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Abstract: Carbonate ooids are a significant component of shallow water carbonate deposits in
the present and geologic past, yet their origin and formation mechanism have been the subject of
continuing debate. This study focuses on the well-preserved Holocene aragonitic ooids collected from
the west Qaidam Basin, Qinghai-Tibetan Plateau (QTP). The mineralogical and chemical compositions,
and stable (613C and 6'80), and radiocarbon isotopes of the ooids were analyzed to investigate their
formation and develop a depositional model. The ooids formed approximately 5377 & 61 cal BP, and
their cortices were composed of microcrystalline aragonite, with most nuclei being quartz grains.
Stable carbon and oxygen isotopes indicate that authigenic aragonite precipitation is driven by
evaporation and associated degassing of CO; under turbulence conditions in a shallow alkaline lakes.
Furthermore, eletron microscopy showed no presence of microfossils in 0oid cortices or other evidence
of microbial activity. Therefore, we propose that aragonite precipitation during ooid formation is most
likely induced abiotically by increasing alkalinity due to evapoconcentration of lake waters based on
ﬁr;:%;l:tfgsr an absence of an efficient carbonate-inducing metabolic pathway. New observations and detailed
analyses of aragonitic ooid samples in the Qaidam Basin provide an improved understanding of the
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1. Introduction
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iations. debate, mainly focusing on their abiotic or biochemical origin [10-14]. Various hypotheses
have been reported on the genesis of carbonate ooids, including (i) solely abiotic processes
mediated by physiochemical factors [11,15]; (ii) biogenic processes involving microbial
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sequently, the processes involved in aragonitic ooids formation in nature are the subject
of debate.
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Lacustrine carbonate ooids have attracted greater scrutiny than marine ooids due to
their limited scale [2,4-6]. Holocene lacustrine carbonate ooids widely occur in the playas
of western Qaidam Basin, the largest intermontane basin in the northeast Qinghai-Tibetan
Plateau (QTP). In their study of these ooids, Sun et al [20] reported the clear signals of scy-
tonemin from ooid, a unique cyanobacterial ultraviolet radiation (UVR)-shielding pigment,
and this biomarker may be an indication of the depositional environment. However, the
origin and formation mechanism of the Holocene carbonate ooids in the western Qaidam
Basin is still poorly understood, and especially the role of microbes is unknown.

To assess the origin and formation process of ooids, we examined the Holocene
lacustrine carbonate ooids in Qaidam Basin. We used an integrated approach involving
isotopes, trace elements, microscopy, and fluorescence analysis to investigate the origin
of carbonate ooids and assess if microbes have a constructive role in their formation. Our
results provide new insights into the origin and formation condition for aragonitic ooids
with implications for improving their interpretation in the geologic record.

2. Geological Setting

The Qaidam Basin is the largest intermontane sedimentary basin along the north-
eastern Tibetan Plateau (Figure 1) with an area of 120,000 km? and average elevation of
3000 m [21]. The basin is almost entirely an area of interior drainage by ongoing India—Asia
collision since the early Oligocene [22]. Presently, the basin is triangular-shaped and is bor-
dered by three large faults, the Kunlun Fault to the south, the Altyn Tagh Fault to the west,
and the Qilian Fault to the north [22]. Nearly one quarter of the basic covered by playas
and salt flats. The Qaidam Basin preserves Cenozoic sedimentary successions since early
Eocene with a thickness of around 12 km. The early-middle Miocene strata are composed
of the Xiayoushashan and Shangyoushashan Formations [23]. Holocene carbonate ooids
widely occur in the west Qaidam Basin [20] including in the studied Honggouzi section
located on the northwest of Qaidam Basin (Figure 1; 38°27/43.12" N; 91°16747.93" E). This
study area hosts a large succession of Cenozoic sedimentary rocks that are composed of
mudstone, sandstone, marl, limestone, and gypsum [21].
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Figure 1. (A) The location of the Qaidam Basin in QTP; (B) digital elevation model map of the Qaidam
Basin; (C) satellite map of the study area.

