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Taphonomy of biosignatures in
carbonate nodules from the
Mars-analog Qaidam Basin:
constraints from microscopic,
spectroscopic, and geochemical
analyses
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1Key Laboratory of Earth and Planetary Physics, Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing, China, 2State Key Laboratory of Palaeobiology and Stratigraphy, Nanjing
Institute of Geology and Palaeontology, Chinese Academy of Sciences, Nanjing, China

Early diagenetic nodules with low permeable and weather-resistant structures
are considered to be favorable for biosignature preservation. Numerous nodular
structures forming in neutral-to-alkaline and saline diagenetic fluids were
previously identified at Gale Crater on Mars, yet their astrobiological significance
remains poorly understood. In the Mars-like western Qaidam Basin, China, there
are a multitude of carbonate nodules which can be analogous to those found
at Gale Crater on Mars in terms of their formation backgrounds and post-
depositional processes. In this study, we combine microscopic, spectroscopic,
and geochemical methods to characterize the biosignature preservation of the
Qaidamnodules. Carbonaceousmaterials, including an organic annulus inferred
to be a fossil spore or algal filament microfossil, are observed in the Qaidam
nodules. The total organic carbon contents of the Qaidam nodules are slightly
higher than those of the surrounding fluvio-lacustrine deposits, suggesting that
early diagenesis of the Qaidam nodules might facilitate the rapid entombment
of biomass within magnesium carbonate or aragonite matrixes before complete
degradation. The carbonatematrix showing alternatingmicritic and sparry layers
as well as enrichment of 13C could have a physicochemical origin though the
possibilities of biomineralization and organomineralization cannot be entirely
ruled out. The I-1350/1,600 distribution of carbonaceous materials implies the
existence of carbon precursors of various subcellular components or coexisting
organisms in pore waters. Organic carbon isotopes indicate the carbon fixation
pathways such as the Calvin cycle or the Wood-Ljungdahl pathway utilized
by organisms in pore waters. The findings of this study shed light into the
taphonomy and detection of biosignatures in terrestrial playa nodules, with
potential applications for biosignature exploration on Mars.
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1 Introduction

Ancient Mars three to four billion years ago could have been
wetter and more habitable than modern Mars. It experienced an
aridification during the Noachian-Hesperian transition (Ehlmann
and Edwards, 2014; Bishop, 2018). As such, rovers have been
launched to the extinct aqueous-altered landforms onMars to search
for potential biosignatures. Curiosity rover landed on remnants
of an ancient lakebed at Gale Crater and unveiled unexpected
detailed insights into the aqueous and climatic history of early Mars
(Grotzinger et al., 2012). Perseverance rover landed at Jezero Crater,
once an ancient delta-lake system. The rover mission had a goal of
searching for signs of life and has since collected samples cached for
a follow-on return mission to Earth (Farley et al., 2020). Tianwen-
1 landed on southern Utopia Planitia near suspected shorelines
and had the goal of investigating the characteristics and evolution
of the ancient Mars environment (Liu et al., 2021). In the NASA
Mars Sample Return campaign, samples collected in early records
of Mars would be returned to Earth for a thorough examination
of biosignatures in sophisticated laboratories (Haltigin et al., 2022;
Kminek et al., 2022). This approach is to confirm whether life exists
or existed where and when environmental conditions permitted
on Mars (Farley et al., 2020; Meyer et al., 2022; Simon et al.,
2023). China has also planned for a sample return task in the
upcoming Tianwen-3 mission around 2030 to search for evidence
of life (Xu et al., 2022).

Selecting the most promising landing sites and astrobiologically
relevant samples is important for the fulfillment of the Mars
Sample Return Campaign and Tianwen-3 mission (Beaty et al.,
2019; Haltigin et al., 2022; Shen et al., 2022). At Gale Crater,
Curiosity rover encountered multiple diagenetic structures
such as calcium sulfate veins, nodules, and concretionary
textures in fluvial-lacustrine deposits (Stack et al., 2014). Previous
studies suggested that the nodules at Gale Crater could contain
evaporitic, Fe-bearing, and clay minerals, and could precipitate in
saline and alkaline-neutral pore waters (Grotzinger et al., 2014;
McLennan et al., 2014; Vaniman et al., 2014). They could form
in evaporitic lacustrine environments related to the process
of surface aridification (Stack et al., 2014; Wiens et al., 2017;
Sun et al., 2018; Rapin et al., 2019). The nodules have been
proposed as a favorable taphonomic window for biosignature
preservation due to the early lithification of concretionary structure
(Stack et al., 2014; Grice et al., 2019). Previous studies have reported
organic matter, fossils, biominerals, and isotopic biosignatures
preserved within nodules formed in marine settings or terrestrial
freshwater systems (e.g., Marshall and Pirrie, 2013; Plet et al., 2020;
Loyd et al., 2023). As for playa nodules, biomass could be low in
saline diagenetic fluids considering low productivity and buried
biomass in evaporitic lacustrine environments (Kong et al., 2014;
Shkolyar and Farmer, 2018; Chen et al., 2022; Azua-Bustos et al.,
2023). Low biomass could be significantly influenced by the
diagenetic environments and burial conditions (Summons et al.,
2011). Nevertheless, the influences on the preservation of
biosignatures within playa nodules have not been investigated,
including possible preservation of biogenic textures, biominerals,
carbonaceous materials, and chemical features indicative of
biological processes.

