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A B S T R A C T   

Mesogenetic dissolution has the potential to enhance the quality of carbonate reservoirs, and thus it is critical to 
identify the source of corrosive fluids and establish the mechanism that leads to mesogenetic dissolution. An 
integrated study using cores, thin sections, seismic profiles, and geochemistry was performed to investigate the 
characteristics, discuss the possible corrosive fluids, and establish the formation mechanism of mesogenetic 
dissolution in Ordovician carbonates in the western slope of the Shulu Sag, Bohai Bay Basin. The Shulu Sag 
underwent a four-stage growth history, and the carbonate rocks in the study area experienced three episodes of 
diagenetic alteration (i.e., syngenetic, telogenetic, and mesogenetic). The micro- and macroscopic occurrences of 
mesogenetic dissolution were ubiquitous, including, for example, stylolites, solution seams, tiny pores, laminar 
dissolution pores, dissolution pores and vugs associated with stylolites, dissolution enlarged fractures, erosion of 
late minerals (e.g., saddle dolomite), and related hydrocarbon inclusions. The partition patterns of trace elements 
normalized to Upper Crust Continent (UCC) and rare earth elements (REEs) normalized to Post-Archean 
Australian Shale (PAAS) were consistent between eroded and uneroded samples. Compared with uneroded 
samples, eroded samples had higher contents of some trace elements (e.g., Co, Cr, Cu, Ni, V, and Zn) and REEs, 
and relatively higher average δ13C values and 87Sr/86Sr ratios. These characteristics indicate that the most likely 
corrosive fluids causing dissolution were organic acids in hydrocarbon-bearing fluids, which may have been 
derived from the maturation of organic matter in marlstone in the lower part of the Sha3 member (Es3

l ). The 
combination of the tilted basin structure and presence of good conduits (i.e., unconformity, stylolites, and 
fractures) promoted the migration of corrosive fluids and the occurrence of mesogenetic dissolution in Ordo-
vician reservoirs from the Neogene-Quaternary period to the present. A geologic model for the formation 
mechanism of mesogenetic dissolution has been proposed, which provides new insight for future hydrocarbon 
exploration.   

1. Introduction 

Carbonate rocks account for 20% of the total sedimentary rocks 
worldwide, which contain as much as 50–60% of the world’s oil and gas 
reserves (Morse and Mackenzie, 1990; Burchette, 2012). It is of 
considerable significance to study the formation and evolution of pores 
in such reservoirs. In general, the primary porosity of newly deposited 
carbonate ooze and mixed sediments varies from 60% to 80% (Garrison, 

1981; Fabricius, 2003). Most primary pores, except in the early hydro-
carbon filling, are usually compressed by compaction and cementation 
during post-depositional burial resulting in the preservation of less 
primary porosity (Halley and Schmoker, 1983; Goldhammer, 1997). As 
one of the main diagenetic processes leading to secondary pore forma-
tion, dissolution in carbonate rocks usually improves reservoir quality to 
varying degrees (Moore and Wade, 2013). Carbonate dissolution can be 
divided into eogenetic, mesogenetic, and telogenetic dissolution based 

* Corresponding author. China University of Petroleum-Beijing, 18 Fuxue Road, Changping, Beijing, 102249, China. 
E-mail address: jhch@cup.edu.cn (H. Ji).  

Contents lists available at ScienceDirect 

Journal of Petroleum Science and Engineering 

journal homepage: www.elsevier.com/locate/petrol 

https://doi.org/10.1016/j.petrol.2021.109045 
Received 16 November 2020; Received in revised form 29 March 2021; Accepted 29 May 2021   

mailto:jhch@cup.edu.cn
www.sciencedirect.com/science/journal/09204105
https://www.elsevier.com/locate/petrol
https://doi.org/10.1016/j.petrol.2021.109045
https://doi.org/10.1016/j.petrol.2021.109045
https://doi.org/10.1016/j.petrol.2021.109045
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petrol.2021.109045&domain=pdf


Journal of Petroleum Science and Engineering 206 (2021) 109045

2

on different time-porosity formation regimes (Choquette and Pray, 
1970). Most carbonate minerals are undersaturated in meteoric water, 
which leads to an increase in porosity by dissolution (e.g., Longman, 
1980; James and Choquette, 1984; Mazzullo, 2004; Mazzullo and Har-
ris, 1991; Moore and Wade, 2013). Therefore, there is widespread 
agreement that good porosity is easily generated in the telogenetic or 
eogenetic systems resulting from meteoric water leaching (e.g., Vacher 
and Mylroie, 2002). With respect to mesogenetic dissolution, which is 
also referred to as “deep karst” (e.g., Jia and Hao, 1989; Sauro et al., 
2013), “burial dissolution” (e.g., Lambert et al., 2006; Zhu et al., 2007; 
Liu et al., 2008), or “deep burial dissolution” (e.g., Xu et al., 2017; 
Valencia and Laya, 2020), there has been ongoing debate as to whether 
it can generate valid porosity. Since the 1980s, the burial environment 
and related diagenetic processes (e.g., mesogenetic dissolution) have 
gradually received increasing attention from scientists (e.g., Moore and 
Druckman, 1981; Mazzullo and Harris, 1991, 1992; Zhu et al., 2007; Liu 
et al., 2008; Jin et al., 2009; Jiang et al., 2015; Jia et al., 2016; Bai et al., 
2020). Some geologists have demonstrated the significance of meso-
genetic dissolution in increasing the porosity of carbonate rocks, 
although cementation, and mechanical and chemical compaction can 
result in porosity loss under deep-burial conditions (Wierzbicki et al., 
2006; Barnett et al., 2015; Valencia and Laya, 2020). In particular, 
Mazzullo and Harris (1992) provided a detailed review of the charac-
teristics of mesogenetic dissolution in carbonate rocks (e.g., pore types 
and evolution, and fluids causing mesogenetic dissolution). Ehrenberg 
et al. (2012), however, disputed the mesogenetic dissolution model due 
to a lack of supporting empirical data and the violation of chemical 
constraints on mass transport. In China though, widespread develop-
ment of burial (mesogenetic) dissolution has been demonstrated, for 
example, in the Tarim Basin (e.g., Zhu et al., 2007; Liu et al., 2008; Jin 
et al., 2009; Jia et al., 2016; Bai et al., 2020), Sichuan Basin (e.g., Hao 
et al., 2015; Hu et al., 2020), Ordos Basin (e.g., Tan et al., 2017), Bohai 
Bay Basin (e.g., Zhao et al., 2016; Xu et al., 2017), Qaidam Basin (e.g., 
Feng et al., 2013), and Pearl River Mouth Basin (Jiang et al., 2015). 

These case examples provide indisputable evidence that mesogenetic 
dissolution has a significant effect on the formation of high-quality 
reservoirs. 

Hydrocarbon exploration in the Shulu Sag, one of the most signifi-
cant petroliferous basins in the Huabei oilfield, has mainly focused on 
Cenozoic clastic rock and carbonate burial-hill top reservoirs and has 
been ongoing since the late 1970s. From 2016 until now, wells drilled 
into Ordovician strata along the western slope zone have shown great 
potential. Due to tectonic uplift, most geologists have argued that early 
meteoric freshwater dissolution resulted in the generation of all porosity 
in the reservoirs (e.g., Li, 2013). However, we have found that a portion 
of the storage space in the carbonate rocks did not generate under 
subaerial conditions but rather within the mesogenetic environment. 
Therefore, the primary goals of this study were to answer the following 
questions by conducting an integrated study of petrography and 
geochemistry on samples from the Ordovician strata:  

(1) What are the detailed characteristics of diagenesis corresponding 
to mesogenetic dissolution in Ordovician carbonate rocks?  

