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Abstract (<150 words)

Microbialites preserve crucial records of early life and geobiological processes, yet interpreting
their formation mechanisms remains challenging. Here we analyze Oligocene oncolites from the
Junggar Basin that retain exceptional lipid biomarkers due to limited diagenetic alteration. These
spheroidal structures exhibit alternating calcite-rich laminae with Fe-Mn coatings, revealed through
petrographic and elemental mapping. Lipid analysis identifies prokaryote-dominated communities,
particularly phototrophs and heterotrophs, with carbonate-associated biomarkers indicating
continuous microbial activity during growth. The release of saturated fatty acid derivatives through acid
treatment further confirms exceptional organic preservation. We demonstrate that oncoid formation
involved complex microbial consortia mediating calcification. These deposits correlate with
accelerated Tianshan Mountain uplift, which triggered lake shallowing and turbulent conditions that
enhanced benthic microbial productivity prior to Central Asian aridification. Our findings establish
microbialites as sensitive indicators of coupled tectonic and environmental changes during the

Oligocene-Miocene transition.

1 Introduction (~596 words)

Microbialites (e.g., stromatolites, thrombolites and related structures) form through interactions
between microbial communities and their sedimentary environments® 2. As some of oldest records of
early life on the earth® 4 5 microbialites preserve a continuous archive of geobiological evolution
spanning billions of years?, offering critical insights into origins of life> ¢ and early environmental
coevolution’. However, interpreting microbial metabolisms in ancient microbialites remains
challenging due to the scarcity of unambiguous biosignatures, particularly in highly mineralized, fine-

grained deposits®.

Modern microbial mat sedimentation provides a valuable analogue for ancient microbialites,
given their shared morphological and mineralogical® °. For example, laminated or columnar
macrostructures occur consistently in both Precambrian and modern microbialites'!. Similarly,
carbonate nano-structures in microbialites, whether modern or ancient, may represent biosignatures
resulting from bacterial calcification? 1314 or extracellular polymeric substance (EPS) mineralization!®
16 while grain-trapping effects during microbial growth further reinforce these analogies'” 8. Despite
advances in microbialite morphology and mineralogy, reliably attributing ancient microbialite formation
to microbial activity, rather than abiotic precipitation, remains contentious without definitive fossilized
microbial biogenicity®: 2021,



Organic molecules offer critical insights into the role of microorganisms in microbialite
formation® 22, Lipid biomarkers, diagnostic organic compounds linked to specific organisms, have
served as key tracers for reconstructing microbialite evolution and associated paleoenvironments
throughout Earth history?® 24 25 The prime example, hopanes, diagenetic derivatives of bacterial
membrane hopanoids?®, are diagnostic for certain prokaryotes?’s 2% 29, However, molecular
interpretations in ancient rocks can be complicated by nonsyngenetic contaminants and thermal
maturation3® 31, Conversely, lipid biomarkers can be preserved within inert sedimentary components.
Sulfur-sequestered organic molecules, for instance, retain more indigenous signals than their free
hydrocarbon counterparts3* 33, while carbonate-associated lipids exhibit exceptional resistance to
degradation, preserving otherwise labile biosignatures34 2. Crucially, lipid incorporation into carbonate
matrices likely occurs during microbial growth3¢, suggesting this mechanism holds significant yet

understudied potential for microbialite research. To date, however, related studies remain scarce.

Here, we report an Oligocene oncolitic succession from the Anjihaihe and Shawan Formations
in the Manasi Section of the Junggar Basin, combining detailed biomarker analysis with optical and
microscopic characterization. The Junggar Basin, currently bounded by the Altai, Zaire, and Tianshan
Mountains in Central Asia (Fig. 1A, B), formed through multiple collision events and microplate
amalgamation following Paleotethys closure during the Paleozoic3” 38, The southern Junggar Basin
accumulated >10 km of sediments since the Late Permian3® before experiencing Cenozoic uplift due
to far-field effects of the India-Eurasia collision*?: 41, The Tianshan Mountain experienced significant
reactivation at ~24 Ma*? 43 44, exposing key outcrops including both our study site (Manasi Section)
and the previously studied Anjihai Section ~50 km to the west*® (Fig. 1 A). In both sections, the
Oligocene-aged Anjihaihe Formation (32.7-23.3 Ma)3? 4647 transitions conformably into the Shawan
Formation. The Anjihaihe Formation records a deep lacustrine environment with gray-green
mudstone-siltstone and calcite-dolomite interlayers showing evidence of photic zone euxinia®® |,
shallowing upward into gray siltstone-sandstones and limestones. The overlying Shawan Formation

features contrasting reddish sandstone-limestone deposits indicative of more oxidizing conditions.

