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Abstract

Jezero Crater on Mars is a paleolacustrine environment where Mg-carbonates may host evidence of ancient life.
To elucidate the environmental and mineralogical controls on biosignature preservation, we examined samples
from five terrestrial analogs: Lake Salda (Turkey), Lake Alchichica (Mexico), Qinghai-Tibetan Plateau (China),
Mg-carbonate playas (British Columbia, Canada), and a mine with fine-grained ultramafic tailings (Yukon,
Canada). The mineralogical compositions of the samples varied, yet were often dominated by either aragonite
(CaCO3) or hydromagnesite [Mg5(CO3)4(OH)2$4H2O]. Aragonite-rich samples from Alchichica, Mg-carbonate
playas, and the ultramafic mine contained an abundance of entombed microbial biomass, including organic
structures that resembled cells, whereas hydromagnesite-rich samples were devoid of microfossils. Aragonite
often precipitates subaqueously where microbes thrive, thereby increasing the likelihood of biomass entomb-
ment, while hydrated Mg-carbonates typically form by evaporation in subaerial settings where biofilms are less
prolific. Magnesite (MgCO3), the most stable Mg-carbonate, forms extremely slowly, which may limit the
capture of biosignatures. Hydrated Mg-carbonates are prone to transformation via coupled dissolution–pre-
cipitation reactions that may expose biosignatures to degradation. Although less abundant, aragonite is com-
monly found in Mg-carbonate environments and is a better medium for biosignature preservation due to its fast
precipitation rates and relative stability, as well as its tendency to form subaqueously and lithify. Consequently,
we propose that aragonite be considered a valuable exploration target on Mars. Key Words: Jezero Crater—
Mars—Terrestrial analogs—Microbial fossils—Aragonite—Hydromagnesite. Astrobiology 23, 513–535.

1. Introduction

NASA’s Mars 2020 mission is the first phase of a sample
retrieval mission to return martian materials to Earth.

The Perseverance rover’s objectives include assessing the
possibility of ancient life and collecting astrobiologically and
geologically relevant samples to be cached and later trans-
ported to Earth for laboratory analyses (Farley et al., 2020,
2022). Sample collection must prioritize targets with the

greatest likelihood of containing biosignatures based on
knowledge of terrestrial analogs due to a limited sample
return capacity. Jezero Crater, the sampling location, was
once filled with water as indicated by a fluvial inlet with a
deltaic deposit, a river outlet on the opposite side of this
ancient lake basin, and mineralogic evidence that includes
phyllosilicates (Ehlmann et al., 2008, 2010).

Based on orbiter data from the Mars Reconnaissance
Orbiter’s Compact Reconnaissance Imaging Spectrometer
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for Mars (CRISM), this paleolacustrine environment con-
tains magnesium carbonates among ultramafic materials
(Ehlmann et al., 2008; Goudge et al., 2015; Tarnas et al.,
2021; Farley et al., 2022).

Carbonates containing biosignatures are well documented
on Earth (Riding, 2000), making those at Jezero Crater a
priority target (Horgan et al., 2020; Scheller et al., 2021).
CRISM data indicate that the strongest carbonate signatures
are from the marginal carbonates that reside within the per-
ceived littoral area of the paleolake basin (Ehlmann et al.,
2008; Horgan et al., 2020; Zastrow and Glotch, 2021). The
spectral signal of these carbonates resembles that of siderite
(FeCO3), magnesite (MgCO3), and hydrated Mg-carbonates
such as hydromagnesite [Mg5(CO3)4(OH)2$4H2O] (Ehlmann
et al., 2008; Horgan et al., 2020; Zastrow and Glotch, 2021).
If microbial life was present at Jezero during Mars’ ancient
past, it could have been preserved within carbonates, includ-
ing the marginal carbonates. Furthermore, these carbonates
may resemble microbial carbonate deposits such as micro-
bialites or stromatolites (Westall et al., 2015; Horgan et al.,
2020), which provide some of the oldest evidence of life on
Earth (Walsh, 1992; Noffke et al., 2013; Hickman-Lewis
et al., 2018).

Microbial carbonates, that is, deposits formed through
microbial activity, have been an important part of Earth’s
geologic record since the Archean and form in a wide range
of environments in addition to marine settings, including
lakes, springs, caves, soils, and playas (Riding, 2000). Auth-
igenic carbonates often form in association with microbes
with the potential to preserve biosignatures (Riding, 2000;
Dupraz et al., 2009; Robles-Fernández et al., 2022). Evi-
dence for marginal carbonates (Balci et al., 2020; Horgan
et al., 2020) and of a paleolacustrine environment (Ehlmann
et al., 2008) offers a robust contextual basis to argue the
probability of microbial carbonates existing on Mars. Among
the oldest fossils on Earth are calcium carbonate stromat-
olites formed in a shallow marine environment dating to
*3.5 Ga (Allwood et al., 2007, 2018; Sugitani et al., 2010).
In contrast, the marginal carbonates at Jezero are suspected
to be magnesium carbonates, resulting from the weathering
of the crater’s ultramafic (Mg-rich) bedrock (Horgan et al.,
2020; Tarnas et al., 2021). In addition, Perseverance has
detected magnesium–iron carbonates on the floor of Jezero
Crater, likely having formed from in situ olivine carbon-
ation (Farley et al., 2022). However, the preservation of
biosignatures in Mg-carbonates has been underexplored
due to their lower abundance on Earth compared with
Ca-carbonates.

The current understanding of Mg-carbonate minerals
indicates that they are likely a poor medium for entombing
biomass, thereby reducing the likelihood of biosignature pre-
servation (Power et al., 2007, 2009, 2014, 2019). Research
from Mg-rich environments on Earth, analogous to Jezero
Crater, shows that magnesite is slow to precipitate at Earth’s
surface conditions and that hydrated Mg-carbonates (e.g.,
hydromagnesite) are prone to transformation (Power et al.,
2019; Harrison et al., 2021). However, the calcium carbon-
ate mineral aragonite (CaCO3) is often found in sedimentary
systems dominated by Mg-carbonates. We propose that ara-
gonite is a better preservation medium than Mg-carbonate
minerals within the Mg-carbonate depositional environ-
ments that are analogous to Jezero Crater.

This study examines carbonate microbialite and sediment
samples from five terrestrial analogs to determine dominant
mineralogy, assess formation conditions, and describe ent-
ombed biomass that has either become fossilized or has the
potential to do so. We elucidate the environmental and
mineralogical controls that influence the likelihood of
microbial biomass being encapsulated within carbonate
minerals. The relationship between carbonate mineral spe-
cies and biosignature abundance will inform the selection of
ideal targets for the sample caching mission on Mars.

2. Field Site Descriptions and Sampling

Jezero Crater (45-km diameter) is a paleolacustrine sys-
tem thought to have been active until the Early Hesperian
era (3.5 Ga) (Goudge et al., 2018). The area is characterized
by mafic and ultramafic spectral signatures, a closed basin
structure, and a limited elevation zone containing distinct
marginal carbonates. These features indicate that carbon-
ate formation may have occurred at the evaporative margin
from Mg-rich, alkaline waters in the littoral zone of the
paleolake (Horgan et al., 2020). The investigation of mar-
tian magnesium carbonates will be aided by an improved
understanding of the environmental and mineralogical con-
trols on the preservation of biosignatures within these min-
erals on Earth (Scheller et al., 2021).

Terrestrial analogs for Mg-carbonate littoral deposits
include Lake Salda, Turkey (Fig. 1A) (Balci et al., 2020;
Russell et al., 1999), the crater lake of Alchichica, Mexico
(Fig. 1B) (Kaźmierczak et al., 2011), and sites on the Qinghai-
Tibetan Plateau, including Dujiali Lake (Fig. 1C, D) (Lin
et al., 2017) and Qaidam Basin (Fig. 1E). The martian
carbonates may also have formed from springs or locations
where groundwaters discharged and evaporated. Potential
analogs for this mode of formation include the Mg-carbonate
playas in British Columbia, Canada (Fig. 1F) (Power et al.,
2014), where aragonite rubble is found among mounds of
Mg-carbonate sediments (Fig. 1G).

Other possible modes of carbonate formation are the wea-
thering of fine-grained ultramafics (e.g., ash or sediment)
and deposition within smaller isolated ponds. At the Clinton
Creek chrysotile mine, fine-grained serpentinite tailings
have weathered over several decades causing the formation
of Mg-carbonate efflorescences (Fig. 1H) (Wilson et al.,
2009), while aragonite microbialites have formed within
the open pit pond (Fig. 1I) (Power et al., 2011). These five
modern terrestrial analogs provide an opportunity to study
microbial biomass entombment and biosignature preserva-
tion within Mg-carbonates and aragonite over a wide range
of environmental conditions.

2.1. Lake Salda

Lake Salda in southwestern Turkey (37�32¢43.7†N,
29�40¢59.8†E) is a large midlatitude lake fed by small
ephemeral streams and has an average depth of 80 m
(Shirokova et al., 2013). The lake is a closed-basin system
for most of the year (Braithwaite and Zedef, 1996; Balci
et al., 2020). The pH ranges from 8 to 10, and the [Mg2+]/
[Ca2+] ratio fluctuates seasonally and with depth (Kazanci
et al., 2004). Ultramafic rocks underlie most of the basin,
providing a source of Mg and alkalinity to the lake waters.
The evaporation of Mg-rich waters along the near-shore
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FIG. 1. Photographs of Mg-carbonate depositional environments that are analogous to Jezero Crater, Mars. (A) Hydro-
magnesite tufas or microbialites at Lake Salda, Burdur, Turkey (measuring tape for scale). (B) Aragonite/hydromagnesite
microbialites at the crater lake of Alchichica, Puebla, Mexico. Frozen Dujiali Lake (C) with hydromagnesite sediments
along its shoreline (D), and aragonite ooids (E) that are found along the paleo-shoreline of Qaidam Basin, Qinghai-Tibet
Plateau. (F) Hydromagnesite–magnesite playas of Atlin, British Columbia, Canada, where aragonite rubble (trowel for
scale) lays among hydromagnesite mounds (G). (H) Clinton Creek asbestos tailings (Yukon, Canada) cemented by hydrated
Mg-carbonate efflorescences that formed from in situ weathering. (I) The open pit pond at the Clinton Creek mine that
contains aragonite microbialites (inset; marker for scale). Color images are available online.
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environment causes Mg-carbonate minerals, mainly hydro-
magnesite, to precipitate. Although the structures are often
referred to as microbialites (Russell et al., 1999; Shirokova
et al., 2013; Balci et al., 2020), it may be more accurate to
call them tufa deposits.

