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Ooids are coated carbonate grains, which exist in shallow water marine and lacustrine
environments. There is an ongoing debate about whether the origin of ooids is inorganic or
organic. Qinghai Lake is the largest inland lake in China, and ooids are seen on the lake
shore. This paper focuses on whether environmental energy has an impact on the growth
and size of ooids. Through hydrochemical analysis, thin section observation, and scanning
electron microscope, the carbonate coats of beach sands from Qinghai Lake were
studied. The research shows that the carbonate-coated grain content from the
different shores of the lake present variations. The hydrodynamics and particularly the
waves seem to control the distribution of carbonate coats in the lake shore, not the
hydrochemical condition. In addition, the integrity and thickness of carbonate coats from
the shores with a strong hydrodynamic force are high and thick, respectively. The
carbonate coats are often observed on medium-grained sands, and the maximum
carbonate-coated grain occurred under the strongest waves, indicating that ooids can
be produced only when hydrodynamic force and particle size are well matched. Bacteria or
extracellular polymeric substances are not observed within the ooid cortices by scanning
electron microscopy. So, bacteria may not be a major factor in the formation and growth of
ooids, but hydrodynamic forces appear to play a great role in carbonate grain coat
distribution, integrity, thickness, and ooid grain size.
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INTRODUCTION

Ooids are poorly to well-developed cortices accreted around a nucleus, which are found in both
ancient and modern sedimentary environments (Ball, 1967; Harris et al., 1979; Beukes, 1983;
Simonson and Jarvis, 1993; Li et al., 2013; Liu et al., 2021). Ooids have been used as paleoclimatic and
paleoceanographic proxies for sea level, redox state, water depth, temperature, salinity, and
hydrodynamic environment (Kump and Hine, 1986; Opdyke and Wilkinson, 1990; Lu et al.,
2020). It has been debated for over a hundred years whether the formation of ooids is inorganic
or organic. The most widely accepted ooid genesis is that ooids are inorganic carbonates formed by
chemical precipitation from shallow, warm, carbonate-saturated, and agitated water (Davies et al.,
1978; Tucker and Wright, 1990; Sumner and Grotzinger, 1993; Duguid et al., 2010; Trower et al.,
2017). Field and laboratory studies suggest that tangential ooids are inorganic precipitated during
agitated conditions, whereas radial ooids are formed in quiet water with the participation of organic
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matter (Kahle, 1974; Davies and Martin, 1976; Davies et al., 1978;
Diaz and Eberli, 2019). Microbes may be a key role in the
formation of ooids. Metabolic activities of microbes induce pH
changes resulting in precipitation and extracellular polymeric
substances (EPS) providing nucleation sites for carbonate mineral
growth (Dupraz and Visscher, 2005; Diaz and Eberli, 2019).
Photosynthetic microbes not only dominate carbonate
precipitation in the early stages of ooids but also control the
formation of the entire cortex in ooids from Lake Geneva (Plée
et al., 2008; Pacton et al., 2012). Microorganisms are found to be
important in the formation of ooids. However, Trower et al.
(2017) demonstrated that the physical environment is more
important generally in controlling ooid growth in laboratory
experiments. The size of ooids is determined by a balance
between growth by chemical precipitation and erosion by
abrasion (Trower et al., 2017; Sipos et al., 2018). This oratory
result lacks validation with field data (Diaz and Eberli, 2019).
Ariztegui et al. (2012) also showed a little influence of
environmental energy on the size and form of the ooids in
western Lake Geneva, Switzerland. So, whether the
environmental energy has an impact on the growth of ooids
needs more field data.