Notably, the uppermost Anjihaihe Formation contains intermittent limestone layers hosting
well-developed oncolite successions (Fig. 1C). As common microbialite constituents, oncolites form
through combined rolling and biogenic encrustation processes, producing spheroidal structures with
complex microbial architectures that often preserve exceptionally well*®. These features have attracted
considerable research interest for their formation mechanisms and environmental significance*® 5051,
The Manasi Section oncolites exhibit clear internal microbialite structures (Fig. 2) and have
experienced only moderate diagenetic alteration and thermal maturation, as established by our prior
work in the Anjihai Section*>. These characteristics make them ideal for investigating microbial

consortia involved in microbialite formation.



2 Results and discussion (~2648 words)

2.1 Microbial architectures in Junggar oncolites through a multi-approach analysis

Large oncoids (8-12 cm in diameter) with well-developed spheroidal morphologies occur at
the mudstone-limestone interface in the uppermost Anjihaihe Formation (Fig. 1). XRD analysis
confirms their carbonate composition, with calcite dominating all samples (Supplementary Figure 1).
This mineralogical signature is further supported by uXRF elemental mapping, which shows Ca as the

predominant element with only minor Mg content (Fig. 2F).

Petrographic examination reveals that the Manasi Section oncolites consist primarily of
concentric laminae exhibiting distinct morphological and color variations (Fig. 2A). These laminae
display three characteristic microfabrics from core to cortex: (1) botryoidal structures in Zone A (nuclei),
(2) irregular micritic fabrics in Zone B, and (3) isopachous layers in Zone C (Fig. 2B-D). Zone A
comprises an assemblage of smaller oncoids and grains characterized by sparitic cores and well-
developed micritic coatings. These structures exhibit distinct botryoidal textures within their
laminations, which concentrically enclose the primary nucleus (Fig. 2D). Zone B contains
heterogeneous micrite-microspar mixtures forming columnar, clotted, and smooth structures with
highly variable layer thicknesses (um to mm scale; Fig. 2E). pXRF analysis reveals two distinct
elemental assemblages in Zone B: (1) Fe-Mn concentrations (likely from ferromanganese minerals)
and (2) Al-K-Si enrichments (probably of siliciclastic origin; Supplementary Figure 2). In contrast to
irregular fabrics in Zone B, Zone C exhibits isopachous micritic laminae of uniform micrometer-scale

thickness, displaying alternating light and dark colored layers (Fig. 2B).

The laminae in Zones A and B of Junggar oncolites exhibit distinctive botryoidal and columnar
microfabrics, respectively (Fig. 2D, C), morphological features commonly observed in both ancient
stromatolites and modern microbial mats®2. These structures find a potential modern analog in the
oncoid deposits of Laguna Negra, Argentina®, where botryoidal microfabrics form through the
assemblage of smaller grains by biofilm decomposition and microbially induced precipitation. In this
system, organic materials serve as nucleation sites for botryoidal crystals, which subsequently grow
to encapsulate the organic matrix>*. Comparable botryoidal aggregate formation has been
documented in associations with cyanobacteria and diatoms®® %6, While diagenetic alteration typically
prevents the preservation of biofilm remnants in ancient microbialites, the botryoidal microfabrics and
homogeneous micritic calcite within Junggar oncolites suggest analogous biogeochemical processes.
Specifically, the decomposition of microbial constituents likely facilitated localized Ca?* release and
enhanced carbonate nucleation efficiency®” 8, mirroring the mechanisms observed in modern

systems.



The columnar structures and fenestral porosity in Zone B (Fig. 2) of the Junggar oncolites
resemble those observed in stromatolite biostromes and buildups, where hemispherical convex
laminae progressively stack and accrete upon microbial mats®®. This growth process is often
accompanied by sediment trapping, where microbial communities capture and bind localized
sediments passing across mat surfaces®. The development of microbial mats leads to the formation
of fenestral structures, primarily through organic matter decay and mat desiccation®!. These processes
generate irregular surface topography that facilitate grain baffling®. In the Junggar oncolites, the co-
enrichment of K, Al, and Si in Zone B (Fig. 2F) and their strong elemental correlations (Supplementary
Figure 2A, B) reflect siliciclastic incorporation within oncoid structures. While microbial mats activity
likely facilitated detrital trapping and binding, morphological and spatial distribution patterns also
suggest significant later-stage pore-filling contributions. Notably, Fe and Mn show distinct enrichments
in dark layers in Zone B and crusts in Zone A (Fig. 2F). The presence of ferromanganese oxides are
tentatively identified by SEM-EDS analyses, including todorokite, recognized by its diagnostic
reticulate morphology and Mn elemental signature® (Fig. 3A). While todorokite typically forms in
marine Fe-Mn crusts and nodules under suboxic conditions®? 6+ 65 and can derive from birnessite
through hydrothermal alteration®®, no hydrothermal evidence was detected in our samples. Instead,
the nano-scale todorokite observed here aligns with biogenic occurrences documented in both modern
and ancient microbialites® , likely formed through Mn-oxidizing bacterial activity®’ or bacterial
biomediation®® 68 given its distinctive nanostructure. Furthermore, micritic calcite in Zone B contains
nanocrystalline iron oxide spheroids (Fig. 3C). Hematite was tentatively identified, as suggested by
their nanoplate-spherical morphology®® (Fig. 3D). Crucially, these nanostructures are associated with
organic remnants (Fig. 3C and Supplementary Figure 1A, blue arrow), providing direct evidence for
microbial involvement in ferromanganese oxide formation. The Fe-Mn enrichments are consistently
associated with dark laminae, likely reflecting microbially-mediated oxidation processes, while Al-K-Si
signals correlate with light laminae, indicating siliciclastic mineral incorporation. This distinct
geochemical segregation is further corroborated by the presence of two distinct Fe-Si correlation
trends (Supplementary Figure 2D), demonstrating the independent distribution patterns of
ferromanganese oxides during oncoid growth. These observations collectively highlight the alternating