Massive carbonate nodules precipitating from early-diagenetic
briny waters were discovered in the hyperarid western Qaidam
Basin (Sun et al., 2021). The western Qaidam Basin is an important
Mars analog field site with an average annual precipitation of less
than 20 mm and an aridity index of 0.01–0.05 currently (Yang,
1986; Zheng et al., 2002; Kong et al., 2018). It had lakes and rivers
on the surface from the Oligocene to Pleistocene, but then lost
its water due to the uplift of the Tibetan Plateau and progressive
surface aridification (Yin et al., 2008a; Yin et al., 2008b; Li J. et al.,
2016).The western Qaidam Basin has thus developed various Mars-
like geomorphologies, including dunes, yardangs, gullies, alluvial
fans, playa deposits, and polygons (Anglés and Li, 2017; Xiao et al.,
2017; Antunes et al., 2023). These aridification processes in the
western Qaidam Basin can also be analogous to those on Mars
during the Noachian-Hesperian transition (Shen et al., 2022). The
carbonate nodules outcropped in the foreland basin of Altun
Mountain within the mid-Pleistocene saline lacustrine sediments
(Sun et al., 2021; Chen et al., 2023). They were mainly composed of
carbonate minerals with minor contributions from quartz, feldspar,
and evaporite minerals and were considered to form in salty
pore waters related to ephemeral playa lakes in the arid climate
(Han et al., 2014; Sun et al., 2021). While the mineral compositions
of the Qaidam nodules differ from those found at Gale Crater, they
could still be analogous to nodules at Gale Crater on Mars based on
their formation backgrounds.

In this study, we utilize a comprehensive suite of techniques,
including microscopy, spectroscopy, mass spectrometry, and
elemental analyses, to characterize the Qaidam nodules.Through an
examination of their textural, isotopic, mineralogical, and organic
matter features, alongside the published total organic carbon (TOC)
contents in the surrounding fluvio-lacustrine deposits within the
Qaidam Basin, we elucidate the taphonomy of biosignatures in these
nodules. The results of this study provide guidance for the detection
of potential biosignatures in nodules at Gale Crater on Mars.

2 Materials and methods

2.1 Sampling

The carbonate nodule field was located in the western Qaidam
Basin (38.45°N−38.48°N, 92.14°E−92.15°E), China, one of the
largest and driest deserts in the world (Figure 1A,B). The nodules
outcropped within the mid-Pleistocene lacustrine strata (Sun et al.,
2021; Chen et al., 2023), bordering flat playa deposits to the north
and salt crust to the south (Figure 1C). They mostly occurred as
aggregates in the shape of domes cemented by gypsum and halite
(Figure 1C,D). The primitive lacustrine sediments surrounding
nodules were not often observed, and most of them were altered
and cemented by evaporite minerals. This region was wind-
eroded, leaving nodule domes, yardangs, aeolian dust, and sands
on the surface. The carbonate nodules had spherical, ellipsoidal,
subangular, and planar shapes with sizes ranging from millimeters
to centimeters (Figure 1D; Figure 2). They often consisted of inner
cores and outer bands with alternating colors and textures. Some
nodules did not contain cores or had multiple growing centers.