3. Materials and Methods
3.1. Sampling

Holocene lacustrine carbonate ooids widely occur in the west Qaidam Basin [20],
and three samples were collected from ooid-bearing layer in the Honggouzi area, western
Qaidam Basin (Figure 1; 38°27'43.12" N; 91°16'47.93" E). The ooids layer is generally present
near the surface, which is currently overlaid by chemical-eolian deposit and underlaid
by the lake sediments such clays, carbonate, and evaporites (Figure 2). The ooid-bearing
lamina consists of loose ooid sand that is subparallel to the land surface with 2 cm thickness.
Three ooid samples were collected from the ooid-bearing lamina.

3.2. Microscopy and X-ray Diffraction Analyses

Petrographic investigations of the ooids were carried out at the China University of
Geosciences (Beijing) using a Zeiss Axio Scope A1l microscope fitted with a Leica DMI3000
fluorescence analysis system using UV (excitation wavelength = 365 nm), blue light (ex-
citation wavelength = 450-490 nm), and green light (excitation wavelength = 546 nm)
that enabled the identification of organic matter in the ooid cortices. Ultrastructures were
determined using scanning electron microscopy (SEM) with element analysis by energy
dispersive spectroscopy.
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Figure 2. (A) Photograph showing the ooid layer in the west Qaidam Basin in QTP; (B) photograph
showing ooid aggregates (marker for scal, diameter of cap is ~15 mm). The ooids range in size from
200 to 600 pm.

For SEM, ooids were embedded using Buehler EpoThinTM2 epoxy resin and hardener
and polished using a Buehler EcoMet30 polisher. The final polish was performed using
a TriDent™ pad and MasterPrep™ diamond suspension (0.05 pm). Samples were acid-
etched to reveal any potential features (e.g., entombed microbial cells) below the carbonate
surface. The details of this method are described by Power et al. [24]. All samples were
coated using a Filgen osmium coater (OPC 80T) that applied 10 nm of osmium metal to
the sample surface to improve conductivity. An LEO 1540 XB field emission SEM collected
high-resolution micrographs at an operating voltage of 1.0 kV. SEM was performed at the
University of Western Ontario at the Nanofabrication Facility in London, Ontario, Canada.

X-ray diffraction (XRD) analyses were performed to determine the mineralogical com-
position of the ooids. Finely powered ooid samples (200 mesh-sized sieve) were analyzed
at the Institute of Mineral Resources, Chinese Academy of Geological Sciences, using
a Rigaku MiniFlex 600 X-ray diffractometer under the operating conditions of Cu — Ka
radiation (40 kV and 30 mA). Data were collected continuously from 3° to 70° using a step
size of 0.04° and a counting time of 0.8 s/step. Search-match software, MDI Jade XRD
software, and the International Centre for Diffraction Data (ICDD) database were used for
phase identification. The mineral compositions of the bulk were obtained using Rietveld
refinement methods.

3.3. Major and Trace Elements Analyses

Major and minor element compositions of the ooids were measured using X-ray
fluorescence (XRF) spectrometry and inductively coupled plasma mass spectrometry
(ICP-MS), respectively. Loss on ignition (LOI) was determined by weighing samples
before and after 1 h of heating at 1075 & 25°C. Detailed operating procedures and con-
ditions for XRF and ICP-MS are the same as those described by Yang et al. [25] and
Lin et al. [26], respectively. The analysis precision of major element data was better than
0.05%, and its analytical uncertainties of trace elements are better than +5% (wt.%) and
under £1 % for measuring rare earth elements (REE). The REE data are normalized to
Post-Archean Australian Shale (PAAS) [27], and PAAS-normalized anomalies are calculated
as follows [28]: Ce/Ce* = 2Cegn/(Lagy + Prsn), Eu/Eu* = 3Eugy / (2Smgy + Thbgy ), and
Pr/Pr* = 2Pr5N/(Ce5N + Ndsp)-