influence of biogenic (Fe-Mn) and detrital (Al-K-Si) processes in lamina formation.

The isopachous laminae in Zone C of Junggar oncolites show striking similarities to those
found in modern ooids and oolite deposits®2. Ooids, spherical to ellipsoidal calcium carbonate
concretions with concentric laminae of radially, tangentially, or randomly arranged crystals’®, remain
enigmatic in their formation mechanisms. While the abiotic versus biotic origin of ooids continues to
be debated’® 72, microbial mediation through organomineralization likely contributes to their formation

in many cases® 73, In the Junggar oncolites, isopachous laminae in Zone C primarily consist of



micrometer-scale amorphous micrites (Fig. 3B), which we interpret as amorphous calcium carbonate
(ACC). This observation aligns with ACC precipitation documented in Bahamian ooids, where it has
been proposed as a biomediated driver of ooid accretion’®. The presence of organic remnants
distributed within the ACC matrix of Zone C (Fig. 3B and Supplementary Figure 1B, blue arrow)
suggests an analogous geobiological process operated in the Junggar system. However, potential

contributions from abiotic chemically oscillating reactions’ cannot be completely excluded.

2.2 Consortia complexity in forming microbial architectures

Beyond sedimentary evidence for microbial mediation in the Junggar oncolites, fossil lipid
biomarkers, the geologically stable organic compounds derived from the diagenetic modification of
biological precursors, are capable of fingerprinting organisms and, by extension, the geobiological
process?3. Hydrocarbon biomarkers extracted from Junggar oncolites revealed a diverse assemblage,
including by long-chain n-alkanes (up to Cazs) with significant odd-over-even predominance in the Cas—
Ca1 range, indicative of terrestrial higher plant input3t,along with minor but diagnostic hopanoids
(Supplementary Figure 3A). The co-occurrence of these biomarkers with well-preserved organic
remnants observed in carbonate matrices (Supplementary Figure 4) suggest terrestrial organic matter

was effectively incorporated and preserved through oncolite lamina formation.

The carbonate-associated hydrocarbon biomarkers display a comparable odd-over-even alkane
preference but exhibit a distinct bimodal n-alkane distribution, with significantly greater abundance of
short-chain alkanes (C1s—Cui9) versus long-chain homologues (Supplementary Figure 3B). This pattern
suggests preferential preservation of aquatic organic matter3! within carbonate minerals during
oncolite formation. Notably, hopanes show superior preservation relative to alkanes in the carbonate-
bound fraction, indicating exceptional protection of microbial molecular signatures that may represent
indigenous signals of microbial consortia involved in microbialite development. Intriguingly, the
carbonate-associated hydrocarbons contain relatively higher concentrations of pyrene, a four-ring
polycyclic aromatic hydrocarbon (PAH), compared to free hydrocarbon fractions (Supplementary
Figure 3B). This selective enrichment implies strong adsorption of aromatic compounds during
carbonate mineralization, consistent with known molecular preservation mechanisms governed by
mineral-organic interactions’. However, the precise nature of PAH-carbonate associations requires

further investigation to elucidate the underlying molecular-scale processes.

Significantly, we identified a suite of fatty acids (FAs) exclusively in the carbonate-associated
lipid fraction (Fig. 4B, Supplementary Figure 5), which were absent from free lipids. This is a

remarkable finding given that FAs are rarely preserved over geological timescales except in



exceptional cases (e.g., Cretaceous-Paleocene rocks)’® 77. While modern systems show FAs as even-
carbon-numbered chains during early organic decomposition’®, their diagenetic decarboxylation
typically produces odd-numbered n-alkanes. The selective preservation of FAs in carbonate-
associated fractions demonstrates their effective sequestration through carbonate mineralization3* 7,
in contrast to free FAs that likely underwent complete diagenetic conversion to alkanes. This unique
mineral-lipid association provides critical insights into original microbial lipid signatures that would
otherwise be lost to diagenetic alteration, offering a valuable window into ancient biogeochemical

processes.