Most of the studies on modern ooids are concentrated in the
ocean especially the Bahamian archipelago, which have been
extensively studied (Ball, 1967; Harris et al., 1979; Wanless
and Tedesco, 1993; Rankey et al., 2006; Harris et al., 2011).
Besides the ocean, ooids are also found in lakes, such as the
Great Salt Lake, Utah (Kahle, 1974; Halley, 1977), Pyramid Lake,
Nevada (Popp and Wilkinson, 1983), Higgins Lake, Michigan
(Wilkinson et al., 1980), and Lake Geneva, Switzerland (Davaud
and Girardclos, 2001; Plée et al., 2008; Pacton et al., 2012). Most
of these lacustrine ooids show a smaller size compared with the

ocean and some particles with discontinuous or patchy micritic
coatings (Davaud and Girardclos, 2001). In the Qinghai Lake
located in the northeastern Tibetan Plateau (Figure 1), aragonitic
ooids are found in the eastern lake shore (LZIG, 1979). However,
further works about the origin, distribution, and morphology of
ooids in Qinghai Lake have not been studied. The aims of this
paper are to describe the distribution of the coated grains in
Qinghai Lake and analyze the factors controlling their
distribution and growth, especially environmental energy.

Study area
Qinghai Lake is the largest inland saltwater lake in China, which
is located in the northeastern Tibetan Plateau (36°32′–37°15′N,
99°36′–100°47′E) (Figure 1). It is a closed lake with an area of
4,400 km2 and a catchment area of ca 2.96 × 104 km2 (Fan et al.,
1994). The salinity is from 12.25 to 13.2 g/L, and the south of the
lake is higher than the northern lake (LZIG, 1979). The lake
transformed from open to close due to the tectonic uplift of the
Riyue Mountains during the Middle to Late Pleistocene (Li and
Fang, 1999; Yuan et al., 1990). Qinghai Lake is situated in a
semiarid area influenced by the East Asian monsoon, Indian
monsoon, and westerly winds (An et al., 2012). The average
annual temperature is −0.7°C, and the average water depth is 21 m
in the lake (Fan et al., 1994). The main rivers flowing into Qinghai
Lake are Buha River, Quanji River, Shaliu River, Haergai River,
and Heima River, and the other rivers are small and seasonal
(Figure 1) (LZIG, 1979; Li et al., 2007). The two meteorological
stations Eri and Yl are located in the north and south of the lake,
respectively (Figure 1). Eri Station located in the northern lake
displays a bidirectional wind regime, and the wind predominantly
blows from ESE and NE. The mean wind speed is 4.6 m/s (Hu
et al., 2021). The prevailing winds at Yl Station located in the

FIGURE 1 | Location of the study area (satellite data taken from Google Earth).
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southern lake are from NNE and NE, and the mean wind speed is
3.7 m/s (Li et al., 2016, Li et al., 2018; Li, 2020). Wave height and
length in coastal systems correspond to wind speed and fetch in
lakes. Annual average wave height of Qinghai Lake is from 0.2 to
0.4 m according to the wind speed from 2.8 to 4.1 m/s (Zhang
et al., 2018). Based on the wind data, it shows that the
hydrodynamics of the northern lake are stronger than the
southern lake. Two lagoons are distributed on the east coast of
the lake, named Erhai and Gahai, respectively (Figure1). There
are rivers flowing into Erhai, while Gahai is a closed lagoon. The
area of Erhai and Gahai are 4 and 12 km2, respectively. The
maximum depths of the lagoon are from 4 to 5 m (LZIG, 1979).
Due to the small area and shallow water depth, the waves formed
in the lagoon are small. Beach deposits occur mostly along the
coast of the lake and lagoons.