(2) What are the associated fluids that most likely caused dissolution 
in the mesogenetic realm?  

(3) What is the formation mechanism of mesogenetic dissolution and 
the influence of mesogenetic dissolution on reservoirs? 

2. Geological setting 

The Bohai Bay Basin is a NE-SW trending, rhomb-shaped strike-slip 
pull-apart basin (Fig. 1A), which developed from the Late Mesozoic to 
Early Cenozoic by lithospheric extension and thermal subsidence from 
the India-Eurasia collision (Hou et al., 1998; Li et al., 2010), and in-
cludes a series of uplifts and depressions, such as the Jizhong Depression 
(Fig. 1A). The Shulu Sag, located in the southwestern corner of the 
Jizhong Depression (Fig. 1A), is a typical elongated half-graben basin 
covering about 700 km2 bounded to the southeast by the Xinhe Uplift 

Fig. 1. (A) Locations of the Bohai Bay Basin and the Shulu Sag (modified after Jiang et al., 2007). (B) The structure features of the Shulu Sag. (C) Comprehensive 
diagram showing well locations in the western slope of the Shulu Sag, the time-domain map of the Tg2 seismic reflection horizon (see in Figs. 2 and 3), and the 
hydrocarbon supply window (from Cai et al., 2020). 
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and to the west by the Ningjing Uplift (Zhao et al., 2014; Ren et al., 
2019, Fig. 1B). The Shulu Sag is typically classified into three tectonic 
units based on the tectonic subsidence history from west to east: the 
western gentle slope zone, the central sub-sag zone, and the eastern 
steep slope zone (Zhao et al., 2014). The western gentle slope zone, 
which is the current study area owing to its exploration potential, has an 
area of about 370 km2 with a length and width of about 43 km and 10 
km, respectively (Ren et al., 2019, Fig. 1C). Tectonic events in the Jiz-
hong Depression control the development and structural evolution of the 
Shulu Sag. 

The eastward-dipping, tilted block forms the bedrock of the Shulu 
Sag, which consists of Archean-Palaeoproterozoic metamorphic rocks, 
and Meso-Neoproterozoic through Palaeozoic deposits that include 
Cambro-Ordovician and Permo-Carboniferous strata (Jiang et al., 2007), 
but lacks the Silurian and Devonian sedimentary succession as a result of 
Late Caledonian-Hercynian tectonic uplift (Fig. 2). The 
Permo-Carboniferous strata, which have only been preserved in the 
basin center, are composed of alternating marine and continental 
coal-bearing series (Lao and Gao, 1984, Figs. 2 and 3). Therefore, they 
are directly overlain by Eocene to Pliocene lacustrine sediments. The 
Lower Cambrian sediments (Є1m, Є1mz) are dominated by siliciclastics 
intercalated with carbonates deposited during the platform foundation, 
while the Middle (Є2x, Є2z) and Upper Cambrian successions (Є3g, Є3c, 
Є3f) were deposited on oolite- and storm -dominated carbonate ramp 
systems, respectively (An et al., 1982; Chen and Meng, 1993; Meng 
et al., 1997, Fig. 2). However, the upper Cambrian through Ordovician 
strata are dominated by fine-grained limestones and dolostones that 
were deposited on a low-energy, epeiric-sea carbonate platform (An 
et al., 1982; Feng et al., 1989; Chen and Meng, 1993; Meng et al., 1997). 
This study focuses on the Ordovician strata composed of the Yeli (O1y), 
Liangjiashan (O1l), Majiagou (O2m), and Fengfeng (O2f) Formations in 
ascending order in the western gentle slope zone (Figs. 1C and 2). The 
lacustrine basin fill materials gradually overlap upward onto the 
Ordovician strata at the western slope of the Shulu Sag (Fig. 3). These 
are mainly composed of terrestrial deposits, such as mudstones, sand-
stones, and conglomerates, including the Shahejie (Es), Dongying (Ed), 
Guantao, Minghuazhen, and Pingyuan Formations from bottom to top in 
the basin depocenter (Fig. 2). It is worth mentioning that the Shahejie 
Formation comprises three members: Sha1 (Es1), Sha2 (Es2), and Sha3 
(Es3, including upper and lower parts) (Fig. 2). The lower part of the 
Sha3 member (Es3

l ) is composed of organic matter-rich marlstones 
intercalated with mudstones that act as the primary source rocks 
(thickness 400–600 m) for the Shulu Sag (Liang et al., 2001; Zhao et al., 
2014; Zou et al., 2015; Huo et al., 2019; Ren et al., 2019; Cai et al., 2020; 
Kong et al., 2020). 

3. Samples and methods 

A total of 27 wells were drilled into Ordovician strata, 74 core 
samples were randomly collected from Ordovician strata in 18 wells, 
and 3D seismic data for the western slope of the Shulu Sag were obtained 
from the Huabei Oilfield Branch Company (CNPC). Seismic profiles from 
3D seismic data were first used to realize the characteristics of strati-
graphic and structural distribution and then to establish the tectonic 
evolution process. All rock samples were made into doubly polished 
casting thin sections, which were half-stained with alizarin red-S solu-
tion to differentiate dolomite from calcite (Friedman, 1959), and 
impregnated with blue-epoxy to identify reservoir storage space. The 
investigation of petrographic and diagenetic features was based on 
standard transmitted-light microscopy (plain and polarized light). 
Cathodoluminescence (CL) analysis was performed on 21 samples, to 
obtain visual information on the distribution of trace elements in min-
erals, especially manganese (Mg2+) and iron (Fe2+) ions (Machel and 
Burton, 1991; Scholle and Ulmer-Scholle, 2003). Fluid inclusion 
microthermometry was undertaken on calcite precipitated in fractures 
and pores in seven samples. All analyses mentioned above were 

performed at the State Key Laboratory of Petroleum Resources and 
Prospecting, China University of Petroleum (Beijing). 

In addition, 36 fresh bulk samples were chosen and ground to 
powder (<200 mesh) for carbon (δ13C) and oxygen (δ18O) isotope ex-
amination, and of these, 20 samples were also analyzed for strontium 
isotopes, and 27 samples for trace elements and rare earth elements 
(REEs). The elemental and isotopic analyses were carried out on both 
eroded and uneroded parts of samples using a micro-drilling method to 
investigate the influence of fluids likely causing mesogenetic dissolu-
tion, in accordance with the methods of Liu et al. (2008) and Jin et al. 
(2009). Analyses for carbon and oxygen isotopes, strontium isotopes, 
and trace metals and REEs were carried out at the State Key Laboratory 
of Petroleum Resources and Prospecting of China University of Petro-
leum (Beijing), the Institute of Geology and Geophysics of the Chinese 
Academy of Sciences (IGGCAS), and the Analytical Laboratory of the 
Beijing Research Institute of Uranium Geology (ALBRIUG), respectively. 

Analytical equipment, operational procedures, and corresponding 
experimental principles for the analyses mentioned above have been 
described in detail by Xiang et al. (2020) with the exception of fluid 
inclusion microthermometry analysis, which is detailed in Liu et al. 
(2017). 