Tufas mounds and columns form from carbonate pre-
cipitation in ambient air, such as those at Mono Lake,
California, United States (Council and Bennett, 1993).
Kazanci et al. (2004) state that the stromatolites in Lake
Salda formed through the entrapment of littoral sediments
and diatoms within algal mats, developing mounds reaching
10–30 cm in diameter. Mildly consolidated carbonate sam-
ples (hand specimen size) were collected from three terraces
along the exposed southwestern shore of Lake Salda
(Fig. 1A).

2.2. Lake Alchichica

Lake Alchichica (19�24¢46.0†N, 97�24¢10.3†W) is a cra-
ter lake at an altitude of 2300 m above sea level in the
Central Mexican Plateau, Mexico, a region classified as a
‘‘cold-desert’’ (Kaźmierczak et al., 2011; Gérard et al.,
2013; Valdespino-Castillo et al., 2014). The crater basin is
bowl-shaped, reaching a maximum depth of *60 m, with an
asymmetrical ring of microbialites surrounding the periph-
ery (Fig. 1B) (Kaźmierczak et al., 2011). The lake is a
closed basin fed by precipitation and groundwater infiltra-
tion and is defined as a soda lake due to its salinity and
alkalinity (pH *9.5) (Valdespino-Castillo et al., 2014).
Although calcareous mountains border the lake, the calcium
concentration is low, resulting in a high [Mg2+]/[Ca2+] ratio
(Kaźmierczak et al., 2011). Hydromagnesite precipitation
is favored under these conditions; however, the marginal
microbialites contain both hydromagnesite and aragonite
(Gérard et al., 2013).

There are two types of discontinuous microbialites along
the margin of Lake Alchichica, and they are categorized as
mound-type (white) and columnar-type (brown) based on
the differences in morphology, mineralogy, texture, isotopic
signatures, and microbial composition (Tavera and Komár-
ek, 1996; Kaźmierczak et al., 2011). Both microbialite types
were examined in this study (Fig. 1B). The white micro-
bialites are irregular mounds with macroscopic laminations
and are hydromagnesite-dominated, whereas the brown
microbialites are aragonite-dominated and develop as
chimney-like structures that are macroscopically nonlam-
inated and porous (Kaźmierczak et al., 2011). Of the five
sample locations for terrestrial analogs, this site is the only
crater lake akin to the formation of the paleolake basin of
Jezero Crater.

2.3. Qinghai-Tibet Plateau

Dujiali Lake (Fig. 1C) is an alkaline lake in the central
Qinghai-Tibet Plateau (32�01¢43.4†N, 88�38¢31.6†E) at an
altitude of 4524 m above sea level. The lake was dry in the
1980s, and the present water and solute mass have accumu-
lated due to increased precipitation and meltwater (Lin et al.,
2017 and references therein). The lake has a surface area of
80 km2 and is *3 m deep (Lin et al., 2017). Hydromagnesite
deposits are widely distributed as bands around the lake mar-
gins and as sediments within the lake, which are thought to
have periodically dried to form a playa during the Holocene.

Today, the hydromagnesite sediments can only be
observed in the first terrace in the northwest due to the rise
of lake waters. The sediment samples for this study were
collected from this terrace (Fig. 1D) and were bright white
after removal of the brown and clay-like weathered surface
crust (Lin et al., 2017, 2019a, 2019b). Lin et al. (2017) pro-
posed that these hydromagnesite deposits are authigenic,
having crystallized from the evaporation of lake water.

The Qaidam Basin on the Qinghai-Tibetan Plateau (NW
China) has been studied as a terrestrial analog for Mars
research (Xiao et al., 2017). The plateau is one of the driest
deserts on Earth and is considered an analog to the playas
and lakes of ancient Mars. Qaidam Basin is the largest
intermontane sedimentary basin with an area of*120,000 km2

and an average elevation of *3000 m above sea level (Xiao
et al., 2017). Holocene lacustrine carbonate ooids are
present in the playas of the western Qaidam Basin (Sun
et al., 2019).

The ooids (Fig. 1E) for this study were collected from
the surface in the Honggouzi section (38�27¢43.12†N,
91�16¢47.93†E), northwest of the Qaidam Basin, which is
currently overlaid by a chemical-eolian deposit and under-
laid by the lake sediments that include clays, carbonate, and
evaporite salts. The ooids were well preserved with no
apparent diagenetic alterations and have been described in
detail by Lin et al. (2022).

2.4. Atlin playas

The Mg-carbonate playas near Atlin, British Columbia,
Canada (59�34¢23.1†N, 133�41¢45.3†W) reside in a region
characterized by a dry subarctic climate (Fig. 1F). The pla-
yas are mainly composed of hydromagnesite and magne-
site that have formed through evaporation of Mg-HCO3

groundwater (Power et al., 2007). Radiocarbon dating sug-
gests that Mg-carbonate deposition has been occurring for
the last 8000 years (Power et al., 2014). The Jezero paleo-
lake is thought to have become a closed basin as the planet-
wide water budget declined (Clifford and Parker, 2001), in
which a playa-like environment may have formed the light-
toned floor of the crater (Salese et al., 2019).

In this case, hydromagnesite–magnesite playas such as
those in British Columbia (Renaut, 1993; Power et al., 2014)
are a suitable terrestrial analog (Power et al., 2009). It is
possible that the geochemical conditions that existed at
Jezero Crater following the end of fluvial activity (*3.7 Ga)
are comparable with the conditions currently found at the
playas (Fassett and Head, 2005; Horgan et al., 2020). The
Mg-carbonate sediments near Atlin are not lithified, and
there is no clear indication that morphological biosignatures
are being preserved within them (Power et al., 2007, 2009,
2014, 2019). However, this was the site where cyanobac-
terially induced precipitation of the Mg-carbonate mineral,
dypingite [Mg5(CO3)4(OH)2$*5H2O], was first documen-
ted (Power et al., 2007).

This study focused on lithified aragonite samples col-
lected from piles of rubble. Aragonite precipitates in the
main wetland of the southeastern playa (Fig. 1F), where
microbial mats thrive (Power et al., 2007, 2009). These sed-
iments lithify along the wetland periphery and, over time,
may pile together by the lateral growth of hydromagnesite
mounds or formation of patterned ground via frost heave
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(Fig. 1G) (Power et al., 2014; Power et al., 2009). Micro-
bialite and pisolite hand specimens (10s cm in size) were
collected from the playa and were previously described by
Power et al. (2009) at the macroscopic scale. The pisolite
collected comprised pisoids with inverse-graded bedding.
Some of the microbialites display alveolar-septal structures,
solidified by aragonite precipitation (Power et al., 2007,
2009).

2.5. Clinton Creek chrysotile mine

The abandoned Clinton Creek asbestos mine (64�26¢57.6†N,
140�42¢21.2†W) is located in the Canadian subarctic, 77 km
northwest of Dawson City, Yukon (Power et al., 2011).
This site was selected due to the presence of hydrated
Mg-carbonates formed from subaerial weathering of fine-
grained ultramafics (e.g., tailings) and aragonite micro-
bialites along the rim of the open pit pond (Wilson et al.,
2009; Power et al., 2011; White et al., 2015). Likewise, the
ultramafic signatures at Jezero Crater may be consistent with
the properties of an ultramafic, fine-grained tephra deposit
that would be susceptible to subaerial weathering (Horgan
et al., 2020). The tailings may also be comparable with ultra-
mafic sediments deposited in alluvial fans on the western
side of the Jezero Basin.

Spectral data collected from the detrital fan deposits have
shown strong olivine and carbonate signatures overlying
smectite layers (Horgan et al., 2020). Furthermore, Farley
et al. (2022) postulated that magnesium–iron carbonates
detected by Perseverance in the Séı́tah formation on the
crater’s floor formed from in situ olivine carbonation. In situ
carbonation of fine-grained ultramafic material at Earth’s
surface is rare, making the historic chrysotile tailings a
unique analog site.

Two subenvironments at the mine were investigated: the
ultramafic asbestos tailings and the open pit pond. The tail-
ings have been exposed to weathering since at least 1978
when the mine closed. Their high surface area from the
milling process facilitates in situ Mg-carbonate mineraliza-
tion, resulting in carbonate efflorescences composed of the
hydrated Mg-carbonate phases lansfordite (MgCO3$5H2O),
nesquehonite (MgCO3$3H2O), dypingite, and hydromag-
nesite that cement the tailings (Fig. 1H) (Wilson et al.,
2009).

Microbialites composed of aragonite are present in the
open pit pond (Fig. 1I, inset) and are one of the fastest
growing and northern-most microbialite communities dis-
covered (Power et al., 2011). The pond does not have any
inlets or outlets and, thus, is susceptible to evapoconcen-
tration. The microbialites have a columnar form, are up to
15 cm in height (Power et al., 2011), and contain detritus
incorporated into the biofilms and carbonate structures. The
Clinton Creek mine offers an opportunity to study aragonite
microbialites in an ultramafic setting.

