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A B S T R A C T   

Multiple sets of glauconites occur in the Neoproterozoic outcrops of the Longshan area in Beijing. This study 
examines the glauconite-bearing clastic rocks of the Qingbaikou System, whose mode of occurrence and genesis 
remain unclear. The glauconites occur in granular, colloidal, detrital pseudomorphic, pigment-infested and 
rimmed forms. Considering their varied color, morphology and chemical composition, these glauconites are 
classified into five types. Type I are granular glauconites with high K2O and low TFeO content. Type II are 
yellow-green granular glauconites with low K2O content. Type III are yellow-brown granular glauconites with 
strong oxidation. Type IV and V are not considered to be glauconites, in principle. Type IV is a yellow colloidal 
form whose chemical formula is difficult to determine, while Type V is dark brown detrital glauconite whose 
chemical composition was altered to form iron oxides. The formation of glauconite is controlled by material 
sources and redox conditions. Here, the iron components, glauconite and intermediate-basic volcanic rock in the 
underlying Xiamaling Formation and the felsic conglomerate & coarse feldspar sandstones in the lower Chan-
glongshan Formation are the source for the glauconites in the Changlongshan Formation. The covariant rela-
tionship between oxides and maturity levels reveals that Type I granular glauconites have the origin of 
pseudomorphic replacement of feldspar or quartz. Type II glauconites have a similar trend with the origin of 
layer lattice theory, and Type III granular glauconites were formed either by early pseudomorphic replacement 
or layer lattice genesis and later, by alteration. Type IV colloidal glauconites formed under the condition of 
authigenic cementation in the early stage, most of which were oxidized and altered in the later stage. Type V 
detrital granular glauconites formed by later re-transportation and allochthonous re-deposition of autochthonous 
authigenic glauconite or mica pseudomorphic glauconite by the origin of layered lattices. In North China, the 
presence of Neoproterozoic glauconite makes it difficult to identify the precise systems tract and differentiate the 
“condensed segments” due to its wide distribution. Different glauconites origins underwent various mechanical 
and chemical processes, or stages of diagenesis, at various times.   

1. Introduction 

As a facies indicator mineral, glauconite has applications in deter-
mining deposition rates, diagenetic environments, reservoir properties 
and sequence stratigraphy (Amorosi, 1994,2012; Cecil and Ducea, 2011; 
Chen, 1980; Chen et al., 2014; Diaz et al., 2003; Ding, 1991; Gopalan, 
2008; Gu et al., 2002; Harris and Whiting, 2000; Harder, 1980; Hower, 
1961; Huang et al., 1998; Mandal et al., 2020; Smith et al., 1998; Wu, 
1992; Yang et al., 2016). Glauconite is a potassium-rich, iron-rich, and 
water-bearing dioctahedral mica mineral (Baldermann et al., 2013; 

Banerjee et al., 2015; Su et al., 2016; Zhang et al., 2016). Studies report 
its occurrence in strata belonging to a wide-span in geological time, from 
the Precambrian to the Quaternary; glauconite occurs in association 
with sandstone (Li, 2014; Li et al., 2020), shale (Banerjee et al., 2016a,b; 
Fürsich et al., 2021), mudstone (Adriaens et al., 2014; Chen, 1994; Wang 
et al., 2020) and carbonate rocks (Chafetz, 2007; Diaz et al., 2003; Mei 
et al., 2008; Wang and Wang., 2021; Yang et al., 2020). Depositional 
environments of glauconite include the continental shelf, slope, and 
deep sea, as well as tidal flats, lagoons, platforms, deltas, and lakes 
(Adriaens et al., 2014; Amorosi, 1997; Banerjee et al., 2012; Chafetz, 
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2007; Fürsich et al., 2021; Fernández-Landero and Fernández-Caliani, 
2021; Hou et al., 2020; Wu et al., 1997; Wang et al., 2020Wang, 2017). 

Glauconites occurs in many forms, including granular, rimmed, 
colloidal, biofilm-like, and pigment-infested forms (Baioumy and Boulis, 
2012a; Burst, 1958; Zhang, 2018; Zhang et al., 2016), all of which have 
different genesis mechanisms (Bansal et al., 2018; Chang, 1992; Chen, 
1987; Fischer, 1990; Li, 2014; Tounekti et al., 2021). The origin of 
granular glauconites is attributed to grain verdissement (Odin and 
Matter, 1981) or layered lattice theories (Burst, 1958; Hower, 1961). 
Colloidal or cemented, rimmed glauconites are a result of pesudomor-
phic replacement (Banerjee et al., 2008, 2016) or authigenic cementa-
tion (Kazerouni et al., 2013; Mei et al., 2008; Zhang et al., 2016). The 
occurrence and distribution of glauconites is complex (Baioumy and 
Boulis, 2012a; Hegab et al., 2016; Fernández-Landero and Fernández--
Caliani, 2021; Li, 2014; Zhang et al., 2017a), and the various genesis 
hypotheses proposed have limitations in explaining the formation and 
evolution of glauconites under varying evolutionary conditions. 

Glauconites occur in the Neoproterozoic Xiamaling, Changlongshan 
and Jingeryu Formations. Previous studies have discussed the charac-
teristics and formation environment of the glauconites developed in the 
Mesoproterozoic Tieling Formation in the Jixian area (Mei et al., 2008; 
Mei, 2018; Zhou et al., 2009), the Paleoproterozoic Xiong’er Group (Xu 
et al., 2010) and the Neoproterozoic rocks in the Liujiang Basin (Chu 
et al., 2022) in North China. The occurrence and genesis of glauconites 
developed in the Neoproterozoic strata in the Longshan area of Beijing 
have not been studied. This study discusses the occurrence, chemical 
composition, and maturity of glauconite from the Neoproterozoic 
glauconite-bearing clastic rocks in the Longshan area. The differences in 
the genesis and evolution patterns of varied glauconites are studied 
based on their chemical composition and their covariant relationships, 
sources, maturity, and formation conditions. 

2. Materials and methods 

2.1. Geological background 

The study area is in the Longshan area of the Changping District, 
Beijing (Fig. 1a) and in the Precambrian, was part of the northwest 
Yanliao Rift Trough (Fig. 1a) (Bai and Dai, 1994; Fan, 2015; Guo et al., 
2019). The Yanshan Rift Trough formed as a result of the large-scale 
breakup of the crystalline basement in the Changchengian period (Pan 
et al., 2013; Tang et al., 2016). This area has experienced four major 
tectonic events between the Archean and the present (Qu et al., 2012). 
The sedimentary evolution of the thick tensional rift-faulted depression 
in the Changchengian period resulted in the balanced load deposits of 
the Jixianian period, which formed the caprock deposits of the Qing-
baikou System (Fig. 1b). The Changcheng, Jixian and Qingbaikou sys-
tems are mixed rocks of clastic and carbonate components (Zhou et al., 
2006). The Qingbaikou System is divided into the Xiamaling, Chan-
glongshan and Jingeryu Formations (Wang et al., 2000; Zhang et al., 
2020; Zhu et al., 2012). Recent dating results classify the Xiamaling 
Formation into a new system (Zhu et al., 2012). The glauconites exist in 
sandstone, siltstone and shale of the Xiamaling and Changlongshan 
Formations, and in the calcareous sandstone at the bottom of the Jin-
geryu Formation. Carbonate and mudstone rocks make up much of the 
Cambrian strata, while the Jurassic is dominated by pyroclastic and 
volcanic rocks (Yang et al., 2020; Zhang et al., 2020). 