In this study, surface regolith and nodules of different shapes
and sizes were collected (Figure 2). Weathered fragments and
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FIGURE 1
Location and landscapes of the nodule field. (A) Location of the Qaidam Basin in China (red area). (B) Location of the nodule field (red star) in the
enlargement of the Qaidam Basin. (C) The south end of the nodule field indicated by a white dash line. To the south of the nodule field was the salt
crust. The nodules outcropped in the shape of a dome (blue arrows) in the distance. (D) Cross-section of a dome showing nodule aggregates inside.

large veins in nodules were avoided during field sampling and
laboratory analyses because theywere thought to influence primitive
biosignature preservation. Rock slabs and polished thin sections
were prepared for both microscopic and spectroscopic analyses,
while pulverized samples were prepared for elemental and isotopic
analyses. Specifically, the nodule was cut in half. A second cut
was parallel to the first one to get ∼5 mm thick slabs using
a diamond wire saw cutting machine (Shenyang Kejing Auto
Instrument Corporation, Shenyang, China). The surface of the
rock slab was then polished on a silicon carbide polishing disc
and milled by a broad Ar-ion beam in Leica EM TIC 3X (Leica
Microsystems GmbH,Wetzlar, Germany) to remove contamination
on the surface before analyses. Polished thin sections were made
with a thickness of approximately 30 μm to show the internal
structures and textures of nodules. Pulverized samples were drilled
from polished slabs using a Strong 90 Lab Dental Micro motor

handpiece drill with a 1.5-mm-diameter bit (STRONG, Fujian,
China). The obtained samples were then pulverized in a clean
agate mortar.

2.2 Optical microscopy

Microfabrics analyses in carbonate nodules were performed
with light microscopy on polished thin sections and rock slabs.
Transmitted light optical microscopy was performed on polished
thin sections using a Nikon Eclipse LV100N POL polarizing
microscope (Nikon Corporation, Tokyo, Japan). Reflected light
images were taken on the polished surface of each rock slab
with a Zeiss Smartzoom five automated digital microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany) for region selection in
later analyses.
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FIGURE 2
Overview of carbonate nodules of different shapes and sizes from the western Qaidam Basin. (A) A nodule specimen with an almost planar shape. (B) A
nodule with a subangular shape. (C–E) Nodules with spherical and ellipsoidal shapes. The nodule in panel (C) has been mentioned in Chen (2023).
(F–H) Different sections from the nodules. The rock slab in panel (H) represents the region of the white frame in panel (D). The black frames in panels
(E, F, H) represent the regions in Figures 3A, E, F, respectively. The small frames in panels (G, H) represent the regions in Figures 5–7.

2.3 Scanning electron microscopy (SEM)

SEM was performed using backscattered electron (BSE)
mode on the polished surface of the rock slab with a Thermo
Scientific Apreo S LoVac scanning electron microscope (Thermo
Fisher Scientific Incorporation, Waltham, United States). Working
conditions for SEM imaging involved an accelerating voltage of
1–2 kV, an electron beam current of 0.1–0.2 nA, and a working
distance of 8–10 mm using the T1 detector.

2.4 Raman spectroscopic analysis

Raman imaging and spectroscopy were acquired on the
polished rock slabs using a WITec Alpha 300R confocal Raman
imaging system (Witec GmbH, Ulm, Germany). A laser of 532 nm
wavelength was used in this study, with a diffraction grating of
300 grooves/mm, and a spectral resolution better than 6 cm−1.
Samples were targeted using a high magnification (×50 or ×100)
objective with a spot size of ≤1 μm (Li et al., 2023). Raman
spectra were obtained typically with 30 accumulations, 1 s dwell
time, a maximum 3 mW laser power, and a 0–4,000 cm−1 shift
range. As for suspected carbonaceous materials, a laser beam
with a power of 1 mW to avoid surface burning was focused
underneath the polished surface to avoid contamination and
polishing artifacts (Beyssac et al., 2003). A linear baseline in the
region of 1,000–1800 cm−1, which contains first-order bands
characteristic of bond vibrations from carbonaceous materials,
was used to remove the background fluorescence to acquire
intensities of organic bands (Kouketsu et al., 2014; Bonoldi et al.,
2016). The spectra were analyzed in OriginPro 2024
(Learning Edition, OriginLab Corporation, Northampton, MA,
United States).

2.5 TOC contents and organic carbon
isotope (δ13Corg) analyses

Analyses of TOC and δ13Corg were performed on decarbonated
sample powders drilled from cores and bands in different nodules.
Before analyses of TOC content and δ13Corg, 1–2 g of unaltered
sample powders were dissolved in 3 M HCl for 12 h to remove
carbonate minerals, rinsed to pH-neutral, and dried (Chen et al.,
2022). The weights of decarbonated solid residues were recorded
for subsequent TOC content calculation. Organic carbon contents
were measured by an NC Technologies ECS4024 elemental analyzer
(NC Technologies, Milano, Italy). Results were calibrated against
the reference material IVA33802150, with a precision of 0.7%.
Determination of δ13Corg was performed using a Thermo 253
Plus Isotope Ratio Mass Spectrometer (IRMS) coupled to an
elemental analyzer (Thermo Fisher Scientific, Bremen, Germany).
The values were expressed in per mil notation relative to Vienna
PeeDee Belemnite (VPDB). The analytical precision of the δ13Corg
measurement was within ±0.2‰ based on multiple measurements
of reference material (Elemental Microanalysis B2153).

