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Abstract The Lower Yangtze region in China hosts extensive Early Paleozoic dolomitic sequences, yet their 
sedimentary environments and genetic mechanisms remain poorly constrained. This study integrates car-
bonate microfacies analysis with geochemical data (major, trace, and rare earth elements) from three 
studied sections (Mufushan, Lunshan, Tangshan) and two drill cores (Sure 1 and Sure 2) to elucidate the 
depositional evolution and dolomitization of the Cambrian—Ordovician Guanyintai, Lunshan, and Hon-
ghuayuan formations. Totally 15 types of carbonate microfacies were identified, revealing a transition from 
supratidal sabkha (e.g., powder-crystal dolostone with geopetal structures) to shallow shoal environments 
(e.g., dolomitized oolitic grainstone). Geochemical signatures (MgO—CaO covariation, Sr depletion, and REY 
patterns) indicate that the Guanyintai Formation dolostone formed via reflux penetration of Mg 2+ enriched 
brines in shallow burial settings, while the Lunshan Formation experienced superimposed burial and hydro-
thermal dolomitization, evidenced by saddle dolomite textures and positive δEu anomalies. Contrarily, the 
Honghuayuan Formation limestones exhibit significant terrigenous input (elevated Al 2 O 3 , Zr, and SiO 2 ). This 
study establishes a dual-phase genetic model for Cambrian—Ordovician dolostone in Lower Yangtze region, 
emphasizing the interplay of evaporative reflux and hydrothermal activity. These findings provide critical 
insights for predicting dolostone reservoir distribution and optimizing hydrocarbon exploration in analogous 
marine carbonate systems.
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1. Introduction

Dolostone, as a critical component of carbonate 
platforms throughout Earth's history, has long been a 
focal scientific issue in sedimentology due to its ge-
netic mechanisms and paleoenvironmental implica-
tions (Cai et al., 2021; Zhang et al., 2024; Bai et al., 
2025). The prevailing academic consensus identifies 
multiple dolomitization processes, including microbial 
(biological), sabkha, reflux seepage, burial, hydro-
thermal, and mixing-zone processes (Van Lith et al., 
2003; Metcalfe, 2011; Gregg et al., 2015; Petrash 
et al., 2017; Cai et al., 2021; Li et al., 2022; Zhang 
et al., 2024; Zhou et al., 2024). However, the 
complexity and prolonged nature of dolomitization 
processes often result in multiple superimposed 
dolomitization stages within the same stratigraphic 
unit (He et al., 2020; Li et al., 2022). The Early 
Paleozoic, marked by global tectonics, including the 
collision of Yangtze—Cathaysian blocks and Caledo-
nian Orogeny (Zhang et al., 2013; Li et al., 2014; Shu 
et al., 2021; Shan et al., 2022), provides a unique 
window to investigate the coevolution of dolomitiza-
tion processes and paleogeographic configurations. 
The well-preserved Cambrian—Ordovician carbonate 
sequences in the Lower Yangtze region of South China, 
particularly the thick dolostone successions of the 
Guanyintai and Lunshan formations (Li et al., 2016; Xu 
et al., 2017; Wu et al., 2020; Guo et al., 2023), serve 
as an ideal natural laboratory for unraveling multi-
phase dolomitization dynamics. However, existing 
studies predominantly focus on the Upper Yangtze 
region (e.g., Dengying and Longwangmiao formations 
in the Sichuan Basin) (Jiang et al., 2023; Qu et al., 
2023; Shang et al., 2023; Yang et al., 2023; Liu 
et al., 2024), with limited systematic understanding 
of the depositional environment evolution, fluid 
sources, and its coupling with regional tectonic ac-
tivities in the Lower Yangtze region. These constraints 
limit the understanding of Early Paleozoic paleo-
environmental reconstruction and dolostone forma-
tion mechanisms in the Lower Yangtze Block.

The Lower Yangtze region, located on the north-
eastern margin of the Yangtze Block, has been in a sta-
ble marginal marine environment from the Late Sinian

(Ediacaran) to the Early Triassic, accumulating thick 
carbonate successions dominated by dolostone (Zhang 
et al., 2006; Li et al., 2016; Xia et al., 2018; Fang 
et al., 2020; Wu et al., 2020; Guo et al., 2023; Chen 
et al., 2024). The Caledonian Orogeny further shaped 
its platform and basin depositional architecture (Zhang 
et al., 2013; Li et al., 2016; Xia et al., 2018; Chen et al., 
2024). Although previous studies proposed that Lower 
Yangtze dolostone formed through penecontempora-
neous multiphase dolomitization with localized hydro-
thermal influences (Fan et al., 1996; Li et al., 2016; Xu 
et al., 2017; Guo et al., 2023; Chen et al., 2024), these 
interpretations rely primarily on petrological or single-
proxy geochemical analyses, lacking integrated con-
straints from carbonate microfacies and multi-proxy 
geochemical datasets. Additionally, extensive surface 
coverage in the region limits outcrop-based in-
vestigations, resulting in incomplete characterization 
of fluid sources and spatiotemporal linkages between 
dolomitizing fluids and tectonic—eustatic events. These 
limitations have hindered a holistic understanding of 
dolostone genesis in this tectonically active margin. 

This study focuses on three measured sections in 
the Nanjing Ningzhen area, and two wells (Sure 1 and 
Sure 2) in the Yancheng City, employing an integrated 
approach combining carbonate microfacies analysis 
with geochemical proxies (major and trace elements, 
and rare earth elements including yttrium), to inves-
tigate the formation environment and genetic mech-
anisms of dolostone in the Lower Yangtze region. The 
study aims to establish a dolostone genetic model for 
the Lower Yangtze region, providing a regional 
comparative case for Early Paleozoic carbonate plat-
form dolostone research globally.