Samples for this study were collected from the Changlongshan and 
Xiamaling Formations. In the Xiamaling Formation, gray-green and gray 
shales are interspersed with lenticular fine sandstones and siltstones. 
They were likely formed in shallow continental shelf, subtidal shoal belt, 
sand flat, and subaqueous lagoon environments. The Changlongshan 
Formation can be sub-divided into three parts; the lower part is made up 
of conglomerates and gravel-bearing feldspar-rich coarse sandstones, 
the middle has quartz sandstones and glauconite sandstones, and the 
upper part has interbedded purple-red and gray-green shales. The 

Fig. 1. Location of the study area and the developmental characteristics of the Mesoproterozoic and Neoproterozoic in North China.  
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depositional environment for the Changlongshan Formation is likely 
related to tidal flat settings such as tidal channels, sand flats, subaqueous 
shoals, and underwater lagoons (Fig. 2). 

2.2. Methods 

A total of 79 samples were collected for this study; these include 
glauconites and iron sandstones from the Changlongshan Formation and 
glauconite siltstones and shales from the Xiamaling Formation (Fig. 2). 
In addition, the experimental analysis includes petrography (38 groups), 
grain surface texture (12 groups), geochemical element analysis (12 
groups), mineral composition analysis (10 groups), and (REE + Y) 
studies (7 groups). 

A Nikon Eclipse LV100N POL polarizing microscope was used to 
observe the morphology of the glauconite, and a SU8010 high-resolution 
field emission scanning electron microscope was used to characterize 
the microstructure and surface morphology. For these analyses, the 
accelerating voltage field was 30 kV, the working distance was 15 mm, 
and morphological characterization was performed using electron probe 
(SE) imaging technology. In addition, compositional differences were 
analyzed by a backscatter probe (SSD). Autochthonous quantitative 
analysis of microscopic components was done using a EDAX GENE-
SIS2000 X-ray energy dispersive spectrometer (EDS). In order to 
enhance the electrical conductivity of the samples, an Au layer with a 
thickness of about 10 nm was sprayed on the flat sample surface using an 
ion sputterer. Electron probe testing was performed using a JEOL JXA- 
8100 electron probe microanalyzer. The REE + Y analysis was first 
performed by micro-drilling the polished surface of the rock, and then 
tested using a PE300Q ICP-MS instrument with an accuracy greater than 
10%. Trace element analysis was performed using an inductively 
coupled plasma mass spectrometer (instrument model ICAP-RQ). After 
being vaporized, the samples entered the central region of the ion body 
in the form of aerosols and were converted into positive ions. Further-
more, the contents of various elements in the samples were determined 
based on the peak intensities of their mass spectra. The ICP emission 
power was 1550 W, the auxiliary gas flow was 0.8 L/min, the atomizer 
flow was 1.1 L/min, and the standard liquid concentrations were 0, 40, 
100, 160, and 200 μg/L, respectively. Moreover, the MS pump speed was 
less than 40 RPM, and the CCTI flow rate was 5.525 L/min. 

In this study, the anion method based on O10(OH)2 was used to 
calculate the ionic structures of different types of glauconite, after which 
their different chemical formulae were derived. The test results of trace 
elements reflect the geochemical properties of the source rocks. In this 
study, we use the La–Th-Sc, Th–Co–Zr/10, Th-Sc-Zr/10 discriminative 
charts to analyze the tectonic setting (such as oceanic island arcs, con-
tinental island arcs, active and passive continental margins), and use the 
covariant relationships of La/Th–Hf and La/Sc–Co/Th to analyze glau-
conite substrate rock types (Condie, 1991; Gu et al., 2002; Zhang et al., 
2020) to evaluate the material source, and determine the formation and 
evolution process of glauconite. 

3. Results 

3.1. Classification of glauconite forms 

Petrological observations suggest that the glauconites in the Long-
shgan area have granular, pseudo-like, colloidal, rimmed, and pigment- 
infested forms (Fig. 3). Granular glauconites are divided into autoch-
thonous granular glauconite (Fig. 3a, b, c, d, e) and allochthonous 
detrital granular glauconite (Fig. 3f). Autochthonous granular glauco-
nites vary in color from green (Fig. 3a and b) and yellow-green (Fig. 3c 
and d) to yellow-brown varieties (Fig. 3e). Allochthonous detrital 
glauconites are dark brown, and their rounded grains reflect the trans-
port and abrasion of tractive flows in the later stages (Fig. 3f). 

Glauconites in the Xiamaling Formation are formed by mica alter-
ation. They retain the shape of the original mica, and named as clastic 

pseudomorphic glauconites (Fig. 3g). This kind of granular glauconite 
may be formed by the halmyrolysis of mica, making it autochthonous. 

Colloidal glauconites are formed between quartz grains (Fig. 3h and 
i). Their color is a light yellowish-brown, and they form thin films be-
tween the quartz particles and their overgrowth edges (Fig. 3j). This 
indicates that the glauconites were formed after the quartz overgrowth. 

Under the microscope, the yellow-brown glauconites appear to grow 
around the light yellow-green granular glauconites in the form of rim-
med edges (Fig. 3k). This suggest that the rimmed edges and the glau-
conite core particles were formed at different stages. The glauconite core 
is an early-formed granular glauconite, while the rimmed edge belongs 
to the later-stage cement. 

The pigment-infected glauconites (Fig. 3l) are sporadically distrib-
uted at the edges, interiors, or microfractures of quartz or feldspar 
grains. They are yellowish-brown, and are formed by local meta-
somatism of substrate particles. They are the products of the early 
granular glauconites (Wu et al., 1997; Zhang et al., 2016). 

Granular, colloidal, pigment-infested, and rimmed halo-rimmed 
glauconites are autochthonous. There is also a difference in the 
composition and genesis of glauconites with different colors and forms. 
The glauconites are further divided into five types: Type I are light green 
granular glauconites (Fig. 3a and b); Type II are yellow-green granular 
glauconites, (Fig. 3c and d); Type III are yellow-brown granular glau-
conites (Fig. 3e, g), including pseudo mica-like glauconites; Type IV are 
yellow-brown colloidal (Fig. 3h) and rimmed glauconites (Fig. 3k); Type 
V are detrital allochthonous granular glauconites (Fig. 3f). The first four 
types (I ~ IV) belong to the autochthonous glauconite, and the Type V 
belongs to the autochthonous glauconite. “Pigment-infested glauco-
nites” are autochthonous glauconites formed in the diagenetic period 
(Baioumy and Boulis, 2012a; Zhang et al., 2022). They mainly exist in 
the micro-pores or cracks of the substra particles, and represent the early 
stage of metasomatic granular glauconites (Type II). 

3.2. Glauconite microstructures 

Glauconites of different maturity have varied microstructures 
(Amorosi et al., 2007; Banerjeeet al., 2016; Zhang et al., 2016). Those 
that form initially are small amorphous particles; they adhere to each 
other, forming 2–3 μm-sized caterpillar-like aggregates. Lamellar 
structures that gradually develop on the surfaces of these glauconites, 
represent a mature stage. Eventually, the glauconites that have entered 
the high maturity stage into flower-like clusters. The surface 
morphology of allochthonous glauconite particles is partially or 
completely destroyed during their transport, which makes the particle 
surface flat. 

Glauconite microstructures in this study vary under the SEM. Glau-
conites have complete grain shapes at low magnification and sheet-like 
structures (Fig. 4a); the colloidal glauconite fills the tiny gaps at the edge 
of quartz grains (Fig. 4b); the cement-like glauconite fills in a large area 
between the quartz grains (Fig. 4c); the immature rims wrap around the 
highly mature grain cores, forming a halo-like structure (Fig. 4d). Ob-
servations show that most of these glauconites have a parallel lamellar, 
curved lamellar or splintery microstructure in the Xiamaling and 
Changlongshan Formations (Fig. 4e,f,g). Hairball-shaped glauconites 
are relatively immature and belong to the early-stage glauconites. With 
increasing maturity, glauconites, exhibit a nearly parallel lamellar 
microstructure (Fig. 4e). These glauconites formed in an environment 
with sufficient growth space and exhibit relatively higher maturity. 
When the growth space is more compact, the number of parallel lamellar 
structures of the glauconites reduce considerably, glauconites can exist 
in the form of curved lamellar (Fig. 4f) or splintery microstructure 
(Fig. 4g). Microscopic observations suggest a symbiotic relationship 
between glauconites and minerals such as quartz, iron oxide, siderite, 
pyrite, ankerite and collophanite (Fig. 4b,c,e, h). 