3. Materials and Methods

3.1. Mineralogical characterization

Samples were characterized by a powdered X-ray dif-
fractometer (XRD) at Trent University. A McCrone micron-
izing mill was used to micronize subsamples (2.0 g) for
7 min in pure anhydrous ethanol with agate grinding ele-

ments. Before XRD analysis, samples were dried under
laboratory conditions and disaggregated with an agate mor-
tar and pestle. Powders were mounted in back-loading
holders to minimize preferred orientation. Diffraction pat-
terns were collected by a Bruker D2 Phaser diffractometer
with a 0.02-step size over a range of 5�–80� 2y at 4 s/step
with a 15-rpm spin. The diffractometer was equipped with a
LYNXEYE XE-T position-sensitive detector and incident
and diffracted beam Soller slits. A fine-focus Cu X-ray tube
using a 6� take-off angle was operated at 30 kV, and 10 mA
was used to generate X-rays. Mineral-phase identification
was conducted with the DIFFRAC.EVA Version 5 XRD-
phase analysis software (Bruker).

Quantitative analysis of the phases was performed by
using Rietveld refinement with XRD data to provide a
weight-percent (wt %) measurement of the respective
phases (Rietveld, 1969; Hill and Howard, 1987; Bish and
Howard, 1988). These refinements were conducted using
TOPAS Version 6 software (Bruker), and crystal structure
data were obtained from the International Center for Dif-
fraction Data Powder Diffraction File 2 2020 database
(ICDD PDF2).

3.2. Light and electron microscopy

Hand specimens were examined with a Zeiss SteREO
Discovery V20 stereomicroscope and PlanAchromat S
objective (1.0 · f/Reo; WD = 81 mm). Polished thin sections
(27 · 46 mm) of the samples were made by Vancouver
Petrographics Ltd. (Langley, BC, Canada) and examined
under plane- and cross-polarized light with a Zeiss Axio-
scope 5 microscope equipped with a Colibri 5, Type RGB-UV
4-channel fluorescence light source. Images of the samples
were collected with an Axiocam 208 color camera.

For electron microscopy, subsamples of the hand speci-
mens were embedded by using Buehler EpoThin� 2 epoxy
resin and hardener and polished with a Buehler EcoMet�
30 manual single-grinder polisher. The final polish was per-
formed using a TriDent� pad and MasterPrep� diamond
suspension (0.05 mm) to create a glass-like surface. Dupli-
cate samples were acid-etched to reveal entombed biomass
below the carbonate surface. The embedded samples were
exposed to an acid treatment of 1% HCl solution for 3 min,
followed by a rinse with deionized water containing 2%
glutaraldehyde and 0.85% NaCl for 30 min (Power et al.,
2011). Samples were subsequently dehydrated to preserve
biogenic material using an ethanol series (70%, 90%, and
100% · 3 for 15 min each), followed by a 1:1 hexameth-
yldisilazane (HMDS) to anhydrous ethanol bath for 10 min,
and finally submerged for 20 min in a bath of 100% HMDS
(Preston et al., 2011).

All samples were coated using a Filgen osmium coater
(OPC 80T) that applied 10 nm of osmium metal to the sam-
ple surface to improve conductivity. The samples were
secured to the microscope stage with 12 mm carbon adhe-
sive tabs and copper tape to eliminate charging effects.
Scanning electron microscopy (SEM) was performed at The
University of Western Ontario at the Nanofabrication
Facility in London, Ontario, Canada. The LEO 1540 XB
field emission SEM collected high-resolution micrographs
at an operating voltage of 1.0 kV with a secondary electron
detector and a quadrant backscatter detector operating at
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20 kV. Elemental analysis was performed with an Oxford
Instruments X-Max energy dispersive spectrometer (EDS) at
20 kV.

3.3. Geochemical modeling

The saturation indices (SIs) of relevant carbonate min-
erals were determined with PHREEQC V3 (Parkhurst and
Appelo, 2013) using the llnl.dat thermodynamic database
compiled at the Lawrence Livermore National Laboratory,
which was modified to include thermodynamic data for
dypingite formation at 25�C and 35�C obtained by Harrison
et al. (2019). Geochemical modeling was performed at a
constant temperature (e.g., 25�C) and using the water com-
position (pH, major cations, and anions) previously repor-
ted for the field sites (Power et al., 2010, 2011, 2014;
Kaźmierczak et al., 2011; Lin et al., 2017; Balci et al.,
2020).

PHREEQC was also used to simulate the effect of evap-
oration on the SI values for carbonate minerals for waters
in equilibrium with atmospheric CO2 ( pCO2 = 10-3.4 atm).
Parkhurst and Appelo (2013) described the code used in
these simulations that concentrate 1.0 L of water by sequ-
entially removing a fixed number of moles to simulate an
irreversible reaction where water is lost from the chemical
system. The effect of removing 52.73 mol in 19 steps, or the
equivalent of 95% water removal, was evaluated for the
waters from the analog sites. In addition, the SIs calculated
before and after evaporation simulations were compared,
and changes in these values were used as indicators for fav-
orable conditions (SI >0) for the precipitation of Ca- and
Mg-carbonate minerals.

3.4. Stable isotopes

Carbonate samples were analyzed for their stable carbon
and oxygen isotopes at the Ján Veizer Stable Isotope Labo-
ratory in Ottawa, Canada. Samples were loaded into exe-
tainers and reacted with 0.1 mL of H3PO4 (S.G. 1.91). The
exetainers were then capped and helium-flushed while hor-
izontal. Samples containing calcite were reacted at 25�C for
24 h and samples containing magnesium carbonate minerals
were reacted at 70�C for 4 h. Measurements were performed
on a Delta XP Isotope Ratio Mass Spectrometer and a Gas
Bench II, both from Thermo Finnigan, with an analytical
precision (2 sigma) of –0.1&. The stable carbon and oxy-
gen isotope values are reported in the conventional d nota-
tion in per mil (&) relative to Vienna Pee Dee Belemnite
(VPDB) and Vienna Standard Mean Ocean Water (VSMOW),
respectively.

4. Results

4.1. Water chemistry and carbonate precipitation

Mineral SIs were used to predict the precipitation of
relevant carbonate minerals and to compare with XRD
results. The waters from Lake Salda were saturated in all six
carbonate minerals of interest: magnesite, hydromagnesite,
dypingite, nesquehonite, calcite, and aragonite. This site is
the only one with waters saturated with respect to nesque-
honite, although marginally (SI = 0.1). In addition, it had the
highest SIs for hydromagnesite (5.1), dypingite (3.8), and
magnesite (2.6). The pH was 9.4 and the Mg/Ca molar ratio

was 36.0 (Table 1). The Lake Salda samples were pre-
dominately hydromagnesite (96 wt %) with minor amounts
of aragonite (4 wt %; Table 2), which is consistent with
PHREEQC modeling predictions. Trace halite was detected
by SEM and EDS.

The Mg/Ca molar ratio of the Alchichica lake surface
waters is similar to that of Lake Salda (37.8); however, the
pH is slightly lower (8.9) with considerably lower alkalinity
(720 mg HCO3/L). The microbialites from Lake Alchichica
were the only samples containing major abundances (‡10 wt
%) of both hydromagnesite and aragonite. The white micro-
bialite contained a higher proportion of hydromagnesite than
aragonite, 83 wt % and 17 wt %, respectively, compared
with the brown microbialite (aragonite = 89 wt % and hyd-
romagnesite = 11 wt %; Table 2). The lake water is saturated
with respect to hydromagnesite (SI = 2.9) and aragonite
(SI = 1.0; Table 1).

Dujiali Lake has an average pH of 9.6, alkalinity of
320 mg HCO3/L, and Ca and Mg concentrations of 9.6 and
42.4 mg/L, respectively, with a Mg/Ca molar ratio of 7
(Table 1). These waters are undersaturated with respect to
hydromagnesite (SI = -1.1) yet supersaturated with respect
to aragonite (SI = 0.6). The terrace sediments along the
lake’s margins contained 96 wt % hydromagnesite and 4 wt
% aragonite (Table 2). No water was associated with the
Qaidam ooids, which were composed of 97 wt % aragonite
and 3 wt % quartz.

Two distinct water sources in the Atlin playas were
considered, water from the water table within the
hydromagnesite–magnesite mounds and an isolated pond
where aragonite forms (Power et al., 2014). The water from
the mounds had a pH of 8.0 and the highest Mg/Ca molar
ratio of the entire data set (1217). These waters were satu-
rated with respect to lansfordite, magnesite (SI = 2.4), and
hydromagnesite (SI = 1.1; Table 1). A hardpan at the water
table forms due to lansfordite precipitation; however, the
majority of the Mg-carbonate sediments are mixtures of hyd-
romagnesite and magnesite (Power et al., 2014). The iso-
lated pond had a lower pH of 7.5 and a relatively low Mg/Ca
molar ratio of 19.4 (Table 1).

Power et al. (2014) proposed that the aragonite rubble
(Fig. 1G) forms from isolated ponds (SIarg = 0.8) or along
the main wetland periphery where aragonite precipitation
dominates. The microbialite and pisolite entirely comprised
aragonite (100 wt %; Table 2), consistent with PHREEQC
modeling predictions.

The Clinton Creek tailings puddle had the second-highest
Mg/Ca molar ratio (183) of all the waters examined. Similar
to the Atlin mound groundwater, it was not saturated with
respect to calcite or aragonite (Table 1). Puddles on the
tailings are thought to have formed from waters percolating
through the tailings and collecting at low points. Therefore,
these puddles may represent pore waters from which the
efflorescences have precipitated. Although PHREEQC mod-
eling predicts hydromagnesite (SI = 1.6) precipitation,
evaporation of 40% and 95% would be required to pre-
cipitate dypingite and nesquehonite, which are also found
within efflorescences (Wilson et al., 2009).