2. Geological background

The Lower Yangtze region, situated in the north-
eastern Yangtze Block, covers an area of 
22.5 × 10 4 km 2 across Jiangsu, Zhejiang, Anhui, Jiangxi 
Provinces, and Shanghai City (Cai et al., 2015; Shu 
et al., 2021). It is bounded by the Tancheng-Lujiang 
Fault to the west, the Sulu Orogen to the northwest, 
the Jiangshan-Shaoxing Fault to the south, and the 
Cathaysian Block to the southeast (Wang et al., 2013;
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Li et al., 2014). The region connects with the Middle 
Yangtze region at Jiujiang, Jiangxi Province, to the 
southwest (Fig. 1A). The tectonic and sedimentary 
evolution of the Lower Yangtze region comprises two 
principal stages. During the Jinning-Caledonian phase, 
northeast-trending synsedimentary faults controlled 
the development of distinct basin and platform facies, 
dividing the area into four regions: Area I (Chuzhou-
Yancheng basin facies), Area II (Nanjing-Anqing plat-
form facies), Area III (Wuxi-Huangshan basin facies), 
and Area IV (Yuhang platform facies) (Gao et al., 2023; 
Guo et al., 2023) (Fig. 1A). This period was charac-
terized by the deposition of extensive marine car-
bonate sequences (Fig. 1B). The terminal Caledonian 
collision between the Cathaysian Block and Yangtze 
Block triggered rapid uplift of the Lower Yangtze re-
gion, followed by extensive clastic deposition during 
the early Silurian (Zhang et al., 2013; Li et al., 2014; 
Shu et al., 2021). The subsequent Indosinian-
Yanshanian phase was dominated by compressional 
tectonics resulting from the convergence between the

Yangtze and North China plates. This phase exhibited 
contrasting deformation patterns, with intense thrust-
nappe structures developing in the northern and 
southern margins, while the central region maintained 
relative tectonic stability. During the late Yanshanian 
period, tectonic quiescence led to regional subsidence 
and the formation of a residual basin, subsequently 
modified by marine transgression and foreland basin 
development (Zhang et al., 2013; Xia et al., 2018; Shu 
et al., 2021)

2.1. Ningzhen area

The Ningzhen area, situated in Nanjing City, rep-
resents a key geological domain within the Nanjing-
Anqing Platform from the Late Sinian to Silurian 
(Fig. 1A). This area is distinguished by extensive 
Paleozoic marine carbonate sequences (Chai, 2019; 
Gao et al., 2023; Guo et al., 2023). The Upper 
Cambrian Guanyintai Formation comprises basal thin-
to medium-bedded gray algal dolostone, grading

Fig. 1 A) Simplified paleogeographical map showing the Cambrian—Ordovician sedimentary areas in the Lower Yangtze region, and lo-
cations of the studied sections and wells (modified from Guo et al., 2023). Studied sections (orange box): 1: Mufushan, 2: Lunshan, 3: 
Tangshan; Studied wells (purple box): 1: Sure 1, 2: Sure 2. The Lower Yangtze Block are divided into four areas: Area I: Chuzhou-Yancheng 
Basin, Area II: Nanjing-Anqing Platform, Area III: Wuxi-Huangshan Basin, Area IV: Yuhang Platform. B) Comprehensive stratigraphic histo-
gram of the Lower Yangtze region showing the sampling positions (modified from Guo et al., 2023).
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upward into thick-bedded gray to dark-gray brecci-
ated dolostone. The overlying Lower Ordovician Lun-
shan Formation initiates with brownish red thin- to 
medium-bedded dolostone (Fig. 2A, B), containing 
0.5—1.0 m diameter siliceous nodules (Fig. 2C), mul-
tiple diabase dyke intrusions (Fig. 2D, E), and soft-
sediment deformation structures (Fig. 2F). Its upper 
succession is characterized by dark-gray to grayish-
black medium- to coarse-grained dolostone 
(Fig. 2G), locally interbedded with gray medium- to 
thick-bedded limy dolostone and dolomitic limestones

containing chert bands. The overlying Lower Ordovi-
cian Honghuayuan Formation consists of basal light 
gray- to dark-gray thick-bedded peloidal sparitic 
limestone with calcite-filled paleokarst cavities 
(Fig. 2H), capped by gray bioclastic and oolitic lime-
stones (Fig. 2I).

2.2. Sure 1 and 2 wells

The Sure 1 and 2 wells are located in the Yancheng 
City, situated in the Chuzhou-Yancheng Basin (Chai,

Fig. 2 Outcrop photographs of the Lunshan (A—G) and Honghuayuan (H, I) formations in Ningzhen area, and core photographs of Sure 1 (J) 
and Sure 2 (K, L) wells. A) Thin-bedded dolostone; B) Thin- to medium-bedded dolostone (person for scale is ~1.65 m high); C) Siliceous 
nodules (circles); D) Diabase dykes (red lines); E) Microstructure of diabase dikes under cross-polarized light (+). Pl.: Plagioclase, Aug.: 
Augite; F) Cleaved and soft-sediment deformation (red dotted lines); G) Dark-gray to grayish-black medium- to coarse-grained dolostone; H) 
Karst caves; I) Dark gray dolomitic peloidal packstone; J) Gray-black powder-crystal dolostone in the Lunshan Formation of the Sure 1 well; 
K) Gray brecciated dolostone in the Guanyintai Formation of the Sure 2 well; L) Gray-white dolomitized bioclastic packstone in the Hon-
ghuayuan Formation of the Sure 2 well.
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2019) (Fig. 1A). These wells have penetrated a com-
plete stratigraphic succession from the Cambrian 
Guanyintai Formation to the Ordovician Lunshan and 
Honghuayuan formations. In the Sure 1 well, the 
Lunshan Formation is characterized by grayish-black, 
fine-crystalline dolostone extensively crosscut by 
quartz veins (Fig. 2J). The overlying Honghuayuan 
Formation primarily comprises light gray to white 
bioclastic limestone and calcarenite, with occasional 
oolitic limestone interbeds. The Sure 2 well exhibits 
similar lithological characteristics with variations in 
rock textures. The Guanyintai Formation is mainly 
represented by grayish-white, fine-crystalline dolo-
stone with gray, medium-crystalline dolostone, dis-
playing characteristic brecciated textures (Fig. 2K). 
The Lunshan Formation is composed of gray, fine-
crystalline dolostone interbedded with gray residual 
doloarenite. The Honghuayuan Formation consists 
predominantly of grayish-white and dolomitized bio-
clastic packstone and bioclastic limestones (Fig. 2L).