Q. Zhang et al.                                                                                                                                                                                                                                  
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Fig. 2. Comprehensive sedimentary histogram of the Qingbaikou System in the Longshan area, Beijing.  
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3.3. Major oxide composition of glauconite 

The chemical compositions of glauconite in the target layer of the 
study area are presented in Fig. 5 and Table 1. 

The contents of K2O, TFeO and SiO2 of the five types of glauconites 
vary significantly (Table 1). From Type I to V, the K2O content in the 
glauconite decreases sequentially, i.e., the K2O content of Type I glau-
conites are the highest, and those of the Type V glauconites are the 
lowest, reflecting their decreasing maturity (Rudmin et al., 2017; 

Sánchez-Navas et al., 2008; Wigle and Compton, 2007; Roy Choudhury 
et al., 2021). Type I and II glauconites have relatively low TFeO content 
(less than 12%), while Type III, IV, and V glauconites have relatively 
high TFeO content (greater than 12%). In addition, the SiO2 content of 
the Type I glauconite is the highest, and that of the Type V glauconite is 
the lowest. The differences in the contents of Al2O3 and MgO among the 
five types of glauconites are small. 

Fig. 3. Microscopic images of glauconites of the Qingbaikou System in the Longshan area. Notes: (a) and (b) Green granular glauconites (Ch Fm.); (c) and (d) Yellow- 
green granular glauconites (Ch Fm.); (e) Yellow-brown granular glauconites (Ch Fm.); (f) Detrital glauconites (Ch Fm.); (g) Pseudomorphic glauconites (mica 
pseudomorphic) (Xi Fm.); (h) and (i) Colloidal glauconites (Ch Fm.); (j) Colloidal glauconites existing between quartz overgrowth edges and quartz grains (Ch Fm.); 
(k) Halo-rimmed glauconites (Ch Fm.); (l) Pigment-infected glauconites (Ch Fm.); Xi Fm.-Xiamaling Formation; Ch Fm.-Changlongshan Formation. 
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Fig. 4. Microscopic characteristics of the glauconites in the Longshan Area. Notes: (a) Granular glauconite (Ch Fm.); (b) Colloidal glauconite (Xi Fm.); (c) Cement- 
like glauconite (Ch Fm.); (d) Halo-rimmed glauconite (Ch Fm.); (e) Lamellar glauconite, symbiotic with siderite (Xi Fm.); (f) Curved lamellar glauconite (Ch Fm.); (g) 
Splintery glauconite (Ch Fm.); (h) Symbiotic glauconite and collophanite (Ch Fm.). Note: G-Glauconite; Q-Quartz; S-Siderite; Co-Collophanite; Xi Fm.-Xiamaling 
Formation; Ch Fm.-Changlongshan Formation. 
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3.4. Ionic structures of glauconite 

In this study, the anion method (based on O10(OH)2) was adopted to 
calculate the ionic structures of the glauconite samples (Tang et al., 
2016). The R3+ values of the glauconite samples range from 1.66 to 3.18, 
which are greater than 1.2 atoms; the M+ values of the Types I, II, and III 
glauconites are all greater than 0.4 atoms, which are consistent with the 
definition of glauconite given by the AIPEA (Adriaens et al., 2014; 
Baioumy and Boulis, 2012a; Banerjee et al., 2016a,b; López-Quirós 
et al., 2019). Ultimately, the glauconites in the study area are classified 
into three types according to their chemical formulae (Table 2): 

Type I are the green granular glauconite

: (K,Na,Ca)0.54∼0.91

[
Al,

(
Fe2+,Fe3+),Mg

]

0.88∼1.97(Si, Al)4O10(OH)2

• nH2O;  

Type II are the yellow − green granular glauconite

: (K,Na,Ca)0.54∼0.80

[
Al,

(
Fe2+,Fe3+),Mg

]

0.77∼2.36(Si, Al)4O10(OH)2

• nH2O;  

Type III are the yellow − brown granular glauconite

: (K,Na,Ca)0.39∼0.57

[
Al,

(
Fe2+,Fe3+),Mg

]

1.65∼2.52(Si, Al)4O10(OH)2

• nH2O.

Type IV and Type V are the yellow-brown cement-like glauconite and 
the off-site glauconite, respectively. Due to alteration processes, their 
ionic structures no longer satisfy the basic definition of glauconite due to 
alteration. Therefore, their chemical formulas cannot be determined. 

4. Discussion 

4.1. Enrichment conditions of the Neoproterozoic glauconites 

Glauconite forms over a long period of time and is characterized by 
low depositional rates, and a sufficient supply of cations such as iron, 
potassium, aluminum, silicon, and magnesium (Banerjee et al., 2016a,b; 
Mei et al., 2008; Strickler and Ferrell, 1990; Roy Choudhury et al., 
2022a,b; Tounekti et al. al., 2021; Zhang et al., 2017a; Zhang et al., 
2022; Zhang and Tutolo, 2021). The availability of iron controls the 
evolution of glauconite (Banerjee et al., 2012; Roy Choudhury et al., 
2021), and the activity of irons is controlled by redox states (Fürsich 
et al., 2021). High silicon concentration is necessary for the formation of 
the early iron-rich glauconites (López-Quirós et al., 2019; Odin and 
Fullagar, 1988; Tang et al., 2017; Zhang and Tutolo, 2021). In addition, 
the silicon and potassium are derived from seawater with high silicon 
and terrigenous clasts content (Banerjee et al., 2016a,b; Guo et al., 2019; 
Roy Choudhury et al., 2022a,b; Wang et al., 2020; Zhang et al., 2016). 
Moreover, a suitable pH condition and an environment near the Fe redox 
interface are the most favorable conditions for the formation of glau-
conites (Tutolo et al., 2020; Zhang et al., 2017a; Zhang et al., 2022). 

Feldspar-rich source rocks can provide various ions for glauconis in 
the Changlongshan and Xiamaling Formations. Trace elements such as 
La, Sc, Co, and Th can be used to indicate the types of source rocks. 
Specific relationship diagrams of different chemical elements were used 
to identify the tectonic setting and source rock types (Absar, 2021; 
Condie et al., 1991; Gu et al., 2002; McLennan, 1993; Wang et al., 2020; 
Zhang et al., 2020). In this study, different discriminant diagrams were 
drawn using 5 samples collected from the Changlongshan Formation 

Fig. 5. Distribution of electron probe test dots in the glauconite samples. Notes: (a) and (b): Sample L7, Changlongshan Formation; (c) and (d): Sample X5, 
Xiamaling Formation). 
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and 2 samples from the Xiamaling Formation (Fig. 6). In the La–Th-Sc 
(Fig. 6a), Th–Co–Zr/10 (Fig. 6b) and Th-Sc-Zr/10 discriminant diagrams 
(Fig. 6c), most of the samples fall into the continental arc source region, 
while some samples from the Xiamaling Formation are located at the 
junction of the passive continental margin and the continental arc. 
Moreover, according to the La/Th–Hf discriminant diagram (Fig. 6d), 
the samples are located near the andesite arc and felsic source regions, 
indicating that the source rocks are a mixture of the andesite and felsic 
components. In the Co/Th–La/Sc diagram (Fig. 6e), the samples have 
moderate and relatively stable Co/Th values. The Co/Th values range 
from 0.63 to 2.63, with an average of 2.13. However, the La/Sc values 
are low, ranging from 1.00 to 3.14, with an average value of 1.85. The 
samples all fall between the felsic volcanic rock and andesite region. It 
reflects that the source rocks are a mixture of andesite and felsic. 
Therefore, the trace element provenance and source rocks (Fig. 6) of the 
Xiamaling and Changlongshan Formations have the tectonic back-
ground of continental island arcs, and the source rocks are both mixed 
andesite and felsic components, which can provide favorable source 
materials for the formation of glauconites. 