The second water sampled from Clinton Creek was the
open pit pond where the microbialites were collected.
The pond has a pH of 8.4 and Mg/Ca molar ratio of 6.0.
Although the waters are saturated with respect to magnesite,
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calcite, and aragonite (Table 1), the microbialite samples
comprised aragonite (66 wt %), lizardite [Mg3Si2O5(OH)4]
(16 wt %), quartz (SiO2; 10 wt %), and muscovite
[KAl2(AlSi3O10)(OH)2] (8 wt %; Table 2). While arago-
nite (SI = 0.6) precipitation is consistent with PHREEQC
modeling, the silicate minerals are present as detrital
grains.

The stable carbon and oxygen isotopic compositions of
the carbonate minerals provide insights into the environ-
mental conditions under which they formed (Fig. 2). The
Lake Salda hydromagnesite stromatolite and Dujiali Lake
hydromagnesite sediments had similar d13C and d18O values
of 4.9& and 5.9 – 0.5& VPDB and 36.3& and 35.6 – 0.4&
VSMOW, respectively. The isotopic data for the Dujiali
sediments are provided by Lin et al. (2017) (n = 7). The
Qaidam Basin aragonite ooids had d13C and d18O values of
4.4& and 36.0&, respectively. The Alchichica white (hmgs-
rich) and brown (arg-rich) microbialites had distinctly
different d13C values of 7.2& and 3.3&, and d18O values
of 36.1& and 29.6&, respectively. The Atlin surface
hydromagnesite–magnesite sediments had d13C and d18O
values of 6.9 – 0.9& and 18.8 – 0.7&, respectively (Power
et al., 2014; n = 7). Distinct from these sediments, the ara-
gonite microbialite and pisolite had d13C values of 4.5&
and 4.8&, and d18O values of 12.2& and 12.6&, respec-
tively. The Clinton Creek Mg-carbonate efflorescences had
d13C and d18O values of 10.9 – 2.3& and 23.6 – 1.4&
(Wilson et al., 2009; n = 18), which were distinct from the
aragonite microbialites that had values of -5.0 – 0.6& and

14.8 – 0.2&, respectively (Power et al., 2011; n = 36).
Average isotope values for all samples are plotted in Fig. 2.

4.2. Entombed biomass and morphological
biosignatures

Our study of the field samples focused on imaging ent-
ombed biomass that has been mineralized with an emphasis
on comparing hydromagnesite- and aragonite-rich samples.
We define entombed biomass as microbial remnants, includ-
ing diatom frustules, organic structures resembling micro-
bes, and amorphous organics that have become encapsulated
by minerals (Cady et al., 2003; Power et al., 2011; Lepot
et al., 2014; Alleon et al., 2016; McCutcheon et al., 2016;
Tait et al., 2017, 2022). This entombed biomass may result
in microfossil preservation or leave behind other types of
biosignatures (e.g., biomolecules). The aragonite-rich sam-
ples, including the Alchichica brown microbialite, Atlin
microbialite and pisolite, and Clinton Creek microbialites,
contained the greatest abundance of entombed biomass and
morphological structures interpreted as fossilized microbes.
The key observations from light and electron microscopy
are summarized in Table 2.

4.2.1. Lake Salda microbialites. The Lake Salda micro-
bialite sample, or a more descriptive term may be tufa, was
fragile, primarily white, and devoid of organic matter
(Fig. 3A). Entombed biomass or microfossils were absent
from this sample, which contained one of the highest

Table 1. Water Chemistry and Saturation Indices for Select Carbonates

Site pH
[Ca],
mg/L

[Mg],
mg/L

Mg/Ca
molar ratio

Alkalinity,
mg HCO3/L Saturation indices

Lake Salda, SW shorea 9.4 17.8 388.1 36.0 2038 Sat.: Hmgs* (5.1), dyp (3.8), mgs (2.6),
cal (1.6), arg* (1.4), nes (0.1)

Lake of Alchichica,
surface watersb

8.9 20.0 458.0 37.8 720 Sat.: Hmgs* (2.9), mgs (2.4), cal (1.1),
arg* (1.0), dyp (0.6)

Unsat.: Nes (-0.7)
Dujiali Lakec 9.6 9.6 42.4 7.0 320 Sat. Mgs (1.2), cal (0.8), arg* (0.6)

Unsat.: Hmgs* (-1.1), nes (-1.8)
No water associated with Qaidam Basin ooids

Atlin playas, mound groundwaterd 8.0 2.1 1550.0 1217.1 8480 Sat.: Mgs* (2.4), hmgs* (1.1)
Unsat.: Cal (-0.1), arg (-0.2), dyp

(-0.4), nes (-0.7)
Atlin playas, isolated pondsd 7.5 68.1 800.0 19.4 5150 Sat.: Mgs (1.6), cal (0.9), arg* (0.8)

Unsat.: Nes (-1.5), hmgs (-3.1), dyp
(-4.6)

Clinton Creek, tailings puddlee 9.5 1.4 155.9 183.6 358 Sat.: Mgs (1.8), hmgs* (1.6)
Unsat.: Cal (-0.1), arg (-0.2), dyp*

(-0.8), nes* (-1.3)
Clinton Creek, open pit pondf 8.4 95.7 350.0 6.0 243 Sat.: Mgs (1.0), cal (0.7), arg* (0.6)

Unsat.: Nes (-2.2), hmgs (-4.3), dyp
(-5.8)

Saturation indices were determined for magnesite (mgs), hydromagnesite (hmgs), dypingite (dyp), nesquehonite (nes), calcite (cal), and
aragonite (arg) and are grouped into those saturated (Sat.) and undersaturated (Unsat.) in site waters. Minerals identified in the
corresponding solid samples (Table 2) are denoted with an asterisk.

aThe water chemistry data are from Balci et al. (2020; SLW5).
bThe water chemistry data are from Kazmierczak et al. (2011).
cThe water chemistry data are from Lin et al. (2017).
dThe water chemistry data are from Power et al. (2014).
eThe water chemistry data are from Power et al. (2010).
fThe water chemistry data are from Power et al. (2011).
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Table 2. Environment, Quantitative Mineralogy, and Key Observations of Samples

Site Sample Subenvironment Mineralogy, wt % Observations

Lake Salda
(Fig. 3)

Stromatolite/tufa Subaerial shoreline Hmgs (96),
arg (4)

Consolidated not lithified, white
granular texture. Trace halite
identified using SEM. Fine
laminations but no entombed
biomass or microfossils found
within hmgs or arg.

Lake Alchichica
(Fig. 4)

White microbialite Intertidal, shoreline Hmgs (83),
arg (17)

Thick white lithified layers of
granular material with iron-
staining. Spherical microfossils
with iron oxides in the arg. Hmgs
mostly lacked entombed biomass.

Brown microbialite Intertidal, shoreline Arg (89),
hmgs (11)

White dome-shaped crusts with
brown and iron-stained material.
Two tube-like features 2 mm in
diameter seen in hand specimen.
Diatom frustules, organic
filaments, and spheres,
interpreted as microbial remnants
found in arg.

Dujiali Lake
(Fig. 5)

Hmgs sediments Subaerial shoreline Hmgs (96),
arg (4)

Unconsolidated sediments lacking
in biomass and biosignatures.
Hmgs has rosette and platy
morphologies.

Qaidam Basin Ooids Paleo-shoreline Arg (97),
qtz (3)

Ooids (diameter = 200–600mm) are
well preserved, that is, no
diagenetic alterations. No
entombed biomass or
microfossils present.

Atlin playas
(Fig. 6)

Hmgs-mgs
sediments

Subaerial mounds Mixtures of hmgs
and mgs

Unconsolidated white muddy
sediments. Filamentous
cyanobacteria live on some
surfaces but are not preserved.

Microbialite Subaqueous, isolated
pond or pond
peripheries

Arg (100) Beige to reddish color with
alveolar-septal structure seen in
hand specimen. Linear
laminations containing cell
membranes, diatom frustules, and
filamentous and spherical
structures, interpreted as
microbial remnants.

Pisolite Subaerial/subaqueous
(vadose zone)

Arg (100) Beige color, inverse graded
bedding, 2–10-mm-diameter
pisoids. Concentric laminations
encasing diatoms frustules,
organic spheres, and filaments,
interpreted as microbial
remnants.

Clinton Creek
tailings pile
(Fig. 7)

Mg-carbonate
efflorescences

Subaerial, in situ
weathering

Hydrated Mg-
carbonates (100)

Efflorescences contained a mixture
of hydromagnesite, dypingite,
and nesquehonite. Entombed
biomass was not seen in these
samples.

Open pit pond Microbialite Subaqueous
shoreline

Arg (66), lz (16),
qtz (10), ms (8)

Gray with a clotted texture and
entrapped granular fragments.
Micritic thrombolite-like texture
containing diatom frustules, and
microbial biomass that fluoresces
under UV light.

Minerals found in samples included hydromagnesite (hmgs) and aragonite (arg), and lizardite (lz) and muscovite in the Clinton Creek
microbialites. Abundances (wt %) are based on Rietveld refinement using XRD data.

SEM = scanning electron microscopy; UV = ultraviolet; XRD = X-ray diffractometer.
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abundances of hydromagnesite (96 wt %) among the sam-
ples. There were no recognizable microfossils in this sample
when viewed with light microscopy; however, laminations
characteristic of stromatolites were visible in small areas of
the polished thin section. Although stromatolitic laminations
may form from microbial activity (Kennard and James,
1986; Schopf et al., 2007), this texture may also develop via
physical and chemical processes (Grotzinger and Rothman,
1996; Grotzinger and Knoll, 1999). The hydromagnesite
also appeared devoid of any entombed biomass when viewed
using SEM (Fig. 3B).

Acid etching revealed the platy crystal morphology of the
hydromagnesite but did not uncover any observable organ-
ics or biomass. Although there was minor aragonite (4 wt %)
in the Lake Salda sample, it also lacked structures resem-
bling microfossils (Fig. 3B). The presence of halite strongly
indicates that this sample was exposed to subaerial condi-
tions where evapoconcentration of Lake Salda water caused
precipitation of this halide mineral. In one area, both hyd-
romagnesite and aragonite were near halite (Fig. 3B).
However, the abundance of halite was insufficient to be det-
ected by XRD. The Supplementary Information contains
additional micrographs of the Lake Salda sample showing
the hydromagnesite and aragonite lacking recognizable
entombed biomass or microfossils (Supplementary Fig. S1).

