log(activities) calculated by the two approaches was 
0.2. 
 

Figure S-8 Geological evolution of the saturation index (SI) of seawater with respect to MHC/ACC1 adapted from 
the model by Kempe and Kazmierczak (1994). The Ks-ACC was derived from Kellermeier et al. (2014; ACC1). The black 
dashed horizontal line indicates saturation with MHC/ACC1. 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-11 

	

Supplementary Information References 
 
Abed, R.M.M., Golubic, S., Garcia-Pichel, F., Camoin, G.F., Sprachta, S. (2003) Characterization of microbialite-

forming cyanobacteria in a tropical lagoon: Tikehau Atoll, Tuamotu, French Polynesia. Journal of Phycology 
39, 862–873. https://doi.org/10.1046/j.1529-8817.2003.02180.x 

Aiken, G., McKnight, D., Harnish, R., Wershaw, R. (1996) Geochemistry of aquatic humic substances in the Lake 
Fryxell Basin, Antarctica. Biogeochemistry 34, 157–188. https://doi.org/10.1007/BF00000900 

Airo Farulla, A., Lowe, D.R., Dunbar, R.B., Payne, J., Trent, J.D. (2010) Biotic and abiotic controls on the 
morphological and textural development of modern microbialites at Lago Sarmiento, Chile. Ph.D. thesis, 
Stanford University, California, 112 p. https://searchworks.stanford.edu/view/8652428 

Albarracín, V.H., Gärtner, W., Farias, M.E. (2016) Forged Under the Sun: Life and Art of Extremophiles from Andean 
Lakes. Photochemistry and Photobiology 92, 14–28. https://doi.org/10.1111/php.12555 

Aloisi, G. (2008) The calcium carbonate saturation state in cyanobacterial mats throughout Earth’s history. Geochimica 
et Cosmochimica Acta 72, 6037–6060. https://doi.org/10.1016/j.gca.2008.10.007 

An, S., Gardner, W.S. (2002) Dissimilatory nitrate reduction to ammonium (DNRA) as a nitrogen link, versus 
denitrification as a sink in a shallow estuary (Laguna Madre/Baffin Bay, Texas). Marine Ecology Progress 
Series 237, 41–50. https://doi.org/10.3354/meps237041 

Andersen, D.T., Sumner, D.Y., Hawes, I., Webster-Brown, J., McKay, C.P. (2011) Discovery of large conical 
stromatolites in Lake Untersee, Antarctica. Geobiology 9, 280–293. https://doi.org/10.1111/j.1472-
4669.2011.00279.x 

Andrews, J.E., Pedley, M., Dennis, P.F. (2000) Palaeoenvironmental records in Holocene Spanish tufas: a stable isotope 
approach in search of reliable climatic archives. Sedimentology 47, 961–978. https://doi.org/10.1046/j.1365-
3091.2000.00333.x 

Angino, E.E., Armitage, K.B., Tash, J.C. (1962) Chemical Stratification in Lake Fryxell, Victoria Land, Antarctica. 
Science 138, 34–36. https://doi.org/10.1126/science.138.3536.34 

Armienta, M.A., Vilaclara, G., De la Cruz-Reyna, S., Ramos, S., Ceniceros, N., Cruz, O., Aguayo, A., Arcega-Cabrera, 
F. (2008) Water chemistry of lakes related to active and inactive Mexican volcanoes. Journal of Volcanology 
and Geothermal Research 178, 249–258. https://doi.org/10.1016/j.jvolgeores.2008.06.019 

Arp, G., Hofmann, J., Reitner, J. (1998) Microbial fabric formation in spring mounds (“microbialites”) of alkaline salt 
lakes in the Badain Jaran Sand Sea, PR China. PALAIOS 13, 581–592. https://doi.org/10.2307/3515349 

Asha, P.S., Selvaraj, M., Diwakar, K. (2011) Environment degradation by chemical effluents along the Kayalpatinam 
coast of Gulf of Mannar with special reference to mercury. Journal of the Marine Biological Association of 
India 53, 75–80. http://eprints.cmfri.org.in/8707/1/75--80--P._S._Asha.pdf 

Azzaro, E., Badalamenti, F., Dongarrà, G., Hauser, S. (1983) Geochemical and mineralogical studies of Lake Specchio 
di Venere, Pantelleria Island, Italy. Chemical Geology 40, 149–165. https://doi.org/10.1016/0009-
2541(83)90096-7 

 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-12 

	

Bahniuk, A., McKenzie, J.A., Perri, E., Bontognali, T.R.R., Vögeli, N., Rezende, C.E., Rangel, T.P., Vasconcelos, C. 
(2015) Characterization of environmental conditions during microbial Mg-carbonate precipitation and early 
diagenetic dolomite crust formation: Brejo do Espinho, Rio de Janeiro, Brazil. In: Bosence, D.W.J., Gibbons, 
K.A., Le Heron, D.P., Morgan, W.A., Pritchard, T., Vining, B.A. (Eds.) Microbial Carbonates in Space and 
Time: Implications for Global Exploration and Production. Geological Society, London, Special Publications, 
418, 243–259. https://doi.org/10.1144/SP418.11 

Ball, J.W., McCleskey, R.B., Nordstrom, D.K., Holloway, J.M., Verplanck, P.L., Sturtevant, S.A. (2002) Water-
chemistry data for selected springs, geysers, and streams in Yellowstone National Park, Wyoming, 1999-2000. 
USGS Open-File Report 2002-382, U.S. Geological Survey, Reston, VA. https://doi.org/10.3133/ofr02382 

Barker, P. (1992) Differential diatom dissolution in Late Quaternary sediments from Lake Manyara, Tanzania: an 
experimental approach. Journal of Paleolimnology 7, 235–251. https://doi.org/10.1007/BF00181716 

Baxter, R.M., Golobitsh, D.L. (1970) A Note on the Limnology of Lake Hayq, Ethiopia. Limnology and Oceanography 
15, 144–149. https://doi.org/10.4319/lo.1970.15.1.0144 

Beeler, S.R., Gomez, F.J., Bradley, A.S. (2020) Controls of extreme isotopic enrichment in modern microbialites and 
associated abiogenic carbonates. Geochimica et Cosmochimica Acta 269, 136–149. 
https://doi.org/10.1016/j.gca.2019.10.022 

Benson, L., White, L.D., Rye, R. (1996) Carbonate deposition, Pyramid Lake Subbasin, Nevada: 4. Comparison of the 
stable isotope values of carbonate deposits (tufas) and the Lahontan lake-level record. Palaeogeography, 
Palaeoclimatology, Palaeoecology 122, 45–76. https://doi.org/10.1016/0031-0182(95)00099-2 

Berzas Nevado, J.J., García Bermejo, L.F., Martín-Álvarez, P.J., Rodríguez Martín-Doimeadios, R.C. (2004) Quality 
Assessment and Chemometric Evaluation of a Fluvio-Lacustrine System: Ruidera Pools Natural Park (Spain). 
Water, Air, and Soil Pollution 155, 269–289. https://doi.org/10.1023/B:WATE.0000026532.72630.10 

Birgel, D., Meister, P., Lundberg, R., Horath, T.D., Bontognali, T.R.R., Bahniuk, A.M., de Rezende, C.E., Vasconcelos, 
C., McKenzie, J.A. (2015) Methanogenesis produces strong 13C enrichment in stromatolites of Lagoa Salgada, 
Brazil: a modern analogue for Palaeo-/Neoproterozoic stromatolites? Geobiology 13, 245–266. 
https://doi.org/10.1111/gbi.12130 

Bischoff, J.L., Herbst, D.B., Rosenbauer, R.J. (1991) Gaylussite formation at Mono Lake, California. Geochimica et 
Cosmochimica Acta 55, 1743–1747. https://doi.org/10.1016/0016-7037(91)90144-T 

Bischoff, J.L., Israde-Alcántara, I., Garduño-Monroy, V.H., Shanks III, W.C. (2004) The springs of Lake Pátzcuaro: 
chemistry, salt-balance, and implications for the water balance of the lake. Applied Geochemistry 19, 1827–
1835. https://doi.org/10.1016/j.apgeochem.2004.04.003 

Bischoff, K., Sirantoine, E., Wilson, M.E.J., George, A.D., Mendes Monteiro, J., Saunders, M. (2020) Spherulitic 
microbialites from modern hypersaline lakes, Rottnest Island, Western Australia. Geobiology 18, 725–741. 
https://doi.org/10.1111/gbi.12400 

Blanc, Ph., Lassin, A., Piantone, P., Azaroual, M., Jacquemet, N., Fabbri, A., Gaucher, E.C. (2012) Thermoddem: A 
geochemical database focused on low temperature water/rock interactions and waste materials. Applied 
Geochemistry 27, 2107–2116. https://doi.org/10.1016/j.apgeochem.2012.06.002 

Boros, E., Kolpakova, M. (2018) A review of the defining chemical properties of soda lakes and pans: An assessment 
on a large geographic scale of Eurasian inland saline surface waters. PLOS ONE 13, e0202205. 
https://doi.org/10.1371/journal.pone.0202205 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-13 

	

Bosak, T., Liang, B., Wu, T.-D., Templer, S.P., Evans, A., et al. (2012) Cyanobacterial diversity and activity in modern 
conical microbialites. Geobiology 10, 384–401. https://doi.org/10.1111/j.1472-4669.2012.00334.x 

Boschetti, T., Cortecci, G., Barbieri, M., Mussi, M. (2007) New and past geochemical data on fresh to brine waters of 
the Salar de Atacama and Andean Altiplano, northern Chile. Geofluids 7, 33–50. https://doi.org/10.1111/j.1468-
8123.2006.00159.x 

Bougeault, C., Vennin, E., Durlet, C., Muller, E., Mercuzot, M., et al. (2019) Biotic–Abiotic Influences on Modern Ca–
Si-Rich Hydrothermal Spring Mounds of the Pastos Grandes Volcanic Caldera (Bolivia). Minerals 9, 380. 
https://doi.org/10.3390/min9060380 