2.6 Inorganic carbon isotope (δ13Ccarb) and
oxygen isotope (δ18Ocarb) analyses

Untreated crushed samples were acidified with anhydrous
phosphoric acid under vacuum for 24 h at 25°C. The evolved
CO2 was purified and fed into a ThermoFisher Scientific MAT-
253 IRMS (Thermo Fisher Scientific, Bremen, Germany). Isotopic
compositions were reported in per mil notation relative to the
VPDB standard. The reproducibility for δ13Ccarb and δ18Ocarb were
better than ±0.15‰ and ±0.20‰, respectively, based on multiple
measurements of a laboratory internal standard.
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FIGURE 3
Photomicrographs images of microfabrics within carbonate nodules in this study under plane-polarized transmitted light (TL). (A) A TL image of the
boxed zone in Figure 2E shows micrite-dominated and sparite-dominated bands, corresponding to the light and dark bands respectively. (B) A
cross-section of the nodule (B) in Figure 2 shows a concentric zoned structure. (C) A cross-section of the nodule with multiple cores shows an
irregular growing pattern of zoned structures inside. (D) A TL image showing micrite texture in the porous light bands of zoned structures. (E) A TL
image of the boxed zone in Figure 2H shows the occurrence of detrital minerals in nodules. (F) A TL image of the boxed zone in Figure 2F shows the
occurrence of detrital minerals in the micrite matrix. (G) An enlargement of a sparite-dominated band in panel (A) showing radial-fibrous texture. (H)
Close-up of the white box in panel (C) showing alternate micrite and sparite that is composed of radial-fibrous texture. (I) Close-up of the white box in
panel (D) showing micrite texture in porous light bands.

3 Results

3.1 Microscopic observations of the
Qaidam nodules

The zoned structures of nodule samples consist of porous
light bands and compact dark bands as identified in previous
studies (Figure 2C−H; Sun et al., 2021; Chen et al., 2023). Plane-
polarized transmitted light images of zoned structures show that
compact dark bands are composed of micrite while porous light
bands are primarily sparite (Figures 2, 3A,B,G). A cross-section
of a nodule with multiple cores shows that zoned structures
grow in different directions in one nodule, but still exhibit
alternating micrite-dominated and sparite-dominated bands in
different zoned structures (Figure 3C,H). Nevertheless, porous light
bands can also consist of micrite (Figure 3D,I).The sparite is mainly
comprised of radial-fibrous carbonateminerals (Figure 3A−C,G,H).
Close-up images of the nodules show that some bands also
contain detrital minerals (Figure 2H; Figure 3E,F). The bands can

also grow asymmetrically, with uneven growth thickness and
curvature (Figure 3A,D).

In the SEM-BSE images, dispersed dark materials which might
be organic matter can be found in cores and zoned structures
(Figure 4). They mainly present as small particles—with maximum
diameters from <1 μm to dozens of micrometers. These particles
are often observed as massive (length/width ratio <15; Figure 4E,
F), filamentous (length/width ratio >15; Figure 4C,D), and annular
structures (Figure 4A,B).

3.2 Spectroscopic and geochemical
characteristics of the Qaidam nodules

As the Qaidam nodules contain cores, alternating light porous
and dark compact bands, and bands containing big detrital minerals
that could form in different environments (Figure 2; Figure 3), we
performed spectroscopic and geochemical analyses on the above-
mentioned different components of the Qaidam nodules.
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FIGURE 4
ZEISS Smartzoom reflected light photomicrographs (A,C and E) and SEM-BSE images (B,D and F) of the dispersed dark materials in the Qaidam
nodules. (A and B) Show a transection of an annulus with a diameter of <20 μm. The inner bore and outer side of the annulus are filled with minerals. (C
and D) Needle-like dark materials with a length of ∼10 μm and a width of ∼0.5 μm. (E and F) Massive dark materials with a size of ∼10 μm.