3. Samples and methods

3.1. Samples

Samples were collected from three sections 
(Mufushan, Lunshan, and Tangshan) and two wells 
(Sure 1 and Sure 2) (Fig. 1). The 70-m-thick Mufushan 
section is dominated by Guanyintai Formation dolo-
stones, providing 24 samples (NJ94—NJ117) (Fig. 3A). 
The 250-m-thick Lunshan section primarily exposes 
dolostone of the Lunshan Formation, with 82 samples 
collected (NJ01—NJ82) (Fig. 3A). The 25-m-thick 
Tangshan section spans the Lunshan and Honghuayuan 
formations (Fig. 3A), yielding 11 samples 
(NJ83—NJ93). During sampling, unweathered speci-
mens free of calcite veins and significant diagenetic 
alteration were prioritized to ensure the integrity of 
paleoenvironmental records. The Sure 1 well includes 
the Lunshan and Honghuayuan formations (Fig. 3B),

Fig. 3 Stratigraphic log of the Mufushan, Lunshan, Tangshan sections, and the Sure 1 and 2 wells in the Lower Yangtze region, showing 
sampling locations and microfacies classification. Thick.: Thickness; L.S.: Lunshan; H.H.Y.: Honghuayuan.
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with 73 samples collected (SR67—SR139). The Sure 2 
well penetrates the Guanyintai, Lunshan, and Hon-
ghuayuan formations (Fig. 3C), providing 44 samples 
(SR01—SR44). All samples avoided intervals affected 
by drilling-induced fractures or secondary minerali-
zation. A total of 234 samples were analyzed for car-
bonate microfacies and 44 for geochemical 
measurements.

3.2. Carbonate microfacies analysis

Microfacies classification integrates field observa-
tions with thin section analysis, focusing on grain-size 
distribution, matrix composition, textural character-
istics, biogenic components, mineralogical assem-
blages, and sedimentary structures (Flügel, 2010). It 
also considers the dolomitization intensity assess-
ment. For mineral discrimination, rock thin sections 
are treated with alizarin red S staining, enabling 
precise differentiation between calcite (stained red) 
and dolomite (unreacted with characteristic rhombic 
morphology). Carbonate rocks are categorized using 
the Dunham’s (1962) classification scheme as modified 
by Embry and Klovan (1971). Dolostone nomenclature 
follows an integrated classification system combining 
Folk’s (1962) compositional—structural criteria with 
Randazzo and Zachos’ (1984) textural continuum. 
Environmental interpretation adheres to Wilson's 
(1975) sedimentary environment classification 
framework integrated with Flügel's (2010) standard 
microfacies methodology.

3.3. Geochemical analysis

In the Mineral Separation Laboratory at Nanjing 
University, 44 fresh core samples from the Sure 2 well 
were initially crushed and manually purified to 
remove any potential contaminants, followed by 
pulverization to a fine powder (<200 mesh) using an 
agate mill to ensure homogeneity and avoid cross-
contamination. These powdered samples were sent 
to Wuhan SampleSolution Analytical Technology Co. 
Ltd. Under the conditions of temperature (20—25 ◦ C), 
relative humidity (10%—30%), voltage (50 kV), and 
current (60 mA), they were tested for the content of 
major, trace, and rare earth elements (including 
yttrium, REY) in the whole rock using X-ray fluores-
cence (XRF, Primus II, Rigaku, Japan) and Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 
7700e), respectively. Detailed procedures for 
analytical methods are provided in the supplemen-
tary data.

4. Results

4.1. Carbonate microfacies

In the Lower Paleozoic of the Ningzhen area and the 
Sure 1 and 2 wells, two lithological types have been 
identified: dolostone (Guanyintai and Lunshan forma-
tions) and limestone (Honghuayuan Formation). 
Through carbonate microfacies analysis, a total of 15 
microfacies types were recognized (Figs. 3, 4; Table 1).

4.1.1. MF1: Powder-crystal dolostone

This microfacies occurs in the Guanyintai Forma-
tion (Sure 2 well) and Lunshan Formation (Lunshan 
section and Sure 1 well) (Fig. 3A, B, C). It consists 
predominantly of equant powder-crystal dolomite 
(Fig. 4A), exhibiting powder-crystal texture and geo-
petal structures. The absence of both laminae and 
biogenic components indicates deposition in a supra-
tidal sabkha environment above mean high-water 
level (Flügel, 2010).

4.1.2. MF2: Brecciated dolostone

This microfacies occurs in the Guanyintai Forma-
tion (Mufushan section and Sure 2 well) (Fig. 3A, C). It 
comprises bimodal powder-crystal brecciated dolo-
mite, with angular to subangular clasts, poor sorting, 
and a lack of orientation (Fig. 4B). The absence of both 
laminae and biogenic components, combined with the 
textural characteristics, suggests deposition in a 
supratidal evaporative environment (Flügel, 2010).

4.1.3. MF3: Lime-bearing powder-crystal 
dolostone

This microfacies occurs in the mid-Lunshan For-
mation (Lunshan section) and uppermost Honghuayuan 
Formation (Tangshan section) (Fig. 3A). It consists of 
>85% equant dolomite (<0.1 mm), exhibiting powder-
crystal and bird's eye structures (Fig. 4C). The 
absence of both laminae and biogenic components, 
combined with the presence of bird's eye structure, 
indicates a supratidal sabkha environment above mean 
high-water level (Wilson, 1975; Flügel, 2010).