Bouton, A., Vennin, E., Amiotte-Suchet, P., Thomazo, C., Sizun, J.-P., Virgone, A., Gaucher, E.C., Visscher, P.T. 
(2020) Prediction of the calcium carbonate budget in a sedimentary basin: A “source-to-sink” approach applied 
to Great Salt Lake, Utah, USA. Basin Research 32, 1005–1034. https://doi.org/10.1111/bre.12412 

Braithwaite, C.J.R., Zedef, V. (1996) Hydromagnesite stromatolites, sediments in an alkaline lake, Salda Gölü, Turkey. 
Journal of Sedimentary Research 66, 991–1002. https://doi.org/10.1306/D426845F-2B26-11D7-
8648000102C1865D 

Braithwaite, C.J.R., Casanova, J., Frevert, T., Whitton, B.A. (1989) Recent stromatolites in landlocked pools on Aldabra, 
Western Indian ocean. Palaeogeography, Palaeoclimatology, Palaeoecology 69, 145–165. 
https://doi.org/10.1016/0031-0182(89)90162-4 

Brečević, L., Nielsen, A.E. (1989) Solubility of amorphous calcium carbonate. Journal of Crystal Growth 98, 504–510. 
https://doi.org/10.1016/0022-0248(89)90168-1 

Brigmon, R.L., Morris, P., Smith, G. (2008) Evaporite Microbial Films, Mats, Microbialites and Stromatolites. In: Dilek, 
Y., Furnes, H., Muehlenbachs, K. (Eds.) Links Between Geological Processes, Microbial Activities & Evolution 
of Life: Microbes and Geology. Modern Approaches in Solid Earth Sciences, v. 4, Springer, Dordrecht, 197–
235. https://doi.org/10.1007/978-1-4020-8306-8_7 

Brunberg, A.K., Blomqvist, P. (1999) Characteristics and ontogeny of oligotrophic hardwater lakes in the Forsmark 
area, central Sweden. Report SKB-R--99-68, Swedish Nuclear Fuel and Waste Management Co., Stockholm, 
Sweden, 48 p. https://inis.iaea.org/search/search.aspx?orig_q=RN:31025613 

Brunskill, G.J., Ludlam, S.D. (1969) Fayetteville Green Lake, New York. I. Physical and chemical limnology, 
Limnology and Oceanography 14, 817–829. https://doi.org/10.4319/lo.1969.14.6.0817 

Campos, H., Soto, D., Parra, O., Steffen, W., Aguero, G. (1995) Limnological studies of Amarga Lagoon, Chile: A 
saline lake in Patagonian South America. International Journal of Salt Lake Research 4, 301–314. 
https://doi.org/10.1007/BF01999114 

Canet, C., Prol-Ledesma, R.M., Torres-Alvarado, I., Gilg, H.A., Villanueva, R.E., Cruz, R.L.-S. (2005) Silica-carbonate 
stromatolites related to coastal hydrothermal venting in Bahía Concepción, Baja California Sur, Mexico. 
Sedimentary Geology 174, 97–113. https://doi.org/10.1016/j.sedgeo.2004.12.001 

Canfield, D.E., Green, W.J. (1985) The cycling of nutrients in a closed-basin antarctic lake: Lake Vanda. 
Biogeochemistry 1, 233–256. https://doi.org/10.1007/BF02187201 

Cangemi, M., Bellanca, A., Borin, S., Hopkinson, L., Mapelli, F., Neri, R. (2010) The genesis of actively growing 
siliceous stromatolites: Evidence from Lake Specchio di Venere, Pantelleria Island, Italy. Chemical Geology 
276, 318–330. https://doi.org/10.1016/j.chemgeo.2010.06.017 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-14 

	

Cangemi, M., Censi, P., Reimer, A., D’Alessandro, W., Hause-Reitner, D., Madonia, P., Oliveri, Y., Pecoraino, G., 
Reitner, J. (2016) Carbonate precipitation in the alkaline lake Specchio di Venere (Pantelleria Island, Italy) and 
the possible role of microbial mats. Applied Geochemistry 67, 168–176. 
https://doi.org/10.1016/j.apgeochem.2016.02.012 

Casanova, J., Hillaire-Marcel, C. (1992) Chronology and paleohydrology of late Quaternary high lake levels in the 
Manyara basin (Tanzania) from isotopic data (18O, 13C, 14C, Th/U) on fossil stromatolites. Quaternary Research 
38, 205–226. https://doi.org/10.1016/0033-5894(92)90057-P 

Castro-Contreras, S.I., Gingras, M.K., Pecoits, E., Aubet, N.R., Petrash, D., Castro-Contreras, S.M., Dick, G., Planavsky, 
N., Konhauser, K.O. (2014) Textural and geochemical features of freshwater microbialites from Laguna Bacalar, 
Quintana Roo, Mexico. PALAIOS 29, 192–209. https://doi.org/10.2110/palo.2013.063 

Cejudo, E., Acosta-González, G., Ortega-Camacho, D., Tun-Rosado, G.E. (2020) Changes in the hydrochemistry of a 
karstic lake in Yucatan, Mexico. Environmental Earth Sciences 79, 98. https://doi.org/10.1007/s12665-020-
8838-3 

Chagas, A.A.P., Webb, G.E., Burne, R.V., Southam, G. (2016) Modern lacustrine microbialites: Towards a synthesis of 
aqueous and carbonate geochemistry and mineralogy. Earth-Science Reviews 162, 338–363. 
https://doi.org/10.1016/j.earscirev.2016.09.012 

Cloern, J.E., Cole, B.E., Oremland, R.S. (1983) Seasonal changes in the chemistry and biology of a meromictic lake 
(Big Soda Lake, Nevada, USA). Hydrobiologia 105, 195–206. https://doi.org/10.1007/BF00025188 

Cohen, A.S., Thouin, C. (1987) Nearshore carbonate deposits in Lake Tanganyika. Geology 15, 414–418. 
https://doi.org/10.1130/0091-7613(1987)15<414:NCDILT>2.0.CO;2 

Cohuo-Durán, S., Pérez, L., Karanovic, I. (2014) On Limnocytherina axalapasco, a new freshwater ostracod 
(Podocopida: Limnocytheridae) from Mexican crater lakes. Revista de Biología Tropical 62, 15–32. 
https://doi.org/10.15517/rbt.v62i1.11796 

Coman, C., Chiriac, C.M., Robeson, M.S., Ionescu, C., Dragos, N., et al. (2015) Structure, mineralogy, and microbial 
diversity of geothermal spring microbialites associated with a deep oil drilling in Romania. Frontiers in 
Microbiology 6, 253. https://doi.org/10.3389/fmicb.2015.00253 

Coshell, L., Rosen, M.R., McNamara, K.J. (1998) Hydromagnesite replacement of biomineralized aragonite in a new 
location of Holocene stromatolites, Lake Walyungup, Western Australia. Sedimentology 45, 1005–1018. 
https://doi.org/10.1046/j.1365-3091.1998.00187.x 

Couradeau, E., Benzerara, K., Gérard, E., Estève, I., Moreira, D., Tavera, R., López-García, P. (2013) Cyanobacterial 
calcification in modern microbialites at the submicrometer scale. Biogeosciences 10, 5255–5266. 
https://doi.org/10.5194/bg-10-5255-2013 

Dalrymple, D.W. (1964) Recent sedimentary facies of Baffin Bay, Texas. Ph.D. thesis, Rice University, Houston, Texas, 
192 p. https://hdl.handle.net/1911/14155 

Davraz, A., Varol, S., Sener, E., Sener, S., Aksever, F., Kırkan, B., Tokgözlü, A. (2019) Assessment of water quality 
and hydrogeochemical processes of Salda alkaline lake (Burdur, Turkey). Environmental Monitoring and 
Assessment 191, 701. https://doi.org/10.1007/s10661-019-7889-y 

De los Ríos, P., Soto, D. (2009) Estudios limnològicos en lagos y lagunas del Parque Nacional Torres del Paine (51° S, 
Chile). Anales del Instituto de la Patagonia 37, 63–71. https://doi.org/10.4067/S0718-686X2009000100006 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-15 

	

Degens, E.T., Von Herzen, R.P., Wong, H.-K. (1971) Lake Tanganyika: Water chemistry, sediments, geological 
structure. Naturwissenschaften 58, 229–241. https://doi.org/10.1007/BF00602986 

Della Porta, G. (2015) Carbonate build-ups in lacustrine, hydrothermal and fluvial settings: comparing depositional 
geometry, fabric types and geochemical signature. In: Bosence, D.W.J., Gibbons, K.A., Le Heron, D.P., Morgan, 
W.A., Pritchard, T., Vining, B.A. (Eds.) Microbial Carbonates in Space and Time: Implications for Global 
Exploration and Production. Geological Society, London, Special Publications, 418, 17–68. 
https://doi.org/10.1144/SP418.4 

Demergasso, C., Escudero, L., Casamayor, E.O., Chong, G., Balagué, V., Pedrós-Alió, C. (2008) Novelty and spatio–
temporal heterogeneity in the bacterial diversity of hypersaline Lake Tebenquiche (Salar de Atacama). 
Extremophiles 12, 491–504. https://doi.org/10.1007/s00792-008-0153-y 

Demlie, M., Ayenew, T., Wohnlich, S. (2007) Comprehensive hydrological and hydrogeological study of 
topographically closed lakes in highland Ethiopia: The case of Hayq and Ardibo. Journal of Hydrology 339, 
145–158. https://doi.org/10.1016/j.jhydrol.2007.03.012 

Deocampo, D.M., Jones, B.F. (2014) 7.13 - Geochemistry of Saline Lakes. In: Holland, H.D., Turekian, K.K. (Eds.) 
Treatise on Geochemistry. Second Edition, Elsevier, Amsterdam, 437–469. https://doi.org/10.1016/B978-0-08-
095975-7.00515-5 

Dettman, D.L., Palacios-Fest, M.R., Nkotagu, H.H., Cohen, A.S. (2005) Paleolimnological investigations of 
anthropogenic environmental change in Lake Tanganyika: VII. Carbonate isotope geochemistry as a record of 
riverine runoff. Journal of Paleolimnology 34, 93–105. https://doi.org/10.1007/s10933-005-2400-x 