METHODS

A total of 31 water and sediment samples are collected from the
lake and rivers. Among them, 10 samples are distributed in 10
rivers, 17 samples from 6 beaches of a lake (DS, HX, JH, LD, LN,
QU), and 4 in the beaches of two lagoons (Figure 1 and Table 1).
All water samples were filtered by 0.45-μm membranes. The

bottles were rinsed twice with deionized water and local water
before sampling. The concentrations of major cations and anions
were detected by ICP–OES (OPTIMA 8000, PerkinElmer) and
ion chromatography (ECO IC, Metrohm), respectively.
Carbonate and bicarbonate ions were measured by titration
method according to the geological and mineral industry
standard of the People’s Republic of China (DZ/T 0064.49-93:
Groundwater quality analysis methods Part 49: Determination of
carbonate, bicarbonate and hydroxide ions—Titration method).
pH values were measured with handheld meters (SX-620; Sanxin,
China). Sixteen sediment samples were selected from eight rivers,
six beaches of lake and two lagoons for thin sections. The samples
were obtained under polarization microscope with the photo-
collecting system. The grains with carbonate coats are mostly
smaller than 500 μm. On the basis of the analysis of thin sections,
eight sediment samples with carbonate coats were selected and
sieved less than 500 μm for scanning electronic microscopy
(SEM) analysis. The samples were impregnated with epoxy
resin for thin sections with a diameter of 1 cm and a thickness
of 3 mm. The thin sections were mounted on an aluminum stub
and coated with carbon to render them conductive. Samples were
imaged using a Zeiss MERLIN Compact FESEM. The grain size
and carbonate-coated thickness in every photomicrograph by
SEM was obtained using the ImageJ software. The roundness of

TABLE 1 | Hydrochemical properties and major chemical constituents of water samples from the study area (ionic concentrations in mg/L).

Sample
type

Sample Ca2+ K+ Mg2+ Na+ Cl− SO4
2- CO3

2- HCO3
− pH S

River BHH 38.75 1.98 15.66 30.00 32.39 53.62 2.89 176.10 8.21 -
DTH 66.96 7.17 36.96 99.33 132.48 72.30 17.32 346.34 8.43 -
HEG 56.43 1.88 22.69 31.35 14.58 43.29 17.32 193.71 8.37 -
HMH 29.58 3.25 13.38 52.17 30.02 22.77 5.77 205.45 8.44 -
JHH1 74.55 2.58 9.73 32.58 20.01 29.94 5.77 217.19 8.38 -
JHH2 55.62 3.66 7.75 30.51 22.77 22.86 5.77 146.75 8.30 -
LNH1 78.00 2.02 21.21 42.63 48.69 28.29 5.77 281.77 8.32 -
LNH2 72.39 3.45 18.00 39.66 43.41 45.06 8.66 211.32 8.34 -
QJH 62.88 2.24 13.35 32.04 23.73 26.64 5.77 199.58 8.36 -
SLH 27.00 1.89 14.99 75.33 35.94 96.24 5.77 187.84 8.37 -

Lake DS1 8.23 160.56 688.20 2,480.54 4,602.00 1,922.40 288.70 851.17 8.87 11.84
DS2 7.23 160.62 706.20 2,490.48 4,765.80 1,960.20 288.70 851.17 8.86 10.18
HX1 6.38 156.72 679.80 2,830.22 4,486.80 1,860.60 317.57 836.49 8.94 10.02
HX2 7.87 162.00 721.20 2,903.49 5,092.20 2,148.60 317.57 821.82 8.95 11.34
HX3 8.26 142.20 607.20 2,568.00 4,066.20 1,710.00 317.57 821.82 8.91 14.20
JH1 6.59 118.32 472.20 2,247.76 3,290.40 1,396.20 288.70 777.79 8.90 12.43
JH2 6.58 119.40 452.80 2,264.74 2,079.00 931.20 303.13 719.09 8.98 15.58
LD1 9.54 104.04 430.50 2,118.60 3,911.40 1,639.20 274.26 704.41 9.04 16.35
LD2 9.35 127.44 505.74 2,192.40 2,698.20 1,171.20 274.26 645.71 9.00 18.04
LD3 10.15 121.50 530.58 2,176.20 3,381.60 1,430.40 274.26 645.71 9.02 17.71
LN1 7.08 192.72 765.60 2,725.00 4,813.80 1,971.00 346.44 763.12 8.99 11.40
LN2 5.44 164.52 738.00 2,390.94 4,686.60 1,899.00 360.87 733.77 9.03 9.55
LN3 7.48 113.28 486.54 1,936.80 3,057.00 1,261.20 245.39 851.17 8.84 12.71
QU1 9.14 107.58 459.30 1,792.20 2,878.80 1,182.60 332.00 821.82 8.96 21.76
QU2 5.67 132.96 577.74 2,364.00 3,531.00 1,447.80 332.00 821.82 8.94 11.20
QU3 9.31 125.82 520.38 2,183.40 3,816.00 1,609.20 317.57 821.82 8.97 17.58
QU4 5.99 117.00 507.12 2,067.60 3,292.20 1,380.60 346.44 821.82 8.95 13.35