4.1.4. MF4: Fine-grained dolostone

This microfacies occurs in the Lunshan Formation 
(Lunshan and Tangshan sections and Sure 1 and 2

6 J.-W. He et al.



Fig. 4 Microscopic photographs of representative microfacies from Guanyintai, Lunshan, and Honghuayuan formations in the Lower 
Yangtze region. A) MF1 powder-crystal dolostone, showing geopetal structure; B) MF2 brecciated dolostone; C) MF3 lime-bearing powder-
crystal dolostone; D) MF4 fine-grained dolostone; E) MF5 lime fine-grained dolostone; F) MF6 microbial mats, showing irregular laminae and 
stromatolitic structures; G) MF7 laminated powder-crystal dolostone, showing laminated structure (red dotted line); H) MF8 dolomitized 
mudstone; I) MF9 residual oolitic dolostone, showing residual oolitic cores (red arrow); J) MF10 dolomitic peloidal packstone; K) MF11 
dolomitized oolitic grainstone, showing residual oolitic (red arrow); L) MF12 crinoid oolitic grainstone, showing micrite envelope structure 
(red arrow); M) MF13 residual peloid dolostone; N) MF14 peloid grainstone; O) MF15 dolomitized bioclastic packstone, showing bioclast layer 
formed by storm, erosion contact relationship (red dotted line). Cr: crinoid; (-): plane-polarized light.

Lower Yangtze Cambrian—Ordovician sedimentary evolution and dolomitization 7



wells) (Fig. 3A, B, C). It consists of fine-grained dolo-
mite (0.1—0.2 mm), exhibiting subhedral to euhedral 
crystals and fine-grained structure, displaying foggy 
cores with bright edges, and saddle dolomite textures 
(Fig. 4D). The absence of both laminae and biogenic 
components indicates a supratidal evaporative envi-
ronment. Notably, crystal size and euhedral 
morphology increase proximal to quartz veins, sug-
gesting hydrothermal activity influence on 
dolomitization.

4.1.5. MF5: Lime fine-grained dolostone

This microfacies occurs in the mid-Honghuayuan 
Formation (Tangshan section) (Fig. 3A). It consists 
predominantly of equant dolomite (Fig. 4E), exhibiting 
fine-grained texture. The absence of both laminae and 
biogenic components, coupled with the lack of evap-
oritic minerals or exposure structures, suggests 
deposition in the upper intertidal zone under moder-
ate salinity conditions (Flügel, 2010).

4.1.6. MF6: Microbial mats dolostone

This microfacies occurs in the Guanyintai Forma-
tion (Mufushan section) and Lunshan Formation (Lun-
shan section) (Fig. 3A). It consists of alternating dark-
colored laminae (<50 μm) and sparry dolomite crystals 
(Fig. 4F). The absence of calcified algal cellular 
structures, combined with the development of 
fenestral structures, indicates a cyanobacteria-
dominated microbial mat origin (Riding, 2000). 
Locally observed stromatolitic domal structures 
(Fig. 4F) demonstrate the mat's grain-trapping and 
binding functions (Noffke and Awramik, 2013). These 
sedimentary features are a typical indicator of the 
intertidal zone (Flügel, 2010).

4.1.7. MF7: Laminated powder-crystal dolostone

This microfacies occurs in the Lunshan Formation 
(Lunshan section and Sure 1 well) (Fig. 3A, B). It 
consists of >95% bimodal powder-crystal dolomite, 
exhibiting powder-crystal structure, displaying well-
developed laminated structures (Fig. 4G). The 
absence of both biogenic components and evaporite 
minerals, coupled with the laminated structure, in-
dicates deposition in a lower intertidal environment 
(Wilson, 1975; Flügel, 2010).

4.1.8. MF8: Dolomitized mudstone

This microfacies occurs at the upper and lower 
contacts of the Honghuayuan Formation (Sure 1 and 2Ta
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wells) (Fig. 3B, C). It is dominated by calcite (>85%) 
and dolomite (<15%). This microfacies exhibits high-
energy sedimentary structures, including abraded 
crinoid fragments, laminated structures, and sharp 
erosional contacts (Fig. 4H). Furthermore, it is 
stratigraphically positioned between the intertidal 
residual oolitic dolostone (MF9) and the shoal crinoid 
oolitic grainstone (MF12). These characteristics 
collectively indicate formation in a high-energy 
intertidal environment with strong hydrodynamic 
conditions (Wilson, 1975; Flügel, 2010).

4.1.9. MF9: Residual oolitic dolostone

This microfacies occurs in the Lunshan and Hon-
ghuayuan formations (Sure 1 well) (Fig. 3B). It consists 
predominantly of ooids (Fig. 4I), displaying spherical 
to rounded morphology, good sorting, and particle-
supported fabric. The ooids are partially to 
completely dolomitized, preserving grain structures 
with occasional intact nuclei. The substantial micritic 
matrix indicates low hydrodynamic energy. Addition-
ally, the presence of well-preserved ooids with intact 
radial structures and the absence of open-marine 
fossils (e.g., corals, brachiopods) collectively suggest 
deposition in a low-energy restricted lagoon environ-
ment (Flügel, 2010).

4.1.10. MF10: Dolomitic peloidal packstone

This microfacies occurs in the Honghuayuan For-
mation (Tangshan section) (Fig. 3A). It consists of 
peloids, exhibiting micritic matrix and grain-
supported structure (Fig. 4J). The poorly sorted, 
subspherical to oblate peloids, are predominantly 
composed of micritic limestone clasts. The absence of 
both laminae and biogenic components, coupled with 
the peloids, suggests deposition in a restricted 
lagoonal environment (Flügel, 2010).