4.2.2. Lake Alchichica microbialites. The white and
brown Alchichica microbialite samples contained 17 and
89 wt % aragonite, respectively, with the remainder being
hydromagnesite. Both samples had biofilms on their exte-
riors, seen as dark green areas (Fig. 4). Therefore, sample
exteriors were avoided when examining these samples to
focus on entombed or mineralized biomass within sample
interiors as opposed to surficial biomass. Microbialite sam-
ples had iron staining, including in a thick band (*1 cm

wide) in the white hydromagnesite-rich sample (Fig. 4A).
The brown aragonite-rich sample (Fig. 4B) also had hollow,
tube-like features on its exterior, which may have formed
as casts of the encrusted stems of vascular water plants
(Kaźmierczak et al., 2011).

The Alchichica microbialites both contained entombed
biomass, suggesting a greater potential for fossilization. The
white hydromagnesite-rich microbialite had notably fewer
biomorphic features than the brown aragonite-rich one. In
both samples, morphological biosignatures were found exclu-
sively in the aragonite with hydromagnesite lacking entom-
bed biomass. The hmgs-rich microbialite sample contained
numerous spherical structures, interpreted as fossilized cells
that were *4 mm in diameter and were exclusive to the ara-
gonite sections (Fig. 4C). Electron microscopy of the brown
microbialite showed an abundance of diatom frustules and
organic spheres (diameter = 4 mm; Fig. 4D), interpreted as
coccoid cells, within aragonite, that were most easily ob-
served in the acid-etched samples.

The spherical structures in the aragonite of the white
microbialites were also visible under SEM (Fig. 4E, F), with
the presence of iron coatings being confirmed by EDS.
Coccoid, N2-fixing cyanobacteria are a common feature of
Alchichica microbialites, and their iron oxide coatings could
be related to nitrogenase activity (Falcón et al., 2020). The
arg-rich microbialite also contained organic tubes, interpre-
ted as well-preserved filamentous cyanobacteria (Fig. 4G).
The Supplementary Information includes additional micro-
graphs showing the iron-coated spheres and organic tube
and filament structures (Supplementary Fig. S2).

4.2.3. Qinghai-Tibet Plateau samples. The Dujiali Lake
hydromagnesite sediments were bright white, lightly con-
solidated, but not lithified (Fig. 5A). There are no substantial
biofilms or microbial mats along the lake’s margins where
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the sample was collected (Fig. 1D). Similarly, there were no
biofilms associated with the Qaidam Basin aragonite ooids
that were found along a palaeo-shoreline with no associated
water. These ooids are *200–600mm and are nearly spheri-
cal with peloid nuclei. Concentric laminations were visible
when thin sections were viewed using light microscopy
(Fig. 5B). The hydromagnesite in the sediments had a platy

crystal morphology and was highly porous (Fig. 5C). There
was no visible evidence of entombed biomass or microfos-
sils. The ooids were not lithified together to form an oolite;
however, the individual ooids were hard and not easily
broken. Although acid etching revealed the aragonite crys-
tals’ elongated morphology, there was no evidence of mi-
crobes among the eight ooids examined with SEM
(Fig. 5D). Additional micrographs of the hydromagnesite
sediments and acid-etched ooids are available in Supple-
mentary Fig. S3.

4.2.4. Atlin playa samples. The Mg-carbonate sedi-
ments at the surface of the playa have previously been
studied extensively (Power et al., 2009, 2014, 2019). These
white sediments are not consolidated or lithified and con-
tain very low abundances of organic matter. Although fila-
mentous cyanobacteria are occasionally found on these
sediments (Fig. 6A), there is no abundant microbial biomass
in the form of biofilms or microbial mats. These unconsol-
idated sediments are composed of mixtures of platy hydro-
magnesite and blocky magnesite crystals (Fig. 6B) that lack
entombed biomass.

The Atlin microbialite contained clear macroscopic bio-
signatures, having an alveolar-septal structure that resem-
bles some of the living microbial mats that have been
documented at the site (Fig. 6C). The pisolite comprised
mm-scale pisoids with inverse-graded bedding (Fig. 6D).
Both samples had iron staining, but aragonite was the only
mineral phase detectable when using XRD. Light micros-
copy of the microbialite revealed numerous tube structures
(10–15 mm wide; 100s micrometer long), interpreted as fos-
silized filamentous cyanobacteria or algae (Fig. 6E). This
sample also contained abundant pennate diatom frustules
and some spherical structures resembling coccoid cells,
which were identified with SEM. The pisolite also contained
diatom frustules, yet fewer organic filaments resembling
filamentous bacteria than the microbialite (Fig. 6F). The bio-
signatures in the pisolite were predominately concentrated
near the center of each pisoid.

The Atlin samples contained ample evidence of biologic
preservation within the matrix of aragonite needles that was
readily observed in polished and acid-etched samples using
SEM. Biogenic morphologies that were observed included
deflated cells, diatom frustules, amorphous organics resem-
bling extracellular polymeric substances, and filamentous
structures interpreted as cyanobacteria (Fig. 6G, H). Sphe-
rical structures and diatoms were more abundant in the
microbialite than the pisolite, which is consistent with pet-
rographic examinations. These organic structures are remi-
niscent of the numerous filamentous and coccoid microbes
that have been observed within microbial mats in the Atlin
playa ponds (Power et al., 2007; McCutcheon et al., 2014,
2019). The Supplementary Information includes additional
light and electron micrographs of diatom frustules and or-
ganic filaments and spheres that are interpreted as micro-
bial remnants (Supplementary Fig. S4).

4.2.5. Clinton Creek mine samples. The Mg-carbonate
efflorescences are bright white and cement the chrysotile
tailings at the mine (Fig. 7A), whereas the aragonite micro-
bialites have formed in the open pit pond (Fig. 7B). The
efflorescences are a mix of nesquehonite, dypingite, and

FIG. 3. Photograph of the hydromagnesite-rich stromatolite
from Lake Salda, Turkey (A). (B) Representative electron
micrograph of a polished sample showing hydromagnesite
(hmgs) and aragonite (arg) lacking any entombed biomass or
morphological biosignatures. The presence of halite (hl) sug-
gests that this sample formed under subaerial evaporative
conditions. (C) An acid-etched sample showing the platy
crystal morphology of hydromagnesite (hmgs) and the absence
of entombed biomass. Color images are available online.
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hydromagnesite (Fig. 7C), which is consistent with previ-
ous mineralogical assessments (Wilson et al., 2009). The
Clinton Creek microbialite had a clotted texture with no
laminations and contained detritus, including quartz and
serpentinite grains, and fibrous chrysotile, consistent with
XRD analysis. Thin sections revealed an abundance of dia-

tom frustules and filamentous structures resembling cyano-
bacteria or algae within the layers of micritic aragonite
(Fig. 7D). The aragonite needles fanned out to form spher-
ulites that were best seen under cross-polarized light. Ara-
gonite fluoresces blue under UV light, while entombed
biomass near spherulite centers fluoresced pink/red due to

FIG. 4. Photographs of the (A) white hydromagnesite-rich and (B) brown aragonite-rich microbialites from Lake Al-
chichica, Mexico. The insets are photographs of the embedded and polished samples (mould diameter = 25 mm) to show the
difference in coloration: white being hydromagnesite and brown being aragonite. (C) Spherical structures, interpreted as microbial
cells, displaying iron oxide coatings and found within the aragonite of the white microbialite sample. (D) Well-preserved spherical
structures, interpreted as microbial cells, exposed after acid etching within aragonite of the brown microbialite. (E) Hydro-
magnesite devoid of entombed biomass or microfossils within the white microbialite. Note the sharp boundary between the
hydromagnesite (hmgs) and aragonite (arg). The aragonite contained numerous spherical structures, interpreted as mineralized
coccoid cells (diameter & 4mm), that appeared bright using a backscatter electron detector, and the EDS confirmed the presence
of iron (F). (G) The brown microbialite contained a greater abundance of aragonite with entombed biomass, including organic
filaments resembling filamentous cyanobacteria. EDS = energy dispersive spectrometer. Color images are available online.
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the presence of chlorophyll (Supplementary Fig. S5D, E)
(Power et al., 2011).

The Clinton Creek microbialite contained the highest
proportion of diatoms from all five field sites. Amorphous
organics that resembled extracellular polymeric substances
and organic tubes, interpreted as filamentous cyano-
bacteria, were also present in acid-etched samples when
viewed with SEM. In comparison, the Mg-carbonate ef-
florescences lacked entombed biomass (Fig. 7E), whereas
acid-etched and preserved samples of the aragonite mi-
crobialites contained an abundance of microbial remnants,
including filamentous cyanobacteria (Fig. 7F). Additional
light and electron micrographs of the Mg-carbonate efflo-
rescences and microbialite are available in Supplementary
Fig. S5.

5. Discussion

For the five analog sites, we considered the environ-
mental and mineralogical controls on entombing biomass
with the potential for preserving morphological biosigna-
tures (Fig. 8). Regarding the environment, we considered
smaller subenvironments rather than the larger scale envi-
ronment, for example, ponds within the Atlin playas.
Although microbes are ubiquitous in Earth’s surface envi-
ronments, including the five terrestrial analogs, biofilms and
microbial mats are not prevalent. Therefore, the likelihood
of biosignature preservation is considerably greater where
microbial biomass is abundant, that is, there are more
microbes to potentially entomb and preserve (vertical axis
in Fig. 8).