4. Results 

4.1. Basin tectonic evolution from the Ordovician to the present 

The development of the Shulu Sag is intrinsically connected to the 
tectonic evolution of the Jizhong Depression. Based on the synthesis of 
stratigraphy and basin architecture, the tectonic evolution of the Shulu 
Sag was defined as having a four-stage growth history from the Ordo-
vician to the present, as illustrated with 2D MOVE software using the 
southern seismic profile of the study area as an example (Figs. 3 and 4). 
In stage 1, after the late Ordovician was deposited, pre-existing sedi-
ments underwent regional tectonic uplift and a long period of denuda-
tion lasting until the early Carboniferous that resulted from Caledonian 
and Hercynian movements (Fig. 2). Thus, there was no deposition in the 
Devonian, Silurian, and even the upper part of the Ordovician strata as 
they were entirely eroded, which led to a vital regional-unconformity 
surface in the Jizhong Depression (Figs. 2 and 4). Subsequently, the 
unconformity was covered by Carboniferous-Permian sediments 
(Fig. 4b). In stage 2, the Indosinian-Yanshanian orogenies caused the 
fold deformation of pre-existing strata, high-angle fractures, and a lack 
of deposition during the Mesozoic (Fig. 2). In stage 3, the evolution of a 
boundary fault (i.e., Xinhe fault) made the Shulu area, as a rift lake 
basin, experience terrestrial fillings whose provenance supply was from 
the western tilted carbonate successions during the early Eocene to late 
Paleogene (i.e., syn rifting stage) (Figs. 2 and 4c–g). The Ordovician 
strata in the study area were gradually buried by overlying sediments. In 
stage 4, the Shulu Sag was mainly subjected to thermal subsidence (i.e., 
post rifting) and received Neogene to Quaternary terrestrial deposits 
from the late Paleogene to present-day (Figs. 2 and 4h). 

4.2. Diagenesis 

Based on the petrographic features of diagenesis and tectonic evo-
lution, integrated with the burial history, the carbonate rocks of the 
Ordovician Formation in the western slope of the Shulu Sag were mainly 
altered by twelve diagenetic events that occurred over three different 
diagenetic stages (Figs. 5–7). These stages consist of the syngenetic, 
telogenetic, and mesogenetic, corresponding to marine, meteoric water, 
and burial environments, respectively. A detailed paragenesis is depic-
ted in Fig. 5, and brief descriptions of the three diagenetic stages are 
provided below. 

4.2.1. Stage 1: syngenetic diagenesis 
This stage is a combination of diagenetic modification by early weak 
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Fig. 2. Comprehensive stratigraphic column of the Shulu Sag. This column also shows corresponding tectonic events at different stages in Fig. 4.  
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Fig. 3. Uninterpreted and interpreted seismic-reflection profile across the southern of the Shulu Sag. The location of the seismic profile is shown in Fig. 1C, and the 
dashed lines with different colors represent different seismic-reflection boundaries displayed in Fig. 4. 
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mechanical-compaction, calcite cementation, and dolomitization that 
occurred in the marine environment (Fig. 5). The isopachous fibrous to 
bladed high-Mg calcite cement usually occurred around intraclasts or 
grains (Fig. 6A, B), which is a typical feature of penecontemporaneous 
marine cement as the first calcite generation linked with seawater 
(Scholle and Ulmer-Scholle, 2003), and displayed non-luminescence 
under CL (Fig. 7H). Dolomicrites had a similar luminescence color 
with micrites, i.e., a dull red color (Fig. 7A, B), indicating an oxidizing 
environment, which might represent a penecontemporaneous 
sabkha-type origin formed in supratidal flats (Feng and Jin, 1994). 
Silty-fine crystalline dolomite was typically characterized by crystals 
with a dirty core and clear rim that, respectively, appeared as dull red 
and bright red under CL (Fig. 7C), which probably suggests a seep-reflux 
dolomitization origin during the penecontemporaneous or 
post-penecontemporaneous period in a suboxic environment (Feng and 
Jin, 1994). 

4.2.2. Stage 2: telogenetic diagenesis 
According to the tectonic evolutionary history of the Shulu Sag 

(Fig. 4), the Ordovician strata were uplifted as a whole, after the 
Fengfeng Formation was deposited, i.e., from the late Caledonian to 

Hercynian (Meng et al., 1997, Figs. 2 and 5). The upper Ordovician unit 
was exposed to subaerial conditions and became a weathered crust due 
to a prolonged period of meteoric water leaching and erosion. Thus, this 
stage was dominated by calcite cement and extensive dissolution fea-
tures distributed in meteoric freshwater areas, e.g., sinkholes, caves, and 
vugs (Fig. 6F), karstification, and brecciation (Figs. 5 and 6D, E). 
Macroscopic characteristics of the palaeokarst were identified from 
cores, including the unconformity surface (Fig. 3), breccia deposits, 
oxidized colors, and weathering clay. Thus, some fracture-vug systems 
were formed during this stage. Vugs were typically up to several centi-
meters in size with different irregular shapes. Fractures in the cores were 
commonly 2–8 mm in width with smooth borders, and principally 
included tectoclases and weathering fissures. Most of these storage 
spaces were cemented by blocky or granular calcites that exhibit non- or 
dull luminescence because meteoric water in the telogenetic realm is 
oxidizing, which generally results in low Fe2+ and Mn2+ contents in pore 
waters (Scholle and Ulmer-Scholle, 2003). Meanwhile, some coarse 
blocky calcite cements exhibited alternating bright orange and 
non-luminescence in strong oscillatory zonal growth (Fig. 7E), which 
indicates a probable fluctuation in redox conditions within an exten-
sively fractured-cavitied rock that underwent an alteration beneath 

Fig. 4. Schematic diagram illustrating the tectonic evolution of the Shulu Sag from Ordovician to present day. The seismic profile is shown in Fig. 3, whose location is 
displayed in Fig. 1C. 
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multiple subaerial exposure surfaces. 

4.2.3. Stage 3: mesogenetic diagenesis 
This stage is mainly characterized by a mix of strong mechanical and 

chemical compaction, calcite cementation, burial dolomitization, and 
related mesogenetic dissolution (Fig. 5). The presence of broken and 
deformed grains or intraclasts demonstrates intense mechanical 
compaction in a deep burial environment (Fig. 6A, B). Widely distrib-
uted pressure solution structures provided evidence of chemical 
compaction in cores and thin sections, including stylolites (Fig. 6G, I), 
wispy microstylolites (Fig. 6H), and solution seams (Fig. 6H). Blocky 
poikilotopic calcite cement with elevated Fe2+ and Mn2+ contents in a 
reducing environment exhibited bright orange luminescence in the 
fractures (Fig. 7F) or a transition from a bright to dull luminescence 
response in the fracture-vugs (Fig. 7G, H). The latter might be 

interpreted as a transition from having enough Fe2+ and Mn2+ incor-
poration to a condition in which availability and incorporation of Fe2+

exceeds that of Mn2+ under reducing conditions. Many of these calcites 
were strongly twinned, reflecting stresses on the calcite lattice generated 
by nearby faults (Fig. 6C). The homogenization temperatures of primary 
two-phase fluid inclusions in these blocky calcites (Fig. 8) that filled in 
fractures and vugs varied from 137.5 ◦C to 177.3 ◦C with an average 
value of 165.7 ◦C (Table S1). Furthermore, 80% of these temperatures 
were higher than 160 ◦C (Fig. 9), which also supports a burial envi-
ronment as the origin. In the mesogenetic realm, the partial matrix of 
rock was completely dolomitized by marine-related fluids as evidenced 
by the dull red luminescence, to form fine-coarse subhedral to anhedral 
crystalline dolomites (100–250 μm) (Fig. 7D). In addition, euhedral 
dolomite crystals were dispersedly distributed along or in the shadow of 
stylolites (Fig. 6J), and formed from Mg2+-rich fluid that migrated along 

Fig. 5. Diagram illustrating diagenetic paragenesis and burial history of the Ordovician carbonates in the study area.  
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stylolites. Saddle dolomites present in vugs were dissolved by aggressive 
fluids, which is another typical characteristic of burial dolomitization 
(Davies and Smith, 2006). Some of the cement that previously filled in 
the vugs or fractures was imperfectly replaced by silica, forming a sharp 
boundary with the surrounding matrix in the form of chalcedony or 
micro-quartz (Fig. 6K, L). At the same time, metal sulphides were pre-
sent in the form of pyrites, occurring as either individual crystals (~300 
μm) or clusters of crystals (~1 cm), and were commonly observed to 
partially or entirely replace cement fillings in pores or vugs (Figs. 10E, F 

and 11N) and distribute along the boundary of fractures (Fig. 11O). A 
detailed description of the characteristics of mesogenetic dissolution is 
presented in the next section. 