4.1.11. MF11: Dolomitized oolitic grainstone

This microfacies occurs in the Honghuayuan For-
mation (Tangshan section) (Fig. 3A). It consists pre-
dominantly of ooids (Fig. 4K), accompanied by peloids 
and echinoderm fragments in a grain-supported fab-
ric. The ooids, mostly replaced by powder-crystal 
dolomite forming a residual grain structure, display 
spherical to subrounded shapes with radial structures 
and moderate sorting. The presence of radial ooids 
and peloids indicates deposition in a restricted lagoon 
environment (Wilson, 1975; Flügel, 2010).

4.1.12. MF12: Crinoid oolitic grainstone

This microfacies occurs in the Honghuayuan For-
mation (Sure 1 and 2 wells) (Fig. 3B, C). It consists 
predominantly of crinoids, ooids, and peloids (Fig. 4L). 
The matrix is composed of sparitic calcite cement, 
exhibiting granular texture and supported by parti-
cles. Crinoids display coaxial cementation, while ooids 
exhibit elliptical to spherical morphologies, predomi-
nantly of radial and micritic types with well-
developed micrite envelope structure. The predomi-
nance of radial ooids and sparitic cement corresponds 
to standard microfacies SMF15 (Flügel, 2010), indi-
cating deposition in a lagoon—shallow bank 
environment.

4.1.13. MF13: Residual peloid dolostone

This microfacies occurs in the Lunshan Formation 
(Lunshan section and Sure 2 well) (Fig. 3A, C). It 
consists predominantly of peloids and ooids (Fig. 4M), 
exhibiting a residual grain structure and grain-
supported fabric. The peloids are well-sorted and 
subrounded to rounded, consisting predominantly of 
dolomite. The ooids display elliptical to subrounded 
morphologies with radial fabrics and extensive dolo-
mitization. The grain-supported texture and compo-
sitional characteristics indicate deposition in a 
lagoon—shallow bank environment (Flügel, 2010).

4.1.14. MF14: Peloid grainstone

This microfacies occurs in the Honghuayuan For-
mation (Sure 1 well) (Fig. 3B). It consists of peloids and 
rare crinoid fragments (Fig. 4N), exhibiting a micritic 
texture and grain-supported fabric. The peloids are 
subrounded to rounded, with good sorting and a 
preferred orientation of long axes. The grain-
supported texture and micritic matrix, combined 
with the directional fabric of peloids, indicate depo-
sition in a high-energy shallow shoal environment, 
corresponding to standard microfacies SMF16 (Flügel, 
2010).

4.1.15. MF15: Dolomitized bioclastic packstone

This microfacies occurs in the Honghuayuan For-
mation (Sure 1 and 2 wells) (Fig. 3B, C). It consists of 
bioclasts, such as crinoids, bivalves, and trilobites, 
exhibiting characteristics of directionality and grada-
tion (Fig. 4O). The erosional contact between bio-
clastic layers and micritic background sediments,

Lower Yangtze Cambrian—Ordovician sedimentary evolution and dolomitization 9



coupled with fragmented bioclasts, indicates sedi-
mentary environment near the storm wave base 
(Flügel, 2010).

4.2. Geochemistry

4.2.1. Major Elements

The Guanyintai Formation in the Sure 2 well is 
predominantly composed of CaO (avg. 26.33%) and 
MgO (avg. 24.69%) (Fig. 5A), and the next most abun-
dant components are Al 2 O 3 and SiO 2 . The elements 
composition of the Lunshan Formation closely re-
sembles that of the Guanyintai Formation (Fig. 5B). 
The dominant components are CaO (avg. 27.02%) and 
MgO (avg. 24.38%). Secondary component includes 
Al 2 O 3 , with an average of 1.52%. SiO 2 , Fe 2 O 3 , Na 2 O, 
K 2 O, MnO, P 2 O 5 , and TiO 2 all have contents below 1%. 
In contrast, the Honghuayuan Formation in the Sure 2 
well is predominantly composed of SiO 2 (avg. 31.64%), 
CaO (avg. 22.83%), and Al 2 O 3 (avg. 10.01%) (Fig. 5C). 
Secondary components include Na 2 O, Fe 2 O 3 , K 2 O, and 
MgO. The contents of MnO, P 2 O 5 , and TiO 2 are all 
below 1%.

4.2.2. Trace elements

The Guanyintai Formation of the Sure 2 well is 
predominantly contains Sr (avg. 49.5 ppm), Zr (avg. 
44.7 ppm), and Sc (avg. 30.6 ppm) (Fig. 5D). The av-
erages of V, Ni, Cu, Pb, Mo, Co, Hf, and Cs are all below 

10 ppm. Similarly, the Lunshan Formation is primarily 
composed of Sr (avg. 25.5 ppm), Zr (avg. 40.0 ppm), 
and Sc (avg. 28.2 ppm) (Fig. 5E). The averages of Ni, 
Cu, V, Co, Pb, Hf, Mo, and Cs are all below 10 ppm. In 
contrast, the Honghuayuan Formation primarily 
composed of Sr and Zr (Fig. 5F), with concentrations 
ranging from 169 ppm to 670 ppm (avg. 328 ppm) and 
40 ppm to 164 ppm (avg. 102 ppm), respectively. The 
next most abundant elements are V, Sc, Ni, and Cu.