FIG. 5. Samples from the Qinghai-Tibetan Plateau, China. (A) A hand specimen of hydromagnesite sediments from
Dujiali Lake and (B) a thin section micrograph of an aragonite ooid from Qaidam Basin. (C) The hydromagnesite at Dujiali
Lake has a platy crystal morphology, and sediments are lightly cemented but not lithified. (D) An acid-etched ooid showing
the elongated crystal morphology of aragonite. Neither sample contained identifiable entombed biomass or microfossils.
Color images are available online.

‰

FIG. 6. Photograph of unconsolidated sediments from the Atlin hydromagnesite–magnesite playas (British Columbia,
Canada) colonized by filamentous cyanobacteria (A). Electron micrograph of the sediments showing the platy and blocky
(rhombohedral) crystal morphologies of hydromagnesite and magnesite, respectively. Photographs of the aragonite
microbialite (C) and pisolite (D) from the playas. Note the inverse graded bedding of the pisolite is from left (finer) to the
right (coarser) in this photograph. (E) Thin section micrograph of the microbialite showing numerous diatom frustules and
filamentous structures, interpreted as mineralized cyanobacteria (see inset). (F) Thin section micrograph of the pisolite
showing some diatom frustules and filaments. Both samples contained organic filaments that were best observed in acid-
etched samples (G, H). Color images are available online.
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From a mineralogical perspective, a mineral that is suit-
able for preserving biosignatures will: (1) form fast or at a
rate similar to microbial growth, (2) be stable for long
periods, (3) form in an environment where microbes thrive,
and (4) tend to lithify to form rock (Table 3). These mineral
properties will increase the likelihood of biomass entomb-
ment and, ideally, biosignature preservation (horizontal axis
in Fig. 8).

5.1. Environmental controls on biosignature
preservation

The water chemistry of a given site mainly depends on
the geological and hydrological setting. For the analog sites,
Mg-rich waters are often a result of the weathering of mafic
and ultramafic bedrock and evapoconcentration (Table 1).
From these waters, authigenic carbonate minerals may

FIG. 7. A field photograph of the Clinton Creek chrysotile mine tailings cemented by hydrated Mg-carbonate efflores-
cences (marker for scale; A). Photograph of an aragonite microbialite specimen collected from the open pit pond (B). These
two environments are contrasted by the mode of formation: subaerial in situ precipitation of Mg-carbonates, including
hydromagnesite (hmgs), dypingite (dyp), and nesquehonite (nes; C) versus subaqueous aragonite precipitation in the open
pit pond (D). The aragonite microbialites contain an abundance of diatom frustules and cyanobacteria (D). The mineral-
ogical composition of the efflorescences indicates that mineral transformations are occurring, for example, nes / dyp /
hmgs (C, E). Acid-etched and preserved samples of microbialite contained an abundance of entombed biomass, including
filamentous organic structures interpreted as cyanobacteria (F). Color images are available online.
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precipitate and entomb microbial biomass with the potential
for biosignature preservation. These minerals include those
identified in the samples: magnesite (Atlin only), hydro-
magnesite (most common), dypingite and nesquehonite
(Clinton Creek only), and aragonite (Table 2). Some site
waters are saturated with respect to these minerals, while

others are undersaturated relative to carbonate minerals that
are present at the site and, thus, would require mediation,
such as evaporation or a biological process to induce pre-
cipitation. Alternatively, waters may have been saturated
with respect to these minerals in the past; however, it is not
within the scope of this study to make those determinations.

FIG. 8. A quadrant diagram illustrating the environmental (vertical axis) and mineralogical (horizontal axis) controls for
entombing microbial biomass in environments with authigenic mineral deposition. The ideal environment (top half)
accumulates water and nutrients for microbes to thrive. The ideal mineral medium (right half) forms quickly or at a rate
similar to microbial growth, is stable (i.e., will not transform), and tends to lithify. The relative positions of the samples
studied from the five analog sites are plotted (Table 2). Samples dominated by aragonite and that formed in subaqueous
environments plot in the top-right quadrant and had an abundance of entombed biomass. Color images are available online.

Table 3. Mineral Abundances at Sites and Ideal Properties for Biosignature Preservation

Mgs Hmgs Dyp Nes Arg

Analog site
Lake Salda stromatolites/tufa M m
Lake Alchichica microbialites M M w/biomass
Dujiali Lake sediments M m
Qaidam Basin ooids M
Atlin Mg-carbonate sediments M M
Atlin microbialites/pisolite M w/biomass
Clinton Creek efflorescences M M M
Clinton Creek microbialites M w/biomass

Ideal mineral properties for entombing biomass
Fast precipitation rates 3 3 3

Relatively stable 3 3 3

Lithifies 3

Tends to form subaqueously where microbes may thrive 3 3

Abundant in environment 3

Carbonate minerals found at the analog sites include magnesite (mgs), hydromagnesite (hmgs), dypingite (dyp), nesquehonite (nes), and
aragonite (arg). The abundances in the samples are listed as either major (M; >10 wt %) or minor (m; <10 wt %). Minerals containing
substantial entombed biomass are labeled (w/biomass). The second half of this table lists the ideal mineral properties for entombing
microbial biomass.
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The hydrated Mg-carbonate minerals (e.g., hydromagne-
site) are more likely to form under highly evaporative
conditions that increase the concentrations of Mg and dis-
solved inorganic carbon. Although the Lake Salda waters
are supersaturated with respect to hydromagnesite and ara-
gonite, Mg-carbonate formation in Lake Salda relies on
microbial processes. Observations and laboratory experi-
ments by Balci et al. (2020) found that evaporation alone
does not trigger the precipitation of hydromagnesite. Fur-
thermore, laboratory experiments for which cyanobacteria
and Lake Salda water were used resulted in dypingite,
not hydromagnesite, precipitation (Shirokova et al., 2013).
Thus, hydromagnesite does not precipitate directly from
lake water, yet it is the main mineral in the stromatolites.

Lake Alchichica waters are saturated relative to hydro-
magnesite and aragonite, which are both found in the
microbialites. Sharp boundaries separated these two miner-
als in the microbialites (Fig. 4E), indicating that there may
have been significant shifts in the environmental condi-
tions within the lake or locally within the microbialites. For
instance, Zeyen et al. (2021) have suggested that the
composition of these microbialites is controlled by shifts
between subaqueous and subaerial carbonate depositions
due to changes in lake level or temporal variations in lake
chemistry, that is, Ca concentrations. These shifts could
significantly affect carbonate mineralogy and, thus, the ent-
ombment of microbes.

The Dujiali Lake water is undersaturated with respect to
hydromagnesite and must be evaporated by at least 65%
to reach saturation. Furthermore, these waters would need
to be evaporated by 75% and 90% to become saturated in
dypingite and nesquehonite. Although the Clinton Creek
tailings water is saturated with respect to hydromagnesite, it
is undersaturated with respect to dypingite and nesqueho-
nite, which are both found in the Mg-carbonate efflores-
cences (Wilson et al., 2009). These waters would need to
be evaporated by 40% and 95% to become saturated with
respect to dypingite and nesquehonite, respectively. Thus,
highly evaporative conditions are required to produce the
observed mineral assemblages, which exist in subaerial set-
tings such as playas, exposed sediments, and lake margins.

Subaerial settings are generally less conducive for bio-
mass accumulation than ponds and lakes that contain water
and accumulate nutrients. Even subaerial phototrophic bio-
films are recognized to be more prosperous under conditions
of higher water content to promote nutrient distribution
(Vázquez-Nion et al., 2018). The unfavorable environment
for microbial growth in subaerial settings may explain the
lack of microbial remnants observed in the hydromagnesite-
rich samples from the terrestrial analog sites. For example,
halite identified in the Lake Salda samples (Fig. 3) strongly
indicates subaerial formation, and significant microbial
remnants were not found in this sample. Furthermore, cya-
nobacterial remains within the hydromagnesite of Lake
Alchichica are rare (Kaźmierczak et al., 2011).

Although subaerial conditions are favorable for hydro-
magnesite precipitation, these settings are water- and
nutrient-poor with limited microbial growth. For instance,
the filamentous cyanobacteria on some Atlin hydromag-
nesite sediments (Fig. 6A) have heterocysts for fixing
nitrogen (Power et al., 2007). Yet, their growth is likely
limited by phosphorous availability.

The microbialites from Alchichica, Atlin, and Clinton
Creek contained an abundance of entombed biomass, which
was found exclusively in aragonite. These microbial rem-
nants included diatom frustules, organic structures inter-
preted as coccoid and filamentous cells, and amorphous
organics, possibly extracellular polymeric substances. The
waters of Lake Alchichica, Atlin playa ponds, and the
open pit pond at Clinton Creek are all saturated with respect
to calcite, aragonite, and magnesite (Table 1). However, of
these minerals, only aragonite was detected in the samples;
thus, the SIs are a good predictor of aragonite formation,
which is not the case for calcite and magnesite. The forma-
tion of aragonite is thermodynamically controlled, mean-
ing it will precipitate if waters are saturated (e.g., favorable
[Ca], pH, and dissolved inorganic carbon) ( Jones, 2017).

The precipitation of aragonite instead of its polymorph,
calcite, at the field sites occurs because the [Mg2+]/[Ca2+]
molar ratios are >2, thus inhibiting calcite formation
(Table 2) (Aquilano et al., 2020). The aragonite in the
Alchichica, Atlin, and Clinton Creek samples appears to
have formed subaqueously (Kaźmierczak et al., 2011;
Power et al., 2011) or at the very least under fluctuating
water levels (Bolton et al., 1988; Power et al., 2009). These
environments provide better water availability and are more
nutrient-rich, making them favorable for microbial growth
and biomass accumulation. Therefore, the tendency of ara-
gonite to precipitate subaqueously improves the likelihood
of entombing microbes within the microbial mat itself
(Couradeau et al., 2013) or following the colonization of
mineral surfaces (Power et al., 2011).