The existence of multi-stage unconformities is beneficial to the 
supply of ions during the formation of glauconite. Previous studies have 
shown that the “Weixian Activity” between the Changlongshan and 
Xiamaling Formations and the “Qinyu Activity” between the Xiamaling 
and its overlying Mesoproterozoic Tieling Formation caused the for-
mation of unconformities (Fig. 1) (Pan et al., 2013; Zhou et al., 2006; 
Zhu et al., 2012). Stromatolite limestones containing glauconite are well 
developed on the top of the Tieling Formation (Mei et al., 2008; Mei, 

2018). In the Xiamaling Formation of North China, iron components and 
glauconites are well developed: the upper part are green and emerald 
green shales intercalated with thin layers of iron siltstones; the lower 
part are glauconite-bearing sandstones that contain siderite and pyrite 
lens; while iron-bearing glauconites and iron-cemented conglomerates 
are developed in the bottom. Lenticular iron ore or iron-bearing coarse 
sandstone is common and overlaid on top of conglomerate. In the Jixian 
Profile, siderite-bearing sandstones and 2 to 4 layers of 
intermediate-basic volcanic rock beds are developed in the Xiamaling 
Formation, and tuffs are also developed at the top (Guo et al., 2019; Qu 
et al., 2012). They provide the material for the enrichment of iron, 
magnesium and glauconites for the Changlongshan Formation. The 
multi-stage unconformities between the Tieling & Xiamaling and the 
Xiamaling & Changlongshan Formations have caused the iron- and 
glauconite-bearing sandstones, siltstones, shales and intermediate-basic 
volcanic rocks to suffer from long-term weathering. Moreover, various 
ion sources and substrate minerals are provided for the formation of 
glauconites in the Xiamaling and Changlongshan Formations. 

In addition, granitic conglomerates and feldspar sandstones are 
developed at the bottom of the Changlongshan Formation (Fig. 7), in 
which the dissolution of the K-feldspar provides rich K+ and substrate 
minerals for glauconites in the middle part of the Changlongshan For-
mation. The detrital glauconites developed in the Changlongshan For-
mation have good roundness, while the siltstones and argillaceous 
siltstones in the Xiamaling Formation develop large-scale glauconite 
cements (Zhang et al., 2020). It can be inferred that these round detrital 
glauconites are mainly formed after re-transportation and re-deposition 

Table 1 
Content of the major chemical components in different types of glauconite samples based on electron probe analysis (partial samples).  

Type Sample SiO2 Al2O3 TFeO MgO CaO Na2O K2O P2O5 
IVAl VIIIAl R3+ M+

I X1-3 56.61 21.26 7.21 4.30 1.72 0.03 8.80 0.07 0.35 1.26 2.06 0.85 
X5-5 51.12 30.08 4.73 3.00 2.24 0.19 8.65 0.00 0.73 1.54 2.08 0.88 
L7-1 58.62 22.92 3.61 4.33 1.99 0.07 8.46 0.00 0.31 1.39 1.98 0.82 
L7-2 59.59 21.91 3.45 4.73 1.74 0.04 8.47 0.07 0.26 1.36 1.99 0.80 
L7-3 58.91 22.10 3.88 4.47 2.02 0.06 8.48 0.08 0.28 1.36 1.98 0.83 
L7-5 58.11 22.22 4.76 4.43 2.00 0.04 8.42 0.03 0.32 1.34 2.01 0.82 
L7-6 59.33 21.23 5.26 4.50 0.76 0.25 8.68 0.00 0.25 1.34 2.04 0.78 
L15-1 55.14 24.96 4.68 3.76 1.79 0.02 9.62 0.02 0.47 1.41 2.02 0.91 
L15-2 55.07 25.18 4.94 3.56 1.77 0.03 9.40 0.03 0.48 1.42 2.02 0.89 
L15-3 55.49 25.37 4.08 3.76 1.66 0.06 9.54 0.03 0.47 1.44 2.01 0.90 
L10-1 58.10 24.07 4.96 3.61 0.00 0.04 9.21 0.01 0.33 1.46 2.06 0.75 
L10-3 57.93 24.23 4.85 3.81 0.00 0.05 9.11 0.03 0.34 1.46 2.07 0.74 

II X1-1 48.36 24.14 12.08 5.15 4.68 0.05 5.52 0.01 0.79 1.10 2.28 0.81 
X2-5 57.93 19.74 12.59 3.11 0.42 0.07 6.14 0.00 0.26 1.24 2.22 0.54 
X5-1 45.35 24.50 14.01 6.18 5.69 0.05 4.20 0.00 0.95 0.99 2.39 0.78 
X5-2 62.69 15.93 9.30 2.60 4.72 0.88 3.83 0.05 0.03 1.16 1.90 0.74 
X5-3 45.05 24.90 13.89 5.93 5.83 0.03 4.37 0.00 0.97 1.00 2.38 0.80 
L15-6 45.37 25.94 13.95 6.12 3.79 0.05 4.78 0.00 0.97 1.08 2.47 0.69 
L11-3 51.77 19.37 16.36 4.24 0.38 0.05 7.76 0.07 0.51 1.03 2.38 0.70 
L10-2 53.75 26.93 10.34 0.00 2.42 0.04 6.34 0.18 0.53 1.52 2.08 0.69 

III X2-1 52.20 19.82 19.31 4.01 0.46 0.10 4.10 0.00 0.52 1.04 2.52 0.39 
X2-2 47.72 21.83 20.83 3.51 0.67 0.10 5.34 0.01 0.74 1.02 2.57 0.53 
X2-3 49.70 20.74 19.86 4.81 0.53 0.14 4.20 0.03 0.65 1.00 2.60 0.42 
X2-6 50.09 20.89 19.39 5.00 0.54 0.13 3.95 0.00 0.64 1.01 2.60 0.39 
X2-7 54.83 19.05 15.60 4.12 0.45 0.08 5.85 0.01 0.38 1.10 2.36 0.53 
L12-1 48.56 18.47 23.57 4.90 0.77 0.15 3.57 0.03 0.66 0.83 2.69 0.39 
L12-2 53.75 18.97 16.35 4.16 0.50 0.12 6.10 0.05 0.43 1.06 2.38 0.57 
L12-4 49.44 16.56 23.24 5.37 0.77 0.16 4.34 0.13 0.59 0.76 2.65 0.46 

IV L9-1 51.59 15.97 23.74 5.12 0.55 0.41 2.48 0.14 0.49 0.80 2.67 0.31 
L11-1 37.93 20.96 28.84 8.48 0.41 0.12 3.11 0.15 1.26 0.53 3.18 0.34 
L11-2 38.58 20.77 29.44 7.98 0.33 0.13 2.72 0.06 1.22 0.55 3.18 0.29 
L15-5 42.98 25.89 15.66 7.48 5.17 0.06 2.71 0.05 1.10 0.95 2.58 0.61 
L12-3 48.24 18.21 22.68 6.76 0.99 0.21 2.81 0.09 0.70 0.77 2.76 0.35 

V L9-2 40.79 25.15 18.60 7.86 6.11 0.05 1.43 0.00 1.21 0.82 2.68 0.58 
L9-3 40.69 25.69 18.22 7.93 5.29 0.04 2.14 0.00 1.22 0.85 2.70 0.58 
L9-4 40.66 26.22 18.94 8.17 4.05 0.05 1.90 0.01 1.23 0.88 2.79 0.47 
L9-5 43.19 24.37 17.42 7.37 5.64 0.07 1.91 0.04 1.07 0.87 2.60 0.58 
L8-2 41.89 33.11 18.40 1.78 3.74 0.09 0.09 0.91 1.20 1.41 2.62 0.29 
L8-3 42.17 33.65 17.55 1.69 3.96 0.07 0.07 0.84 1.20 1.44 2.59 0.30 
L8-4 36.84 29.97 23.72 2.97 5.04 0.11 0.11 1.23 1.41 1.07 2.78 0.40 

Notes: IVAl is tetrahedral site Al3+; VIIIAl is octahedral site Al3+; R3+ is octahedral site cation; M+ is interlayer cation. 
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of the glauconite cements that well-developed in the Xiamaling 
Formation. 