4.2.3. Rare earth elements and yttrium

The Guanyintai and Lunshan formations have ΣREY 
ranges of 6.45—11.81 ppm (avg. 9.36 ppm) and 
5.59—9.26 ppm (avg. 6.98 ppm), respectively. Both 
formations share remarkably similar REY distribution 
patterns (Fig. 5G, H), characterized by flat profiles 
with distinct positive Er anomalies. In contrast, the

Fig. 5 Content changes of geochemistry from the Guanyintai, Lunshan, and Honghuayuan formations in the Sure 2 well. A—C) Major el-
ements content; D—F) Trace elements content; G—I) Post-Archean Australian Shales (PAAS)-normalized REY patterns. Fm.: Formation.
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Honghuayuan Formation has ΣREY ranging from 

31.52 ppm to 171.22 ppm (avg. 123.64 ppm) and shows 
a slight leftward trend on the post-Archean Australian 
Shales (PAAS) standardization curve (Fig. 5I). In this 
study, Ce and Eu anomalies were calculated using the 
formulas δCe = 2Ce N /(La N + Pr N ) and δEu = 2Eu N / 
(Sm N + Gd N ) (Guo et al., 2023), where the subscript N 
indicates PAAS standardization (McLennan, 1989). For 
the Guanyintai and Lunshan formations, δCe values 
range from 1.03 to 1.10 (avg. 1.06) and 1.01 to1.46 
(avg. 1.19), respectively, while δEu values range from 
0.58 to 0.63 (avg. 0.61) and 0.49 to 0.86 (avg. 0.64), 
respectively. Overall, δCe and δEu values in the Hon-
ghuayuan Formation range from 0.93 to 1.12 (avg. 
1.01) and 0.54 to 0.73 (avg. 0.61), respectively.

5. Discussion

5.1. Sedimentary environment evolution

In the Ningzhen area, the Guanyintai Formation 
initiates with microbial mats dolostone (MF6), indic-
ative of intertidal depositional conditions. Its upper 
succession transitions to brecciated dolostone (MF2), 
characterized by poorly sorted micritic clasts likely 
formed through karst collapse processes, suggesting 
supratidal exposure. The basal Lunshan Formation is 
dominated by various dolostone, including powder-
crystal dolostone (MF1), lime-bearing powder-crystal 
dolostone (MF3), microbial mats dolostone (MF6) and 
laminated powder-crystal dolostone (MF7), repre-
senting a supratidal to upper tidal zone environment, 
with no significant sea level changes. In the middle 
succession, residual peloid dolostone (MF13) suddenly 
appeared, suggesting a significant sea-level change, 
then it returned to tidal flat environment, forming 
fine-grained dolostone (MF4). The Honghuayuan For-
mation is composed of calcic powder-crystal dolo-
stone (MF3), peloidal packstone (MF10), and oolitic 
grainstone (MF11), documenting alternating supra-
tidal and upper intertidal conditions.

In the Sure 1 well, the Lunshan Formation com-
prises predominantly powder-crystal dolostone (MF1) 
and fine crystal dolostone (MF4), suggesting sustained 
supratidal conditions, with rare residual oolitic dolo-
stone (MF9) indicating ephemeral lagoonal incursions. 
The Honghuayuan Formation shows a shoal—lagoon 
systems environment, with occasional supratidal in-
terbeds. Comparatively, the Sure 2 well Guanyintai 
Formation displays brecciated dolostone (MF2) within 
dominated sequences, suggesting enhanced supratidal

exposure events. The Lunshan Formation maintains 
this supratidal environment, but suddenly appears 
residual peloid dolostone (MF13), suggesting a signifi-
cant sea-level change in the mid-Lunshan Formation. 
The Honghuayuan interval transitions to dolomitized 
mudstone (MF8) interbedded with crinoid oolitic 
grainstone (MF12) and dolomitized bioclastic pack-
stone (MF15), documenting mixed lower intertidal to 
subtidal shoal environments.

Microfacies analysis reveals that supratidal facies 
account for over 60% of Late Cambrian deposits, 
characterized by extensive peritidal—sabkha dolo-
stones (e.g., Guanyintai Formation) reflecting the 
regional relative sea-level lowstand period. During 
this period, the alternation of supratidal brecciated 
dolostone (MF2) and intertidal microbial mats dolo-
stone (MF6) (Ningzhen area) and powder-crystal 
dolostone (MF1) (Sure 2 well) indicates high-
frequency sea-level fluctuations. These fluctuations 
likely resulted from combined effects of initial Cale-
donian uplift along the northern Yangtze margin and 
the Late Cambrian sea-level fall event (Haq and 
Schutter, 2008). This interpretation is further sup-
ported by strontium isotope and trace element char-
acteristics (Ebneth et al., 2001; Xu et al., 2017). The 
Early Ordovician is characterized by the development 
of widespread tidal flat—Sabkha dolostone (Lunshan 
Formation) gradually transitioned to shallow-shoal 
bioclastic limestones (Honghuayuan Formation). The 
sea level has an overall upward trend, which is syn-
chronized with the Early Ordovician transgression 
event (Haq and Schutter, 2008; Munnecke et al., 
2010). An abrupt occurrence of residual peloidal 
dolostone (MF13) within the upper Lunshan Formation 
records a brief regressive pulse correlative with 
equivalent strata in the Upper Yangtze region (Li 
et al., 2016; Sun and Liu, 2017). The final closure of 
the South China paleo-ocean during the Late Paleozoic 
Caledonian Orogeny triggered rapid uplift of the 
Yangtze Block, terminating carbonate deposition in 
the Lower Yangtze region and initiating transition to 
siliciclastic basin fill (Zhang et al., 2013; Xia et al., 
2018; Shu et al., 2021). The persistent dolostone-
dominated succession from the upper Guanyintai 
Formation to lower Lunshan Formation reflects stable 
sabkha-type depositional environments, whereas the 
appearance of oolitic-grainstone facies in upper Lun-
shan and Honghuayuan formations marks the estab-
lishment of high-energy shoal systems. This prolonged 
environmental stability provided optimal conditions 
for pervasive dolomitization throughout the study 
interval.
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5.2. Behavior of elements during diagenesis

5.2.1. Non-carbonate contamination

REY cations are generally stable when incorpo-
rated into carbonate lattices. However, non-
carbonate components such as terrigenous silicate 
minerals, sulfides, and iron-manganese oxides can be 
incorporated during deposition (Bayon et al., 2004; 
Zhao et al., 2009). Even minor contamination (e.g., 
210 ppm) from terrigenous clasts can alter the REY 
patterns of marine carbonates, weakening La and Ce 
anomalies and reducing LREE depletion (Nothdurft 
et al., 2004). The presence of such contaminants can 
be identified by correlations between 

∑ 
REY and ele-

ments like Al 2 O 3 and Zr (indicative of terrigenous sil-
icates), Pb and Sc (sulfides), and Ni and Cu (oxides) 
(Bolhar and Van Kranendonk, 2007; Jiang et al., 2015). 
Samples from the Guanyintai and Lunshan formations 
show no evidence of such contamination, as supported 
by both elemental data and microfacies analysis 
(Fig. 6A, B, C, D). In contrast, the Honghuayuan For-
mation exhibits higher average contents of Al 2 O 3 , Zr, 
Pb, Ni, and SiO 2 , suggesting significant contamination 
by terrigenous silicates, sulfides, and oxides. This 
contamination is confirmed by strong correlations 
between 

∑ 
REY and these elements (Fig. 6E, F, G, H), 

rendering the samples unsuitable for paleoenvir-
onmental reconstruction.