Lagoon EH1 24.19 13.32 76.14 273.06 120.84 57.78 34.64 363.95 8.63 25.86
EH2 35.20 11.95 60.20 226.66 186.12 112.14 28.87 363.95 8.43 30.97
GH1 13.89 405.33 985.86 6,780.89 10,160.40 4,645.80 433.04 807.14 8.89 14.01
GH2 13.21 442.87 1,154.17 6,986.84 8,295.60 3,856.80 447.48 792.47 8.90 14.72

Note. S, calcium carbonate supersaturation value.
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the grains with carbonate coats was classified as 1 (angular), 2
(sub-angular), 3 (sub-rounded), 4 (rounded), and 5 (very
rounded) using the scale from the petroleum and natural gas
industry standards of the People’s Republic of China (SY/T 5368-
2016: Identification for thin section of rocks). The proportion of
carbonate coat covering the grain surface was described by a
semiquantitative approach, from 1 (10% grain surface) to 10
(100% of grain surface).

RESULTS

Hydrochemical characteristics of water
Hydrochemical data of water samples are presented in Table 1. It
shows that the concentrations of most ions in lakes are generally
higher than those in rivers, except calcium ion. The
concentrations of ions in a lagoon with river inflow (EH1 and
EH2) are between those of lakes and rivers (Table 1). Water
samples in the closed lagoon (Gahai) present the highest the
concentrations of ions in this study area. Figure 2 shows the Piper
diagram plot for the study area. Water samples are classified as
two different water types. The hydrochemical types of most
waters in the rivers are HCO3–Ca·Na type. Water samples
from the lake and closed lagoon present the Cl–Na type.
Water samples of a lagoon with a river inflow show the
HCO3–Na type. The pH values in the rivers range 8.21–8.44.
The lake water samples present higher pH values, from 8.84 to

9.04 (Table 1). For the lagoons, one with a river inflow shows
lower pH values than the other.

Characteristics of carbonate coats
Through thin section observation, carbonate coats are found in
lake and lagoon sediments, while there are no carbonate coats on
grains in river sediments (Figure 3A). Carbonate coats cover
diverse framework grains (e.g., quartz, feldspars, heavy minerals,
lithic fragments, and carbonates) in different samples, reflecting
the nature of the source areas. Some particles exhibit patchy or
discontinuous coatings, and other grains present continuous
cortices with poorly developed concentric laminae (Figures
3B–D), similar to lacustrine ooids described from Lake
Geneva (Davaud and Girardclos, 2001). Scanning electron
microscopy analyses reveal needle-columnar and anhedral
crystals within the cortices (Figures 3E,F). The number of
particles with carbonate coats, the degree of carbonate coat
coverage, and thickness of coats are highly variable in the
sediments. The carbonate coat thickness, coverage, particle
size, and roundness of nine sediment samples from lakes and
lagoons were statistically analyzed (Table 2). In total, 117 to 242
grains were counted to identify whether carbonate coats are
developed in the samples. The sediment samples show
significant differences in the percentage of particles with
carbonate coats. The lagoon sediments have low values of
15.3% and 15.8% (Table 2). Compared with lagoons, the
percentage of particles with carbonate coats in the lake

FIGURE 2 | Piper diagram plot for the study area (Piper, 1944).
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sediments have higher values, but there are also differences
between the northern and southern parts of the lake. In the
northern lake, the percentage of particles with carbonate coats
ranges from 26.1% to 43.1%. The particles with carbonate coat
percentages of two samples in the south of the lake are 20.7% and
29.0%, respectively (Table 2).