Carbon chain architecture (length, branching, and unsaturation) of fatty acids encodes
essential information about their precursor organisms and biosynthetic pathways. Long-chain (>Czo)
FAs typically derive from eukaryotes®® 8! while shorter chains often reflect specific prokaryotic sources:
cyanobacteria produce polyunsaturated Cis and Cis FAs (e.g., FA1e0, FA161, FA1s2, FA1s:3 and
FA184)%2. Gram-negative marine bacteria synthesize monounsaturated Cis:18%, and Gram-positive
bacteria yield abundant branched (anteiso/iso) FAs®* 8. In Junggar oncolites, carbonate-associated
fractions exclusively contained saturated fatty acids dominated by FA1e:0 and FAus:0, alongside longer
chains up to FAsoo (Fig. 4B). We attribute this pattern to diagenetic saturation of originally
polyunsaturated cyanobacterial fatty acids (particularly Cis and Caig), consistent with the Oligocene
age of the samples. Supporting this interpretation, the odd-over-even predominance of Ci5—C21
alkanes in carbonate phase matches the expected decarboxylation products of even-numbered FAs.
22. This molecular signature aligns with reported cyanobacterial biomarkers in stromatolites, including
heptadecane/heptadecene and Ci7—C22 alkenes®. The longer-chain fatty acids (C24—Ca30),
characteristic of higher plant leaf waxes®!, likely originated from terrestrial higher plant debris

incorporated during oncolite growth, as evidenced by siliciclastic laminae (Fig. 2).

Hopanes dominate the hydrocarbon biomarkers in Junggar oncolites, with steranes and
carotenoids undetected by GC-MS. Although GC-QQQ-MS offers higher sensitivity for trace
biomarkers, sterane concentrations remain remarkably low compared to hopanes (steranes/hopanes
= 0.03, Supplementary Table 1), indicating prokaryote communities predominated over eukaryotes
during oncolite formation. Notably, methylhopanes, particularly 2a-methyl-17a(H)-hopanes (2-MeH)
and 3B-methyl-17a(H)-hopanes (3-MeH), show elevated concentrations, reaching 7.1% and 17.1% of
Cso hopane, respectively. The 2-MeH derivatives originate from 2-methylbacteriohopanepolyols (2-
MeBHPs), produced by diverse bacteria containing the hpnP gene®’. While initially linked to
aerobic/N2-fixing cyanobacteria?”: 88, subsequent research has identified 2-MeBHP production in
anoxygenic phototrophs (e.g., Rhodopseudomonas palustris)® and alphaproteobacteria®. Although
not taxonomically exclusive, high 2-MeH abundances typically reflect environmental stress

conditions®! 92 particularly under anoxic/ferruginous®® or low-oxygen/low-nitrogen regimes®. The 2-



methylhopane index (2-MHI)?” in our samples (7.1%) significantly exceeds typical Phanerozoic values
(<1%), approaching levels observed during extreme events like mass extinctions®. Combined with
sedimentological and fatty acid evidence, this suggests cyanobacterial contributions under stressed
conditions. The even higher 3-methylhopane index (3-MHI; 17.1-17.4%) points to Type |
methanotrophic bacteria (y-proteobacteria) containing the hpnR gene % 9. 97 Unlike Type Il
methanotrophs, these thrive at low methane/oxygen concentrations near aerobic-anaerobic
interfaces®. Although 3-MeBHPs have been recently identified in acidophilic phototrophs®, their
occurrence in the carbonate-rich Junggar environment appears unlikely. The exceptional preservation
of fatty acids (FAs), coupled with the high abundance of 2-MeH and 3-MeH in carbonate phases,
collectively indicates a diverse microbial consortium operating through redox fluctuations during
oncolite formation. This biomarker pattern reflects alternating aerobic and anaerobic conditions that

characterized the microbialite depositional environment.