3.4. Stable Carbon and Oxygen Isotopes Analysis

Stable carbon and oxygen isotopes were measured at the Beijing Research Institute
of Uranium Geology, Chinese Ministry for Nuclear Industries, using a Finnigan MAT 253
mass spectrometer coupled with a Thermo Finnigan GasBench II (refer to methods in
Lin et al. [29]). The finely powdered ooid samples (200 mesh size) were loaded in exetainer
vials after being baked at 105 °C for 2 h and flushed with helium for 5 min. Four to five
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drops of 99% phosphoric acid (H3PO4) were dispensed to each vial that was then shaken
and left to react for a minimum of 2 h at 25°C. The isotopic compositions of evolved CO,
were measured by mass spectrometer in a helium flow [30]. The precision for isotopic
measurement of the ooid samples and in-house standards were both <0.1%. for 6'>C and
5180. The 6'3C and 6'80 data were reported using the § notation measured in %orelative to
Vienna Pee Dee Belemnite (VPDB).

3.5. 14C Analysis

The 4C analyses were performed at Peking University using an updated NEC Com-
pact PKUAMS facility. The preparation procedures of carbonate samples for #C analysis
were detailed and are described by Lin et al. [29]. The 14C values are reported as conven-
tional **C yr after correction for isotopic fractionation and normalization to *3C (—25%.)
using the >C term measured directly with the Accelerator Mass Spectrometry. Calendar
dates of ooid samples were calculated using OxCal v4.2 [31]. The quoted age is in radio-
carbon years using the Libby half-life of 5568 years and the uncertainties are reported as
lo.

4. Results
Mineralogy and Microscopic Features of Ooids

The ooids are composed of 90-97 wt.% aragonite with minor abundances of quartz
that are present as terrigenous clasts incorporated into the ooids during their formation
(Figure 3 and Table 1). Microscopy of the ooids reveal that their cortices consist of very
fine crystals of aragonite, and nuclei are mainly composed of either quartz or carbonate
grains, with minor kaolinite and muscovite (Figure 3). Two types of ooids are observed,
including concentric ooids and deformed or distorted ooids (Figure 4). The ooids appear
not to have been affected by diagenetic modification; thus, their exquisite structures are
well preserved. Concentric ooids with peloid nuclei range in size from 200 to 600 pm.
The ratio of concentric ooid cortex thickness to the nucleus is >1. The deformed ooids in
the ooids layer are rarely observed and are characterized by flattened or elongated ooids
(Figure 4). Acid-etching of the ooids and subsequent electron microscopy imaging did not
clearly reveal any preserved microfossils, though this does not exclude them from being
present (Figure 5). The dark laminae in all ooid samples show intense fluorescence and
actively responding to exciting light, but non- and very weak fluorescence within light
laminae (Figure 6).

Geochemical Results

The 680y _ppp values of ooid samples range from 6.6 to 7.5%o, corresponding to
3180y _syow values ranging of 36.7-38.6 %o [32]. The S13Cy_ppp values of ooid samples
are also all highly positive, ranging from 4.6-5%. with an average of 4.77%.. The exact dates
of ooid formation are around 5377 + 61 cal BP based on radiocarbon dating.

The ooids are mainly composed of CaO with compositions falling within a narrow
range of 42.21-43.07% (avg. = 42.54%) (Table 1). The LOI content ranged from 43.65 to
43.92% (avg. = 43.76%). The Si and Na content ranged from 5.61 to 6.18% (avg. = 5.99%)
and 2.05 to 2.11% (avg. = 2.09%), respectively. The Al,O3, Fe203, FeO, Naz0, K0, P20s,
TiO3, and MnO concentrations were all lower than 2%. Thus, the element compositions are
consistent with the XRD results, which show that the ooid is composed of aragonite with
minor quartz.