The grain sizes of all samples display mean values ranging
from 173.7 to 303.5 μm (Table 2). The sediments of samples
belong to fine sand (125–250 μm) and medium sand
(250–500 μm). DS2 and HX4 consist of fine sand (Figure 4A).
LN3 and EH1 are mainly medium sand (Figure 4A). The other

samples include fine sand and medium sand (Figure 4A). To the
particles with carbonate coats, they are mainly distributed in the
coarser part of the samples (Figure 4B). The grain size of the
particles with carbonate coats from the samples presents mean
values ranging from 178.8 to 372.3 μm (Table 2). The particles
with carbonate coats are mainly composed of medium sand
except samples DS2 and HX4 (Figure 4B).

The roundness of the particles with carbonate coats shows
mean values ranging from 2.9 to 3.9 (Table 2). The particle
roundness from QU4 and EH1 present sub-angular to rounded.
The other samples are mainly sub-rounded to even very rounded

FIGURE 3 | Representative microphotographs under optical microscope and scanning electronic microscopy (SEM) showing the textural characteristics of
carbonate coats within the study area. (A) Photomicrograph of the sand sediments from Buha River. (B) Photomicrograph of the sample QU4, CC-carbonate coat. (C)
SEM image of the sample HX4. (D) SEM image of the sample LD1. (E) SEM image reveals needle-columnar crystals within the cortices. NCC, needle-columnar crystals.
(F) SEM image reveals anhedral crystals within the cortices. AC, anhedral crystals.
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(Figure 4D). With the increase in carbonate coat content, the
roundness has a little variation (Figure 5A). The proportion
mean values of carbonate coat covering the grain surface are from
4.9 to 7.7 (Table 2). EH1 and GH1 samples show low carbonate
coat covering the grain surface, while other samples present high
covering, especially the samples from the north of the lake
(Figure 4C). The carbonate coat thickness of the samples
present a mean value ranging from 11.4 to 18.8 μm (Table 2),
and are mostly less than 20 μm (Figure 4E).

DISCUSSION

Carbonate coat formation conditions
Carbonate supersaturation is the main factor controlling the
distribution of ooid sands (Rankey and Reeder, 2009). When
the content of a certain mineral in water reaches saturation,
precipitation can occur. By calculating the supersaturation value
of calcium carbonate, Qinghai Lake and its lagoons are in a
supersaturated state (LZIG, 1979). Chemically formed micritic
carbonate minerals, like high-Mg calcite and aragonite, are
about 1–15 μm and are found in the upper 10 m water of
Qinghai Lake and at the bottom of the lake, while they are not
found in the lake shore (LZIG, 1979; Jin et al., 2013). Due to the
strong hydrodynamic force at the lake shore (maximum wave
height ranging from1.8 to 3.3 m), the microcrystalline carbonate
was transported from the lake shore to the deep lake (LZIG, 1979;
Zhang et al., 2018). Previous studies mainly collected the water in
the deeper part of the lake to calculate the supersaturation value of
calcium carbonate, and whether it has reached supersaturation for
the lake shore (LZIG, 1979). According to the same method from
LZIG (1979), we calculate the supersaturation value of calcium
carbonate from the lake shore. Both Qinghai Lake and lagoon
shores are greater than 1 (Table 1), although the values presented
are different, indicating that calcium carbonate minerals can also
be precipitated in the water of the lake shore. Moreover, it can be
observed from the thin section that the sediments of the river are
not carbonate coats, so the carbonate coats of the sediments in the
lake and lagoons should be self-generated rather than imported
from rivers. Therefore, part of the microcrystalline carbonate is
transported to the deep lake by backwash from waves, and the
other part covered with particles formed the carbonate coats.