The stable carbon and oxygen isotope data provide fur-
ther insight into the environmental conditions under which
the carbonate minerals formed. Because of the diverse
environmental conditions of the five terrestrial analogs, it
is more informative to compare the aragonite- and
hydromagnesite-rich samples from a single site (Fig. 2; e.g.,
Alchichica, Atlin, Clinton Creek). The isotopic differences
between the stable carbon (D13Chmgs-arg = 1.1& VPDB) and
oxygen (D18Ohmgs-arg = 2.5& VSMOW) equilibrium frac-
tionation factors of hydromagnesite (O’Neil and Barnes,
1971; Mook et al., 1974; Wilson et al., 2010) and aragonite
relative to CO2 and water, respectively (Tarutani et al.,
1969; Romanek et al., 1992), at 25�C, cannot account
for the measured enrichments in 13C and 18O seen in the
hydromagnesite-rich samples compared with the aragonite-
rich samples from the same sites (Fig. 2).

For example, hydromagnesite and aragonite are spatially
distinct at the submillimeter scale within the Lake Alchi-
chica microbialites (Fig. 4), suggesting that they may have
formed at different times and under different conditions.
The Alchichica white (hmgs-rich) microbialite had d13C and
d18O values that were +3.9& and +6.5& greater than the
brown (arg-rich) microbialite. Again, these differences can-
not be explained by the equilibrium fractionation of stable C
and O isotopes from the same water, which implies that
these minerals may have formed from different waters
that were isotopically distinct. For instance, the hmgs-rich
microbialite may have formed under more subaerial evap-
orative conditions, enriching 13C and 18O due to CO2

degassing and evaporation (Power et al., 2014).
The Atlin hydromagnesite–magnesite surface sediments

and Clinton Creek Mg-carbonate efflorescences are known
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to have formed under subaerial evaporative conditions based
on field observations. These samples were also enriched
in 13C and 18O compared with aragonite samples from the
same sites (Fig. 2).

The Clinton Creek mine is an informative example of
how environmental conditions influence carbonate precipi-
tation and microbial growth. The two subenvironments, the
open pit pond and tailings pile, differ significantly in the
modes of carbonate formation and resulting mineralogy
(Wilson et al., 2009; Power et al., 2011; White et al., 2015).
The open pit pond accumulates water and nutrients for
microbes to thrive, resulting in periphyton and biofilms
on rock surfaces in waters where aragonite precipitates to
entomb microbes. These waters are undersaturated with
respect to hydromagnesite and favor aragonite over calcite
precipitation due to the high [Mg2+]/[Ca2+] ratio. In contrast,
the subaerial tailings lack abundant microbial growth due to
lower water availability and insufficient nutrients. These
tailings, a natural analog for ultramafic tephra, are compo-
sed almost entirely of serpentine with only trace essential
nutrients (Wilson et al., 2009). Consequently, the Mg-
carbonate efflorescences lacked recognizable microbial rem-
nants or identifiable microfossils.

The aragonite within the Lake Salda microbialites and the
aragonite ooids from Qaidam Basin lacked microbial rem-
nants. It is possible that the aragonite in the former sample
was mainly precipitated in subaerial conditions that lacked
abundant biomass, or there may be other samples that do
contain microfossils within aragonite, which requires fur-
ther investigation. Although the Qaidam Basin ooids likely
formed subaqueously, it is impossible to determine whether
they were associated with microbial mats or biofilms, given
that the lake no longer exists (Lin et al., 2022).

5.2. Mineralogical controls on biosignature
preservation

In some samples, including the Atlin and Dujiali hydro-
magnesite sediments and Clinton Creek efflorescences, the
absence of entombed biomass can mainly be explained by a
lack of pervasive microbial communities in the form of
biofilms and microbial mats. However, substantial microbial
populations associated with the hydromagnesite stromat-
olites from Lake Salda have been well documented
(Braithwaite and Zedef, 1996; Russell et al., 1999; Balci
et al., 2020). This observation suggests that in addition to
substantial microbial populations and authigenic mineral for-
mation, there are mineralogical controls on biomass ent-
ombment (Table 3). The carbonate minerals present at the
natural analogs that may entomb biomass, potentially lead-
ing to biosignature preservation, include magnesite, hydro-
magnesite, dypingite, nesquehonite, and aragonite. The
properties of these minerals, including (1) formation rate,
(2) stability, and (3) ability to lithify, will affect the entomb-
ment of microbial biomass and, thus, biosignature preser-
vation potential.

5.2.1. Mineral formation rates. For biosignatures to be
preserved in the geological record, the formation rate of
distinctive biological features must be greater than the rate
of destruction from various processes, including weather-
ing and diagenesis (Hays et al., 2017). Similarly, better

biosignature preservation may be associated with faster
mineral precipitation rates, that is, the rate of biomass en-
tombment is greater than the biomass degradation rate. In
this study, we considered the precipitation rates of magne-
site, hydrated Mg-carbonate minerals, and aragonite.

Magnesite is the stable form of Mg-carbonate; however, it
was only detected at one of the analog sites, the Atlin playa
sediments. Furthermore, its formation rate is exceedingly
slow at Earth’s surface conditions due to the strong hydra-
tion of Mg2+ ions (Saldi et al., 2009, 2012; Power et al.,
2019). For example, the rate of magnesite formation in the
Atlin playas ranges from 10-17 to 10-16 mol/(cm2$s) (Power
et al., 2019). Thus, forming a detectable amount of magne-
site (*1 wt % by XRD) requires 100s–1000s of years (Power
et al., 2019). These rates are likely too slow to encapsulate
microbes during magnesite formation, making this mineral
an unlikely candidate for preserving biosignatures.

Hydromagnesite is the most abundant carbonate mineral
at the analog sites as it is stable for 1000s of years (Power
et al., 2014; Lin et al., 2017). If it were a good medium
for biosignature preservation, its high abundance would
increase the likelihood of finding and observing biosigna-
tures. However, hydromagnesite precipitation is also typi-
cally kinetically controlled at temperatures <40�C, whereas
magnesite precipitation is kinetically controlled at <60�C
(Königsberger et al., 1999; Hänchen et al., 2008; Gautier
et al., 2014). Furthermore, there has not been an experi-
mental study demonstrating direct nucleation and precipi-
tation of hydromagnesite at Earth’s surface temperatures
from an aqueous solution that is free of any solids, but
rather numerous studies show that it forms from precursor
minerals such as nesquehonite and dypingite (Davies and
Bubela, 1973; Hopkinson et al., 2012).

Consequently, the direct precipitation of hydromagnesite
and magnesite at the field sites is likely slow. Organic mol-
ecules and structures often degrade rapidly due to hetero-
trophic respiration and oxidation in aerobic environments,
implying that faster mineral formation results in better
preservation (Li et al., 2013). The slow precipitation rates of
hydromagnesite may also make it a poor medium for bio-
signature preservation.

SIs for aragonite and hydromagnesite of the site waters
were good predictors of whether these minerals would be
present in the samples (Table 1). For example, the Atlin
ponds and the Clinton Creek open pit pond were undersat-
urated with respect to hydromagnesite, and samples from
these subenvironments did not contain hydromagnesite.
Conversely, hydromagnesite was saturated in waters from
sites where hydromagnesite samples were collected (e.g.,
Lake Salda), implying that this mineral precipitated directly
from the waters despite its precipitation being kinetically
controlled.

However, studies of the Atlin playas and Clinton Creek
tailings concluded that hydromagnesite often forms via
transformation from more hydrated phases (Wilson et al.,
2009; Power et al., 2014, 2019). Dypingite, nesquehonite,
and lansfordite are known to precipitate rapidly when waters
are saturated, that is, their precipitation is not kinetically
controlled (Ming and Franklin, 1985; Kloprogge et al.,
2003; Power et al., 2007; Wilson et al., 2010; Harrison
et al., 2019). Dypingite is saturated in Lake Salda (as is
nesquehonite) and Lake Alchichica and may be a likely
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precipitate, although it was not detected with XRD in sam-
ples from either site. Atlin pore waters are saturated with
respect to lansfordite, which is found at the water table.
Hydrated Mg-carbonate minerals are all undersaturated in
Dujiali Lake waters and the Clinton Creek tailing pore
waters and would require significant evapoconcentration
to induce precipitation. While the slow precipitation rates of
magnesite and hydromagnesite are likely to hinder biomass
entombment, aragonite forms relatively rapidly, which may
partly explain the greater abundance of microbial biomass
seen in the arg-rich samples.

5.2.2. Mineral stability. Given that hydromagnesite
precipitation is kinetically controlled, its occurrence at the
field sites may indicate its formation through the transfor-
mation of metastable precursors. Lansfordite, nesquehonite,
and dypingite are known to rapidly dehydrate and transform
into hydromagnesite, which is stable for 1000s of years
at Earth’s surface conditions (Davies and Bubela, 1973;
Hamilton et al., 2016; Power et al., 2016; Harrison et al.,
2019, 2021). These transformations may be the dominant
pathway for forming hydromagnesite at the terrestrial ana-
log sites as opposed to direct precipitation from waters.
Transformations among hydrated Mg-carbonate minerals
occur through a series of coupled dissolution–precipitation
reactions, meaning that one phase (e.g., nesquehonite) dis-
solves in water films or pore waters where a less hydrated
phase (e.g., dypingite) precipitates. The reactions proceed
from the most hydrated to the least hydrated magnesium
carbonate species; occasionally, lansfordite [MgCO3$5H2O]
forms first, often forming at <10�C, followed by nesque-
honite, dypingite, and hydromagnesite.

Previous studies of the Atlin playas showed that the main
pathway for magnesite formation was direct precipitation
from pore fluids and not the transformation of hydromag-
nesite (Power et al., 2019; Mavromatis et al., 2021).