The concentration of REEs and yttrium (Y) of the acid leachate are given in Figure 7 and
Table 2. Overall, the individual REEs concentrations of ooid samples vary from 0.053 to 5.08
ppm. The XREE values are from 12.52 to 13.53 ppm with an average of 12.97 ppm, which is
lower than that of typical marine carbonate (~28 ppm) [33]. The PAAS-normalized REE+Y
patterns of ooids samples show a similar pattern with the following characteristics: (1)
enrichment in the heavy REEs (CLREEs/>~HREEs = 0.77 ~ 0.84); (2) negligible Ce anomalies
(Ce/Ce* =0.88 ~ 0.98); and (3) consistently negative Eu anomalies (Eu/Eu* = 0.40 ~ 0.60).
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Figure 3. Bulk X-ray diffraction analysis of the three ooid samples.

Table 1. Major element compositions (%) of aragonitic ooids in the western Qaidam basin, QTP.

Sample SiO; Al O3 Fe;03 MgO CaO Nay,O K,0 MnO TiO, P,0s5 LOI FeO

LS-1 6.18 1.06 0.473 2.74 42.35 2.05 0.867 0.011 0.066 0.022 43.71 0.16
LS-2 6.18 1.02 0.456 277 42.21 2.11 0.887 0.009 0.06 0.02 43.92 0.2
LS-3 5.61 0.993 0.448 2.62 43.07 2.1 0.87 0.011 0.053 0.022 43.65 0.14

Table 2. REE+Y compositions (ppm) of aragonitic ooids in the western Qaidam basin, QTP.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

LS-1 219 463 0559 201 0423 0076 0300 0.065 0321 3500 0.074 0265 0.043 0218 0.049
LS-2 262 508 062 254 0528 0102 0483 0.093 0512 327 0104 0338 0.063 0.385 0.062
LS-3 259 476 061 240 0525 0.067 0480 009 0462 3.09 0112 0315 0.062 0346 0.059
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Figure 4. Representative micrographs showing the microscale structure of ooids from petrographic
thin section. (A-F) ooids with a concentric texture; all showing successive laminae that do not thin
outward; (G,H) deformed ooids (i.e., flattened or elongated ooids representing compactional strain).
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Figure 5. Representative scanning electron micrographs of ooids. (A) concentric ooid with a quartz
nucleus; (B) high magnification view of ooid (C) showing the acid—etch surface that reveals the micro-
crystalline aragonite; (D) ooid with a detrital carbonate nucleus at its centre and a high magnification
view. There were no clear signs of microfossils within the aragonite cortices (ara denotes aragonite,
and qtz denotes quartz).

Figure 6. (A) Normal light and (B-D) different wavelengths of fluorescent light under various
exciting light wavelengths. Note that dark laminae in ooid samples are actively responding to

exciting light wavelengths, reflecting more content of organic matter.
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Figure 7. REE+Y patterns of ooids in the western Qaidam basin, QTP.

5. Discussion
5.1. Ooid-Forming Sedimentary Environment

REE compositions of carbonate can preserve modern and ambient aqueous REE
signatures, and provide information regarding the environmental conditions in which the
carbonates formed [34-36]. In this study, the Holocene aragonitic ooids are well preserved
on the surface of a playa with very little burial diagenesis alteration. None of the ooids
samples analyzed exhibit bell-shaped REE+Y patterns (Figure 7), and a lack petrographic
evidence that would suggest substantial recrystallization; thus, there has been insignificant
to no diagenetic alteration on the ooid cortices [36]. Although minor detrital minerals
(e.g., kaolinite and muscovite) were observed in the nucleus of 0oids, it does not affect the
signal of REE that was recorded in aragonite due to the extremely low mineral contents.
In addition, the contamination from the admixed terrigenous fractions in aragonitic ooid
samples is negligible due to an insignificant relationship between the Ce anomaly and the
Mn concentrations in the studied ooids (R? = 0.01). Therefore, the REE compositions of the
Holocene aragonitic ooids reliably represent the REE compositions of the lake waters from
which they formed. Rare earth elements exist mostly in a trivalent state except for Ce and
Eu, which may also exist as Eu?t and Ce*t, respectively [33,37]. Eu and Ce are sensitive to
change in redox conditions and therefore are reliable palaeoredox indicators [38—41]. The
Eu and Ce anomalies in natural aqueous systems via redox reactions that can be presented
in the following equations:

2Eu3t 4+ 20H™ — 2Eu?t + H,0 + 0.50, (1)

2Ce3* + 3H,0 + 0.50, — 2Ce0y + 6HT )

Eu3* generally dominates except under low temperature, alkaline, and reducing envi-
ronments at Earth’s surface conditions, while Eu>* should predominate in the environment
where the temperatures are greater than around 250 °C [42]. Ce3t is oxidized to less sol-
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uble Ce** in oxic conditions, and the precipitated carbonates that precipitate under oxic
conditions always exhibit negative Ce anomalies [38,40]. Conversely, carbonates precip-
itated under reducing conditions always display normal or enriched Ce concentration,
and depleted Eu concentration (negative Eu anomalies). Carbonates always display low
Y LREE/YHREE ratios in oxic conditions and high >LREE/>HREE ratios in anoxic condi-
tions due to the light REEs being preferentially removed from oxygenated waters [39,43,44].
Overall, Ce anomalies in carbonates are around 0.4-0.5 for oxic waters and 0.9-1.0 for
anoxic waters when used as palaeo-seawater redox proxy [43,45]. In this study, the ooids
samples show a significant Eu anomaly, flat REE pattern, and a lack of negative Ce/Ce*
anomalies, suggesting that they formed in suboxic to anoxic environments. Otherwise, the
Ce/Ce* values of the ooid samples are higher than the range documented for Holocene
microbialites of well-oxygenated shallow water settings [37]. These high Ce/Ce* and pos-
itive Eu/Eu* values of ooids possibly reflect reducing conditions, and the sedimentary
environments that ooid precipitated were not influenced by the hydrothermal activity.

Ooid size (i.e., diameter) and accumulation are mainly controlled by hydrodynamic
processes, which is a reliable proxy for hydrodynamic conditions [18,46]. Both empirical
observations and experiments indicate that ooids size directly relates to current velocity
and that ooids from low energy conditions (e.g., active shoals) are smaller than those from
high energy environments [18,19,46-48]. Larger ooids are generally formed under more
agitated conditions or over a relatively longer time period [15,18,19,47]. In this study, ooid
sizes ranged from 200 to 600 yum, and the nuclei were mainly comprised of quartz grains.
In addition, well-formed, well-sorted, cross-bedded ooids may further indicate that the
ooid samples form in high-energy depositional conditions [49]. The coarse and fine sand
at the lake shore with large waves can be easily stirred up under strong hydrodynamic,
and then transient suspension in lake waters, and thus the carbonates can precipitate at the
surface of these sands [50]. We conclude that the ooids formed and accumulated during
high hydrodynamic periods and reduced lake shore conditions.

5.2. Abiotic Origin of the Ooids

The main question we aimed to ascertain in this study was if the ooids from the west
Qaidam Basin had an abiotic or biotic origin. Numerous studies suggest a biologically-
mediated process for carbonate precipitation via active and passive
mechanisms [13,16,17,51,52]. For example, Diaz et al. [13] proposed that biomediated
amorphous calcium carbonate (ACC) precipitation is a key process in ooid formation.
This biogenic process involves microbial extracellular polymeric substances (EPS) [13,52],
and the nucleation process is controlled by the biological production and degradation of
EPS, which is a bigologically-influenced mechanism (aka passive mineralization) [53,54].
Furthermore, a biologically-induced mechanism (i.e., active mineralization; e.g., sulfate-
reduction) suggests that the calcitic or aragonitic ooid formation is induced by the metabolic
activities and metabolic by-products that affect calcium carbonate saturation, e.g., increases
carbonate alkalinity and Ca2t activity [12,13,16,17,52,55,56]. In addition, laboratory experi-
ments have successfully simulated carbonate precipitates in defined spherical microbial
communities [51]. However, it is unclear if microbes are required for ooid formation or do
not play a role in carbonate precipitation when present.