4.3. Petrographic characteristics of mesogenetic dissolution 

Detailed core and thin-section observations demonstrate that the 
pores in the study area are almost wholly secondary in origin. Most of 
the pores were caused by mesogenetic dissolution, which was widely 

Fig. 6. Microphotographs of thin section observations (PPL-plane-polarized light; XPL-cross-polarized light). (A) Oolitic limestone with features of broken or 
deformed ooids cemented by early isopachous fibrous marine calcite cement, well JG28x, 1719.44 m, O2m2, PPL. (B) Grainstone with early isopachous fibrous calcite 
cement; grains include ooids and intraclasts, well J6, 2580.00 m, O2m2, PPL. (C) Silty crystalline limestone, vug-filling blocky calcite with late solution seams, well 
JG1, 4058.58 m, O2f, PPL. (D) Brecciated micrite with intergranular space cemented by two phases calcite, well J22, 1346.00 m, O2m3, PPL. (E) Brecciated 
dolomicrite with blocky calcites fills between breccias, well JG15, 1582.90 m, O2m4, PPL. (F) Micrite with vugs filled by blocky calcites, well J22, 1355.40 m, O2m3, 
PPL. (G) Micrite, stylolites cut the previous calcite filled in fracture, well J22, 1347.07 m, O2m3, PPL. (H) Micrite with numerous solution seams and microstylolites, 
well J22, 1393.05 m, O2m2, PPL. (I) Micrite with two stylolites charged of bitumen, well J22, 1393.00 m, O2m3, PPL. (J) Micrite with dolomite crystals developed in 
and along the stylolites, well J6, 2573.00 m, O2m2, PPL. (K) Marlstone with dissolution pores filled by calcites, which then are replaced by silica, well JG6, 3463.00 
m, O2f, PPL. (L) Previous calcites cemented in vugs of micrite are incompletely replaced by silica, well JG39, 2003.60 m, O2m2, XPL. 
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observed in the Ordovician limestone or dolostone. In accordance with 
the general criteria of mesogenetic dissolution identification from 
Mazzullo and Harris (1992), evidence of mesogenetic dissolution in-
cludes (1) stylolites, (2) tiny pores and vugs associated with stylolites, 
(3) dissolution-enlarged fractures, (4) corrosion of late minerals, such as 

poikilotopic calcite and saddle dolomite, and (5) the occurrence of 
bitumen in secondary pores. 

4.3.1. Stylolites and related hydrocarbon inclusions 
As direct discriminatory evidence of the mesogenetic environment, 

Fig. 7. Microphotographs under plane-polarized light (upper) and cathodoluminescence (CL) (lower) displaying the diagenetic features. (A) Micrite with non- 
luminescence, well J22, 1404.00 m, O2m2. (B) Dolomicrite with dull to dull-red luminescence, well J22, 1357.55 m, O2m3. (C) Silty-fine crystalline dolomite 
characterized by a dirty core with a clean rim showing dull red and bright red under CL, well J6, 2583.40 m, O2m2. (D) Coarse crystalline dolomite showing the same 
luminescence with silty-fine crystals, well JG14, 2424.80 m, O2m2. (E) Coarse blocky calcites filled in vug showing alternating bright orange and non-luminescence 
in strong oscillatory zonal growth, which postdates other calcites, well J22, 1351.17 m, O2m3. (F) Micrite with fractures filled by calcites showing bright orange 
luminescence, well J22, 1411.20 m, O2m2. (G) Brecciated micrite, intergranular space filled by calcites with oscillatory zonal growth, showing alternating dull 
orange and non-luminescence, well J21, 2719.08 m, O2m4. (H) Brecciated micrite, space precipitated by three generation calcites, including ① non-luminescence, ② 
bright orange, and ③ oscillatory zonal growth alternating bright orange and non-luminescence, respectively, well J22, 1351.17 m, O2m3. 

Fig. 8. Photomicrographs showing two-phase (L + V) aqueous inclusions in the blocky calcite cement, “L” standing for liquid phase, “V” for vapor phase. (A) Well 
J22, 1397.80m, O2m2. (B) Well JG13, 4986.65m, O2f. 
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stylolites were most abundant in the Ordovician strata, including wavy 
(Figs. 6G and 11H), jagged stylolites (Figs. 6I and 10B), and wispy seams 
(Figs. 6H and 10A, C) trigged by chemical pressure-dissolution effects 
resulting from an increase in overburden stress. The amplitude of wavy 
stylolites was as large as 1 cm (Fig. 11H). These types of stylolites were 
irregularly distributed throughout the strata at a depth ranging from 
1000 to 4000 m. Based on the cross-cutting relationship in cores, at least 
two episodic stylolites exist that may have been influenced by variations 
in tectonic stress. Early-stage stylolites generally had horizontal or low 
dips, approximately parallel with bedding or lithologic interfaces, while 
late-stage stylolites were perpendicular to them (Fig. 10B, D). Also, 
pervasive brown or black bitumen stains were evident along these sty-
lolites (Figs. 6I and 11K, L), indicating that they may have provided an 
excellent pathway for underground fluids, which widened and rounded 
the stylolites through dissolution (Fig. 11H). 

4.3.2. Tiny pores and vugs associated with stylolites 
Macroscopically, large numbers of tiny dotted dissolution pores and 

vugs were ubiquitous with different irregular shapes. They were 
observed with the naked eye as the maximum pore size noted in cores 
was up to 1.8 mm, and they were dispersedly distributed along or nearby 
stylolites and solution seams (Figs. 10A, C and 12A, F). Some vugs with 
residual calcite cement were visibly stained by crude oil (Fig. 12B). 
Moreover, in re-deposited brecciated micrite, dotted pores and vugs 
occurred in breccia particles rather than in the argillaceous fillings 
(Fig. 12H). Furthermore, there was no difference in the development of 
reticulate pores with nearly circular shapes, which are impenetrable and 
less connective (Fig. 12E). Microscopically, laminar dissolution pores 
arranged by independent pores were generally observed in thin sections 
(Fig. 11G). The fact that some of these pores were filled with bitumen or 
residual calcite cement demonstrates that pre-existing pores or vugs 
with calcite fillings create new space as they corrode (Figs. 11E, G and 
12C, D). These features indicate that these pores and vugs formed in the 
mesogenetic environment with different degrees of erosion in different 
regions. 