The integration of organism-diagnostic lipid biomarkers and sedimentary evidence reveals a
dynamic microbial consortium that drove organic-inorganic interactions during oncolite formation.
Initially, carbonate nucleation was promoted in the Junggar lake with cyanobacteria accelerating
precipitation through photosynthesis, as evidenced by petrographic patterns and biomarker
assemblages. Although our lipid biomarker analysis utilized bulk oncolite samples, the preserved
diagnostic molecules, when integrated with in situ petrographic observations, demonstrate that the
characteristic light-dark banding formed through dynamic interplay between phototrophic oxygenic
microbes and methanotrophic/heterotrophic communities. Specifically, oxygen produced by
phototrophs served as a key oxidant for Fe (II) and Mn (ll) fluxes derived from anoxic sediments,
leading to the development of ferromanganese oxide crusts (Fig. 5, Stage A and B). The ubiquitous
presence of iron oxide nanocrystal spheroids also provides clues for iron-oxidizing bacterial activity,
which can catalyze Fe(ll) oxidation and contributed to ferruginous crust formation. This redox coupling
between microbial groups created self-reinforcing cycles of mineral precipitation and organic matter
preservation within the developing oncolite laminae. Oxygen consumption established an aerobic-
anaerobic transition zone, enabling Type | methanotrophs to thrive, while cyanobacteria utilized their
CO2 byproduct to further enhance carbonate production. This process led to preferential
intracrystalline preservation of diagnostic microbial lipid biomarkers within carbonate phases. During
oncoid laminae growth, siliciclastic minerals and terrestrial organic matter became incorporated
through either intercrystalline infilling of microbial mat carbonates or physical trapping within surface
topographies. Phototrophic-heterotrophic coupling and subsequent biomass decomposition generated
substantial gas production, forming characteristic voids and fenestral structures (Fig. 2A). These gas
pockets increased buoyancy??, facilitating microbial mat flotation and tumbling to promote spheroidal

morphogenesis. Hydrodynamic conditions critically modulated microfabric development: moderate



flow regimes allowed microbial growth rates to exceed oncoid rotation, yielding irregular textures (Fig.
5, Stage B), whereas stronger currents induced rapid rotation that favored amorphous calcium
carbonate precipitation and isopachous laminae formation via uniform mineral accretion (Fig. 5, Stage
C). Collectively, these findings demonstrate how the unique microfabric zonation in Junggar oncolites
emerged from synergistic interactions between redox-sensitive microbial metabolisms, mineral

deposition processes, and physical hydrodynamics.

2.3 Evolving of microbial communities responding to Oligocene-Miocene

environmental alternation

The enhanced aridification of Central Asia across Oligocene-Miocene represents one of the
most significant Cenozoic climate changes in the northern hemisphere'®?, driven by multiple factors
including Tibetan Plateau uplift and westerlies'3 104 105 Paratethys Sea retreat'® 107 and
reorganization of atmospheric circulation under global cooling?®® 199, Magnetostratigraphic dating of
the southern Junggar Basin strata reveals a marked lithological transition from grayish-green to
reddish sediments across the Oligocene-Miocene boundary (Anjihaihe to Shawan Formations)3®: 4647,
coinciding with the onset of widespread aeolian deposition'? 119 and desertification in the region (e.g.,
birth of Taklimakan Desert'1). The oncolite layers capping the Anjihaihe Formation (dated to <23.3
Ma), developed immediately prior to this climatic shift, serving as a unique sedimentary archive of
environmental conditions during this critical transition period. Their formation likely reflects lacustrine
conditions that prevailed before the establishment of persistent arid regimes in Central Asia, as
evidenced by the drastic environmental change recorded in strata across the southern Junggar Basin

from west to east*®.

In-situ isotopic and elemental analyses of Junggar oncolites provide detailed insights into
environmental changes during the Anjihaihe-Shawan Formation transition. The carbonate 5*3C and
580 records show distinct negative excursions (~5%o) in background calcite (Fig. 6A). Oncolite 580
values (-12.0%o to -8.1%o) mirror this background trend, suggesting similar freshwater conditions during
their growth. Zone B exhibits a ~3%. 680 negative shift (Fig. 6D) coinciding with elevated Al/Ca and
Si/Ca ratios (Fig. 6E), likely reflecting increased siliciclastic input from enhanced freshwater discharge.
In contrast, oncolite 8'3C values show a pronounced ~6%o positive excursion relative to background
(Fig. 6A), potentially indicating the carbonate nucleation and accelerating precipitation through
photosynthesis by cyanobacterial activity, as photosynthetic *?C uptake enriches 5*3C in dissolved
inorganic carbon (DIC) and promotes carbonate precipitation'?. The minor 8*3C negative shift (1.1%o)
in Zone B may reflect freshwater dilution effects or mediation by Fe-Mn oxidization bacteria. Notably,

while Fe/Ca and Mn/Ca ratios remain stable throughout the oncolite layers (Fig. 6E), their peak



concentrations at dark-light layer interfaces suggest microbially-mediated redox cycling. This pattern
reflects periodic Fe-Mn oxide crust formation through oxygenic photosynthesis and subsequent metal

oxidation at mat surfaces.