Díaz–Palma, P., Stegen, S., Queirolo, F., Arias, D., Araya, S. (2012) Biochemical profile of halophilous microalgae 
strains from high-andean extreme ecosystems (NE-Chile) using methodological validation approaches. Journal 
of Bioscience and Bioengineering 113, 730–736. https://doi.org/10.1016/j.jbiosc.2012.01.015 

Dickson, A.G. (1981) An exact definition of total alkalinity and a procedure for the estimation of alkalinity and total 
inorganic carbon from titration data. Deep Sea Research Part A. Oceanographic Research Papers 28, 609–623. 
https://doi.org/10.1016/0198-0149(81)90121-7 

Dillon, J.G., Carlin, M., Gutierrez, A., Nguyen, V., McLain, N. (2013) Patterns of microbial diversity along a salinity 
gradient in the Guerrero Negro solar saltern, Baja CA Sur, Mexico. Frontiers in Microbiology 4, 399. 
https://doi.org/10.3389/fmicb.2013.00399 

Dinger, E.C., Cohen, A.E., Hendrickson, D.A., Marks, J.C. (2005) Aquatic invertebrates of Cuatro Ciénegas, Coahuila, 
México: Natives and exotics. The Southwestern Naturalist 50, 237–246. https://doi.org/10.1894/0038-
4909(2005)050[0237:AIOCCC]2.0.CO;2 

Dodd, C., Anderson, C.R., Perissinotto, R., du Plooy, S.J., Rishworth, G.M. (2018) Hydrochemistry of peritidal 
stromatolite pools and associated freshwater inlets along the Eastern Cape coast, South Africa. Sedimentary 
Geology 373, 163–179. https://doi.org/10.1016/j.sedgeo.2018.06.002 

Donaldson, A., Whitton, B.A. (1977) Chemistry of Freshwater Pools on Aldabra.	Atoll Research Bulletin 213, 1–25. 
https://doi.org/10.5479/si.00775630.213.1 

Edgcomb, V.P., Bernhard, J.M., Summons, R.E., Orsi, W., Beaudoin, D., Visscher, P.T. (2014) Active eukaryotes in 
microbialites from Highborne Cay, Bahamas, and Hamelin Pool (Shark Bay), Australia. The ISME Journal 8, 
418–429. https://doi.org/10.1038/ismej.2013.130 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-16 

	

Edmond, J.M., Stallard, R.F., Craig, H., Craig, V., Weiss, R.F., Coulter, G.W. (1993) Nutrient chemistry of the water 
column of Lake Tanganyika. Limnology and Oceanography 38, 725–738. 
https://doi.org/10.4319/lo.1993.38.4.0725 

English, V., Blyth, J., Goodale, A., Goodale, B., Moore, L., et al. (2003) Thrombolite community of coastal freshwater 
lakes (lake Richmond). Department of Conservation and Land Management, Western Australian Threatened 
Species and Communities Unit, Wanneroo, Australia, Interim Recovery Plan No. 122. 
https://www.dpaw.wa.gov.au/images/documents/plants-animals/threatened-
species/recovery_plans/Approved_interim_recovery_plans_/communities/lakerichmond_irp122.pdf 

Ercilla Herrero, O. (2019) Origen and evolution of gypsum stromatolites in salars of the Andes highlands, northern 
Chile. Andean Geology 46, 211–222. https://doi.org/10.5027/andgeoV46n1-3029 

Eugster, H.P. (1980) Chapter 15 Lake Magadi, Kenya, and Its Precursors. In: Nissenbaum, A. (Ed.) Hypersaline Brines 
and Evaporitic Environments. Developments in Sedimentology 28, Elsevier, Amsterdam, 195–232. 
https://doi.org/10.1016/S0070-4571(08)70239-5 

Eymard, I., Álvarez, M.d.P., Bilmes, A., Vasconcelos, C., Thomas, C., Ariztegui, D. (2021) Evolving controls on 
mineralization in Patagonian microbial mats as inferred by water chemistry, microscopy and DNA signatures. 
Latin American journal of sedimentology and basin analysis 28, 133–151. 
https://lajsba.sedimentologia.org.ar/index.php/lajsba/article/view/28-2-4 

Farías, M.E., Contreras, M., Rasuk, M.C., Kurth, D., Flores, M.R., Poiré, D.G., Novoa, F., Visscher, P.T. (2014) 
Characterization of bacterial diversity associated with microbial mats, gypsum evaporites and carbonate 
microbialites in thalassic wetlands: Tebenquiche and La Brava, Salar de Atacama, Chile. Extremophiles 18, 
311–329. https://doi.org/10.1007/s00792-013-0617-6 

Farías, M.E., Rasuk, M.C., Gallagher, K.L., Contreras, M., Kurth, D., Fernandez, A.B., Poiré, D., Novoa, F., Visscher, 
P.T. (2017) Prokaryotic diversity and biogeochemical characteristics of benthic microbial ecosystems at La 
Brava, a hypersaline lake at Salar de Atacama, Chile. PLOS ONE 12, e0186867. 
https://doi.org/10.1371/journal.pone.0186867 

Farías, M.E., Villafañe, P.G., Lencina, A.I. (2020) Integral Prospection of Andean Microbial Ecosystem Project. In: 
Farías, M.E. (Ed.) Microbial Ecosystems in Central Andes Extreme Environments. Springer, Cham, 245–260. 
https://doi.org/10.1007/978-3-030-36192-1_17 

Felstead, N.J., Leng, M.J., Metcalfe, S.E., Gonzalez, S. (2015) Understanding the hydrogeology and surface flow in the 
Cuatrociénegas Basin (NE Mexico) using stable isotopes. Journal of Arid Environments 121, 15–23. 
https://doi.org/10.1016/j.jaridenv.2015.05.009 

Fournier, R.O., Weltman, U., Counce, D., White, L.D., Janik, C.J. (2002) Results Of Weekly Chemical And Isotopic 
Monitoring Of Selected Springs In Norris Geyser Basin, Yellowstone National Park During June-September, 
1995. USGS Open-File Report 02-344, U.S. Geological Survey, Reston, VA, 49 p. 
https://pubs.usgs.gov/of/2002/0344/ 

Friedman, I., Rafter, A., Smith, G.I. (1983) An isotopic and chemical study of Lake Vanda and Don Juan Pond, 
Antarctica. US Geological Survey Polar Research Symposium – Abstracts with Program, 12–14 October 1983, 
USGS Circular 911, U.S. Geological Survey, Alexandria, VA, 17–18. 
https://pubs.er.usgs.gov/publication/cir911 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-17 

	

Fuentes, N., Gajardo, G. (2017) A glimpse to Laguna de los Cisnes, a field laboratory and natural monument in the 
Chilean Patagonia. Latin American Journal of Aquatic Research 45, 491–495. 
https://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0718-560X2017000200024 

Garrels, R.M., Mackenzie, F.T. (1967) Origin of the Chemical Compositions of Some Springs and Lakes. In: Stumm, 
W. (Ed.) Equilibrium Concepts in Natural Water Systems, Advances in Chemistry 67, American Chemical 
Society, Washington, D.C., 222–242. https://doi.org/10.1021/ba-1967-0067.ch010 

Garrison, P.J., Pillsbury, R. (2009) Paleoecological Study of Lake Ripley, Jefferson County. Wisconsin Department of 
Natural Resources, Madison, WI, PUB-SS-1062 2009, 18 p. 

Gautret, P., Camoin, G., Golubic, S., Sprachta, S. (2004) Biochemical Control of Calcium Carbonate Precipitation in 
Modern Lagoonal Microbialites, Tikehau Atoll, French Polynesia. Journal of Sedimentary Research 74, 462–
478. https://doi.org/10.1306/012304740462 

Gérard, E., De Goeyse, S., Hugoni, M., Agogué, H., Richard, L., et al. (2018) Key Role of Alphaproteobacteria and 
Cyanobacteria in the Formation of Stromatolites of Lake Dziani Dzaha (Mayotte, Western Indian Ocean). 
Frontiers in Microbiology 9, 796. https://doi.org/10.3389/fmicb.2018.00796 

Gischler, E., Golubic, S., Gibson, M.A., Oschmann, W., Hudson, J.H. (2011) Microbial mats and microbialites in the 
freshwater Laguna Bacalar, Yucatan Peninsula, Mexico. In: Reitner, J., Quéric, N.-V., Arp, G. (Eds.) Advances 
in Stromatolite Geobiology, Lecture Notes in Earth Sciences 131, Springer Berlin, Heidelberg, 187–205. 
https://doi.org/10.1007/978-3-642-10415-2 

Gleeson, D.B., Wacey, D., Waite, I., O’Donnell, A.G., Kilburn, M.R. (2016) Biodiversity of Living, Non-marine, 
Thrombolites of Lake Clifton, Western Australia. Geomicrobiology Journal 33, 850–859. 
https://doi.org/10.1080/01490451.2015.1118168 

Glunk, C., Dupraz, C., Braissant, O., Gallagher, K.L., Verrecchia, E.P., Visscher, P.T. (2011) Microbially mediated 
carbonate precipitation in a hypersaline lake, Big Pond (Eleuthera, Bahamas). Sedimentology 58, 720–736. 
https://doi.org/10.1111/j.1365-3091.2010.01180.x 

Gomez, F.J., Kah, L.C., Bartley, J.K., Astini, R.A. (2014) Microbialites in a high-altitude Andean lake: multiple controls 
on carbonate precipitation and lamina accretion. PALAIOS 29, 233–249. https://doi.org/10.2110/palo.2013.049 

Gouramanis, C., Wilkins, D., De Deckker, P. (2010) 6000 years of environmental changes recorded in Blue Lake, South 
Australia, based on ostracod ecology and valve chemistry. Palaeogeography, Palaeoclimatology, 
Palaeoecology 297, 223–237. https://doi.org/10.1016/j.palaeo.2010.08.005 