3.2.1 The cores of the Qaidam nodules
The carbonate matrix in the cores of the nodules is mainly

composed of aragonite with minor contributions from dolomite
and magnesian calcite as suggested by Raman spectra (Figure 5
and Supplementary Appendix S1). This is consistent with previous
results analyzed by X-ray diffraction (XRD) (Sun et al., 2021),
which also suggested aragonite as the main component. Apart
from the carbonate matrix, there are also detrital minerals such
as quartz, orthoclase, muscovite, anatase, and actinolite in the
cores of the nodules. As for dark particles observed in SEM-BSE
images, Raman spectra suggest that most of them are opaque
minerals. An observation of a small number of dark particles
with bands at ∼1,350 and ∼1,600 cm−1 suggests that some of
them are disordered carbonaceous materials (Figure 5; Foucher,
2019). The intensity ratio of 1,350 vs 1,600 cm−1 bands in Raman
spectra, defined as I-1350/1,600, has a range of 0.65–0.78 and
an average of 0.74 after background subtraction (Table 1 and
Supplementary Appendix S1). The TOC contents and δ13Corg in
cores have ranges of 0.01%–0.09% (averaged 0.05%) and −23.9‰ to
−24.7‰ (−24.3‰), respectively (Table 2).

3.2.2 The light porous and dark compact bands
of the Qaidam nodules

The carbonate matrix in the light porous and dark compact
bands of the nodules is mainly composed of magnesium calcite
(Figure 6 and Supplementary Appendix S1), consistent with
previous XRD results (Sun et al., 2021). There are different degrees
of addition of magnesian to calcite matrix, as revealed by shifts at
bands of ∼170, ∼290, and ∼1,090 cm−1 in Raman spectra.The calcite
matrix sometimes contains quartz, phlogopite, and hematite. The
δ13Ccarb and δ18Ocarb in light bands are 2.1‰ and −0.9‰ to −1.7‰,

respectively, while they are 2.1‰ and −0.4‰, respectively, in dark
compact bands. As revealed by bands at ∼1,350 and ∼1,600 cm−1

in Raman spectra, the dark particles are organic matter (Figure 6).
They present as blackmassive and annular structures and are mostly
embedded in a magnesium calcite matrix. The I-1350/1,600 data of
organic matter in light and dark bands have a range of 0.73–1.02
and an average of 0.86 after background subtraction (Table 1 and
Supplementary Appendix S1). The average I-1350/1,600 in dark
bands (0.88) is higher than that in light porous bands (0.78). The
TOC contents and δ13Corg in dark bands range from 0.04% to 0.15%
(averaged 0.09%) and from −23.5‰ to −27.4‰ (averaged −24.9‰),
respectively (Table 2). The TOC contents and δ13Corg in light bands
range from 0.04% to 0.56% (averaged 0.16%) and from −22.7‰ to
−29.3‰ (averaged −25.4‰), respectively.

3.2.3 The bands containing big detrital minerals
in the Qaidam nodules

The carbonate matrix in the zoned structures containing big
detritalminerals ismainly composed ofmagnesium calcite (Figure 7
and Supplementary Appendix S1). It sometimes contains detrital
minerals such as actinolite, anatase, quartz, clinochlore, albite,
and hornblende according to Raman spectra, consistent with
previous XRD results (Sun et al., 2021). Raman spectra show the
occurrence of carbonaceous materials with bands at ∼1,350 and
∼1,600 cm−1 and bands attributed to C−H stretching vibrations
at 2,800–3,000 cm−1 (Figure 7; Snyder et al., 1978; Foucher, 2019).
These carbonaceous materials are often observed to be associated
with detrital carbonate and silicate minerals. The I-1350/1,600 data
of organicmatter range from0.19 to 1.28with an average of 0.69 after
background subtraction (Table 1 and Supplementary Appendix S1).
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FIGURE 5
Organic matter mineral assemblages in cores of carbonate nodules. (A,C,E and G) ZEISS Smartzoom reflected light (RL) images of organic matter.
Insets are SEM-BSE images of the white-boxed areas in RL. (B,D,F and H) Representative Raman spectra for respective photomicrographs. Qtz =
quartz; OM = organic matter; Cal = Mg-calcite; Arg = aragonite; Dol = dolomite; Ant = anatase; Or = orthoclase; Act = actinolite; Ms = muscovite.
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TABLE 1 The intensity ratios of 1,350 vs 1,600 cm−1 bands (I-1350/1,600) for analyzed carbonaceous materials. The “H” and “G” denote nodules in panels
“H” and “G” in Figure 2. The “dark”, “light”, and “detritus” denote “dark bands”, “light bands”, and “bands containing big detrital minerals,” respectively.