Duguid et al. [11] found that the ooids from the Bahamian Archipelago contained
numerous cement-filled microborings throughout their cortices and that these had an
association with two different species of cyanobacteria, Solentia, and Hyella spp. However,
the authors concluded that microbes do not play a role in ooid formation based on stable
isotopic and trace element results [11]. There were no microborings or microfossils found
in the Qaidam Basin Holocene ooids that would have indicated the presence of microbes
during ooid formation. Nevertheless, the presence of microbes does not confirm their
role in carbonate precipitation as was the case in the study by Duguid et al. [11]. In
addition, the positive 680 values most likely suggest an authigenic crystallization process
driven by intensive evaporation of lake waters, an abiotic process. The progressive 80
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enrichment in the waters during evaporation would drive 180-enrichment during mineral
precipitation [57,58]. The §'3C values of carbonates may elucidate the abiotic or biotic
mechanisms governing their precipitation [29,52,57]. Horton et al. [59] reported a review
on globally distributed Quaternary lake carbonate stable isotopic records and modern water
isotopic compositions from western North America that suggest the isotopic fractionations
associated with lake water evaporation results in the heavy oxygen and carbon isotope
enrichment observed in most lakes and lake carbonate records. The 6'3C values of primary
carbonates in closed lakes generally ranged from —5%o to +3%o [60,61]. The positive 613C
values of ooids in this study are similar to those of hypersaline carbonates in evaporative
environments [29]; however, biologically formed ooids tend to have negative carbon
isotopes [52]. Microbial activities tend to preferentially assimilate light carbon isotopes
during microbial mineralization, and the precipitated carbonates under this condition
will be more depleted in 13C [62,63]. The organic matter formed during photosynthesis
from atmospheric CO; or HCO; dissolved in water is highly depleted in 13C due to the
plants preferentially fixing *?C, which is an indicator for the biogenic origin of carbonates.
Stiller et al. [64] suggest that significant 13C enrichment in dissolved inorganic carbon
of Dead Sea brines likely resulted from Rayleigh distillation of volatile CO» under acidic
conditions; however, this process is ineffective in an environment with authigenic carbonate
formation [65]. Otherwise, microscopic observations of the ooids show no microfossils or
other indication of microbial activity (Figure 5). Margolis and W.Rex [66] also suggested
that microbes did not directly relate to aragonitic ooid formation. In the absence of an
efficient carbonate-inducing metabolic pathway, we suggest that microorganisms did not
play an active role in aragonitic ooids formation. In addition, modern aragonitic ooids are
always found in the environment where CaCO3 precipitation was driven by the strong loss
of CO3 from warm and shallow waters [15], which thus leads to a high S13C value of ooids.
The parallel increase in 613C and 680 values of the ooids suggest an evaporation process
associated with CO, degassing, and ooid formation occurring abiotically by increasing
alkalinity in a highly evaporative environment.