Graham, L.E., Knack, J.J., Piotrowski, M.J., Wilcox, L.W., Cook, M.E., Wellman, C.H., Taylor, W., Lewis, L.A., 
Arancibia-Avila, P. (2014) Lacustrine Nostoc (Nostocales) and associated microbiome generate a new type of 
modern clotted microbialite. Journal of Phycology 50, 280–291. https://doi.org/10.1111/jpy.12152 

Green, W.J., Canfield, D.E. (1984) Geochemistry of the Onyx River (Wright Valley, Antarctica) and its role in the 
chemical evolution of Lake Vanda. Geochimica et Cosmochimica Acta 48, 2457–2467. 
https://doi.org/10.1016/0016-7037(84)90297-7 

Green, W.J., Canfield, D.E., Lee, G.F., Jones, R.A. (1986) Mn, Fe, Cu and Cd distributions and residence times in closed 
basin Lake Vanda (Wright Valley, Antarctica). Hydrobiologia 134, 237–248. 
https://doi.org/10.1007/BF00008492 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-18 

	

Green, W.J., Angle, M.P., Chave, K.E. (1988) The geochemistry of antarctic streams and their role in the evolution of 
four lakes of the McMurdo dry valleys. Geochimica et Cosmochimica Acta 52, 1265–1274. 
https://doi.org/10.1016/0016-7037(88)90280-3 

Grey, K., Awramik, S. (2020) Handbook for the study and description of microbialites. Geological Survey of Western 
Australia Bulletin 147, Department of Mines, Industry Regulation and Safety, Perth, Australia. 
https://www.dmp.wa.gov.au/Geological-Survey/Handbook-for-the-study-and-26950.aspx 

Grey, K., Moore, L.S., Burne, R.V., Pierson, B.K., Bauld, J. (1990) Lake Thetis, Western Australia: an example of 
Saline Lake Sedimentation dominated by Benthic Microbial Processes. Australian Journal of Marine and 
Freshwater Research 41, 275–300. https://doi.org/10.1071/MF9900275 

Gunatilaka, A. (1975) Some aspects of the biology and sedimentology of laminated algal mats from mannar lagoon, 
Northwest Ceylon. Sedimentary Geology 14, 275–300. https://doi.org/10.1016/0037-0738(75)90003-2 

Hailemichael, M., Aronson, J.L., Savin, S., Tevesz, M.J.S., Carter, J.G. (2002) δ18O in mollusk shells from Pliocene 
Lake Hadar and modern Ethiopian lakes: implications for history of the Ethiopian monsoon. Palaeogeography, 
Palaeoclimatology, Palaeoecology 186, 81–99. https://doi.org/10.1016/S0031-0182(02)00445-5 

Harrison, J. (2017) Shoreline Carbonate Structures in West Reflex Lake, Alberta-Saskatchewan. M.Sc. thesis, University 
of Manitoba, Winnipeg, Canada, 132 p. 
https://mspace.lib.umanitoba.ca/bitstream/handle/1993/32181/harrison_jemma.pdf?sequence=1 

Havig, J.R., McCormick, M.L., Hamilton, T.L., Kump, L.R. (2015) The behavior of biologically important trace 
elements across the oxic/euxinic transition of meromictic Fayetteville Green Lake, New York, USA. 
Geochimica et Cosmochimica Acta 165, 389–406. https://doi.org/10.1016/j.gca.2015.06.024 

Herczeg, A.L., Smith, A.K., Dighton, J.C. (2001) A 120 year record of changes in nitrogen and carbon cycling in Lake 
Alexandrina, South Australia: C:N, δ15N and δ13C in sediments. Applied Geochemistry 16, 73–84. 
https://doi.org/10.1016/S0883-2927(00)00016-0 

Hermichen, W.-D., Kowski, P., Wand, U. (1985) Lake Untersee, a first isotope study of the largest freshwater lake in 
the interior of East Antarctica. Nature 315, 131–133. https://doi.org/10.1038/315131a0 

Houghton, J., Fike, D., Druschel, G., Orphan, V., Hoehler, T.M., Des Marais, D.J. (2014) Spatial variability in 
photosynthetic and heterotrophic activity drives localized δ13Corg fluctuations and carbonate precipitation in 
hypersaline microbial mats. Geobiology 12, 557–574. https://doi.org/10.1111/gbi.12113 

Hull, H., Turnbull, A.G., (1973) A thermodynamical study of monohydrocalcite. Geochimica et Cosmochimica Acta 37, 
685–694. https://doi.org/10.1016/0016-7037(73)90227-5 

Iespa, A.A.C., Iespa, C.M.D. (2009) Cyanobacterial and sedimentary composition in polygonal microbial mats from 
Pernambuco lagoon, Rio de Janeiro, Brazil. Gaea - Journal of Geoscience 5, 35–41. 
https://doi.org/10.4013/gaea.2009.51.04 

Ionescu, D., Spitzer, S., Reimer, A., Schneider, D., Daniel, R., Reitner, J., de Beer, D., Arp, G. (2015) Calcium dynamics 
in microbialite-forming exopolymer-rich mats on the atoll of Kiritimati, Republic of Kiribati, Central Pacific. 
Geobiology 13, 170–180. https://doi.org/10.1111/gbi.12120 

Ittekkot, V. (1993) The abiotically driven biological pump in the ocean and short-term fluctuations in atmospheric CO2 
contents. Global and Planetary Change 8, 17–25. https://doi.org/10.1016/0921-8181(93)90060-2 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-19 

	

Javor, B.J., Castenholz, R.W. (1981) Laminated microbial mats, laguna Guerrero Negro, Mexico. Geomicrobiology 
Journal 2, 237–273. https://doi.org/10.1080/01490458109377766 

Jayaraman, R. (1954) Seasonal variations in salinity, dissolved oxygen and nutrients salts in the inshore waters of the 
Gulf of Mannar and Palk Bay near Mandapam (S. India). Indian Journal of Fisheries 1, 345–364. 
http://eprints.cmfri.org.in/id/eprint/1636 

Jehl, J.R., Jr. (1988) The Beached-bird Assemblage of a Highly Saline Lake and Its Relevance for Reconstructing 
Paleoenvironments. The Auk 105, 97–101. https://doi.org/10.1093/auk/105.1.97 

Jirsa, F., Gruber, M., Stojanovic, A., Omondi, S.O., Mader, D., Körner, W., Schagerl, M. (2013) Major and trace element 
geochemistry of Lake Bogoria and Lake Nakuru, Kenya, during extreme draught. Chemie Der Erde 73, 275–
282. https://doi.org/10.1016/j.chemer.2012.09.001 

Johannesson, K.H., Cortés, A., Kilroy, K.C. (2004) Reconnaissance isotopic and hydrochemical study of Cuatro 
Ciénegas groundwater, Coahuila, México. Journal of South American Earth Sciences 17, 171–180. 
https://doi.org/10.1016/j.jsames.2004.01.002 

Jones, B.F., Eugster, H.P., Rettig, S.L. (1977) Hydrochemistry of the Lake Magadi basin, Kenya. Geochimica et 
Cosmochimica Acta 41, 53–72. https://doi.org/10.1016/0016-7037(77)90186-7 

Jones, L.M., Faure, G. (1967–1968) Origin of the salts in Lake Vanda, Wright Valley, Southern Victoria Land, 
Antarctica. Earth and Planetary Science Letters 3, 101–106. https://doi.org/10.1016/0012-821X(67)90019-2 

Josse, J., Husson, F. (2016) missMDA: A Package for Handling Missing Values in Multivariate Data Analysis. Journal 
of Statistical Software 70, 1–31. https://doi.org/10.18637/jss.v070.i01 

Kaiser, J., Ön, B., Arz, H.W., Akçer-Ön, S. (2016) Sedimentary lipid biomarkers in the magnesium rich and highly 
alkaline Lake Salda (south-western Anatolia). Journal of Limnology 75, 581–596. 
https://doi.org/10.4081/jlimnol.2016.1337 

Kaźmierczak, J., Kempe, S., Kremer, B., López-García, P., Moreira, D., Tavera, R. (2011) Hydrochemistry and 
microbialites of the alkaline crater lake Alchichica, Mexico. Facies 57, 543–570. 
https://doi.org/10.1007/s10347-010-0255-8 

Kellermeier, M., Picker, A., Kempter, A., Cölfen, H., Gebauer, D. (2014) A Straightforward Treatment of Activity in 
Aqueous CaCO3 Solutions and the Consequences for Nucleation Theory. Advanced Materials 26, 752–757. 
https://doi.org/10.1002/adma.201303643 

Kempe, S., Kaźmierczak, J. (1989) Chemistry and stromatolites of the sea-linked Satonda Crater Lake, Indonesia: A 
recent model for the Precambrian sea? Chemical Geology 81, 299–310. https://doi.org/10.1016/0009-
2541(90)90052-9 

Kempe, S., Kaźmierczak, J. (1993) Satonda Crater Lake, Indonesia: Hydrogeochemistry and biocarbonates. Facies 28, 
1–31. https://doi.org/10.1007/BF02539726 

Kempe, S., Kaźmierczak, J. (1994) The role of alkalinity in the evolution of ocean chemistry, organization of living 
systems, and biocalcification processes. In: Doumenge, F. (Ed.) Past and Present Biomineralization Processes. 
Considerations about the Carbonate Cycle. IUCN – COE Workshop, 15–16 November 1993, Monaco. Bulletin 
de l’Institut océanographique, Monaco, numéro special 13, 61–117. 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-20 

	

Kempe, S., Kaźmierczak, J. (2012) Terrestrial Analogues for Early Planetary Oceans: NIUAFO‘OU CALDERA 
LAKES (Tonga) and Their Geology, Water Chemistry, and Stromatolites. In: Hanslmeier, A., Kempe, S., 
Seckbach, J. (Eds.) Life on Earth and other Planetary Bodies. Springer, Dordrecht, 195–234. 
https://doi.org/10.1007/978-94-007-4966-5_13 

Kremer, B., Kaźmierczak, J., Łukomska-Kowalczyk, M., Kempe, S. (2012) Calcification and Silicification: 
Fossilization Potential of Cyanobacteria from Stromatolites of Niuafo‘ou’s Caldera Lakes (Tonga) and 
Implications for the Early Fossil Record. Astrobiology 12, 535–548. https://doi.org/10.1089/ast.2011.0742 