In summary, the Xiamaling Formation in the study area has experi-
enced intense volcanic activities and has widely-distributed intermedi-
ate-basic volcanic rock which can provide the source of iron and 
magnesium components, and large-scale glauconite-bearing shales and 
sandstones (Zhang et al., 2020). Moreover, the long-term weathering 
after the deposition of the Xiamaling and Tieling Formations, and 
dissolution of K-feldspar in the lower part of the Changlongshan For-
mation provided various ion sources for the formation of autochthonous 
glauconites, and it also has a certain affinity with the detrital glauconite. 
In addition, during the Precambrian period, the content of Mg2+ in 
seawater was relatively high (Banerjee et al., 2016a,b; Tang et al., 2016; 
Zhang et al., 2017b), which provided the magnesium component 
required for the development of glauconites. 

4.2. Composite origin and evolution of different types of glauconite 

The most widely accepted theories of glauconite formation include 
layered lattice, grain verdissement, pseudomorphic replacement, 
authigenic cementation and alteration theories (Amorosi et al., 2007; 
Banerjee et al., 2015; Bansal et al., 2018; Burst, 1958; Eder et al., 2007; 
Fernández-Landero and Fernández-Landero and Fernández-Caliani, 
2021; Hegab et al., 2016; Jafarzadeh et al., 2020; Mandal et al., 2020; 
López-Quirós et al., 2019; Mandal et al., 2022; Odin and Matter, 1981; 
Roy Choudhury et al., 2022a,b; Zhang et al., 2016). Cross-plots of 
different oxide content in the glauconite show different evolution 
trends, which helps assess the origin mechanism of the glauconite (Tang 
et al., 2016; Zhang, 2018). Fig. 8 is a covariation diagram based on the 
content of the K2O and TFeO in the glauconite, developed over different 
time periods and in different regions (Banerjee et al., 2015; Chen, 1980; 
Mandal et al., 2020; Sánchez-Navas et al., 2008; Wang et al., 2020; Xu 
et al., 2010; Yang et al., 2016; Zhang, 2018). There are significant dif-
ferences in the genesis of the glauconites that formed in the Phanerozoic 
and Precambrian (Fig. 8). The former conforms to the layered lattice 
theory or the grain verdissement theory, while the latter conforms to the 
pseudomorphic replacement theory. 

Table 1 and Fig. 9 show the covariation relationship between the 
content of different chemical components in Neoproterozoic glauco-
nites, Longshan area. Type I or the green granular glauconites exhibit 
high K2O, Al2O3, SiO2 and MgO content, and low TFeO content (Table 1, 
Fig. 9). The K2O content of the glauconite corresponds to ‘evolved’ and 
‘highly evolved’ stages of maturity (Amorosi, 1997; Odin and Matter, 
1981; Mandal et al., 2020). High K2O content can be used to distinguish 
the minerals from illites, while the ferric illite can be distinguished by 
low TFeO and high Al2O3 content (Banerjee et al., 2008; Dasgupta et al., 
1990; Deb and Fukuoka, 1998; Mandal et al., 2020; Odin and Matter, 
1981). All the sample data points of the Type I glauconite occupy the 
field of ferric illite in the K2O vs. TFeO cross plot by Odin and Matter 
(1981) (Fig. 9a). The K2O content in the Type I glauconite increases with 
the increase of the SiO2 content (Fig. 9b). Type I glauconites show an 

Table 2 
Chemical formulas calculated by partial electron probe dots in the glauconite 
samples from the study area.  

Type Sample Dot 
number 

Chemical formulas 

Type I 
granular 
glauconite 

X-01 3 (K0.72,Na0.00,Ca0.12)0.85 [Al0.35(Fe2+, 
Fe3+)0.39Mg0.41]1.15(Si3.65, 
Al1.26)4O10(OH)2•nH2O 

X-05 5 (K0.71,Na0.02,Ca0.15)0.88 [Al0.73(Fe2+, 
Fe3+)0.25Mg0.29]1.27(Si3.27, 
Al1.54)4O10(OH)2•nH2O 

L-07 1 (K0.68,Na0.01,Ca0.13)0.82 [Al0.31(Fe2+, 
Fe3+)0.19Mg0.41]0.91(Si3.69, 
Al1.39)4O10(OH)2•nH2O 

3 (K0.68,Na0.00,Ca0.12)0.80 [Al0.26(Fe2+, 
Fe3+)0.18Mg0.44]0.88(Si3.74, 
Al1.36)4O10(OH)2•nH2O 

5 (K0.68,Na0.01,Ca0.14)0.83 [Al0.28(Fe2+, 
Fe3+)0.20Mg0.42]0.91(Si3.72, 
Al1.36)4O10(OH)2•nH2O 

L-15 1 (K0.68,Na0.00,Ca0.14)0.82 [Al0.32(Fe2+, 
Fe3+)0.25Mg0.42]0.99(Si3.68, 
Al1.34)4O10(OH)2•nH2O 

2 (K0.70,Na0.03,Ca0.05)0.78 [Al0.25(Fe2+, 
Fe3+)0.28Mg0.42]0.95(Si3.75, 
Al1.34)4O10(OH)2•nH2O 

3 (K0.78,Na0.00,Ca0.12)0.91 [Al0.47(Fe2+, 
Fe3+)0.25Mg0.36]1.08(Si3.53, 
Al1.41)4O10(OH)2•nH2O 

L-10 1 (K0.77,Na0.00,Ca0.12)0.89 [Al0.48(Fe2+, 
Fe3+)0.26Mg0.34]1.08(Si3.52, 
Al1.42)4O10(OH)2•nH2O 

3 (K0.77,Na0.01,Ca0.11)0.90 [Al0.47(Fe2+, 
Fe3+)0.22Mg0.36]1.04(Si3.53, 
Al1.44)4O10(OH)2•nH2O 

L-02 1 (K0.74,Na0.00,Ca0.00)0.75 [Al0.33(Fe2+, 
Fe3+)0.26Mg0.34]0.93(Si3.67, 
Al1.46)4O10(OH)2•nH2O 

3 (K0.73,Na0.01,Ca0.00)0.74 [Al0.34(Fe2+, 
Fe3+)0.26Mg0.36]0.96(Si3.66, 
Al1.46)4O10(OH)2•nH2O 

5 (K0.47,Na0.01,Ca0.33)0.81 [Al0.79(Fe2+, 
Fe3+)0.67Mg0.51]1.97(Si3.21, 
Al1.10)4O10(OH)2•nH2O 

Type II 
granular 
glauconite 

X-01 1 (K0.51,Na0.01,Ca0.03)0.54 [Al0.26(Fe2+, 
Fe3+)0.68Mg0.30]1.24(Si3.74, 
Al1.24)4O10(OH)2•nH2O 

X-02 5 (K0.36,Na0.01,Ca0.41)0.78 [Al0.95(Fe2+, 
Fe3+)0.79Mg0.62]2.36(Si3.05, 
Al0.99)4O10(OH)2•nH2O 

X-05 1 (K0.31,Na0.11,Ca0.32)0.74 [Al0.03(Fe2+, 
Fe3+)0.49Mg0.25]0.77(Si3.97, 
Al1.16)4O10(OH)2•nH2O 

2 (K0.37,Na0.00,Ca0.42)0.80 [Al0.97(Fe2+, 
Fe3+)0.78Mg0.59]2.35(Si3.03, 
Al1.00)4O10(OH)2•nH2O 