4.3.3. Dissolution enlarged fractures 
As mentioned above, the Indosinian-Yanshanian tectonic event 

caused the development of high-angle fractures. Blocky calcites subse-
quently filled them in the mesogenetic environment (Fig. 5). However, 
these fractures were dissolved by corrosive fluids resulting in a sinuate 
edge, allowing them to be easily stained by hydrocarbons (Fig. 12G). 
Some fissures were formed by enlarged dissolution along pre-existing 
stylolites, which also brings about an expansion of adjacent fractures 
(Fig. 11H, I, M). In cores, such dissolution spaces along fractures were 

commonly charged with brown crude oil or black bitumen (Fig. 12B). 

4.3.4. Dissolution of late cement and hydrocarbon inclusions 
The unsmoothed corrosion rim of late calcite cement in vugs that was 

observed in cores is indicative of dissolution that postdates precipita-
tion, resulting in the formation of effective reservoir space (Fig. 12C and 
D), which was then re-filled with brown crude oil (Fig. 12B). Blocky 
calcites that precipitated in fractures (up to 1.2 mm in width) were cut 
by a stylolite, where the stylolite acted as a pathway for fluids, thus 
resulting in calcite dissolution (Fig. 11F). In addition, dissolution also 
occurred in blocky calcite cement that filled intergranular space in 
brecciated dolostone (Fig. 11C), and fractures in limestone and grain-
stone (Fig. 11J), and the erosion of poikilotopic calcite cement in giant 
spaces also formed a series of embayed or irregularly shaped vugs and 
pores (Fig. 11D, E). In particular, pre-existing vugs filled with saddle 
dolomite from the burial environment generated new effective vugs with 
irregular shapes by dissolution (Fig. 11B) and soluble seam-pores with 
black bitumen inclusions (Fig. 11A). By contrast, there was no distinct 
storage space in late calcite cemented in fractures and vugs, and these 
were sporadically eroded by pyrites (Figs. 10E, F and 11N) or siliceous 
fluids (Fig. 6L). 

4.4. Geochemical features 

Analytical results for trace elements and their normalizations to UCC 
(Rudnick and Gao, 2003), REEs and their normalizations to PAAS 
(McLennan, 1989), and isotopic compositions of the Ordovician car-
bonate rocks in the study area are listed in Table S2, Table S3, and 
Table S4, respectively. 

4.4.1. Trace elements 
The UCC-normalized trace element ratios for different types of 

samples are compared in the spider diagram presented in Fig. 13. In 
general, the UCC-normalized patterns of all samples were consistent 
(Fig. 13). However, the contents of most trace elements were relatively 
higher in eroded samples compared to uneroded samples of both dolo-
stones (Fig. 13A) and limestones (Fig. 13B). For example, the Li, Sc, V, 
Cr, Co, Cu, and Zn contents in the eroded samples were typically higher 
those in the uneroded samples, while the Sr, Sb, Ta, Ni, and U concen-
trations were very similar (refer to Table S2). 

4.4.2. Rare earth elements (REEs) 
As shown in Table S3 and Fig. 14, the total REE concentration (ΣREE) 

in every sample was lower than 100 ppm, indicating no contamination 
from terrestrial sources (Qing and Mountjoy, 1994). The ΣREE of eroded 
limestone samples varied from 9.475 ppm to 39.274 ppm with an 
average value of 23.157 ppm, which is higher than the average value of 
uneroded limestone samples (ranged from 5.629 ppm to 9.670 ppm with 
an average value of 7.361 ppm) (Table S3). Similar observations were 
made for dolostone samples. The ΣREE of eroded dolostone samples 
ranged from 3.689 ppm to 94.025 ppm with an average value of 29.150 
ppm, while the ΣREE of uneroded dolostone samples ranged from 2.691 
ppm to 16.085 ppm with an average value of 9.615 ppm (Table S3). 
After PAAS normalization, the REE partition patterns of eroded samples 
were consistent with those of uneroded samples. However, dolostone 
and limestone exhibited different features (Fig. 14). The dolostone 
samples were divided into two types, with most of them displaying 
right-leaning REE partition patterns characterized by light REE (LREE) 
enrichment and heavy REE (HREE) depletion (Fig. 14A). These were 
similar to all limestone samples (Fig. 14C), which indicates 
seawater-like dolomitized fluid modification. By contrast, the remaining 
dolomite samples exhibited left-leaning REE partition patterns with 
LREE depletion and HREE enrichment (Fig. 14B), which may indicate an 
influence by other diagenetic fluids. 

Fig. 9. Histograms showing homogenization temperatures measured from two- 
phase aqueous inclusions of blocky calcites from the Ordovician carbonates in 
wells J22 and JG13. 
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4.4.3. Oxygen and carbon isotopes 
The cross-plotting analysis of δ13C and δ18O values and box-plotting 

analysis of δ13C values from different samples are shown in Fig. 15A and 
C, respectively. The δ18O values of all samples showed negative shifts of 
different degrees, and the δ18O vs. δ13C values in the cross-plot showed 
no correlation (Table S4; Fig. 15A). 

The eroded limestone samples had δ13C values ranging from − 8.43‰ 
to − 0.13‰ (average value − 1.93‰), while the δ18O values ranged from 
− 10.52‰ to − 8.26‰ with an average of − 9.14‰ (Table S4). The 
uneroded limestone samples displayed δ13C values ranging from 
− 6.50‰ to − 0.91‰ with a lower average value compared to that of 

eroded samples (average value − 3.12‰) (Table S4; Fig. 15A, C), while 
the δ18O values ranged between − 12.63‰ and − 7.34‰ with an average 
value of − 9.31‰ (Table S4). 

The δ13C values of eroded dolostone samples varied from − 5.32‰ to 
+0.25‰ with a higher average value (− 1.53‰) than that of uneroded 
samples (average value − 1.93‰), which had δ13C values ranging from 
− 7.67‰ to +0.38‰ (Table S4; Fig. 15A, C). The δ18O values of eroded 
dolostone samples ranged from − 10.75‰ to − 5.24‰ (average value 
− 7.53‰), while uneroded samples had δ18O values ranging from 
− 9.41‰ to − 5.98‰ (average value − 7.24‰) (Table S4; Fig. 15A). 