Kshirsagar, P., Siebe, C., Guilbaud, M.N., Salinas, S., Layer, P.W. (2015) Late Pleistocene Alberca de Guadalupe maar 
volcano (Zacapu basin, Michoacán): Stratigraphy, tectonic setting, and paleo-hydrogeological environment. 
Journal of Volcanology and Geothermal Research 304, 214–236. 
https://doi.org/10.1016/j.jvolgeores.2015.09.003 

Labuhn, I., Tell, F., von Grafenstein, U., Hammarlund, D., Kuhnert, H., Minster, B. (2022) A modern snapshot of the 
isotopic composition of lacustrine biogenic carbonates – records of seasonal water temperature variability. 
Biogeosciences 19, 2759–2777. https://doi.org/10.5194/bg-19-2759-2022 

Lagomasino, D., Price, R.M., Herrera-Silveira, J., Miralles-Wilhelm, F., Merediz-Alonso, G., Gomez-Hernandez, Y. 
(2015) Connecting Groundwater and Surface Water Sources in Groundwater Dependent Coastal Wetlands and 
Estuaries: Sian Ka’an Biosphere Reserve, Quintana Roo, Mexico. Estuaries and Coasts 38, 1744–1763. 
https://doi.org/10.1007/s12237-014-9892-4 

Lamb, H.F., Leng, M.J., Telford, R.J., Ayenew, T., Umer, M. (2007) Oxygen and carbon isotope composition of 
authigenic carbonate from an Ethiopian lake: a climate record of the last 2000 years. The Holocene 17, 517–
526. https://doi.org/10.1177/0959683607076452 

Laslandes, B. (1979) Reconstitution de la variabilité climatique du littoral fluminense (Rio de janeiro, Brésil) au cours 
de l’holocène par l’étude de bio-indicateurs (diatomées, coccolithophoridés). Ph.D. thesis, Université d’Angers, 
Angers, France, 253 p. https://theses.hal.science/file/index/docid/345840/filename/these_LASLANDES.pdf 

Last, F.M., Last, W.M., Halden, N.M. (2010) Carbonate microbialites and hardgrounds from Manito Lake, an alkaline, 
hypersaline lake in the northern Great Plains of Canada. Sedimentary Geology 225, 34–49. 
https://doi.org/10.1016/j.sedgeo.2010.01.006 

Laumets, L., Kalm, V., Poska, A., Kele, S., Lasberg, K., Amon, L. (2014) Palaeoclimate inferred from δ18O and 
palaeobotanical indicators in freshwater tufa of Lake Äntu Sinijärv, Estonia. Journal of Paleolimnology 51, 99–
111. https://doi.org/10.1007/s10933-013-9758-y 

Lê, S., Josse, J., Husson, F. (2008) FactoMineR: An R Package for Multivariate Analysis. Journal of Statistical Software 
25, 1–18. https://doi.org/10.18637/jss.v025.i01 

Lebedeva (Verba), M.P., Lopukhina, O.V., Kalinina, N.V. (2008) Specificity of the chemical and mineralogical 
composition of salts in solonchak playas and lakes of the Kulunda steppe. Eurasian Soil Science 41, 416–428. 
https://doi.org/10.1134/S106422930804008X 

Lencina, A.I., Soria, M. N., Gomez, F.J., Gérard, E., Farias, M.E. (2021) Composite microbialites: Thrombolite, 
dendrolite, and stromatolite associations in a modern environment, Pozo Bravo lake, Salar de Antofalla, 
Catamarca Puna, Argentina. Journal of Sedimentary Research 91, 1305–1330. 
https://doi.org/10.2110/jsr.2020.166 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-21 

	

Léveillé, R.J., Fyfe, W.S., Longstaffe, F.J. (2000) Geomicrobiology of carbonate–silicate microbialites from Hawaiian 
basaltic sea caves. Chemical Geology 169, 339–355. https://doi.org/10.1016/S0009-2541(00)00213-8 

Léveillé, R.J., Longstaffe, F.J., Fyfe, W.S. (2007) An isotopic and geochemical study of carbonate-clay mineralization 
in basaltic caves: abiotic versus microbial processes. Geobiology 5, 235–249. https://doi.org/10.1111/j.1472-
4669.2007.00109.x 

Levish, M. (2019) Bacteria Associated with Microbialites at Pisa Pond, Death Valley National Park, California. M.Sc. 
thesis, California State University, Long Beach, California, 103 p. 
https://www.proquest.com/openview/a0abe138864a4453b1ba2348810fb7c5/1?pq-
origsite=gscholar&cbl=18750&diss=y 

Li, S., Bush, R.T., Ward, N.J., Sullivan, L.A., Dong, F. (2016) Air–water CO2 outgassing in the Lower Lakes 
(Alexandrina and Albert, Australia) following a millennium drought. Science of The Total Environment 542, 
453–468. https://doi.org/10.1016/j.scitotenv.2015.10.070 

Lim, D.S.S., Laval, B.E., Slater, G., Antoniades, D., Forrest, A.L., et al. (2009) Limnology of Pavilion Lake, B. C., 
Canada - Characterization of a microbialite forming environment. Fundamental and Applied Limnology / Archiv 
für Hydrobiologie 173, 329–351. https://doi.org/10.1127/1863-9135/2009/0173-0329 

Long D.T., Gudramovics, R. (1983) Major-element geochemistry of brines from the Wind tidal flat area, Laguna Madre, 
Texas. Journal of Sedimentary Research 53, 797–810. https://doi.org/10.1306/212F82C4-2B24-11D7-
8648000102C1865D 

López, D.L., Bundschuh, J., Soto, G.J., Fernández, J.F., Alvarado, G.E. (2006) Chemical evolution of thermal springs 
at Arenal Volcano, Costa Rica: Effect of volcanic activity, precipitation, seismic activity, and Earth tides. 
Journal of Volcanology and Geothermal Research 157, 166–181. 
https://doi.org/10.1016/j.jvolgeores.2006.03.049 

Love, F.G., Simmons, G.M., Jr., Parker, B.C., Wharton, R.A., Jr., Seaburg, K.G. (1983) Modern conophyton-like 
microbial mats discovered in Lake Vanda, Antarctica. Geomicrobiology Journal 3, 33–48. 
https://doi.org/10.1080/01490458309377782 

Luther III, G.W., Church, T.M., Giblin, A.E., Howarth, R.W. (1986) Speciation of Dissolved Sulfur in Salt Marshes by 
Polarographic Methods. Organic Marine Geochemistry 20, 340–355. https://doi.org/10.1021/bk-1986-
0305.ch020 

Mackey, T.J., Sumner, D.Y., Hawes, I., Jungblut, A.D., Andersen, D.T. (2015) Growth of modern branched columnar 
stromatolites in Lake Joyce, Antarctica. Geobiology 13, 373–390. https://doi.org/10.1111/gbi.12138 

Mann, C.J., Nelson, W.M. (1989) Microbialitic structures in Storr’s Lake, San Salvador Island, Bahama Islands. 
PALAIOS 4, 287–293. https://doi.org/10.2307/3514777 

Monty, C.L.V. (1972) Recent algal stromatolitic deposits, Andros Island, Bahamas. Preliminary report. Geologische 
Rundschau 61, 742–783. https://doi.org/10.1007/BF01896344 

Moreira, N.F., Walter, L.M., Vasconcelos, C., McKenzie, J.A., McCall, P.J. (2004) Role of sulfide oxidation in 
dolomitization: Sediment and pore-water geochemistry of a modern hypersaline lagoon system. Geology 32, 
701–704. https://doi.org/10.1130/G20353.1 

 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-22 

	

Mosley, L.M., Zammit, B., Leyden, E., Heneker, T.M., Hipsey, M.R., Skinner, D., Aldridge, K.T. (2012) The Impact 
of Extreme Low Flows on the Water Quality of the Lower Murray River and Lakes (South Australia). Water 
Resources Management 26, 3923–3946. https://doi.org/10.1007/s11269-012-0113-2 

Muller, E., Gaucher, E.C., Durlet, C., Moquet, J.S., Moreira, M., et al. (2020) The origin of continental carbonates in 
Andean salars: A multi-tracer geochemical approach in Laguna Pastos Grandes (Bolivia). Geochimica et 
Cosmochimica Acta 279, 220–237. https://doi.org/10.1016/j.gca.2020.03.020 

Muller, E., Ader, M., Aloisi, G., Bougeault, C., Durlet, C., et al. (2022) Successive Modes of Carbonate Precipitation 
in Microbialites along the Hydrothermal Spring of La Salsa in Laguna Pastos Grandes (Bolivian Altiplano). 
Geosciences 12, 88. https://doi.org/10.3390/geosciences12020088 

Nakai, N., Wada, H., Kiyosu, Y., Takimoto, M. (1975) Stable isotope of water and studies on the origin and geological 
history salts in the Lake Vanda area, Antarctica. Geochemical Journal 9, 7–24. 
https://doi.org/10.2343/geochemj.9.7 

Neumeier, U. (1998) Le rôle de l’activité microbienne dans la cimentation précoce des beachrocks (sédiments 
intertidaux). Ph.D. thesis, University of Geneva, Switzerland, 183 p. https://doi.org/10.13097/archive-
ouverte/unige:704 

Nguyen, S.T.T., Vardeh, D.P., Nelson, T.M., Pearson, L.A., Kinsela, A.S., Neilan, B.A. (2022) Bacterial community 
structure and metabolic potential in microbialite-forming mats from South Australian saline lakes. Geobiology 
20, 546–559. https://doi.org/10.1111/gbi.12489 

Nonga, H.E., Mdegela, R.H., Lie, E., Sandvik, M., Skaare, J.U. (2011) Assessment of farming practices and uses of 
agrochemicals in Lake Manyara basin, Tanzania. African Journal of Agricultural Research 6, 2216–2230. 
https://academicjournals.org/journal/AJAR/article-abstract/A7108E639205 