3 (K0.41,Na0.01,Ca0.27)0.69 [Al0.97(Fe2+, 
Fe3+)0.78Mg0.61]2.36(Si3.03, 
Al1.08)4O10(OH)2•nH2O 

L-15 6 (K0.67,Na0.01,Ca0.03)0.70 [Al0.51(Fe2+, 
Fe3+)0.92Mg0.43]1.86(Si3.49, 
Al1.03)4O10(OH)2•nH2O 

L-10 2 (K0.52,Na0.01,Ca0.17)0.69 [Al0.53(Fe2+, 
Fe3+)0.56Mg0.00]1.09(Si3.47, 
Al1.52)4O10(OH)2•nH2O 

Type III 
granular 
glauconite 

X-02 1 (K0.35,Na0.01,Ca0.03)0.39 [Al0.52(Fe2+, 
Fe3+)1.08Mg0.40]1.99(Si3.48, 
Al1.04)4O10(OH)2•nH2O 

2 (K0.47,Na0.01,Ca0.05)0.53 [Al0.74(Fe2+, 
Fe3+)1.19Mg0.36]2.29(Si3.26, 
Al1.02)4O10(OH)2•nH2O 

3 (K0.36,Na0.02,Ca0.04)0.42 [Al0.65(Fe2+, 
Fe3+)1.12Mg0.48]2.25(Si3.35, 
Al1.00)4O10(OH)2•nH2O 

6 (K0.34,Na0.02,Ca0.04)0.39 [Al0.64(Fe2+, 
Fe3+)1.09Mg0.50]2.23(Si3.36, 
Al1.01)4O10(OH)2•nH2O  

Table 2 (continued ) 

Type Sample Dot 
number 

Chemical formulas 

7 (K0.49,Na0.01,Ca0.03)0.53 [Al0.38(Fe2+, 
Fe3+)0.86Mg0.41]1.65(Si3.62, 
Al1.10)4O10(OH)2•nH2O 

L-12 1 (K0.31,Na0.02,Ca0.06)0.39 [Al0.66(Fe2+, 
Fe3+)1.35Mg0.50]2.52(Si3.34, 
Al0.83)4O10(OH)2•nH2O 

2 (K0.52,Na0.02,Ca0.04)0.57 [Al0.43(Fe2+, 
Fe3+)0.91Mg0.41]1.75(Si3.57, 
Al1.06)4O10(OH)2•nH2O 

4 (K0.38,Na0.02,Ca0.06)0.46 [Al0.59(Fe2+, 
Fe3+)1.34Mg0.55]2.48(Si3.41, 
Al0.76)4O10(OH)2•nH2O  
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evolutionary trend in which the K2O content remains constant with the 
variable TFeO content (Fig. 9a). It follows a similar trend to other re-
cords of the Precambrian glauconites (Fig. 8), in accord with the 
‘pseudomorphic replacement’ theory involving the supply of excess K+

and Si4+ in the pore water by the dissolution of K-feldspar (Bansal et al., 
2018; Jafarzadeh et al., 2020; López-Quirós et al., 2019; Mandal et al., 
2022; Roy Choudhury et al., 2021). The positive correlation between 
K2O and Al2O3 content (Fig. 9c) implies that K and Al incorporated into 
glauconite structures simultaneously (Dasgupta et al., 1990; Baioumy 
and Boulis, 2012b; Banerjee et al., 2012a, b; Eder et al., 2007; Tounekti 
et al., 2021). Combined with the microphotoes under the thin sections 

(Fig. 3), the parent substrate of the glauconite is quartz or feldspar. 
Pseudomorphic replacement of quartz and feldspar by glauconites is 
evident for the Type I glauconites. According to the previous analysis, 
dissolution and weathering of the K-feldspar from the 
intermediate-basic volcanic rocks of the Xiamaling Formation (Zhang 
et al., 2022) and felsic conglomerate & arkose in the lower part of the 
Changlongshan Formation (Fig. 7) resulted in high K+ and Si4+ con-
centrations in the pore water (Banerjee et al., 2015; Stille and Clauer, 
1994; Zhang et al., 2020). The Type I glauconites are formed by the 
dissolution and replacement of the original K-feldspar or quartz sub-
strate at a constant K2O and a variable TFeO content. The formation 

Fig. 6. Discrimination diagram of trace element source regions and source rocks of Changlongshan and Xiamaling Formations in Longshan area (Base map according 
to Condie et al., 1991). 

Fig. 7. Characteristics of felsic conglomerate and coarse feldspar sandstone in the lower Changlongshan Formation in Longshan area. a. Felsic conglomerate, the 
gravels are mainly composed of granite, K-feldspar and quartz; b. Coarse feldspar sandstones with cross-bedding. 
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process of the Type I glauconite can be summarized as follows. In the 
early stage, the glauconites were formed in discrete tiny patches in the 
early dissolute micropores or cleavage of the substrate in the form of 
euhedral crystals in the high K+ and Si4+ content pore water (Fig. 10a) 
(Banerjee et al., 2008; Zhang et al., 2016). The pigment-infected glau-
conites in the tiny secondary pores or fractures in the substrate particles 
are the products of this period in this study. Subsequently, these tiny 
glauconite patchs slowly merge to form glauconite pellet symbiotic with 
the substrate grains, until the entire substrate particles are engulfed by 
the yellow-green pellet with high K2O and high Al2O3 content (Figs. 10a 
and 11). As glauconization progressed, Fe ions gradually replace Al ions 
in the octahedral site due to the weak negative correlation (Fig. 9d). 
Then, more and more Fe2+ are incorporated into the crystal lattices of 
glauconite (Fig. 9a), and the color gradually changed from yellow-green 
to green, and eventually, the Type I green granular glauconites are form 
(Figs. 10a and 11). 

The K2O content of the Type II yellow-green granular glauconite is 
lower than that of the Type I glauconite (Table 1). The content of K2O is 
roughly positively proportional to the content of TFeO (Fig. 9a). The 
relationship between the content of K2O and Al2O3 is poor. Most of the 
sample data of the Types II glauconites occupy the field of ‘composi-
tional gap’ in the K2O vs. Fe2O3 cross plot by Odin and Matter (1981), 
and exhibits a general evolutional trend with layer lattice theory in the 
K2O vs. TFeO cross plot by Odin and Matter (1981) (Figs. 8 and 9a). 
Layer lattice theory (Burst, 1958) envisages origin and evolution of 
glauconites by the incorporation of Fe and K ions simultaneously into 
the lattice of clay minerals like high alumina smectite, illite or degraded 
mica. From the micrographs (Fig. 3c,d,g), it can be inferred that the 
parent substrate of the Type II glauconites is mica or quartz. For the 
glauconites evolved from quartz substrate, the quartz may be replaced 
by high alumina smectite and other clay minerals in the early stage. 
Then, both the Fe and K ions are incorporated into the clay mineral 
lattices, and glauconite is formed. The evolution trend of the Type II 
glauconite is characterized by the simultaneous increase of K and Fe ions 
in its internal structures (Fig. 9a). 

The content of K2O in the Type III yellow-brown granular glauconites 
ranges from 3.57% to 6.01%. However, its TFeO content is relatively 
high (15.6%~23.57%). The K2O content for most of the Type III samples 
decreases with increasing TFeO content (Fig. 9a), and it is inconsistent 
with the four genesis mechanism theories proposed previously. The 
yellow-brown granular glauconites form by ‘alteration’. Here, the total 
iron content in the glauconite is relatively higher, while the potassium 
content is relatively lower. The Fe2+ are converted into Fe3+ ions, which 
in turn causes the color of the glauconite to change from green to 
yellowish-brown (Fig. 12). However, the morphology of glauconite is 
still the same as that of the surrounding quartz grains, and the residual 
optical characteristics of the quartz grains are also faintly visible under 
orthogonal light. This indicates that the Type III glauconites are formed 
due to the oxidative alteration of the Types I or II glauconites at a later 
stage, but its chemical structure still meets the definition of glauconite. 
Types I or II glauconites have undergone an oxidative transformation 
process and absorbed a large amount of Fe3+, the contents of K+ and 
Fe2+ decreased, the color changed to yellow-brown, and the Type III 
glauconites are formed finally (Figs. 10b and 11). 