5.2.2. Fluid source

The distributions of calcium and magnesium pro-
vide critical constraints on dolomitization processes 
(Zhang et al., 2014). The MgO—CaO covariation dia-
gram defines three distinct geochemical fields: lime-
stone, dolostone, and contaminated (Fig. 7). Samples 
from the Lunshan and Guanyintai formations in the 
Sure 2 well and Nanjing area (Guo et al., 2023) display 
a characteristic MgO—CaO negative correlation and 
cluster within the dolostone field, indicating a meta-
somatic origin with a consistent fluid source. In 
contrast, Honghuayuan Formation samples predomi-
nantly occupy the limestone contaminant zones, 
exhibiting marked rapid decrease in Ca with an in-
crease in Mg, and showing high SiO 2 (avg. 31.64%) and 
Al 2 O 3 (avg. 10.01%). These geochemical signatures, 
coupled with the characteristics of REY, confirm sig-
nificant terrigenous input.

Iron and manganese provide critical burial diagen-
esis constraints. While seawater exhibits extremely 
low Fe—Mn concentrations, their concentrations in 
deep burial diagenetic pore fluids show a positive 
correlation with both burial depth and diagenetic 
alteration intensity (Allan and Wiggins, 1993). The 
dolostone of the Lunshan and Guanyintai formations 
exhibit low Fe 2 O 3 (avg. 0.22% and 0.21%, respectively) 
and MnO concentrations (avg. 0.02% in both units). 
These values closely match the Fe 2 O 3 (0.21%) and MnO

Fig. 6 The 
∑ 

REY and related elements covariation diagram of Guanyintai, Lunshan, and Honghuayuan formations from the Sure 2 well.
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(0.02%) contents observed in mudstone and grainstone 
in Nanjing area (Guo et al., 2023). This geochemical 
coherence implies that the dolomitization fluids of the 
Lunshan and Guanyintai formations are similar to the 
fluid environment during limestone deposition, mainly 
influenced by seawater, and the dolomitization mainly 
occurs in near-surface environments.

In modern marine environments, calcium carbon-
ate minerals, predominantly high-magnesium calcite 
and aragonite, precipitated directly from seawater, 
exhibit elevated Sr concentrations, ranging from 

400 ppm to 5000 ppm in high-magnesium calcite and 
averaging 9800 ppm in aragonite (Kinsman, 1969). 
Given that the distribution coefficient of Sr in calcite 
is twice that in dolostone, Sr depletion commonly 
occurs during dolomitization and subsequent diagen-
esis. The timing of dolomitization critically influences 
Sr content, with early dolomitization yielding Sr-rich 
dolostone and late dolomitization producing Sr-poor 
dolostone. Additionally, diagenetic alteration by 
meteoric freshwater can further reduce Sr concen-
trations (Brand and Veizer, 1980; Veizer et al., 1999). 
Compared to the high-magnesium calcite and arago-
nite, the Guanyintai and Lunshan formations exhibit 
significant Sr depletion, attributed to prolonged 
recrystallization during dolomitization and subse-
quent diagenesis under meteoric freshwater condi-
tions. Microfacies analysis of the Guanyintai 
Formation reveals abundant brecciated dolostone 
(MF2), dissolved pore, and karst features, consistent

with subaerial exposure and subsequent meteoric 
freshwater alteration during diagenesis.

The distribution patterns of REY in the dolostone of 
the Guanyintai and Lunshan formations are charac-
terized by flat patterns and positive Y anomalies 
(Fig. 5G, H), closely resembling those of modern 
seawater (Bau et al., 1996; Shields and Webb, 2004). 
This similarity implies that the REY compositions in 
these dolostone predominantly reflect the ambient 
seawater composition (Jiang et al., 2015). Notably, 
these dolostone are distinguished by a significant 
positive Er anomaly (Fig. 5G, H), a feature not 
commonly observed in marine authigenic carbonates 
but consistent with the REY patterns found in deep-sea 
sediment pore waters of the Western Pacific (Deng 
et al., 2017; Che et al., 2021). Furthermore, the 
average δCe values of 1.06 and 1.19 for the Guanyintai 
and Lunshan formations, respectively, suggest 
diagenesis under mildly hypoxic conditions, indicative 
of pore water or a mixed pore water-seawater source 
in a burial environment.