Location of the nodule Microphotograph I-1350/1,600

H-Core Figure 5A 0.76

H-Core Figure 5C 0.76

H-Core Figure 5E 0.78

H-Core Figure 5G 0.65

H-Dark Figure 6A 0.73

H-Dark Figure 6C 1.02

G-Dark Figure 6E 0.94

H-Dark Figure 6G 0.82

H-Light Figure 6I 0.78

H-Detritus Figure 7A 0.19

H-Detritus Figure 7C 0.76

H-Detritus Figure 7E 1.28

H-Detritus Figure 7G 0.54

4 Discussion

We characterize the biosignatures in the Qaidam nodules
from the perspectives of macro- and micro-textural, geochemical,
mineralogical, and organic records (Hays et al., 2017). Organic
matter is found in the Qaidam nodules by SEM and Raman
spectroscopic analyses (Figure 5−7), consistent with the results
from a previous study (Chen et al., 2023). The TOC content of
the Qaidam nodules has an average value of 0.10% (Table 2),
slightly higher than that of fluvio-lacustrine deposits (0.07%)
in the hyperarid Qaidam Basin (Chen et al., 2022). Most of the
organic matter has been considered to be sourced from in-situ
biomass in diagenetic fluids (Chen et al., 2023). Higher TOC
content in the Qaidam nodules as compared to that in fluvio-
lacustrine deposits suggests that terrestrial playa nodules could
offer conducive conditions for biomass preservation in spite
of possibly low productivity levels in diagenetic environments
(Meyers and Ishiwatari, 1993). Besides, an organic annulus with
a diameter of less than 20 μm in a dark compact band has been
observed (Figure 6E). The annulus is likely a cross-section of
an organic spherule, which may represent a fossil spore based
on its general characteristics in morphology and size (Balme,
1995; Saxena et al., 2021), or represents a microtubule—an algal
filament microfossil (Butterfield et al., 1990; Knoll et al., 2007).
The inner bore and outer edge of the annulus are filled with
magnesium calcite with a minor contribution from organic matter,
suggesting possible rapid entombment by mineral cementation
during cellular lysis and degradative processes (Figure 6F;
McMahon et al., 2018). The TOC level of zoned structures with
a range of 0.04–0.56% and an average of 0.12%, is generally

higher than that of the cores (0.01–0.09% and 0.05%) in nodules
(Table 2). Lower TOC level in cores could result from low
biomass in waters where cores precipitated. A previous study
has implicated more saline diagenetic environments (Sun et al.,
2021), which could be unfavorable for microbial growth (Yan et al.,
2015; Velthuis et al., 2023). Alternatively, organic matter in cores
could have experienced more post-depositional alteration as
suggested by the formation process of the Qaidam nodules
(Sun et al., 2021).

The macro- and micro-textures the carbonate minerals suggest
that the Qaidam nodules could be of biogenic origin. The zoned
structures of the Qaidam nodules could be formed by the accretion
of adhesive debris caused by the secretion of mucus by algae-
dominated microorganisms (Figure 2; Figure 3). Previous studies
have found the important roles of extracellular polymeric substances
(EPS) in precipitating micritic layers and alternating sparry and
micritic layers in common carbonate cements (e.g., Pedley, 1992;
Arp et al., 2001; Dupraz et al., 2004). Carbonate crystal nucleation
may take place on EPS to form micrite-sized dendrites, which
could then be completely replaced by solid and syntaxial carbonate
crystals (Pratt, 1976; Turner and Jones, 2005). The alternating
occurrence of micritic and sparry to fibrous crystals of carbonate
minerals may depend on the spacing of individual dendrite crystal
domains and the ensuing growth thickness of dendrites. Also,
the fibrous nature and c-axis orientation of crystal growth could
be related to the EPS characteristics (Turner and Jones, 2005;
Yang et al., 2022). Hence, the growth of micrite and sparite layers
with radial-fibrous textures in zoned structures might be related
to carbonate precipitation captured or trapped by algae (Figure 2;
Figure 3A−C,G,H).
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TABLE 2 TOC, δ13Corg, δ
13Ccarb, and δ18Ocarb for different cores and bands in carbonate nodules. Samples surface regolith, S1, and S2 refer to the surface

regolith, Nodule S1, and S2, respectively, which have been mentioned in Chen (2023). Samples E and F refer to Nodules (E) and (F)
respectively in Figure 2. Suffixes “dark” and “light” denote “dark bands” and “light bands,” respectively.