Our previous studies have established that the Anjihaihe Formation in the southern Junggar
Basin experienced photic zone euxinia during its deep lake phase*®, as demonstrated by the presence
of isorenieratane, a diagnostic biomarker for brown-colored green sulfur bacteria adapted to low-light
conditions at depths <100 m1!3 114115 A marked transition occurs in the upper Anjihaihe and overlying

Shawan Formations, where sulfur bacterial biomarkers disappear while phototrophic and heterotrophic
microbial communities flourish in oncolites, reflecting a rapid microbial community shift during lake
shallowing and oxygenation preceding the Central Asian aridification. Distinct from the saline
conditions of the Oligocene Anjihaihe Formation!!6, negative 6*3C and &80 excursions in oncolites
and background indicate freshwater input through regional drainage opening, likely driven by
accelerated Tianshan Mountain uplift*’. This tectonic event created west-east topographic gradients,
turbulent hydrodynamic conditions, rapid lake shallowing, and enhanced benthic microbial proliferation,
collectively promoting microbialite formation as a distinctive sedimentary response to these
paleoenvironmental changes prior to regional drying. These findings are corroborated by similar
conditions recorded in ~17 Ma stromatolites from the Taxihe Formation in the Taxihe Section (east of
Manasi Section, Fig. 1A)%%, coinciding with the eastward migration of the Junggar Basin depocenter
during Tianshan uplift'l’, demonstrating the regional consistency of microbialite development during
this transitional period'!®. Collectively, our results demonstrate that microbialites serve as high-
resolution archives of coupled tectonic-environmental dynamics during the Oligocene-Miocene

transition in Central Asia.

Materials and Methods

Petrology inspection and pretreatment. In total, six spherical oncolite samples, with 6-10 cm in
diameter were collected from the oncolite successions in the upper Anjihaihe Fm. (Fig. 1, 6). Given
the similar sedimentary patterns of all oncolite samples, one of the most representative oncolites,
with an 8 cm maximum diameter (Fig. 2), was selected in this study. Overall, the spherical oncolite
sample was spliced into 3 parts along the long axis, including two hemispheres (A, B) and a middle
thin slab. The sawed slab was billeted and mounted for large-format thin section (9 x 10 cm) where
petrographic observation and micro-X-ray fluorescence (uXRF) mapping were conducted. The
hemisphere A was polished and prepared for microdrill sampling and scanning electron microscope
(SEM), and the hemisphere B was grinded for X-Ray Diffraction (XRD) and biomarker analysis.

Specifically, hemispheric sample B was sectioned using a diamond saw after removing the outer



layers (~2 cm) to eliminate potential surface contamination. After sonicate-cleaning with the Milli-Q
water and methanol for seconds (3 times by 10 s) and drying, the sawed and cleaned pieces were
pulverized into fine powders using a zirconia grinding miller to ensure homogeneity. Before grinding
each sample, combusted (550 °C, 12 h) clean sands were grinded in the same miller. Besides, all
the equipment during the cracking and crushing was cleaned by Milli-Q water, dichloromethane
(DCM) and methanol (MeOH) for 3 times, separately, to remove any potential mineral or organic

contamination during grinding.

Micro-XRF mapping. The elemental mapping was conducted by a Bruker M4 Tornado table-top
energy-dispersive uXRF scanner. Rhodium source was focused with polycapillary lens to achieve a
smaller spot size (~25 pm) for a high-resolution elemental analysis. The excitation energy was set up
at 30 W for a better-resolved point spectra and more accurate measurement. Most major elements
(e.g., Ca, Mg, Fe, Mn, Al, S, K, Si...) were selected for mapping. The analytical repeatability and
data stability were controlled by standard deviations of deconvolution in a Bruker ARTAX software!®
and the duplicated tests of the real sample (n=3). Results of uXRF elemental mapping presented as

heat maps of multiple energy (Fig. 2F) and intensity curves (Fig. 6).

Microdrill sampling and C and O isotopic analysis. After cleaning with the Milli-Q water and
drying, a microdriller, fixed with a 0.2 mm-drill bit, was adopted to obtain the layer-specific powders.
Considering that the yellowish layers are largely mixed with white microspar layers, most grayish
layers, spacing with ~3 mm, are selected (Fig. 6, red dots). During the microdrilling, areas with the
development of microspar-clots were avoided. In total, powders from 10 different layers were
collected (~500 mg each) for stable isotopes of carbonate phases. Briefly, stable C and O isotopes
of drilled powders were determined using a Finnigan MAT 253 mass spectrometer linked to a
ThermoFinnigan GasBench Il. Devoid of organic matter, these calcite powders, was manually
loaded into reacting containers with phosphoric acid, flushing with purified He gas. The reactant
COg., after ~4 h reactions under 72 °C, was then released ten times into the mass spectrometer
through a standard 100-uL sample loop. The 880 and &'3C values are reported in per mil (%o)
against the V-PDB (Vienna Pee Dee Belemnite) carbonate standard. The external precision was
better than 0.1%. for both &'3C and &'€0.

SEM observation. After horizontally fixed on a glass plate, selected pieces with fresh surfaces from
hemisphere A were mounted on a sputter-coated gold plate for the conduction of electric charges.