Type IV or the yellow-brown colloidal glauconites are mainly 
developed between quartz grains, and they include rimmed and 
pigment-infested glauconites. Zhang et al. (2016) proposed that the 
colloidal glauconites can be explained by the “autogenous cementation 
theory”. During the diagenetic process, sufficient K, Si, Al and Fe ions in 
the weakly reducing and alkaline pore water environment favours the 
precipitation of authigenic glauconite (Tang et al., 2017a; Rudmin et al., 
2017; Bansal et al., 2018). The colloidal glauconites found in the study 
area usually have a yellowish-brown or dark-brown color, and the 
concentrations of the K+ and Si4+ are less than 0.3 and 3.0, respectively, 
which does not meet the definition of glauconite (Odin and Fullagar, 
1988; Tang et al., 2017). Glauconite can be easily converted to limonite 
or goethite under certain oxidizing conditions, and goethite can be 
converted to hematite upon dehydration (Rudmin et al., 2017; 
Sánchez-Navas et al., 2008). Therefore, the cement-like yellow-brown 
and dark-brown cement-like “glauconites” maybe the iron oxide trans-
formed by oxidation of glauconite in the late stage. The evolution of 
Type IV glauconites are (Fig. 13): In the pores between quartz grains, 
flocculent or speckled glauconite components are precipitated first; 
then, the speckles gradually aggregated and developed into green 
mature colloidal glauconites. In the Jixian area of Tianjin, most samples 
of this type of glauconites have not been oxidized and still appear green. 
However, the colloidal glauconites in the Longshan area have undergone 
strong oxidation, and most of them appear yellowish brown. The study 
found that the loss of K+ in the colloidal glauconites was serious, and the 
yellowish brown color shows the ratio of Fe2+/Fe3+ also decreased 
significantly (Harder, 1980; Hower, 1961; Sánchez-Navas et al., 2008). 
Therefore, most of the colloidal glauconites in the study area no longer 
meet the defined structures of glauconite, and have become the iron 
oxides of glauconite (Fig. 13). The formation processes of colloidal 
glauconites developed in the secondary enlarged edges of quartz and 
halo-rimmed glauconites are also similar. The former formed earlier 
than the secondary overgrowth of quartz. For halo-rimmed edge glau-
conites, they were formed by the growth of glauconite microparticles in 
the pore water along the surfaces of the early glauconite grains as the 
shell. 

The Type V detrital granular glauconites are dark brown in color, and 
rounded or oval in shape (Fig. 3f). They were mainly formed in the 
Changlongshan Formation and are allochthonous glauconites. Zhang 
et al. (2020) proved that these granular glauconites were genetically 
related to the early glauconites developed in the early Xiamaling For-
mation, in which a large area of colloidal or mica pseudomorphic 
glauconites were found (Fig. 14). The areas of the continuous distributed 
glauconites are much larger than the surrounding quartz grains. As 
above analysis, the Xiamaling Formation suffering from long-term 
weathering provided a large amount of terrigenous detrital sources for 
the Changlongshan Formation (Zhang et al., 2020). It was inferred that 

Fig. 8. Covariation diagram of K2O and TFeO in the glauconite samples at 
different times. Fields of illitic and glauconitic minerals are after Odin and 
Matter (1981). Notes: Region I-samples conform to the pseudomorphic 
replacement theory; Region II- samples conform to the layered lattice theory; 
Region III- samples conform to the grain verdissement theory. Evolutionary 
trends in case of three genesis theories are presented by black line arrows. 
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these contiguous glauconites were stirred up, re-transported, abrased 
and re-deposited by strong current in the later stage to form allochtho-
nous detrital granular glauconites with better roundness. Most of the 
detrital glauconites in the study area appear dark brown, indicating that 

they have undergone strong oxidation during transportation. Electron 
probe analysis also showed that they no longer have the chemical 
compositions of glauconite. On the whole, the detrital granular glau-
conites belong to the composite origin of “authigenic cementation” or 

Fig. 9. Relationship between different mineral components in the glauconite samples from the Qingbaikou System in the Longshan area. Notes: (a) Cross-plot of K2O 
vs. TFeO (total iron); (b) Cross-plot of K2O vs. SiO2; (c) Cross-plot of K2O vs. Al2O3; (d) Cross-plot of Al2O3 vs. TFeO. 

Fig. 10. Schematic diagram of the development process of granular glauconites (Changlongshan Formation). The numbers 1, 2, 3 and 4 represent different stages of 
glauconite development: 1- In the early stage, the glauconites were formed in discrete tiny patches; 2- Tiny glauconite patches merged slowly; 3-Glauconites 
continued to develop and almost engulfed the entire quartz substrate; 4- Quartz particles are completely transformed into glauconite particles; 5-Glauconites un-
derwent the oxidative transformation process. 

Q. Zhang et al.                                                                                                                                                                                                                                  



Geoenergy Science and Engineering 222 (2023) 211412

13

Fig. 11. Evolution mode of the autochthonous granular glauconites of Qingbaikou System in Longshan area. Note: G-glauconite, Q-quartz.  

Fig. 12. Comparison of developmental characteristics of Types II and III granular glauconites (Changlongshan Formation). Type II is yellow-green, and Type III is 
yellow-brown. They have similar occurrence morphology. 

Fig. 13. Evolution mode of the autochthonous colloidal glauconites of the Qingbaikou System in the Longshan area. Notes: G-glauconite; Q-quartz.  
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“layered lattice” and later re-transportation and re-deposition. 

4.3. Implication in depositional environment and diagenesis of the 
Neoproterozoic glauconites 

The enrichment of glauconite requires suitable climate and sedi-
mentary conditions, and the existence of authigenic glauconite can be 
used to analyze the sequence stratigraphic framework and restore the 

sedimentary environment (Amorosi et al., 2012; Baioumy and Boulis, 
2012b; Ding, 1991; López-Quirós et al., 2019; Mandal et al., 2020; Roy 
Choudhury et al., 2022a,b). During the Precambrian period, the sea level 
was relatively high, and most of the glauconites were formed in a 
temperate-subtropical climate environment (Tang et al., 2017; Zhang 
et al., 2022). Glauconites are distributed across cratons, and their for-
mation is related to the rising sea-level and slow rates of deposition on 
the continental shelf (Banerjee et al., 2015; Chen et al., 2014; Tutolo 

Fig. 14. Colloidal and mica pseudomorphic glauconites of the Xiamaling Formation in the Longshan area. Notes: G-Glauconite; Q-Quartz; Ba-Mica- 
altered glauconite. 