Though strong hydrodynamics can take microcrystalline
carbonate away from the lake shore to the deep lake, it is the
essential condition to form the carbonate coats (Davies et al., 1978).
Field studies and laboratory experiments suggest that agitation and
supersaturation are two important conditions in the formation of
ooids (Broecker and Takahashi, 1966; Davies et al., 1978). Sediments
in this study are collected from the lake shores with strong
hydrodynamics due to wind waves. Sands are introduced into
turbulent supersaturated lake water by the strong
hydrodynamics, and inorganic extremely small calcium carbonate
crystal aggregates precipitate on their surfaces (Davies et al., 1978).
Sedimentary particles with the same lake shore environment should
have a similar behavior. However, not each particle has carbonate
coats in the study area, and the highest percentage of particles with
carbonate coats is only 43.1% at the lake shore (Table 2), which
shows a complexity of the carbonate coat formation.

Grain size effect on carbonate coat growth
The carbonate coats have often been observed around medium-
grained sand, which are the coarser sand fraction in the sediments
(Figure 4BandTable 1). Carbonate-coat growth requires three
stages: suspension growth, resting, and sleeping stages (Davies
et al., 1978). In the same sedimentary hydrodynamic condition, the
different-sized grains experience different transport types, such as
grain flow, saltation, and suspension (Hao et al., 2019). At the lake
shore, where the large wave occurs, the strong hydrodynamics can
stir up the coarse and fine sand leading to transient suspension.
When the hydrodynamics becomeweaker, the coarser sand deposit
on the lake bed, but the fine sandmay be still suspended. So the fine
sand only remains a short time on the lake bed, which means that
the fine sand lack the resting and sleeping stages of the carbonate
coat growth. Moreover, the carbonate coat growth needs to spend
95% of its life in the subsurface (Davies et al., 1978). In this area, the
coarse sediment is mixed with fine sediment; the critical shear
stress to mobilize the coarse sediment decreases due to exposure
effects (McCarron et al., 2019). At the weak wave condition, the
coarse sediment may be stirred up, and the calcium carbonate
crystal aggregates will precipitate on their surfaces. This may be the
reason why the carbonate coats are often observed on medium-
grained sand and rarely on fine sand in this study area. This also
could explain the maximum carbonate-coated grain (mean grain
size of 372.3 μm, Table 2) occurring in the northeast lake shore

TABLE 2 | Data table for the samples from the lake and lagoon.

Sampling
location

Sample N1 N2 P D1 D2 R I T

South of the lake QU4 184 38 20.7 233.9 290.0 3.0 5.8 15.4
DS2 214 62 29.0 173.7 198.8 3.6 6.8 11.6

North of the lake HX4 230 60 26.1 185.9 210.7 3.8 7.0 11.4
JH2 242 88 36.4 222.5 276.2 3.6 7.7 12.8
LD1 117 44 37.6 281.2 372.3 3.5 7.7 18.8
LN3 209 90 43.1 277.1 336.1 3.6 7.5 13.3

Lagoon EH1 124 19 15.3 303.5 321.5 2.9 4.9 12.5
GH1 152 24 15.8 277.9 328.5 3.9 6.5 16.7

Note. N1, number of all grains; N2, number of coated grains; P, proportion of coated grains (%); D1, average size of all grains (μm); D2, average size of coated grains (μm); R, coated grain
rounded (μm); I, carbonate coat integrity; T, carbonate coat thickness (μm).
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with the strongest waves (Zhang et al., 2018). In a unimodal
mixture, coarse sediment requires a high critical shear stress to
be mobilized, while the fine unimodal sediment is readily mobile at
a low critical shear stress (McCarron et al., 2019). If the lake shore is
mainly composed of fine sediments and has strong hydrodynamic
force, it is likely that the carbonate coats will not be produced due
to the lack of resting and sleeping stages. On the contrary, if the
sediments are mainly composed of coarse sediments, and the
hydrodynamic force is very weak, it is likely that the carbonate
coats will not form as the grains cannot be suspended. Therefore,
carbonate coats can be produced only when the hydrodynamic
force and the particle size are well matched. Due to the hiding-

exposure effect, the relationship between the hydrodynamic force
and the particle size will get more complex (McCarron et al., 2019).