Odada, E.O. (2001) Stable isotopic composition of East African lake waters. International Atomic Energy Agency 
(IAEA) TECDOC 1206. https://inis.iaea.org/collection/NCLCollectionStore/_Public/32/018/32018310.pdf 

Oehlert, A.M., Suosaari, E.P., Kong, T., Piggot, A.M., Maizel, D., Lascu, I., Demergasso, C., Chong Díaz, G., Reid, 
R.P. (2022) Physical, chemical, and microbial feedbacks controlling brine geochemistry and lake morphology 
in polyextreme salar environments. Science of The Total Environment 836, 155378. 
https://doi.org/10.1016/j.scitotenv.2022.155378 

Osborne, R.H., Licari, G.R., Link, M.H. (1982) Modern lacustrine stromatolites, Walker Lake, Nevada. Sedimentary 
Geology 32, 39–61. https://doi.org/10.1016/0037-0738(82)90013-6 

Osman, J.R., Viedma, P., Mendoza, J., Fernandes, G., DuBow, M.S., Cotoras, D. (2021) Prokaryotic diversity and 
biogeochemical characteristics of field living and laboratory cultured stromatolites from the hypersaline Laguna 
Interna, Salar de Atacama (Chile). Extremophiles 25, 327–342. https://doi.org/10.1007/s00792-021-01232-1 

Pache, M., Arp, G., Reimer, A. (2018) Investigations on stromatolitic carbonates from Western Australian Lakes. 
Research report CALM Licence No. SF002571. https://doi.org/10.13140/RG.2.2.24948.45442 

Pacton, M., Hunger, G., Martinuzzi, V., Cusminsky, G., Burdin, B., Barmettler, K., Vasconcelos, C., Ariztegui, D. 
(2015) Organomineralization processes in freshwater stromatolites: a living example from eastern Patagonia. 
The Depositional Record 1, 130–146. https://doi.org/10.1002/dep2.7 

Parker, B.C., Simmons, G.M., Jr., Love, F.G., Wharton, R.A., Jr., Seaburg, K.G. (1981) Modern Stromatolites in 
Antarctic Dry Valley Lakes. BioScience 31, 656–661. https://doi.org/10.2307/1308639 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-23 

	

Parkhurst, D.L., Appelo, C.A.J. (2013) Description of input and examples for PHREEQC version 3: a computer 
program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations. 
USGS Techniques and Methods 6-A43, U.S. Geological Survey, Reston, VA, 497 p. 
https://doi.org/10.3133/tm6A43 

Paul, V.G., Wronkiewicz, D.J., Mormile, M.R., Foster, J.S. (2016) Mineralogy and Microbial Diversity of the 
Microbialites in the Hypersaline Storr’s Lake, the Bahamas. Astrobiology 16, 282–300. 
https://doi.org/10.1089/ast.2015.1326 

Paull, C.K., Neumann, A.C., Bebout, B., Zabielski, V., Showers, W. (1992) Growth rate and stable isotopic character 
of modern stromatolites from San Salvador, Bahamas. Palaeogeography, Palaeoclimatology, Palaeoecology 
95, 335–344. https://doi.org/10.1016/0031-0182(92)90149-Y 

Pedone, V.A., Folk, R.L. (1996) Formation of aragonite cement by nannobacteria in the Great Salt Lake, Utah. Geology 
24, 763–765. https://doi.org/10.1130/0091-7613(1996)024<0763:FOACBN>2.3.CO;2 

Pentecost, A., Viles, H. (1994) A Review and Reassessment of Travertine Classification. Géographie physique et 
Quaternaire 48, 305–314. https://doi.org/10.7202/033011ar 

Perry, E., Velazquez-Oliman, G., Marin, L. (2002) The Hydrogeochemistry of the Karst Aquifer System of the Northern 
Yucatan Peninsula, Mexico. International Geology Review 44, 191–221. https://doi.org/10.2747/0020-
6814.44.3.191 

Petrash, D.A. (2010) Metal-enrichment in microbial carbonates: the role of carboxylated biomacromolecules. M.Sc. 
thesis, University of Alberta, Edmonton, Canada, 128 p. https://doi.org/10.7939/R3SP4D 

Pinder, A.M., Quinlan, K., Cale, D.J., Leung, A.E. (2012) Aquatic invertebrates of the Hutt River and Hutt Lagoon 
catchments, Western Australia. Journal of the Royal Society of Western Australia 95, 29–51. 
https://www.cabdirect.org/cabdirect/abstract/20123345930 

Plummer, L.N., Busenberg, E. (1982) The solubilities of calcite, aragonite and vaterite in CO2-H2O solutions between 
0 and 90°C, and an evaluation of the aqueous model for the system CaCO3-CO2-H2O. Geochimica et 
Cosmochimica Acta 46, 1011–1040. https://doi.org/10.1016/0016-7037(82)90056-4 

Post, F.J., Youssef, N.N. (1977) A procaryotic intracellular symbiont of the Great Salt Lake brine shrimp Artemia salina 
(L.). Canadian Journal of Microbiology 23, 1232–1236. https://doi.org/10.1139/m77-184 

Power, I.M., Wilson, S.A., Dipple, G.M., Southam, G. (2011) Modern carbonate microbialites from an asbestos open 
pit pond, Yukon, Canada. Geobiology 9, 180–195. https://doi.org/10.1111/j.1472-4669.2010.00265.x 

Prol-Ledesma, R.M., Canet, C., Torres-Vera, M.A., Forrest, M.J., Armienta, M.A. (2004) Vent fluid chemistry in Bahía 
Concepción coastal submarine hydrothermal system, Baja California Sur, Mexico. Journal of Volcanology and 
Geothermal Research 137, 311–328. https://doi.org/10.1016/j.jvolgeores.2004.06.003 

Rascovan, N., Maldonado, J., Vazquez, M.P., Farias, M.E. (2016) Metagenomic study of red biofilms from Diamante 
Lake reveals ancient arsenic bioenergetics in haloarchaea. The ISME Journal 10, 299–309. 
https://doi.org/10.1038/ismej.2015.109 

Rasmussen, K.A., Macintyre, I.G., Prufert, L. (1993) Modem stromatolite reefs fringing a brackish coastline, Chetumal 
Bay, Belize. Geology 21, 199–202. https://doi.org/10.1130/0091-7613(1993)021<0199:MSRFAB>2.3.CO;2 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-24 

	

Raudsepp, M.J., Wilson, S.A., Morgan, B., Patel, A., Johnston, S.G., Gagen, E.J., Fallon, S.J. (2022) Non-classical 
crystallization of very high magnesium calcite and magnesite in the Coorong Lakes, Australia. Sedimentology 
69, 2246–2266. https://doi.org/10.1111/sed.12991 

Reddy, M.M., Hoch, A. (2012) Calcium Carbonate Nucleation in an Alkaline Lake Surface Water, Pyramid Lake, 
Nevada, USA. Aquatic Geochemistry 18, 95–113. https://doi.org/10.1007/s10498-011-9150-3 

Reheis, M.C., Miller, D.M. (2010) Environments of nearshore lacustrine deposition in the Pleistocene Lake Manix basin, 
south-central California. In: Reynolds, R.E., Miller, D.M. (Eds.) Overboard in the Mojave: 20 Million Years of 
Lakes and Wetlands. Desert Studies Consortium, California State University, Fullerton, April 2010, 24–37. 
http://biology.fullerton.edu/dsc/pdf/2010Overboard.pdf 

Reimer, J.J., Huerta-Diaz, M.A. (2011) Phosphorus Speciation and Sedimentary Fluxes in Hypersaline Sediments of the 
Guerrero Negro Salt Evaporation Area, Baja California Sur, Mexico. Estuaries and Coasts 34, 514–528. 
https://doi.org/10.1007/s12237-010-9308-z 

Reitner, J., Quéric, N.-V., Arp, G. (2011) Advances in Stromatolite Geobiology. Lecture Notes in Earth Sciences 131, 
Springer Berlin, Heidelberg, 560 p. https://doi.org/10.1007/978-3-642-10415-2 

Renaut, R.W., Tiercelin, J.J., Owen, R.B. (1986) Mineral precipitation and diagenesis in the sediments of the Lake 
Bogoria basin, Kenya Rift Valley. Geological Society, London, Special Publications 25, 159–175. 
https://doi.org/10.1144/GSL.SP.1986.025.01.14 

Richert, L., Golubic, S., Le guédès, R., Hervé, A., Payri, C. (2006) Cyanobacterial populations that build ‘kopara’ 
microbial mats in Rangiroa, Tuamotu Archipelago, French Polynesia. European Journal of Phycology 41, 259–
279. https://doi.org/10.1080/09670260600804868 

Rishworth, G.M., van Elden, S., Perissinotto, R., Miranda, N.A.F., Steyn, P.-P., Bornman, T.G. (2016) Environmental 
influences on living marine stromatolites: insights from benthic microalgal communities. Environmental 
Microbiology 18, 503–513. https://doi.org/10.1111/1462-2920.13116 

Roche, A., Vennin, E., Bundeleva, I., Bouton, A., Payandi-Rolland, D., Amiotte-Suchet, P., Gaucher, E.C., Courvoisier, 
H., Visscher, P.T. (2019) The Role of the Substrate on the Mineralization Potential of Microbial Mats in A 
Modern Freshwater River (Paris Basin, France). Minerals 9, 359. https://doi.org/10.3390/min9060359 

Rougerie, F. (1995) Nature et fonctionnement des atolls des Tuamotu (Polynésie Française). Oceanologica Acta 18, 61–
78. https://archimer.ifremer.fr/doc/00097/20857/ 

Rumbelsperger, A.M.B. (2013) Coupling organic and inorganic methods to study growth and diagenesis of modern 
microbial carbonates, Rio de Janeiro State, Brazil: Implications for interpreting ancient microbialite facies 
development. Ph.D. thesis, ETH Zurich, Switzerland, 161 p. https://doi.org/10.3929/ethz-a-009785302 

Saijo, Y., Mitamura, O., Tanaka, M. (1995) A note on the chemical composition of lake water in the Laguna Amarga, a 
saline lake in Patagonia, Chile. International Journal of Salt Lake Research 4, 165–167. 
https://doi.org/10.1007/BF01990801 