5.3. Genetic model of dolostone

The three microfacies (MF1, MF2, MF6) of the 
Guanyintai Formation are mainly composed of pow-
dery dolostone, and exhibit xenomorphic to subhedral 
textures with poor crystallinity and tight intergranular 
contacts, but preserving bird's eye and laminae 
structures (Fig. 8A, B). Combined with geochemical 
data, these characteristics suggest formation in a 
shallow burial environment. Systematic studies of 
Lower Yangtze carbonate diagenesis demonstrate no 
conclusive evidence for mixed-water dolomitization 
(Guo et al., 2023). The mixed-water dolomitization 
model requires a more stable hydrological system than 
that of the Quaternary period, which is rarely 
observed in natural coastal zones, thus limiting its 
applicability and only has local significance (Hardie, 
1987). The regional prevalence of powdery dolostone 
further precludes a mixed-water origin. Microfacies 
analysis shows that this period was in the relative sea-
level lowstand, and intense evaporation generated 
Mg 2+ enriched brines inside the platform which infil-
trated downward and refluxed to dolomitization. 
During early diagenesis, the dolomitization degree 
was weak, and the carbonate sediments that had been 
initially consolidated and partially separated from the 
sedimentary water collapsed in situ, forming a large 
number of in-situ accumulated brecciated powder 
crystals. With the continuous progress of

Fig. 7 The MgO—CaO covariation diagram of Guanyintai, Lunshan, 
and Honghuayuan formations from the Sure 2 well (Nanjing area 
data from Guo et al., 2023).
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sedimentation, carbonate sediments entered a 
shallow burial period, the Mg 2+ enrichment high 
salinity seawater continued to infiltrate and reflux 
downward through the pores between breccia. With 
the increase of burial depth, the Mg/Ca ratios of pore 
water increased, and the residual seawater continued 
to exchange with the original limestone, recrystalliz-
ing to form dolostone (Fig. 9A).

In contrast, the Lunshan Formation dolostone 
originated from hydrothermal alteration of marine 
limestone under burial conditions. Preservation of 
original grain morphology (MF9, MF13) indicates se-
lective dolomitization in shallow burial settings. 
Ankerite and saddle dolomite are typical features 
indicating hydrothermal or other relatively high-
temperature diagenetic environments (Machel and 
Lonnee, 2002; Davies and Smith, 2006). Under 
orthogonal polarized light, the crystal is saddle sha-
ped, with wavy extinction, dirty surface and cleavage 
bending (Fig. 8C—G). Ankerite often filled in the pores 
as a cement, shown as purple under the microscope 
after staining (Fig. 8H). Hydrothermal action will also 
accelerate the dolomitization and recrystallized pro-
cess, mostly heteromorphic and have obvious poikilitic 
characteristics (Fig. 8F, G). A pronounced positive δEu 
anomaly confirms hydrothermal alteration (Guo et al., 
2023). Early Paleozoic tectonic dynamics between the 
Yangtze and Cathaysia blocks generated widespread 
magmatic activity, particularly during Late 
Cambrian—Early Ordovician (Zhang et al., 2013). 
Abundant diabase dikes in the Lunshan Formation

further confirmed the magmatic activity, and 
geothermal anomalies from magmatism facilitated 
upward fluid migration, driving Mg 2+ enrichment fluid 
circulation (seawater or hydrothermal) during burial 
dolomitization (Fig. 9B).

Integrated carbonate microfacies analysis and 
geochemical data reveal that the Early Paleozoic 
dolostone in the Lower Yangtze region exhibit distinct 
dual-phase genetic characteristics, marked by the 
synergistic effects of early-stage evaporative reflux 
(Guanyintai Formation) and late-stage 
burial—hydrothermal overprinting (Lunshan Forma-
tion). In contrast to the single-phase reflux-dominated 
mechanisms documented in the Upper Yangtze region 
(e.g., Longwangmiao Formation, Sichuan Basin) (Ren 
et al., 2016; Liu et al., 2021), the complex diage-
netic history of the Lower Yangtze dolostone highlights 
the critical control of tectonic activities along the 
cratonic margin (e.g., Caledonian faulting—magma-
tism) on fluid sources. The hydrothermal characteris-
tics of the Lunshan Formation (such as saddle dolomite 
textures and positive δEu anomaly) bear similarities to 
those of the Tarim Basin (Liu et al., 2022). However, 
the elevated terrigenous input in the Honghuayuan 
Formation (avg. 10.01%) reflects a unique paleogeo-
graphic setting driven by proximal clastic supply from 

the uplifted Cathaysian Block. These findings under-
score that while Early Paleozoic dolomitization pro-
cesses were broadly modulated by global eustasy 
(Choquette and Hiatt, 2008; Jiang et al., 2023), 
regional tectono-sedimentary frameworks ultimately

Fig. 8 Petrological evidence of hydrothermal dolomitization in the Lunshan sections, and the Sure 1 and 2 wells. A) Bird's eye in microbial
mats dolostone; B) Laminae structures in powder-crystal dolostone; C—E) Grainy dolostone cement with ring characteristics (arrows); F) 
Saddle dolomite (arrows); G) Crystal-in-crystal features under hydrothermal activity (arrows); H) Ankerite cement (arrows). (-): plane-
polarized light.
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governed the spatiotemporal heterogeneity of 
diagenesis through their regulation of fluid chemistry 
and migration efficiency.

6. Conclusions

The Early Paleozoic carbonates in the Lower 
Yangtze region consist of 15 microfacies types, with 
the Guanyintai and Lunshan formations dominated by 
fine-grained dolostone from tidal flats, and the Hon-

ghuayuan Formation featuring grainstone from a 
shallow bank.

Geochemical analysis of the Guanyintai and Lun-
shan formations fluid source suggests pore water or a 
mixture of seawater and pore water, while the Hon-
ghuayuan Formation shows contamination by terrige-
nous materials.

The comprehensive study shows that the dolostone 
in the Guanyintai Formation of the Lower Yangtze 
region was formed through a percolation reflux dolo-
mitization model under a shallow burial environment,

Fig. 9 Genetic model of dolostone in the Guanyintai and Lunshan formations of the Sure 2 well. A) The downward infiltration and reflux of 
high-salinity seawater rich in Mg 2+ into early calcareous sediments, leading to an increase in the Mg/Ca ratio of pore water and dolomi-
tization; B) The selective dolomitization due to early reflux infiltration, followed by the influx of Mg 2+ enrichment fluids from hydrothermal 
activity, which accelerates the dolomitization process and forms significant saddle dolomite.
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while the dolostone in the Lunshan Formation resulted 
from the superimposition of burial dolomitization and 
hydrothermal dolomitization.
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