5.3. Depositional Model for Abiotic Ooids in the Qaidam Basin

In generally, the growth of ooid carbonate cortices occurs in three stages: suspension
growth, resting, and sleeping stages [16]. Alternatively, Duguid et al. [11] suggested
two life stages: an active stage and a stationary stage. The authors suggest that ooid
formation possibly involves the initial precipitation of ACC in the form of microspherules
that precipitate on ooid surfaces that transform into aragonite needles typical of tangential
ooids [11,16] (Figure 8). During the active stage, the coarse and fine sand at the lake shore
can be easily stirred up under strong hydrodynamic conditions. The transient suspension
of sediment in lake waters, and then the carbonates, possibly beginning as an ACC veneer,
can precipitate at the surface of these sands. Under this condition, ooid growth occurs at
the sediment-water interface, while ooids roll in response to the turbulent hydrodynamic
conditions [2,11,14,15,19,67]. The deposition rate of carbonate particles is accelerated at this
stage, and the CaCOg saturated waters precipitated around the irregular dark laminae of the
ooids, forming the light laminae that primarily consist of microspary carbonate. Then, the
ACC transforms into aragonite during the stationary stage, and it is not necessary for ooids
to be buried in the subsurface for recrystallization, which was the so-called “sleeping stage”
in the model proposed by Davies et al. [16]. Recrystallization of ACC in the stationary stage
allows the growth of delicate, radially oriented crystals. The crystallization of aragonite
with both abiotic and biotic origin is usually proceeded by the formation and subsequent
transformation of ACC [68-70]. Morse et al. [70] observed ACC precipitating on grain
surface, and Diaz et al. [13] confirmed the presence of ACC in ooids by the methods of
of 3C'H crosspolarization magic-angle spinning nuclear magnetic resonance (CPMAS-
NMR) and SEM observations. However, the precipitation of ACC always requires more
stringent conditions (e.g., extremely high calcium contents) without bacterial-induced
precipitation [69,71], and no ACC was observed in this study.
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Although there are numerous studies suggesting a microbial role in ooids formation,
an abiotic origin emphasizes that the ooid cortices directly precipitate on a nucleus from
supersaturated solution with respect to CaCO3 under the turbulent condition [11,15]. This
proposed abiotic mode requires (i) the presence of a nucleus, (ii) water that is supersaturated
with respect to calcium carbonate, and (iii) a relatively turbulent environment [11,15,19,72].
In addition, Sorby [73] proposed a "snowbeall theory" in which ooids are abiotically formed,
but organic coatings act as adhesive agents. Similarly, Davies et al. [16] and Bathurst [1]
suggested an inorganic precipitation process of ooids via organic surface reactivation.
Furthermore, Suess et al. [74] suggested the humic acid dissolved in solution promoted the
precipitation of aragonitic ooids. However, radial-concentric ooids have been successfully
developed from supersaturated solutions in turbulence environments without any organic
contributions [15]. In this study, the dark laminae in ooids samples actively respond to
exciting light, but non- and very weak fluorescence within light laminae (Figure 6), which
most likely resulted from the presence of trapped aromatic hydrocarbons in the ooid
cortices [75], probably indicating the potential role of organic matter in the formation of the
aragonitic ooids.