Sample no. TOC (%) δ13Corg (‰ PDB) δ13Ccarb (‰ PDB) δ18Ocarb (‰ PDB)

S1-light 0.11 −25.1 2.4 −0.9

S1-dark 0.14 −26.0 2.1 −0.4

S1-core 0.01 −23.9 — —

S2-light 0.14 −26.0 2.4 −1.7

S2-dark 0.15 −24.8 — —

S2-core 0.09 −24.2 — —

Surface regolith 0.04 −27.5 — —

E-light 0.06 −22.7 — —

E-dark 0.06 −24.1 — —

E-core 0.05 −24.7 — —

F-light 0.56 −29.3 — —

F-dark 0.09 −27.4 — —

N1-light 0.04 −24.7 — —

N1-dark 0.05 −23.5 — —

N2-light 0.04 −24.5 — —

N2-dark 0.04 −23.7 — —

Nevertheless, these fabrics in the Qaidam nodules can also
originate from abiotic processes (Grotzinger and Rothman, 1996;
Kano et al., 2019). The lamination and radial-fibrous textures of
the spring carbonate deposits could reflect temporal changes in
local physical and chemical factors (Grotzinger and Rothman,
1996; Bosak et al., 2021). In addition, the carbonate minerals
of these Qaidam nodules as indicated in a previous study are
present as rhombic aggregates and do not exhibit microfabrics
attributed to microfossils, biofilms, or microbial activities in zoned
structures of nodules (Sun et al., 2021). They are also not depleted
in 13C as compared to those in contemporary saline lacustrine
deposits (Table 2; Han et al., 2014; Li X. et al., 2016; Chen et al.,
2020). This further suggests the importance of physicochemical
processes in the precipitation of carbonate minerals (Wagner et al.,
2018). In sum, there is no strong evidence supporting the
biogenicity of the Qaidam nodules, although the possibility of
biologically mediated or induced precipitation of nodules cannot
be fully excluded based on previous works in Franconian Alb,
Germany (e.g., Pratt, 1976; Arp et al., 2001), which suggested
the cooccurrence of cyanobacteria-diatom biofilms and sparry
and micritic calcite in cold-water tufa formed at cool springs
and in creeks.

The I-1350/1,600 values of carbonaceous materials in the
Qaidam nodules carry information derived from their organic

precursors and the subsequent post-depositional alterations they
have experienced (Figure 8; Table 1). The I-1350/1,600, which
is applied to characterize the structural order of carbonaceous
materials (Buseck and Beyssac, 2014; Foucher et al., 2015), has a
range of 0.19–1.28 for the Qaidam nodules (Figure 8; Table 1).
The structural order is influenced by the molecular structures of
organic precursors, post-depositional processes such as thermal
alteration, hydrothermal fluid alteration, deformation and shear
force, andmineral-templating effects inducing graphitization on the
surfaces of quartz/chlorite minerals (e.g., Franklin and Randall,
1951; van Zuilen et al., 2012; Kouketsu et al., 2014). Previous
studies have indicated that carbonaceous materials subjected to
metamorphic changes exhibit unique Raman spectra (Beyssac et al.,
2002; Kouketsu et al., 2014). Most of the I-1350/1,600 data in
cores, dark and light bands exhibit moderate values (0.65–1.02;
Figure 5−8). This suggests that thermal alterations may be not
significant. Also, there is no obvious veining in the Qaidam nodules
indicating post-depositional fluid alteration (Figure 2). Most of the
organic matter is homogeneously embedded in carbonate minerals,
and thus I-1350/1,600 variation cannot be explained by mineral
templating effects (Figure 5−8; van Zuilen et al., 2012). The lack
of a significant difference in I-1350/1,600 data among different
components of the Qaidam nodules (p = 0.81), as revealed by the
analysis of variance (ANOVA), further eliminates the possibility
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FIGURE 6
Organic matter mineral assemblages in light porous and dark compact bands of carbonate nodules. (A,C,E,G and I) ZEISS Smartzoom reflected light
(RL) images of organic matter. Insets are SEM-BSE images of the white-boxed areas or the same area in RL. (B,D,F,H and J) Representative Raman
spectra for respective RL images. Qtz = quartz; OM = organic matter; Cal = Mg-calcite; Dol = dolomite; Phl = phlogopite; Hem = hematite.