Fig. 10. Core photographs illustrating stylolites and related storage spaces, and pyrites metasomatism in previous calcites. (A) Grey micrite with stylolites, and vugs 
distributed along stylolites, well JG1, 4059.80m, O2f. (B) Grey micrite with two generations of stylolite, well J22, 1404.75m, O2m2. (C) Grey micrite with solution 
seams, and pores distributed along solution seams, well J22, 1396.40m, O2m2. (D) Grey micrite with two generations of stylolite, well J6, 2409.60m, O2m4. (E) Gray 
brecciated micrite with granular pyrites replacing the calcites precipitated in storage space, well J6, 2582.63 m, O2m2. (F) Gray micrite with massive pyrites 
completely replacing the calcite in vugs, well J22, 1412.53m, O2m2. 
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Fig. 11. Microphotographs displaying different phenomena of the mesogenetic dissolution (PPL-plane-polarized light; XPL-cross-polarized light; RL-reflected light). 
(A) Micrite with a vug filled with saddle and silty dolomites with bitumen stain, well J6, 2565.54 m, O2m2, PPL. (B) Dolomicrite with the dissolution of vug-filling 
saddle dolomite, well JG18, 1345.00 m, O2m1, PPL. (C) Brecciated dolostone, the blocky calcites filled between breccias were eroded, well JG39, 1914.00 m, O2m3, 
PPL. (D) Marlstone with dissolution vugs with irregular shapes, well JG23x, 1621.50 m, O2f, PPL. (E) Dissolution in blocky calcites, well JG22x, 1637.15 m, O2f, PPL. 
(F) Micrite, the dissolution of blocky calcite filled in fracture, well JG13, 4987.65 m, O2f, PPL. (G) Dolomicrite with laminar dissolution pores, well JG15, 1581.60 m, 
O2m4, PPL. (H) Micrite, dissolution along stylolite and solution-enlargement, well JG22, 1405.06 m, O2f, PPL. (I) Micrite with stylolite related-fracture and 
dissolution vug along stylolite, well JG1, 4058.20 m, O2f, PPL. (J) Calcarenite, dissolution of calcite in fracture, well JG23x, 1621.00 m, O2f, PPL. (K) Dolomitic 
micrite with stylolite-related bitumen inclusion, well J6, 2660.10 m, O2m2, PPL. (L) Dolomitic micrite with bitumen stain in the dissolution of cement, well JG6, 
3540.10 m, O2f, PPL. (M) Silty crystalline dolostone with stylolite-related fracture, well JG14, 2221.70 m, O2m2, PPL. (N) Micrite, pyrites replaced calcite in storage 
space, well J6, 2620.14 m, O2m2, PPL. (O) Dolomicrite, granular pyrites distributed along the fracture, well J6, 2640.00 m, O2m2, RL. 
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4.4.4. Strontium isotopes 
The box-plotting analysis of 87Sr/86Sr ratios for Ordovician samples 

is shown in Fig. 16. Previous studies have reported an approximate 
range in values similar to that of Ordovician seawater (i.e., 
0.707850–0.709100, Burke et al., 1982; Veizer et al., 1999). The 
87Sr/86Sr ratios of all micrites nearly fell within this range, whereas 
dolostone samples had higher 87Sr/86Sr ratios (Fig. 16; Table S4). The 
87Sr/86Sr ratios of eroded limestone samples ranged from 0.708667 to 
0.709468 with an average value of 0.709060, and the two uneroded 
limestone samples that were measured had values of 0.709263 and 

0.708933 (Table S4). Given the limited number of uneroded samples, 
87Sr/86Sr ratios were not compared between eroded and uneroded 
limestone samples (Fig. 16). The 87Sr/86Sr ratios of eroded and uneroded 
dolostone samples ranged from 0.708925 to 0.711158 and from 
0.709036 to 0.709395, respectively (Table S4). The average 87Sr/86Sr 
ratio of eroded samples (0.710164) was higher than that of uneroded 
samples (0.709261) (Table S4; Fig. 16). 

Fig. 12. Core photographs displaying different mesogenetic dissolution. (A) Greyish dolomicrite with numerous dissolution pores and vugs, well JG18, 1345.00 m, 
O2m1. (B) Greyish-white dolomitic micrite, dissolution vugs filled with crude oil, well JG22x, 1637.82 m, O2f. (C) Grey micrite, dissolution occurred in vug-filling 
calcites with different sizes, well J22, 1352.95 m, O2m3. (D) Grey micrite, dissolution occurred in vug-filling calcites with different sizes, well J22, 1353.70 m, O2m3. 
(E) Greyish dolomicrite with wide development of tiny pores and vugs, well J22, 1365.02 m, O2m3. (F) Grey dolomicrite with development of pores and dissolution 
along stylolites, then were filled by crude oil and pyrites, well JG28x, 1718.22 m, O2m2. (G) Greyish-white dolomicrite with dissolution along the high-angle fracture 
charged with crude oil, well JG15, 1582.70 m, O2m4. (H) Grey brecciated micrite with multiple parallel dissolution pores and vugs development zones, well J22, 
1410.25 m, O2m2. 
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5. Discussion 

5.1. Fluid types causing mesogenetic dissolution 

Carbonate rocks are naturally dissolved by acidic solution because 
CO3

2− ions in minerals tend to quickly bond with H+ ions in calcite un-
saturated water. However, connate fluids encapsulated in sediments at 
the syndepositional stage are unlikely to generate mesogenetic dissolu-
tion owing to their calcite saturated state caused by chemical equilib-
rium at an early stage of burial diagenesis (Jin et al., 2009). Many 
factors, including temperature, pressure, pH, fluid/rock ratio, mineral 
surface structure, and reaction surface area, control the interaction be-
tween rocks and fluids (Brantley and Conrad, 2008). The burial depth 
determines the temperature and pressure of a diagenetic system. 
Therefore, the relatively high temperature and pressure of the meso-
genetic realm will effectively boost the rate of dissolution as demon-
strated by many experimental simulations of carbonate dissolution (She 
et al., 2016; Ding et al., 2020). Meanwhile, there are usually two types of 
dissolution fluids: self-sourced fluids and external-sourced fluids, clas-
sified according to their origin (Moore and Druckman, 1981; Surdam 
et al., 1989; Zhu et al., 2007; Liu et al., 2008). As the name implies, 
self-sourced fluids are generally sourced from the rock itself (e.g., 
dehydration of gypsum and other evaporites, and clay mineral trans-
formations). By contrast, external-sourced fluids are generated by other 
external geochemical and/or physical reactions, such as meteoric water, 
acidic materials (i.e., organic acids, CO2 and H2S), and hydrothermal 
fluids, which play a critical role in dissolution. Some studies have 
demonstrated that mesogenetic dissolution is a composite result caused 
by self- and/or external-sourced corrosive fluids (Zhu et al., 2007; Liu 
et al., 2008). 

Meteoric water, as the primary aggressive fluid in the subaerial 
environment, easily erodes carbonates to form secondary porosity 
(Longman, 1980; James and Choquette, 1984; Mazzullo and Harris, 
1991; Mazzullo, 2004; Moore and Wade, 2013). Meanwhile, it may also 
bring mesogenetic pores into existence, generated by deep meteoric 

Fig. 13. Spider diagram of UCC-normalized trace elements in (A) dolostones 
and (B) limestones in the study area (UCC, Rudnick and Gao, 2003). 

Fig. 14. PAAS-normalized rare earth elements partition pattern of dolostones (A and B) and limestones (C) (PAAS, McLennan, 1989).  
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water recharge in many tilted or faulted basin strata (Toth, 1980) or 
modified meteoric water derived from the crystalline basement (Asch-
wanden et al., 2019). In general, there is a lot of evidence showing that a 
large number of acidic materials generated from organic maturation or 
thermal degradation during the burial stage, such as organic acids, CO2, 
and H2S, can easily influence subsurface rocks (Moore and Druckman, 
1981; Crossey et al., 1986; Surdam et al., 1989; Mazzullo and Harris, 
1991; Seewald, 2003; Lambert et al., 2006; Zhu et al., 2007; Jin et al., 
2009; Feng et al., 2013; Ding et al., 2020). However, Biehl et al. (2016) 
considered that CO2 alone has a negligible effect on carbonate dissolu-
tion in a closed system unless combined with a low pH environment 
caused by dolomitization or pyrite formation by TSR-derived H2S (Hao 
et al., 2015). Therefore, organic acids, acidic CO2-charged water under 
specific conditions or undersaturated fluid associated with kerogen 
(hydrocarbon-bearing) in subsurface resource rocks, have been regarded 
as the most likely fluids to cause mesogenetic dissolution in carbonates 
(Mazzullo and Harris, 1992; Seewald, 2003; Zhu et al., 2007; Liu et al., 
2008; Jin et al., 2009; Feng et al., 2013; Ding et al., 2020). Many 
simulation experiments of carbonate reservoir modification have also 