The SEM observation was carried out using a FEI Quanta 650 FEG equipped with energy-dispersive



spectrometry (EDS) detectors. Working voltage was set at 20 kV, and the microscale views were

derived by modes of back scattered electrons (BSE) and secondary electrons (SE).

X-Ray Diffraction analysis. X-Ray Diffraction (XRD) analysis was conducted on the bulk powder for
mineral identification. An aliquot of the bulk powder (~1 g) from the hemisphere B was pressed on a
glass slide and scanned for 6 mins with a 20 range of 5 ° to 80 ° on a D/max-rA rotating anode X-ray
diffractometer (12 kW), manufactured by PANalytica. Mineral identification and semi-quantitative

calculations were completed on the PANalytica program GSAS.

Organic extractions of free lipids. Another aliquot of the bulk powder (~6 g) from the hemisphere
B was prepared for biomarker analysis. Total lipid extracts (TLE) were obtained by a sonication
instrument with DCM/MeOH (9/1, v/v) at 60 °C for 30 mins in four times, and then concentrated
under a steady stream of nitrogen gas. In contrast to the procedure blank, concentrated sample

extracts displayed yellowish coloration.

Extraction of carbonate associated lipids. The extractable-lipids-free solid residue of the oncolite
powders was subsequently transferred in a 250 mL beaker and then dissolved by hydrochloric acid
(HCI, 2N). HCI drops were gradually added to control the viscous brown-colored foams during
carbonate digestion. Eventually, concentrated HCI (6N) were replenished when no bubbles floated.
After complete digestion overnight, the entire residue was diluted with Milli-Q water four times. As
before, the carbonate-free residual was extracted for five times with DCM/MeOH (9/1, v/v) using the
same sonicating protocol. The new extracts (denoted as carbonate associated lipids) were then

concentrated under steady nitrogen stream and prepared for the fractionation.

Column chromatography fractionation and trimethylsilyl derivative treatment. After the
removal of elemental sulfur by activated copper shots, two TLEs of oncolite, including free lipids and
carbonate associated lipids, were separately loaded on in-house packed silica gel columns and then
eluted into nonpolar and polar fractions with hexane/DCM (4:1, v/v) and DCM/MeOH (4:1, v/v)
mixtures, sequentially. All the glassware was combustion at 550 °C for 12 h to remove any potential
organic contamination. The non-polar fractions were proposed to gas chromatography (GC)
analysis, and polar fractions were treated by trimethylsilyl derivatized by the reagent
bis(trimethylsilyl)-trifluoroacetamide (BSTFA). In detail, polar fractions of free lipids and carbonate

associated lipids were transferred in combusted (550 °C, 12 h) vials separately and dried. After



adding 50 yL BSTFA and 50 pL anhydrous pyridine, the vails were capped tightly and heated at
70 °C for 1 h, and then subjected to GC analysis.

Lipid biomarker analysis. The measurements of n-alkanes, steranes and hopanes were conducted
on gas chromatography mass spectrometry (GC-MS) and a gas chromatography triple quadrupole
mass spectrometry (GC-QQQ-MS), sequentially. The GC-MS equips Agilent 6890A GC interfaced
with an Agilent 5975C (MS), and the GC-QQQ-MS equips an Agilent 7890B GC system interfaced to
an Agilent 7010 A triple quadrupole MS. All these GC instruments are installed with a DB-5MS
column (60 m x 0.25 mm x 0.25 ym). During the lipid analysis, GC ovens were held isothermally at
40 °C for 1 min, then ramped to 320 °C, along with the maintained temperature at 250 °C and

300 °C for the source and transfer line, respectively. For the GC-MS, the MS source was set at

230 °C, the quadrupole was set to 150 °C, and the MS was operated in electron impact mode at
70eV. The scan range was set from 50 to 580 Da. The GC-QQQ-MS was operated in multiple
reaction monitoring (MRM) mode, and the electron energy was set to 70 eV to ensure a standard
signal for the precursor-product transitions. Biomarker data were analyzed on Agilent MassHunter
software and each compound was identified in comparison with a composite oil standard provided
by GeoMark Research Inc. The procedural blank was devoid of detectable levels of any organic

compounds.

Data availability

All data generated from this study are included in the article and Supplementary Inventory.
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Figure captions

Figure 1 The locations and stratigraphy of the Manasi and Anjihai Sections within the

geological and geomorphological maps of the Junggar Basin of the Central Asia.