Saint Martin, J.-P., Saint Martin, S. (2015) Discovery of calcareous microbialites in coastal ponds of western Sardinia 
(Italy). Geo-Eco-Marina 21, 35–53. https://journal.geoecomar.ro/geo-eco-marina/article/view/03_2015 

Salas, J., Guimera, J., Cornellà, O., Aravena, R., Guzmán, E., Tore, C., von Igel, W., Moreno, R. (2010) Hydrogeology 
of the lacustrine system of the eastern margin of the Salar the Atacama (Chile). Boletín Geológico y Minero 
121, 357–372. 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-25 

	

Salman, V., Yang, T., Berben, T., Klein, F., Angert, E., Teske, A. (2015) Calcite-accumulating large sulfur bacteria of 
the genus Achromatium in Sippewissett Salt Marsh. The ISME Journal 9, 2503–2514. 
https://doi.org/10.1038/ismej.2015.62 

Samylina, O.S., Zaytseva, L.V. (2019) Characterization of modern dolomite stromatolites from hypersaline 
Petukhovskoe Soda Lake, Russia. Lethaia 52, 1–13. https://doi.org/10.1111/let.12286 

Sancho-Tomás, M., Somogyi, A., Medjoubi, K., Bergamaschi, A., Visscher, P.T., et al. (2018) Distribution, redox state 
and (bio)geochemical implications of arsenic in present day microbialites of Laguna Brava, Salar de Atacama. 
Chemical Geology 490, 13–21. https://doi.org/10.1016/j.chemgeo.2018.04.029 

Santos, F., Peña, A., Nogales, B., Soria-Soria, E., García del Cura, M.Á., González-Martín, J.A., Antón, J. (2010) 
Bacterial diversity in dry modern freshwater stromatolites from Ruidera Pools Natural Park, Spain. Systematic 
and Applied Microbiology 33, 209–221. https://doi.org/10.1016/j.syapm.2010.02.006 

Sanz-Montero, M.E., Arroyo, X., Cabestrero, Ó., Calvo, J.P., Fernández-Escalante, E., et al. (2013) Procesos de 
sedimentación y biomineralización en la laguna alcalina de las Eras (Humedal Coca-Olmedo). Geogaceta 53, 
97–100. https://dialnet.unirioja.es/servlet/articulo?codigo=4242828 

Sanz-Montero, M.E., Cabestrero, Ó., Sánchez-Román, M. (2019) Microbial Mg-rich Carbonates in an Extreme Alkaline 
Lake (Las Eras, Central Spain). Frontiers in Microbiology 10, 148. https://doi.org/10.3389/fmicb.2019.00148 

Schäfer, A., Stapf, K.R.G. (1978) Permian Saar-Nahe Basin and Recent Lake Constance (Germany): Two Environments 
of Lacustrine Algal Carbonates. In: Matter, A., Tucker, M.E. (Eds.) Modern and Ancient Lake Sediments. 
Blackwell Scientific, Oxford, 83–107. https://doi.org/10.1002/9781444303698.ch5 

Schuler, C.G., Havig, J.R., Hamilton, T.L. (2017) Hot Spring Microbial Community Composition, Morphology, and 
Carbon Fixation: Implications for Interpreting the Ancient Rock Record. Frontiers in Earth Science 5, 97. 
https://doi.org/10.3389/feart.2017.00097 

Schneider, D., Reimer, A., Hahlbrock, A., Arp, G., Daniel, R. (2015) Metagenomic and Metatranscriptomic Analyses 
of Bacterial Communities Derived From a Calcifying Karst Water Creek Biofilm and Tufa. Geomicrobiology 
Journal 32, 316–331. https://doi.org/10.1080/01490451.2014.907376 

Schwalb, A., Burns, S.J., Cusminsky, G., Kelts, K., Markgraf, V. (2002) Assemblage diversity and isotopic signals of 
modern ostracodes and host waters from Patagonia, Argentina. Palaeogeography, Palaeoclimatology, 
Palaeoecology 187, 323–339. https://doi.org/10.1016/S0031-0182(02)00484-4 

Sekento, L.R. (2012) Geochemical and isotopic study of the Menengai geothermal field, Kenya. United Nations 
University, Geothermal Training Programme, Iceland, Report 31, 769–792. http://hdl.handle.net/10802/8624 

Shacat, J.A., Green, W.J., Decarlo, E.H., Newell, S. (2004) The Geochemistry of Lake Joyce, McMurdo Dry Valleys, 
Antarctica. Aquatic Geochemistry 10, 325–352. https://doi.org/10.1007/s10498-004-2264-0 

Shao, T., Zhao, J., Dong, Z. (2011) Water Chemistry of the Lakes and Groundwater in the Badain Jaran Desert. Acta 
Geographica Sinica 66, 662–672. http://doi.org/10.11821/xb201105009 

Shiraishi, F., Bissett, A., de Beer, D., Reimer, A., Arp, G. (2008a) Photosynthesis, Respiration and Exopolymer 
Calcium-Binding in Biofilm Calcification (Westerhöfer and Deinschwanger Creek, Germany). 
Geomicrobiology Journal 25, 83–94. https://doi.org/10.1080/01490450801934888 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-26 

	

Shiraishi, F., Reimer, A., Bissett, A., de Beer, D., Arp, G. (2008b) Microbial effects on biofilm calcification, ambient 
water chemistry and stable isotope records in a highly supersaturated setting (Westerhöfer Bach, Germany). 
Palaeogeography, Palaeoclimatology, Palaeoecology 262, 91–106. 
https://doi.org/10.1016/j.palaeo.2008.02.011 

Shock, E.L., Holland, M., Meyer-Dombard, D’A.R., Amend, J.P. (2005) Geochemical Sources of Energy for Microbial 
Metabolism in Hydrothermal Ecosystems: Obsidian Pool, Yellowstone National Park. In: Inskeep, W.P., 
McDermott, T.R. (Eds.) Geothermal Biology and Geochemistry in Yellowstone National Park: Proceedings of 
the Thermal Biology Institute Workshop, Yellowstone National Park, WY. Montana State University 
Publications, Bozeman, MT, 95–110. 

Shock, E.L., Holland, M., Meyer-Dombard, D’A., Amend, J.P., Osburn, G.R., Fischer, T.P. (2010) Quantifying 
inorganic sources of geochemical energy in hydrothermal ecosystems, Yellowstone National Park, USA. 
Geochimica et Cosmochimica Acta 74, 4005–4043. https://doi.org/10.1016/j.gca.2009.08.036 

Smith, A.M., Uken, R., Thackeray, Z. (2005) Cape Morgan peritidal stromatolites: the origin of lamination: research in 
action. South African Journal of Science 101, 107–108. https://hdl.handle.net/10520/EJC96384 

Smith, A.M., Andrews, J.E., Uken, R., Thackeray, Z., Perissinotto, R., Leuci, R., Marca-Bell, A. (2011) Rock pool tufa 
stromatolites on a modern South African wave-cut platform: partial analogues for Archaean stromatolites? 
Terra Nova 23, 375–381. https://doi.org/10.1111/j.1365-3121.2011.01022.x 

Solari, M.A. (2015) The unexplored geobiological heritage of Chile: key to understand the past and future. XIV Congreso 
Geológico Chileno, Proceedings, October 2015, Coquimbo, Chile, AT4 SIM5. 

Solari, M.A., Hervé, F., Le Roux, J.P., Airo, A., Sial, A.N. (2010) Paleoclimatic significance of lacustrine microbialites: 
A stable isotope case study of two lakes at Torres del Paine, southern Chile. Palaeogeography, 
Palaeoclimatology, Palaeoecology 297, 70–82. https://doi.org/10.1016/j.palaeo.2010.07.016 

Somaratne, N., Lawson, J., Ashman, G., Nguyen, K. (2014) Recharge to Blue Lake and Strategies for Water Security 
Planning, Mount Gambier, South Australia. Journal of Water Resource and Protection 6, 772–783. 
https://doi.org/10.4236/jwarp.2014.68073 

Sprachta, S., Camoin, G., Golubic, S., Le Campion, T. (2001) Microbialites in a modern lagoonal environment: nature 
and distribution, Tikehau atoll (French Polynesia). Palaeogeography, Palaeoclimatology, Palaeoecology 175, 
103–124. https://doi.org/10.1016/S0031-0182(01)00388-1 

Srivastava, N.K. (1999) Lagoa Salgada (Rio de Janeiro) Recent stromatolites. In: Schobbenhaus, C., Campos, D.A., 
Queiroz, E.T., Winge, M., Berbert-Born, M. (Eds.) Geological and Paleontological Sites of Brazil 041, 203–
209. https://sigep.eco.br/sitio041/sitio041english.htm 

Steinkampf, W.C., Werrell, W.L. (2001) Ground-water flow to Death Valley, as inferred from the chemistry and 
geohydrology of selected springs in Death Valley National Park, California and Nevada. USGS Water-
Resources Investigations Report 98-4114, U.S. Geological Survey, Denver, CO, 37 p. 
https://doi.org/10.3133/wri984114 

Stephens, E.A., Braissant, O., Visscher, P.T. (2008) Spirochetes and salt marsh microbial mat geochemistry: 
Implications for the fossil record. Carnets de Géologie (Notebooks on Geology), Brest, CG2008_A09. 
https://doi.org/10.4267/2042/20045 

Svenson, T., Dickson, W., Hellberg, J., Moberg, G., Munthe, N. (1995) The Swedish liming programme. Water, Air, 
and Soil Pollution 85, 1003–1008. https://doi.org/10.1007/BF00476961 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-27 

	

Tavera, R., Komárek, J. (1996) Cyanoprokaryotes in the volcanic lake of Alchichica, Puebla State, Mexico. Algological 
Studies/Archiv für Hydrobiologie, Supplement Volumes 83, 511–538. 
https://doi.org/10.1127/algol_stud/83/1996/511 

Taylor, G.F. (1975) The occurrence of monohydrocalcite in two small lakes in the south-east of South Australia. 
American Mineralogist 60, 690–697. http://www.minsocam.org/ammin/AM60/AM60_690.pdf 