Hydrodynamic effect on carbonate coat
distribution
The agitation and supersaturation are two important conditions
in the formation of the carbonate coats, so which factor leads to
the difference of the proportions of particles with carbonate
coats? In the two lagoons, the proportions of particles with
carbonate coats are similar values, but the hydrochemical
conditions show great distinction presenting the Cl–Na type

FIGURE 4 | Results for grain and carbonate coat characteristics for the samples from the lake and lagoon. (A) Results for all grain sizes in the samples from the lake
and lagoon. (B) Results for coated grain sizes in the samples from the lake and lagoon. (C) Results for coating integrity in the samples from the lake and lagoon. (D)
Results for grain rounded in the samples from the lake and lagoon. (E) Results for coating thickness in the samples from the lake and lagoon.
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and HCO3–Na type (Figure 2andTables 1 and 2). For the lake, it
shows a similar hydrochemical condition in the different lake
shores, while the proportions of particles with carbonate coats
present a difference (Figure 2andTables 1 and 2). Therefore,
when the water in the different environments reaches carbonate
supersaturation, the hydrochemical condition is not the major
factor for controlling the distribution of carbonate coats.

The distribution of carbonate coats could be strongly linked to
the location of the hydrodynamics. The fact that the two lagoons
have similar small waves could explain the similar low
proportions of particles with carbonate coats (Table 2). Lakes
with stronger hydrodynamic forces have more proportions of
particles with carbonate coats than lagoons (Table 2). The
strength of waves varies at different locations of the lake
(Zhang et al., 2018; Li, 2020; Hu et al., 2021). The north of
the lake has an open lake surface and strong winds, which can
produce larger waves, so the proportions of particles with
carbonate coats in the north lake shore except the sample
HX1 are higher than those in the south lake shore (Table 2).
Sample HX1 is located in the lake bay of the northern lake with
weak waves, so it has a lower proportion of particles with
carbonate coats than the other north lake shore samples.
There is a good correlation between the hydrodynamics and
the proportions of particles with carbonate coats. Therefore, the

hydrodynamics, and particularly the waves, are interpreted to be
major factors controlling the distribution of carbonate coats in a
similar sedimentary environment.

Hydrodynamic effect on carbonate coat
integrity
The abundance of coated grains was compared with grain coating
integrity (Figure 5B), which shows a strong correlation. This
suggests that the stronger the hydrodynamic force is on the lake
shore, the higher the integrity of coats. In observations from SEM,
calcium carbonate crystal is generally found in the pit, on the low-
coated covering grains (Figure 3B). Carbonate coats are initially
precipitated in pits on the grain surfaces. When the pits are filled,
the calcium carbonate crystal starts to cover other grain surfaces.
Under weak hydrodynamic conditions, coarse particles are easy
to suspend due to exposure effect, but there is a short time stay in
the suspended stage due to their weight, which leads to the
calcium carbon crystal only settling in small pits. In the lake
shores with strong hydrodynamic forces, coarse particles can be
constantly suspended, and the rate of calcium carbon
microcrystalline precipitation on the grain surface is greater,
leading to the particles being completely covered by calcium
carbon crystal. In addition, the particles with a higher integrity of

FIGURE 5 | Correlation between coated grain content and carbonate coat characteristics. (A)Cross-plot of grain rounded versus coated grain content. (B)Cross-
plot of coating integrity versus coated grain content. (C) Cross-plot of coating integrity versus grain rounded. (D) Cross-plot of coating thickness versus coated grain
content.
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precipitated carbonate coats also have the better roundness
(Figures 3Dand5C). Because the rounded particles are easy to
be rolled in turbulent conditions, it is more conducive to the
precipitation of microcrystalline carbonate in the
suspension stage.