The geomorphological and geological maps illustrate the resent-day distribution of the Junggar
Basin and surrounding mountains in the Central Asia (B), and overlapping Mesozoic—Cenozoic
strata in the South Junggar Basin (A). The stratigraphic profiles are obtained from Manasi (this
study) and Anjihai Sections*® (C-C, D). Chronological constrains of two sections follow a previous
magnetostratigraphy study*é (C-A, B). Notably, in the middle—upper Anjihaihe Fm., photic zone
euxinia (black circle) is developed as evidenced by high concentration of isorenieratane, a lipid
biomarker that derived from low-light-adapted phototrophic green sulfur bacteria (GSB)'3; while
oncolite successions are developed at the interface of mudstone and limestone layers on the top
of Anjihaihe Fm. The overlaying Shawan Fm. is featuring as oxidized-red coloration across the
southern Junggar Basin. The satellite base map of the Central Asia is derived from Shuttle Radar

Topography Mission (SRTM) database.

Figure 2 Petrographic images of the Junggar oncolite from a large-format thin section (9 x

10 cm) with micro-X-ray fluorescence elemental mapping in a selected area.

An integral petrographic scan of the Junggar oncolite (A) highlights the heterogeneity inside,
which is characterized by botryoidal (D), irregular (C) and isopachous (B) microfabrics.
Accordingly, three depositional Zones (Zone A — Zone C) are identified (E). The selected area,
covering three Zones, is analyzed by micro-X-ray fluorescence as shown by heat maps of different
elemental abundance (Mg, S, Fe, Mn, Ca, K, Al and Si) (F).

Figure 3 Scanning electron microscope (SEM) imaging in different depositional Zones of
the Junggar oncolite, illustrating the micro- and nano-sized minerals of calcite and

ferromanganese oxides verified by energy dispersive spectrometer (EDS) analysis.

Minerals in micritic laminae of the Junggar oncolite are featured by micro- and nano-sizes under
SEM observation. Micrometer-scaled amorphous micrites (B) (denoted as amorphous calcium
carbonate, ACC) are mostly distributed in isopachous laminae of the Zone C, while

ferromanganese oxides are mostly developed in dark layers of the Zone B (A, C and D).



Specifically, todorokite (A) and nanocrystal spheroids of iron oxide (C and D) are identified based
on the morphology and EDS analysis. Notably, organic remains are distributed among minerals
(blue arrows). Higher magnification insets of SEM imaging are referred to Supplementary Figure
4.

Figure 4 Biomarker comparisons of free lipid (free extracts, free non-polar fractions) and
carbonate-associated lipid fractions (carbonate bound lipids that obtained by acid
treatment) of the Junggar oncolite. A. Multiple Reaction Monitoring (MRM) results of
methylhopanes on GC-QQQ-MS. B. Total lon Chromatogram (TIC) results of fatty acids
after trimethylsilyl (TMS) derivatization on GC-MS.

In addition of Cz; 17a,21B(H) homohopanes (afS and afR) and Cs1 178,218(H) homohopanes
(BB), GC-QQQ-MS analysis (MRM mode, transition 426—205) reveals distinct methylhopane
distributions in oncoid structures of the Anjihaihe Formation (A). The carbonate-associated lipids
show exceptionally high 2-methylhopane (2-Me, 16.6%) and 3-methylhopane (3-Me, 17.4%)
abundances compared to background levels of the Anjihaihe Fm. (0.9% and 1.6%, respectively)*.
Notably, while free lipids contain substantial 3-Me (17.1%), their 2-Me content (7.1%) is less than
half that of carbonate-bound counterparts. The detection of thermally sensitive B3 homohopanes
confirms low thermal maturity throughout the section. Remarkably, saturated fatty acids (FAs,
ranging from FA12 to FAs0.0) exclusively preserved in carbonate-associated lipids following TMS

derivatization (B), with free lipid extracts showing no detectable FAs on GC-MS (TIC).

Figure 5 The proposed grow model of mineral precipitation and associated microbial

consortia in forming Junggar oncolites.

Figure 6 Outcrop photographs of oncolite successions in the Manasi Section and

microscopic geochemical profiles of the selected area in the Junggar oncolite.

Oncolite successions are developed on the top of green-colored Anjihaihe Fm. (C), with the
overlaying Shawan Fm. which is featuring as red coloration in the Manasi Section (B). 8'3C and
00 values of the selected layers show distinct excursions from the nuclei to the cortex (red dots,
Supplementary Table 2) (D). Notably,53C values of different oncolite layers are all positive

comparing to the isotopic background??® and the &0 values are similar to the background within



an overall negative excursion trend (A). Elemental intensity curves, obtained by uXRF mapping

(Al, Si, Fe and Mn, normalized to Ca), indicate enhanced siliciclastic components in the Zone B

and intensified abundance of ferromanganese oxides in interlayers between dark and light

laminae.
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Editorial summary:

Oligocene-aged microbialites preserved intact lipid biomarkers, revealing microbial activity and oncolite growth.
Advanced geochemical and imaging techniques decoded these microbial "time capsules" at unprecedented
resolution.
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