Mineral transformations and changes in crystal morphol-
ogy may be detrimental to preserving entombed biomass
and biosignatures. The transformation of hydrated Mg-
carbonates through coupled dissolution–precipitation reactions
induces changes in the mineral volume and morphology.
Material can be lost in the fluid phase when more solid
volume is dissolved than reprecipitated, resulting in increa-
sed porosity with each transformation (Ruiz-Agudo et al.,
2014). The porosity of hydrated Mg-carbonate minerals may
increase as minerals with prismatic morphologies (lansfor-
dite and nesquehonite) are transformed into minerals with a
flakey (dypingite) or platy (hydromagnesite) morphology.
These transformations may expose entombed biologic fea-
tures to fluids that might hinder biosignature preservation by
enabling microbial decomposition or exposure to radiation.

This concept of entombment into a matrix of lower
porosity crystals is exemplified in micritic aragonite.
Spherulites that comprised micritic aragonite were observed
in samples from Atlin, Clinton Creek, and Lake Alchichica.
These spherulites incorporated microbial biomass such as
filaments, cells, and diatoms within the needle-like aragonite
crystals radiating to form the spherulite. On the contrary,
hydromagnesite did not contain microbial biomass within its
more porous and platy morphology.

Aragonite is known to transform into the thermodynam-
ically stable CaCO3 polymorph calcite within metamorphic

contexts under the mediation of a solvent or by heat in a
solid-state transformation (Koga et al., 2013; Koga and
Nishikawa, 2014). However, it is unclear to what extent
aragonite will transform under Earth’s surface conditions
without higher temperatures and pressures or reacting fluids.
Furthermore, it is unknown whether biosignatures would be
destroyed during the aragonite-to-calcite transition. Further
studies and experimentation are needed to address these
uncertainties.

5.2.3. Ability to lithify sediments. Aragonite’s acicular
habit and relatively higher hardness (Mohs hardness = 3.5–
4) and density (2.93 g/cm3) contribute to strong cementation
(Xu et al., 2021). The interlocking of aragonite needles seen
in the Lake Alchichica microbialites (Fig. 4D, G), Qaidam
Basin ooids (Fig. 5D), Atlin microbialite (Fig. 6G) and piso-
lite (Fig. 6H), and Clinton Creek microbialites facilitates the
lithification of these samples (Haredy et al., 2019). Hydro-
magnesite has a lower hardness (3.5), density (2.18 g/cm3),
and a platy crystal habit that does not interlock. Aragonite
needles were typically 10s of micrometers in length, whereas
hydromagnesite plates were typically no >5 mm wide and
<1mm thick. This difference in size may also contribute to ara-
gonite being able to lithify more easily than hydromagnesite.

Although magnesium carbonates may cement materials
(Power et al., 2021), this should be considered different
from the lithification process that forms rock. The Atlin pla-
yas best illustrate the contrast in lithification potential
between hydromagnesite and aragonite. The aragonite micro-
bialite and pisolite were found among piles of rubble
(Fig. 1G) and were lithified as hand specimen-sized rock
samples that required a rock saw to cut. In contrast, the Atlin
hydromagnesite sediments (Fig. 1G) are clay-like and are
not even mildly consolidated such as the hydromagnesite
microbialites at Lake Salda and Lake Alchichica, which
can still be broken by hand. Fast lithification of carbonate
minerals facilitates entombment of any associated bio-
mass, likely leading to better biosignature preservation, and
again, aragonite appears to have this advantage over
hydromagnesite.

5.3. Implications for the search for biosignatures
at Jezero Crater

Orbiter data were used to identify Mg-carbonates in the
marginal carbonates at Jezero Crater (Ehlmann et al., 2008;
Horgan et al., 2020). On Earth, authigenic magnesium
carbonates form in various environments, including lakes,
playas, caves, and marine settings (Scheller et al., 2021).
The marginal carbonates or other carbonate minerals at
Jezero Crater may be relicts of a paleolacustrine environ-
ment. In that case, they could resemble the subaqueous or
littoral deposits at Lake Salda, Lake Alchichica, Dujiali
Lake, or Qaidam Basin. The Jezero carbonates may also
have formed through the discharge and evaporation of Mg-
HCO3 waters and, therefore, could resemble the Atlin pla-
yas or a spring system (Knuth and Potter-McIntyre, 2021).
Alternatively, weathering of ultramafic tephra may have
resulted in the in situ deposition of Mg-carbonates. Thus,
they may be similar to the Mg-carbonate efflorescences at
the Clinton Creek mine.

Nevertheless, this study has shown that aragonite is often
found in environments where Mg-carbonate deposition is
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dominant. Therefore, it is plausible that aragonite could also
be present at the Jezero Crater at a spatial resolution below
orbiter detection limits (Hays et al., 2017).

Previous studies have not identified aragonite on Mars
(Fassett and Head, 2005; Ehlmann et al., 2008; Horgan
et al., 2020; Mandon et al., 2020); however, there is evi-
dence of CaCO3 formation (Niles et al., 2013). Orbiter data
of Leighton Crater, Mars, indicate spectra resembling calcite
or siderite, as well as kaolinite-group minerals and hydrated
Fe/Mg-bearing silicates (Michalski and Niles, 2010), similar
to the minerals detected at Jezero Crater. In addition, early
analysis of the nakhlite meteorites reported observations of
carbonate veins composed of nearly pure CaCO3 (Gooding
et al., 1991), which implies that aragonite could exist on
Mars. Wray et al. (2016) identified Fe- and/or Ca-rich car-
bonates (e.g., calcite, ankerite, and siderite) co-occurring
with phyllosilicates by using CRISM data in and around the
Huygens Basin northwest of Hellas, in western Noachis
Terra.

Furthermore, Morris et al. (2010) identified magnesium–
iron carbonate-rich rocks (16–34 wt %) in the Comanche
outcrops at the Columbia Hills of Gusev Crater by way of
the Mars Exploration Rover Spirit. The authors suggest that
these carbonate outcrops imply extensive aqueous activity at
circum-neutral pH conditions, which would be favorable for
habitable environments on early Mars.

Jezero Crater is considered an ideal setting for biosig-
nature preservation as a low-energy, long-lived, aqueous
system with authigenic carbonate deposition where micro-
bial calcification could occur (Vago et al., 2019). The study
of natural analogs provides invaluable insights into the
environmental conditions and mineralogical controls that
increase the likelihood of biosignature preservation. The
challenge of identifying biosignatures at Jezero is to deter-
mine the probability of life producing a feature and the
improbability of abiotic formation (Chan et al., 2019; Knuth
and Potter-McIntyre, 2021). Fortunately, as this study has
argued, carbonate formation in subaqueous environments
increases the probability of biotic formation because these
settings accumulate water and nutrients for microbes to
thrive, a stark contrast to subaerial settings. Regardless of
whether aragonite is discovered on Mars, the present study
highlights the importance of determining the environmental
conditions and processes that drive the formation of authi-
genic carbonate minerals.

A better understanding of any carbonate minerals iden-
tified at the Jezero Crater that could be media for biosig-
nature preservation will be essential. Magnesium carbonates,
including magnesite and hydromagnesite, are not well suited
to biosignature preservation; however, this should not
exclude them from further investigation if identified in
samples from Jezero Crater. The calcium carbonate mineral
aragonite is a better medium for biosignature preservation
based on the terrestrial analogs examined in this study;
however, its presence, abundance, and stability over geolog-
ical time under martian conditions remain open questions.
Although not identified within any of the samples described
in this study, calcite is likely just as good, if not better than
aragonite, as a medium for biosignature preservation, given
that calcite is the most stable form of CaCO3. Hence, it
would also be a valuable target for sample collection by
Perseverance.

6. Conclusions

Mg-carbonate minerals, mainly hydromagnesite, are the
dominant precipitates from alkaline, Mg-rich environments
analogous to Jezero Crater. However, entombed microbial
biomass and morphological biosignatures were absent within
the Mg-carbonates at all five analog sites. This finding
demonstrates that Mg-carbonates formed at Earth’s surface
conditions are a poor preservation medium for four reasons
as follows:

(1) A tendency to form subaerially under evaporative
environmental conditions that are not conducive for
abundant microbial growth (e.g., biofilms and mats).

(2) Slow formation rates (magnesite and hydromagne-
site) that may prevent entombment of microbial
biomass before it degrades.

(3) A tendency to transform (nesquehonite and dypingite)
and possibly expose biosignatures to degradation.

(4) A tendency not to lithify, which eliminates entomb-
ment and promotes degradation of microbial biomass.

The present study of terrestrial analogs shows that ara-
gonite is also present in all of these systems and, in many
instances (Alchichica, Atlin, and Clinton Creek microbiali-
tes), contains abundant entombed microbial biomass. Sub-
aqueous conditions, or conditions with high water availability,
allow for abundant microbial growth. This greater biomass
increases the likelihood of biosignature preservation. Ara-
gonite may precipitate under these conditions without the
need for high evapoconcentration, as is the case for the
hydrated Mg-carbonate minerals. Furthermore, faster pre-
cipitation rates, greater stability compared with hydrated
Mg-carbonates, and ease of lithification of aragonite make
this mineral a preferred medium for biosignature preservation.

We have shown that aragonite is present within each of
the five Mg-carbonate environments identified as potential
analogs to Jezero Crater and that it contains entombed
biomass with the potential to preserve biosignatures. The
importance of aragonite and other calcium carbonates in
these systems should not be overlooked when targeting rock
formations for sample collection at Jezero Crater.
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Gautier Q, Bénézeth P, Mavromatis V, et al. (2014) Hydro-
magnesite solubility product and growth kinetics in aqueous
solution from 25 to 75�C. Geochim Cosmochim Acta 138:
1–20.
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Abbreviations Used

CRISM¼Compact Reconnaissance Imaging
Spectrometer for Mars

EDS¼ energy dispersive spectrometer
HMDS¼ hexamethyldisilazane

SEM¼ scanning electron microscopy
SI¼ saturation index

UV¼ ultraviolet
VPDB¼Vienna Pee Dee Belemnite

VSMOW¼Vienna Standard Mean Ocean Water
XRD¼X-ray diffractometer
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