Turicchia, S., Ventura, S., Komárková, J., Komárek, J. (2009) Taxonomic evaluation of cyanobacterial microflora from 
alkaline marshes of northern Belize. 2. Diversity of oscillatorialean genera. Nova Hedwigia 89, 165–200. 
https://doi.org/10.1127/0029-5035/2009/0089-0165 

Valdespino-Castillo, P.M., Hu, P., Merino-Ibarra, M., López-Gómez, L.M., Cerqueda-García, D., et al. (2018) 
Exploring Biogeochemistry and Microbial Diversity of Extant Microbialites in Mexico and Cuba. Frontiers in 
Microbiology 9, 510. https://doi.org/10.3389/fmicb.2018.00510 

van Lith, Y., Vasconcelos, C., Warthmann, R., Martins, J.C.F., McKenzie, J.A. (2002) Bacterial sulfate reduction and 
salinity: two controls on dolomite precipitation in Lagoa Vermelha and Brejo do Espinho (Brazil). 
Hydrobiologia 485, 35–49. https://doi.org/10.1023/A:1021323425591 

Velázquez, N.I.T., Rebolledo Vieyra, M., Paytan, A., Broach, K.H., Hernández Terrones, L.M. (2019) Hydrochemistry 
and carbonate sediment characterisation of Bacalar Lagoon, Mexican Caribbean. Marine and Freshwater 
Research 70, 382–394. https://doi.org/10.1071/MF18035 

Vignale, F.A., Kurth, D., Lencina, A.I., Poiré, D.G., Chihuailaf, E., Muñoz-Herrera, N.C., Novoa, F., Contreras, M., 
Turjanski, A.G., Farías, M.E. (2021) Geobiology of Andean Microbial Ecosystems Discovered in Salar de 
Atacama, Chile. Frontiers in Microbiology 12, 762076. https://doi.org/10.3389/fmicb.2021.762076 

Vogel, M.B., Des Marais, D.J., Parenteau, M.N., Jahnke, L.L., Turk, K.A., Kubo, M.D.Y. (2010) Biological influences 
on modern sulfates: Textures and composition of gypsum deposits from Guerrero Negro, Baja California Sur, 
Mexico. Sedimentary Geology 223, 265–280. https://doi.org/10.1016/j.sedgeo.2009.11.013 

von der Borch, C.C. (1976) Stratigraphy and formation of Holocene dolomitic carbonate deposits of the Coorong Area, 
South Australia. Journal of Sedimentary Research 46, 952–966. https://doi.org/10.1306/212F709F-2B24-
11D7-8648000102C1865D 

Wacey, D., Wright, D.T., Boyce, A.J. (2007) A stable isotope study of microbial dolomite formation in the Coorong 
Region, South Australia. Chemical Geology 244, 155–174. https://doi.org/10.1016/j.chemgeo.2007.06.032 

Wand, U., Schwarz, G., Brüggemann, E., Bräuer, K. (1997) Evidence for physical and chemical stratification in Lake 
Untersee (central Dronning Maud Land, East Antarctica). Antarctic Science 9, 43–45. 
https://doi.org/10.1017/S0954102097000060 

Wand, U., Samarkin, V.A., Nitzsche, H.-M., Hubberten, H.-W. (2006) Biogeochemistry of methane in the permanently 
ice-covered Lake Untersee, central Dronning Maud Land, East Antarctica. Limnology and Oceanography 51, 
1180–1194. https://doi.org/10.4319/lo.2006.51.2.1180 

Warden, J.G. (2016) Microbialites of Lake Clifton, Western Australia: groundwater dependent ecosystems in a 
threatened environment. Ph.D. thesis, University of Texas at Austin, Austin, TX, 145 p. 
http://hdl.handle.net/2152/65482 

 

 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-28 

	

Warden, J.G., Coshell, L., Rosen, M.R., Breecker, D.O., Ruthrof, K.X., Omelon, C.R. (2019) The importance of 
groundwater flow to the formation of modern thrombolitic microbialites. Geobiology 17, 536–550. 
https://doi.org/10.1111/gbi.12344 

Welch, K.A., Lyons, W.B., Graham, E., Neumann, K., Thomas, J.M., Mikesell, D. (1996) Determination of major 
element chemistry in terrestrial waters from Antarctica by ion chromatography. Journal of Chromatography A 
739, 257–263. https://doi.org/10.1016/0021-9673(96)00044-1 

Weyhenmeyer, G.A., Hartmann, J., Hessen, D.O., Kopáček, J., Hejzlar, J., et al. (2019) Widespread diminishing 
anthropogenic effects on calcium in freshwaters. Scientific Reports 9, 10450. https://doi.org/10.1038/s41598-
019-46838-w 

White III, R.A., Chan, A.M., Gavelis, G.S., Leander, B.S., Brady, A.L., Slater, G.F., Lim, D.S.S., Suttle, C.A. (2016) 
Metagenomic Analysis Suggests Modern Freshwater Microbialites Harbor a Distinct Core Microbial 
Community. Frontiers in Microbiology 6, 1531. https://doi.org/10.3389/fmicb.2015.01531 

Williams, W.D., Buckney, R.T. (1976) Chemical composition of some inland surface waters in South, Western and 
northeren Australia. Australian Journal of Marine and Freshwater Research 27, 379–397. 
https://doi.org/10.1071/MF9760379 

Wood, C.M., Perry, S.F., Wright, P.A., Bergman, H.L., Randall, D.J. (1989) Ammonia and urea dynamics in the Lake 
Magadi tilapia, a ureotelic teleost fish adapted to an extremely alkaline environment. Respiration Physiology 
77, 1–20. https://doi.org/10.1016/0034-5687(89)90025-X 

Wright, D.T., Wacey, D. (2005) Precipitation of dolomite using sulphate-reducing bacteria from the Coorong Region, 
South Australia: significance and implications. Sedimentology 52, 987–1008. https://doi.org/10.1111/j.1365-
3091.2005.00732.x 

Wu, Y., Wang, N., Zhao, L., Zhang, Z., Chen, L., Lu, Y., Lü, X., Chang, J. (2014) Hydrochemical characteristics and 
recharge sources of Lake Nuoertu in the Badain Jaran Desert. Chinese Science Bulletin 59, 886–895. 
https://doi.org/10.1007/s11434-013-0102-8 

Yanez-Montalvo, A., Águila, B., Gómez-Acata, S., Mass-Vargas, M., Cabanillas-Terán, N., Vega-Zepeda, A., Bahena, 
H., Hernández-Arana, H., Falcón, L.I. (2021) Depth Related Structure and Microbial Composition of 
Microbialites in a Karst Sinkhole, Cenote Azul, Mexico. Geomicrobiology Journal 38, 237–251. 
https://doi.org/10.1080/01490451.2020.1836086 

Yuretich, R.F. (1979) Modern sediments and sedimentary processes in Lake Rudolf (Lake Turkana) eastern Rift Valley, 
Kenya. Sedimentology 26, 313–331. https://doi.org/10.1111/j.1365-3091.1979.tb00912.x 

Zaytseva, L.V., Samylina, O.S., Prokin, A.A. (2021) Formation of Monohydrocalcite in the Microbialites from Laguna 
de Los Cisnes (Isla Grande de Tierra Del Fuego, Chile). Environmental Sciences Proceedings 6, 2. 
https://doi.org/10.3390/iecms2021-09340 

Zeyen, N. (2016) Etude de microbialites lacustres actuels du Mexique : traçage de l’activité biologique et des conditions 
environnementales de formation. Ph.D. thesis, Université Pierre et Marie Curie, Paris VI, 316 p. 
https://theses.hal.science/tel-01659924 

Zeyen, N., Benzerara, K., Li, J., Groleau, A., Balan, E., et al. (2015) Formation of low-T hydrated silicates in modern 
microbialites from Mexico and implications for microbial fossilization. Frontiers in Earth Science 3, 64. 
https://doi.org/10.3389/feart.2015.00064 



 
 
	

Geochem. Persp. Let. (2023) 25, 30–35 | https://doi.org/10.7185/geochemlet.2311  SI-29 

	

Zeyen, N., Benzerara, K., Menguy, N., Brest, J., Templeton, A.S., et al. (2019) Fe-bearing phases in modern lacustrine 
microbialites from Mexico. Geochimica et Cosmochimica Acta 253, 201–230. 
https://doi.org/10.1016/j.gca.2019.03.021 

Zeyen, N., Benzerara, K., Beyssac, O., Daval, D., Muller, E., et al. (2021) Integrative analysis of the mineralogical and 
chemical composition of modern microbialites from ten Mexican lakes: What do we learn about their formation? 
Geochimica et Cosmochimica Acta 305, 148–184. https://doi.org/10.1016/j.gca.2021.04.030 

Zhang, L., Jungblut, A.D., Hawes, I., Andersen, D.T., Sumner, D.Y., Mackey, T.J. (2015) Cyanobacterial diversity in 
benthic mats of the McMurdo Dry Valley lakes, Antarctica. Polar Biology 38, 1097–1110. 
https://doi.org/10.1007/s00300-015-1669-0 

Zorz, J.K., Sharp, C., Kleiner, M, Gordon, P.M.K., Pon, R.T., Dong, X., Strous, M. (2019) A shared core microbiome 
in soda lakes separated by large distances. Nature Communications 10, 4230. https://doi.org/10.1038/s41467-
019-12195-5 

Zúñiga, L.R., Campos, V., Pinochet, H., Prado, B. (1991) A limnological reconnaissance of Lake Tebenquiche, Salar 
de Atacama, Chile. Hydrobiologia 210, 19–24. https://doi.org/10.1007/BF00014320 

Zuñiga, O., Wilson, R., Amat, F., Hontoria, F. (1999) Distribution and characterization of Chilean populations of the 
brine shrimp Artemia (Crustacea, Branchiopoda, Anostraca). International Journal of Salt Lake Research 8, 
23–40. https://doi.org/10.1007/BF02442135 


	The chemical conditions necessary for the formation of microbialites
	Introduction
	Results
	Discussion
	Acknowledgements
	Additional Information
	References