of local post-depositional alterations on carbonaceous materials
(Figure 8). Nevertheless, carbonaceous materials exhibiting highly
variable I-1350/1,600 values (0.19–1.28) within detritus-containing
bands may involve detrital organic matter characterized by higher
levels of metamorphism. Therefore, apart from minor detrital
sources, the I-1350/1,600 values indicate that carbonaceous
materials in the Qaidam nodules could primarily originate from

carbon precursors of various subcellular components or coexisting
organisms present in diagenetic waters (Figure 8; Table 1; Franklin
and Randall, 1951; Sforna et al., 2014; Foucher et al., 2015). This
inference is consistent with previous Fourier transform infrared
(FTIR) spectroscopy analyses on the Qaidam nodules which
suggested the involvement of diverse microbial communities in
diagenetic waters (Chen et al., 2023).
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FIGURE 7
Organic matter in bands with big detrital minerals. (A,C,E,G and I) ZEISS Smartzoom reflected light (RL) images of organic matter. Insets are SEM-BSE
images of the white-boxed areas or the same area in RL. (B,D,F,H and J) Representative Raman spectra for respective RL images. OM = organic matter;
Cal = Mg-calcite; Ant = anatase; Act = actinolite; Qtz = quartz; Ab = albite; Hbl = hornblende; Clc = clinochlore.

The δ13Corg records in the Qaidam nodules provide further
evidence for carbon fixation pathways metabolized by dominant
primary producers. Carbon fixation produces distinct isotopic

fractionation due to isotopic discrimination between 12C and 13C by
the carboxylating enzymes in biomass (Hurley et al., 2021).Different
carbonfixation pathways have different characteristic fractionations.
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FIGURE 8
Distribution of the intensity ratios of 1,350 vs 1,600 cm−1 bands (I-1350/1,600) in different components of the Qaidam nodules, summarized from
Figure 5−7 and Table 1. The averaged, maximum, and minimum values as well as standard deviation of I-1350/1,600 data for each group are illustrated
below the graph.

The Wood-Ljungdahl pathway imparts the largest fractionation
(>30‰), the Calvin cycle results in less fractionation (20–30‰), and
rTCA and other pathways produce the least fractionation (0–12‰)
(Hügler and Sievert, 2011; Freude and Blaser, 2016; Ward and Shih,
2019). The δ13Corg values ranging from −22.7‰ to −29.3‰ and
δ13Ccarb values ranging from 2.1‰ to 2.4‰ in zoned structures are
consistent with carbon fixation pathways of the Calvin cycle using
Rubisco or the Wood-Ljungdahl pathway (Table 2).

Multiple diagenetic structures such as nodules and
concretionary textures have been identified in fluvial-lacustrine
deposits at Gale Crater on Mars (Gasda et al., 2022). Although
nodules at Gale Crater do differ from those in the Qaidam
Basin regarding their mineral compositions, they are comparable
regarding their forming backgrounds and post-depositional
processes. Therefore, it is reasonable to speculate biosignatures
including carbonaceous materials and even microfossils to be
preserved in nodules at Gale Crater if life ever evolved on Mars.
Nevertheless, it should be noted that Mars’s surface environments
could be more hostile and extreme, and the search for biosignatures
onMars could be more difficult.TheMars Sample Return campaign
is necessary by bringing back Martian rocks and soils to Earth
for detailed investigation using all the capabilities of terrestrial
laboratories.

5 Conclusion

Saline diagenetic fluids in terrestrial playa environments may
contain low levels of biomass, and the preservation of biomasswithin
nodules in playa environments could be significantly influenced by
burial processes. To elucidate the preservation of biosignatures
in evaporitic lacustrine nodules, detailed examinations were
conducted on carbonate nodules in the Qaidam Basin, which could

be analogous to those found at Gale Crater on Mars in terms
of the formation backgrounds and post-depositional processes.
Microscopic and spectroscopic analyses revealed the presence of
organic matter, including an organic annulus inferred to be a fossil
spore or algal filament microfossil, within the Qaidam nodules.
The TOC content of the Qaidam nodules was slightly higher
than that of the surrounding fluvio-lacustrine deposits, suggesting
that early cementation of carbonate matrix may be favorable
for biomass preservation in playa diagenetic environments. The
carbonate matrixes displayed alternating micritic and sparry layers
characterized by radial-fibrous textures, along with enrichment
of 13C. These petrographic and geochemical characteristics
suggested that the Qaidam nodules could be physicochemical
precipitates though biomineralization and organomineralization
cannot be excluded. The Raman spectral parameter I-1350/1,600
was indicative of changes in the structural order of carbonaceous
materials, which could be sourced fromcarbon precursors of various
subcellular components or coexisting organisms in pore waters.
The δ13Corg values provided evidence for carbon fixation pathways
of the Calvin cycle or the Wood-Ljungdahl pathway metabolized
by primary producers. This study demonstrated that terrestrial
playa nodules provided a taphonomic window conducive to the
preservation of organic biosignatures, with implications for the
astrobiological significance of nodules at Gale Crater on Mars.
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