&
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Figure 8. Proposed depositional model for ooids in this study. (A) Conceptual diagram illustrating
abiotic ooid formation process in an alkaline lake resulting in positive §13C and 6'80 values; (B) coarse
and fine sand is stirred up as a transient suspension in lake waters. Ooid cortices directly precipitate
on a nucleus from waters supersaturated with respect to aragonite in a turbulent environment; (C) the
tangential aragonite crystals (usually minute needle-like) are broken, flattened, and smoothed due
to turbulence.
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Aragonite and calcite are common carbonate minerals in alkaline lakes; however,
their precipitation is the result of complex factors, such as lake water chemistry, ionic
interactions, temperature, environment, and EPS in addition to kinetic microbial pro-
cesses [53,55,57,58,68,76,77]. In this study, there is no evidence of microorganisms partici-
pating in the ooid formation or the presence of microbial biofilms (Figure 5), suggesting
that microorganisms likely do not significantly contribute to carbonate saturation in the
lake. Thus, the abiotic origin of ooids was considered certain, and, although we can not
fully exclude any biological influences, abiotic processes are likely the main drivers in ooid
formation in this environment. Alkalinity is the dominant factor controlling carbonate
precipitation in addition to the content of Ca®* and Mg?*, which could be continuously
enriched by intensive evaporation before carbonate precipitation [77,78]. However, temper-
ature and the Mg/Ca ratios are the two controlling factors on CaCO3 mineralogy [53,79].
The precipitation of calcite and aragonite is strongly associated with the Mg/Ca ratios, and
increasing Mg/Ca ratio in solution will inhibit calcite formation due to the high kinetic bar-
rier of Mg dehydration, resulting in only aragonite precipitation [76,80-83]. Past seawater
chemistry modeling indicates a switch from a calcite sea to aragonite sea during a time
when the Mg/Ca value ranged from 1 to 2 [80]. In addition, experimental studies have
shown that aragonite tends to precipitate instead of calcite at an Mg/Ca ratio of greater
than ~1.3 [81]. Microbial activity /byproducts, such as polysaccharides, EPS, and possibly
amino acids, can promote calcite formation at high Mg/Ca conditions [84,85]. However, in
the case of abiotic synthesis, the dissolved silica appears to be the only compound known
so far that can promote calcite formation when Mg/Ca ratios are high [84]. Otherwise, the
giant ooids in Neoproterozoic were thought to form under an extreme warmth environ-
ment (>35 °C) [86]. The occurrence of giant ooids in the Cambrian and Lower Triassic is
closely related to the aragonite and/or bimineralic seas and elevated sea-surface temper-
ature [87-90]. The supersaturation of lake water with respect to aragonite was promoted
by the increasing evaporation and high Mg/Ca ratio, which are most like regulated by
seasonal changes in water chemistry [53,91].

The substructures of ooids most likely resulted from the variable water
turbulence [11,15,16]. The radial-fibrous ooids generally occur in quiet or poorly agitated
environments, while radial-concentric ooids develop essentially in high-energy environ-
ments [11,15,16,92,93]. Most of the ooids in this study are made of a concentric structure
and are attributed to nearly continuous bottom agitation in a supersaturated water environ-
ment [15]. In high-energy environments (e.g., lake shore), coarse and fine sand was easily
stirred up, and then transient suspension in lake waters as the nucleus of ooids. The nucleus
of ooids in this study was mainly quartz with minor feldspar and clays (Figures 3 and 5).
Aragonite precipitates on the surface of the nucleus under hydrochemical conditions favor-
ing its precipitation with the nucleus being any small solid particle (e.g., sand grain, piece
of shell, etc.). Finally, the tangential aragonite crystals are broken, flattened, and smoothed
in the turbulence environment. However, in this study, the tangential aragonite crystal
(usually minute needle-like) can be observed clearly around the nucleus, indicating the
aragonite nucleation and growth quickly in the supersaturated condition.

6. Conclusions

The well-preserved lacustrine aragonitic ooids occur in a playa of the west Qaidam
Basin, Western QTP, and provide new insights into the origin and formation processes of
carbonate ooids. Radiocarbon dating suggests the exact dates of ooid formation are around
5377 £ 61 cal BP based on radiocarbon dating. Microscopic and mineralogical analyses
revealed that ooid cortices were composed of microcrystalline aragonite, with most nuclei
being quartz grains. Furthermore, cortices did not contain any microfossils or remnants of
microbial activity. Stable carbon and oxygen isotopic data also support inorganic aragonite
precipitation with microbes not playing a primary role in the ooid formation. High 'C and
6180 values signature of ooid samples suggest a supergene formation in which authigenic
aragonite crystallization from evaporating water is the dominant precipitation process. The
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negligible Ce anomalies and negative Eu anomalies of the ooids indicated a predominantly
reducing environment for ooid formation without any contribution from hydrothermal
activity. Overall, our findings suggest that aragonite ooids with abiotic origin form in a
turbulent and aragonite-supersaturated environment (e.g., high Mg/Ca ratio).
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