indicated that acidic fluids associated with resource rock can erode 
carbonate rocks, thus improving porosity. However, the process is 
controlled by the calcium carbonate saturation, fluid velocity, water/-
rock ratio, and primary pore structure (Ding et al., 2020). In addition, 
CO2 or other inorganic acidic fluids released from magmatism or base-
ment rocks also influence rocks in the mesogenetic zone, a fact that has 
been supported by Jiang et al. (2015) and Valencia and Laya (2020). 
Moreover, it is well known that thermochemical sulfate reduction (TSR) 
can lead to deep carbonate dissolution (e.g., Hao et al., 2015; Jia et al., 
2016), and that hydrothermal fluids migrating along faults can dissolve 
carbonate strata and precipitate saddle dolomite (e.g., Davies and Smith, 
2006; Bai et al., 2020). Finally, there are other fluid types that also play 
an essential role in mesogenetic dissolution, such as fluids derived from 
reverse weathering reactions (Lundegard and Land, 1986), fluids 
evolved through the dehydration of gypsum and other evaporites 
(Moore and Druckman, 1981; Kendall, 1984; Machel and Anderson, 
1989; Surdam et al., 1989) or fluids generated during clay mineral 
transformations, i.e., the conversion of smectite to illite (Foscolos, 
1984), and released during mudstone/shale compaction (Hower et al., 
1976; Xu et al., 2017). As mentioned above, fluids causing mesogenetic 
dissolution generally migrate along faults, bedding planes, formational 
boundaries, fractures, and even non-permeable beds (Mazzullo and 
Harris, 1992; Feng et al., 2013). 

5.2. Identification of likely fluids in the current study 

By combining petrography with geochemical analysis, it was 
possible to identify the likely fluids involved in mesogenetic dissolution 
(Zhu et al., 2007; Liu et al., 2008; Jin et al., 2009). First, the petrography 
results revealed that the phenomena of mesogenegtic dissolution are 
ubiquitous in the current study area, which primarily displayed char-
acteristics of external-sourced dissolution, such as large, visible, and 
interconnected dissolved pores and vugs, and corrosion along stylolites 
and fractures (Figs. 10–12). Meanwhile, brown to black bitumen that 
was widely distributed along or in stylolites and fractures or related 
dissolution pores (Figs. 11A, E, K, L, N and 12B, F, G) was well pre-
served, and pyrites occurred in pores distributed along fractures 
(Figs. 10E, F and 11O). These phenomena suggest that dissolution may 

Fig. 15. (A) Cross-plot showing carbon-oxygen isotopic compositions in eroded and uneroded samples. (B) Cross-plot displaying the relationship between TOC 
content (%) and carbon isotopic compositions of lamellar and massive marlstone in Es3

l (from Li, 2015). (C) Box-plot of carbon isotopic compositions of different 
samples (see Fig. 15A). 

Fig. 16. The boxplot showing the Sr87/Sr86 ratios of different carbonates in the 
study area. 
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have been associated with hydrocarbon-bearing fluids (Feng et al., 
2013). Second, fluid-rock reactions can alter the isotope and trace 
element chemistry of rocks (Nabelek, 1987). Thus, fluids resulting in 
mesogenetic dissolution should overprint some common characteristics 
with resource fluids, including trace elements and REEs (Jin et al., 
2009). Organic matter is enriched in trace elements relative to the whole 
rock (Tait, 1987), and some trace elements like Co, Cr, Cu, Mo, Ni, V, 
and Zn are usually abundant in organic matter-rich sediments (e.g., Vine 
and Tourtelot, 1970; Brumsack, 1980). Their enrichment in the sedi-
ment can be ascribed to (1) progressive accumulation in organic tissues, 
(2) precipitation with sulphides in anoxic environments assisted by 
preserved organic matter, or (3) post-depositional diagenetic alteration 
(Brumsack, 1980; Nijenhuis et al., 1999). Excepting the 
above-mentioned Co, Cr, Cu, Ni, V, and Zn, other trace elements in 
eroded limestone and dolostone samples also had relatively higher 
concentrations compared to uneroded samples (Table S2; Fig. 13). 
Meanwhile, the UCC-normalized patterns of these trace elements were 
consistent with those of uneroded samples (Fig. 13). Therefore, dis-
solved fluids that increase trace element concentrations in eroded rocks 
through element substitution or intrusion can similarly be inferred to be 
hydrocarbon-bearing fluids derived from organic matter-rich source 
rock. In addition, the eroded and uneroded samples showed similar 
PAAS-normalized REE patterns, which may reflect a previous influence 
of digenetic fluid (Fig. 14). Most importantly, the measured REE con-
centrations in all eroded samples were 5–10 times greater than those in 
uneroded samples (Fig. 14; Table S3). Organic matter not only is able to 
accumulate REEs but also leads to a pronounced REE fractionation 
during diagenetic degradation (Felitsyn and Morad, 2002). Therefore, 
the acidic materials generated from organic diagenesis in source rock 
can alter the pH condition of the fluid-rock reaction system to subse-
quently release REEs into hydrocarbon-bearing fluids (Nesbitt, 1979; 
Duddy, 1980; Möller and Bau, 1993). Thus, it can be concluded that 
hydrocarbon-bearing fluid that migrated into Ordovician strata in the 
study area caused the REE enrichment in eroded parts through fluid-rock 
interaction (e.g., mesogenetic dissolution). Finally, the mesogenetic 
zone is located at a certain burial depth (Choquette and Pray, 1970) 
where the temperature of the fluid is relatively high. The δ18O values of 
all samples showed pronounced negative shifts (Fig. 15A), which for 
carbonate compositions is attributed to the fact that the diagenetic 
fluid-rock interaction took place at high temperature and pressure 
(Taylor, 1974; Anderson and Arthur, 1983). The δ13C values were 
relatively stable compared to the δ18O values, mainly depending on the 
organic carbon content and hydrocarbon (CH4) origin or conversion in 
rock (Chen, 1994). Although most of the values displayed slightly 
negative shifts (Table S4; Fig. 15A), the average δ13C values of eroded 
dolostone and limestone were greater than the average values of cor-
responding uneroded samples (Table S4; Fig. 15C). The δ13C values of 
lamellar and massive marlstone with different TOC content in the lower 
part of the Sha3 member (Es3

l ) showed positive shifts (Li, 2015, 
Fig. 15B). Presumably, eroded samples might have slightly higher car-
bon isotope compositions as these were altered by the 
hydrocarbon-bearing fluid derived from marlstone. Moreover, the 
hydrocarbon-bearing fluid from lacustrine marlstone should have higher 
87Sr/86Sr ratios due to a continental crust in origin (Liang et al., 2007; 
Elderfield, 1986). Therefore, compared with the eroded samples, espe-
cially dolostone, the uneroded samples had higher 87Sr/86Sr ratios 
(Fig. 16; Table S4). 

In summary, based on the above analysis, we suggest that the most 
likely fluids causing mesogenetic dissolution in the study area are 
mainly acidic fluids associated with organic matter maturation in 
resource rocks, i.e., a composite mixture of organic acids, CO2, or a little 
H2S as corrosive fluids, from the overlying clastic rock strata (i.e., 
organic matter-rich marlstone in the lower part of the Sha3 member). 