Fig. 15. Sedimentary characteristics of the Changlongshan Formation in the Longshan area. Notes: (a) Glauconite-bearing fine sandstone, with cross-bedding; (b) 
Glauconite-bearing siltstone, with horizontal bedding; (c) Interbeded glauconite sandstone and ferruginous sandstone; (d) Microscopic images of interbeded glau-
conite sandstone and ferruginous sandstone. Q-Quartz; G-Glauconite; Fe- Ferrum. 
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et al., 2020; Mei et al., 2008). Modern glauconites are formed in con-
tinental shelf margins, upper continental slopes and subtidal shallow 
shoal environments (Hegab et al., 2016; Wang and Lin, 1979). Previous 
studies (Chenet al., 2012; Chu et al., 2022; Guo et al., 2019; Wang et al., 
2000; Zhang et al., 2017b) when combined with field profile observa-
tions and rock type studies, suggest that the Xiamaling Formation could 
be a clastic neritic-tidal flat deposits in the North China. Glauconites are 
mainly distributed in the subaqueous siltstones and fine sandstones of 
the subtidal zone in the lower part of the highstand systems tract (HST) 
(Fig. 2) (Zhang et al., 2022). The Changlongshan Formation is a set of 
clastic tidal flat deposits. Glauconites are distributed in the subtidal fine 
sandstones with cross-beddings (Fig. 15a) and associated with purplish 
red iron strips (Fig. 15c and d) in the lower part of the transgressive 
systems tract (TST) and the siltstones with horizontal beddings 
(Fig. 15b) in the top of the TST (Zhang et al., 2022) (Figs. 2 and 15). The 
collision between the North China Block and the adjacent terranes led to 
the uplift of the Xiamaling Formation (or Weixian Uplift) and the for-
mation of collisional granites. The Neoproterozoic deposition was the 
result of the breakup of the Rodinia supercontinent. Quartz sandstones 
and glauconite sandstones of the Changlongshan Formation are the 
earliest sediments after the breakup of the Rodinia supercontinent, and 
they record the overlapping process in the early sea transgression pro-
cess (Pan et al., 2013). The Neoproterozoic glauconite in the study area 
is widely developed in the subtidal sand flats and shoals of TST and HST, 
so it is difficult to distinguish the ‘condensed segments’ by the occur-
rence of glauconite (Amorosi, 2013; Chen, 1994; Ding, 1991). According 
to previous studies, glauconite formations are mostly distributed in the 
deep-water environment of the upper part of the mid-continental shelf 
with a low deposition rate (Banerjee et al., 2012, 2016; Deb and 
Fukuoka, 1998; Eder et al., 2007; Mei et al., 2008), and glauconite in the 
study area is distributed in the subtidal environment with a relatively 
high deposition rate. Therefore, it can be inferred that the low deposi-
tion rate in the deep-water environment is not the primary controlling 
factor for the formation of glauconite in the Neoproterozoic in North 
China, and the existence of glauconite cannot determine the specific 
systems tract of the sequence stratigraphy. 

The formation of authigenic glauconite and iron-bearing minerals is 
regulated by the iron availability and redox conditions in seawater (Eder 
et al., 2007; Mandal et al., 2020; Tang et al., 2017; Baldermann et al., 
2013; Baldermann et al., 2013; López-Quirós et al., 2019; Banerjee et al., 
2012; Roy Choudhury et al., 2022a,b). The glauconite sandstones and 
ferruginous sandstones of the Changlongshan Formation are inter-
bedded, and this kind of glauconite mostly exists in a cemented form 
(Fig. 15c and d). A sub-oxic depositional condition facilitates the for-
mation of glauconite by mobilizing the irons in the Fe 2+ state (Mandal 
et al., 2022; Roy Choudhury et al., 2022a,b; Su et al., 2016; Tang et al., 
2017). Algal texture organisms have been found in the ferruginous 
sandstones of the Changlongshan Formation of North China, thus 
providing evidence for the existence of oxidation conditions (Mei et al., 
2008; Zhang et al., 2020). Under the condition of insufficient or strong 
light, algal organisms will cause the difference of oxygen content in 

seawater, and thus lead to the rhythmic symbiosis between ferruginous 
sandstones and glauconite sandstones according to the different ratios of 
Fe2+ and Fe3+ (Mei et al., 2008; Zhang et al.,2020, 2022). 

According to the differences in classification, distribution, 
morphology, color, and origin of different types of glauconites in this 
study (Table 3), the diagenesis and diagenetic stages of glauconite are 
comprehensively analyzed. Early studies suggested that glauconite was 
mainly formed by weathering of biotite from the sea floor during the 
syngenetic period (Bai and Dai, 1994; Burst, 1958; Chang, 1992; Chen, 
1980; Chen and Duan, 1987; Hower, 1961). However, more and more 
studies have found that different kinds of glauconites have experienced 
different mechanical and chemical process or diagenesis in different 
burial stages. In this study, the formation of autochthonous granular 
glauconites of the Types I, II and III underwent early dissolution, 
metasomatism, maturation and later oxidation in the burial diagenetic 
stage. However, the Type IV autochthonous colloidal glauconites un-
derwent cementation and oxidation in the early and late digenesis stags 
respectively. For the Type V allochthonous granular glauconites, they 
experienced autochthonous cementation or metasomatism of mica from 
the Xiamaling Formation in the early stage, followed by re-transport and 
allogenic redeposition in the later stage (Table 3). In addition, glauco-
nite cements are found between the edges of quartz overgrowth and the 
quartz grains (Fig. 3j). It shows that the formation of glauconite should 
be later than the overgrowth of quartz, and may be formed in the later 
diagenetic stage. Therefore, glauconite can be formed in different 
diagenetic stages as long as suitable geological conditions are available. 

5. Conclusions  

(1) In the Longshan area, the Qingbaikou glauconites have granular, 
cementitious, clastic pseudomorphic, pigment-infested and halo - 
rimmed aggregated forms. Based on the variations in their color, 
morphology and chemical composition, these glauconites are 
classified into Type I - green granular glauconite with high K2O 
and low TFeO content; Type II - yellow-green glauconite with low 
K2O content; Type III - yellow-brown granular glauconite with 
strong oxidation; Type IV - yellow colloidal glauconite, whose 
chemical formula is difficult to derive; Type V - dark brown 
clastic glauconite, where its chemical composition has been 
altered to iron oxides.  

(2) The formation of glauconite is controlled by source rocks and 
redox conditions. The glauconites in the Changlongshan Forma-
tion are sourced from iron components, glauconites and feldspar- 
rich rocks in the underlying Xiamaling Formation and the lower 
Changlongshan Formation.  

(3) Types I granular glauconites exhibit high K2O, Al2O3, SiO2 and 
MgO, and low TFeO contents. The Type I granular glauconite 
follows a similar evolutional trend with the ‘pseudomorphic 
replacement’ theory. Types II granular glauconites show a gen-
eral evolutional trend with layer lattice theory. Type III granular 
glauconites were formed by early pseudomorphic replacement or 

Table 3 
Classification and characteristics of the glauconites developed in the Qingbaikou System of the Longshan area, Beijing.  

Classifications Formation Types Genesis mechanism Mechanical and chemical actions Color and morphology 

Autochthonous 
glauconite 

Xiamaling and 
Changlongshan 
Formations 

Type I Pseudomorphic replacement Dissolution and metasomatism Light green granular or 
pigment-infested shape 

Type 
II 

Layer lattice Dissolution and metasomatism Yellow-green granular 

Type 
III 

Pseudomorphic replacement or layer lattice 
+ alteration 

Dissolution, metasomatism and 
oxidation 

Yellow-brown granular 

Type 
IV 

Autogenous precipitation + alteration Cementation and oxidation Yellow-brown colloidal or 
halo – rimmed 

Allochthonous 
glauconite 

Changlongshan Formation Type 
V 

Autogenous cementation or layer lattice + re- 
transportation + allochthonous re-deposition 

Cementation or metasomatism 
followed by transport and 
deposition 

Dark brown round or oval 
granular  
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layered lattice genesis combining later alteration. Type IV 
colloidal glauconites underwent early authigenic cementation 
and late oxidization. Type V detrital granular glauconites were 
formed by later re-transportation and allochthonous re- 
deposition of authigenic glauconite or mica pseudomorphic 
glauconite.  

(4) The Neoproterozoic glauconite in the study area is widely 
developed in the subtidal sand flats and shoals of TST and HST, 
implying that the low deposition rate in the deep water envi-
ronment is not the primary controlling factor for the formation of 
glauconite, and the existence of glauconite cannot determine the 
specific system tract of sequence stratigraphy. Different kinds of 
glauconites have experienced different mechanical and chemical 
processes or diagenesis in different stages. 
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