Hydrodynamic effect on carbonate coat
thickness
The carbonate coat thickness has a weak correlation with the coated
grain content, displaying that the low-coated grain content has a
larger coat thickness (Figure 5D). On the lake shore with less-coated
grain content, the carbonate is generally developed in pits of
particles and covers less of the particle surface, and the thickness
of the completely covered carbonate coats present is thin (Figures
3B, C). When measuring the carbonate coat thickness in the lake
shore with the low-coated grain content, the depth of most pits was
measured representing the thickness of the carbonate coats due to it
rarely completely covering the grain surface, which leads to a large
thickness of the carbonate coats in this lake shore. In the lake shore
with more coated grain content, there are more particles completely
covered with carbonate coats (Figure 3D), and the statistical
thickness is mostly the thickness of the carbonate rings, not the
depth of the pits. Different statistical methods lead to a higher
carbonate coat thickness values in the lake shore with the low-coated
grain content. If the thickness of the completely covered carbonate
coats were only counted in all the samples, there should be a good
positive correlation between the carbonate coat thickness and the
coated grain content. The particles from the lake shore with strong
waves can be stirred up many times and undergo several carbonate
microcrystalline precipitation cycles, resulting in an increase in
carbonate coat thickness. So, the hydrodynamic force on the lake
shore can affect the thickness of the carbonate coats.When ooids are
near a dynamic equilibrium size dependent upon precipitation and
abrasion, ooid growth would cease (Trower et al., 2017).

Beach rock deposits exist in the shoreline of Qinghai Lake, and
microorganisms are found in the carbonate cement of beach rock
(Li, 2003; Chen et al., 2019). The grain cortices also develop in the
beach rocks, which are disposed radially. Radial ooids are
generally formed in quiet water with the bacteria (Davies
et al., 1978). Therefore, microorganisms play an important
role in the formation of cortices in this beach rocks. Recent
studies have shown that microorganisms are found more and
more important in the ooid formation (Diaz et al., 2015; Diaz
et al., 2017). In this study, the ooids show tangential differences
with those in the beach rocks, and bacteria or EPS are not
observed within ooid cortices by SEM. Therefore, whether
bacteria are involved in the formation of ooids needs more
analytical methods to study in the future, but it is certain that
hydrodynamic forces play a great role in carbonate grain coat
distribution, integrity, thickness, and ooid grain size.

CONCLUSION

1. Qinghai Lake has the hydrochemical and hydrodynamic
conditions for the formation of ooids. Carbonate coats are

found in different lake shores and lagoons, which show thin
cortices and even some particles with discontinuous or patchy
coatings.

2. Carbonate-coated grain content presents variations in
different locations in the lake. The hydrochemical condition
is not the major factor but the hydrodynamics, and
particularly, the wave characters seem to control the
distribution of carbonate coats in the similar sedimentary
environment.

3. The carbonate coats are often observed on medium-grained
sand and rarely on fine sand in this study area, and the
maximum carbonate-coated grain occurred under the
strongest waves. Carbonate coats can be produced only when
the hydrodynamic force and particle size are well matched.

4. The strong hydrodynamic force on the lake shore induces
higher integrity and thickness of sand coats. Hydrodynamics is
not only one of the important conditions for the formation of
the carbonate coats but also has a significant effect on
carbonate grain coat distribution, integrity, thickness, and
carbonate coat grain size.

5. Bacteria or EPS are not observed within ooid cortices. The
bacteria are not the main factor, but hydrodynamic forces play
a great role in the formation of ooids in this study area.
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