5.3. Formation mechanism of mesogenetic dissolution and the influence of 
mesogenetic dissolution on the reservoir 

5.3.1. Mesogenetic dissolution model 
The most critical conditions that must be met for mesogenetic 

changes to occur in carbonate rocks can be narrowed to the following 
three: (1) having sufficient volumes of fluids migrating through effective 
conduits; (2) having fluids that can react with rocks either in dissolution 
or cementation processes; and (3) having fluids that remain undersat-
urated with respect to calcium carbonate (Mazzullo and Hariss, 1992). 
In the study area, marlstones intercalated with E3sl mudstones are very 
pervasive, and organic matter-rich marlstone (TOC > 1%) with a 
thickness greater than 100 m covers a large area (more than 300 km2) of 
the Shulu Sag (Huo et al., 2019). A large quantity of hydrocarbons and 
corresponding fluids were produced as the organic matter in marlstones 
matured, and these hydrocarbons were expelled radially from source 
rock kitchens in the sub-sag zone, and then migrated westward to the 
gentle slope (Ren et al., 2019). Cai et al. (2020) suggested that the timing 
of organic matter maturation in the E3sl is from the early period of Ed 
(ca. 30 Ma) to the present-day. The surface of the unconformity between 
the Ordovician and Eocene-Pliocene terrestrial strata played a crucial 
role in hydrocarbon migration (Zou et al., 2015; Cai et al., 2020). In 
addition, other discontinuity surfaces in Ordovician rocks, such as pores, 
cracks, faults, fractures, bedding planes, and stylolites, are also excellent 
conduits for these chemically aggressive fluids, because they act as 
“localized points of influx” (Wright and Harris, 2013). The conditions 
described above are conducive to mesogenetic dissolution. 

Fig. 17 illustrates the causal mechanism of mesogenetic dissolution 
affecting Ordovician rocks in the study area. A stage of large-scale oil 
and gas generation occurred during the early period of Ed deposition; 
however, it was difficult for hydrocarbons to migrate into the hydro-
carbon supply window because there was not enough driving pressure 
(Cai et al., 2020). Meteoric water in the subaerial exposure zone might 
migrate into relatively deep strata due to the gravitational potential 
energy of fluids in the updip-tilted Ordovician strata (Fig. 17A). How-
ever, the mineral-fluid reaction in carbonate rocks quickly achieved 
chemical equilibrium as fluids infiltrated downward from the surface 
(Banner and Hanson, 1990). Therefore, there was little chance of 
generating ubiquitous mesogenetic dissolution. However, from the 
Neogene-Quaternary period to the present, organic matter in the marl-
stone of E3sl continued to mature, thus allowing for 
hydrocarbon-bearing fluids to easily reach the hydrocarbon supply 
window and migrate into Ordovician strata (Cai et al., 2020). Ordovi-
cian sedimentation also occurred in the mesogenetic environment 
(Figs. 4h, 5 and 17B). In addition, both the Cambria Formation and 
Carboniferous-Permian consist of multi-phased mudstone and/or coal 
layers, which are effective impermeable beds (An et al., 1982; Lao and 
Gao, 1984; Chen and Meng, 1993, Figs. 2 and 17) that act as 
fluid-resisting layers. The continuous underlying-sediments (Q-N For-
mation) may have caused released water to transport into the tilted 
Ordovician strata along unconformities and stylolites. At the same time, 
these fluids, altered by acidic materials contained in the 
hydrocarbon-bearing fluids from the hydrocarbon supply window, were 
undersaturated, and could easily generate dissolution space in deeper 
areas (Fig. 17B). The combination of the tilted structural shape of the 
basin and good conduits (i.e., unconformity, stylolites, and fractures) 
provides favorable conditions for aggressive fluids from organic-rich 
marlstones in the lower part of the Sha3 member (Es3

l ) to efficiently 
migrate laterally along conduits into the Ordovician strata where they 
cause erosion leading to mesogenetic dissolution. Simultaneously, the 
continual charging of oil and gas plays a protective role in porosity 
preservation. Therefore, many mesogenetic dissolution belts in the 
burial environment provide a series of considerable micro- and macro-
scopic storage space (Fig. 17B). 
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5.3.2. Influence on reservoir development 
Based on wireline log porosity interpretation, it is apparent that good 

reservoirs (porosity > 5%) have developed in the western slope of the 
Shulu Sag (Fig. 18). Belts of good reservoir are distributed as discon-
tinuous multilayers extending from the unconformity surface to deep 
burial carbonate rocks (Fig. 18). High-quality reservoirs in close prox-
imity to the unconformity were likely formed predominantly by mete-
oric water leaching. However, well J8 and the lower parts of wells J22 
and J6, which are far away from the unconformity with a relatively 
deeper burial depth, have also developed high-quality reservoirs, in 
which a large amount of water was produced during hydrocarbon 

production (Fig. 18). Therefore, there is no doubt that mesogenetic 
dissolution can contribute in part to the total porosity in reservoirs and 
improve reservoir quality. However, there is no evidence of any detailed 
evaluation that has examined the degree of porosity increase related to 
mesogenetic dissolution. The reason for this may be attributed to the 
following: (1) the mesogenetic porosity is a complex process and the 
question of where it occurs in the subsurface cannot be answered with 
the present level of understanding (Mazzullo and Hariss, 1992); (2) the 
reservoir porosity of current samples consists of several different 
porosity types; and, (3) there is currently a lack of continuous dense 
sampling from any well in the study area. Nevertheless, the current 

Fig. 17. Schematic diagram showing the mesogenetic dissolution processes of the Ordovician strata in the western slope of the Shulu Sag.  
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study of mesogenetic dissolution still provides new insight for future 
hydrocarbon exploration. 

6. Conclusions  

(1) Based on the synthesis of stratigraphy and basin architecture, the 
tectonic evolution of the Shulu Sag can be defined as having a 
four-stage growth history. Combined with the burial history, the 
carbonate rocks in the study area have mainly been altered by 
three different diagenetic stages (i.e., syngenetic, telogenetic, and 
mesogenetic). The presence of abundant stylolites, tiny dotted 
dissolution pores and vugs associated with stylolites, dissolution 
enlarged fractures, erosion of late cement (e.g., saddle dolomite), 
and related hydrocarbon inclusions indicate that mesogenetic 
dissolution is ubiquitous in the Ordovician rocks in the study 
area. 

(2) UCC-normalized trace element and PAAS-normalized REE parti-
tion patterns of eroded samples are consistent with those of 
uneroded samples. Compared with uneroded samples, the eroded 
samples have higher contents of some trace elements (e.g., Co, Cr, 
Cu, Ni, V, and Zn) and REEs, and relatively higher average δ13C 
values and 87Sr/86Sr ratios, indicating that the most likely cor-
rosive fluids causing dissolution are acidic materials in 
hydrocarbon-bearing fluids, which may have been derived from 

the maturation of organic matter in marlstone in the lower part of 
the Sha3 member (Es3

l ).  
(3) During the early period of Ed deposition, there was little chance 

to generate ubiquitous mesogenetic dissolution. Since the N-Q 
period however, the combination of the tilted structural shape of 
the basin and presence of good conduits (i.e., unconformity, 
stylolites, and fractures) has caused corrosive fluids from organic- 
rich marlstones in the Es3

l to laterally migrate into Ordovician 
strata more efficiently resulting in perfect mesogenetic dissolu-
tion that has led to the formation of a series of considerable 
micro- and macroscopic storage space. Mesogenetic dissolution 
can contribute in part to the total porosity in reservoirs and 
improve reservoir quality, a fact that provides new insight into 
future hydrocarbon exploration. 
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