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ABSTRACT: Fine-grained carbonate rocks, which extensively occur in the Eocene strata in the Shulu 
sag, Bohai Bay Basin, North China, represent an unconventional, fine-grained carbonate reservoir. 
However, previous studies have ignored the complexity of the lithofacies components and their formation 
mechanisms. Fine-grained carbonate rocks are typical reservoirs in which hydrocarbons form and gather. 
A better understanding of the nature of these rocks is extremely important for evaluating the quality of 
unconventional, fine-grained carbonate reservoirs. Various lithofacies components were discriminated in 
this study with a combination of petrographic observations and carbon isotope analyses. These fine-
grained carbonate rocks comprise terrigenous, biogenic and diagenetic materials. Terrigenous input and 
biologically induced precipitation are the main sources of the materials in the lake. Five lithofacies were 
identified based on the observations of sedimentary features (core and thin section) and mineralogical 
data: (1) varve-like laminated calcilutite, (2) graded laminated calcilutite, (3) interlaminated calcisiltite-
calcilutite, (4) massive calcilutite, and (5) massive calcisiltite-calcarenite. Their origins were recorded by 
various lithofacies components, which are controlled by the interactions of physical, chemical and 
biological processes. This study indicated that the lithology of the bedrocks was the key factor controlling 
carbonate accumulation. The tectonics and climate can influence the weathering and types of lithofacies. 
Primary productivity controlled the precipitation of the endogenic calcite. These factors jointly 
determined the abundant fine-grained carbonate rocks that have accumulated in the Shulu sag. 
KEY WORDS: fine-grained carbonate rocks, terrigenous materials, biologically induced precipitation, 
varve, carbon isotope, massive calcilutite. 

 
0  INTRODUCTION 

Fine-grained carbonate rocks, which widely occur in the 
Eocene strata in the Bohai Bay Basin, North China, represent a 
special lacustrine component and act as the key source rocks for 
oil and gas fields in continental basins (Huang et al., 2015; Pu et 
al., 2011; Wang et al., 2010; Jin et al., 2002; Chang, 1991). Recent 
success in the exploration and development of hydrocarbons from 
unconventional, fine-grained reservoirs has inspired research on 
self-sourced systems (Jarvie, 2012a, b). A better understanding of 
fine-grained carbonate rocks is the basis for the production of 
lacustrine carbonate-rich unconventional reservoirs. 
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The Shulu sag is located in the south-western corner of the 
Jizhong (central Hebei) depression in the Bohai Bay Basin (Jiang 
et al., 2007). The lake basin is characterized by abundant 
carbonate sediments in the lower member of the Shahejie 3 
Formation. Compared with palustrine and shallow lake 
carbonates (Freytet and Verrecchia, 2002; Platt and Wright, 
1991), the fine-grained carbonate rocks in the Shulu sag mainly 
occur in deep lake. These rocks predominantly comprise micritic 
calcite. However, a large number of thick-layer carbonate 
rudstones have accumulated on the western slope in shallow 
water. Previous research has considered the carbonate deposition 
(both micritic calcite and carbonate rudstone) to be related to 
mechanical transport from the Early Paleozoic marine carbonate 
bedrocks in the western uplift (Qiu et al., 2010). However, 
researchers have become aware of the complexity of the origin 
of fine-grained carbonate rocks with the development of oil 
production in the oil-bearing pools. Although productive studies 
have been conducted on carbonate rudstones (Jiang et al., 2007) 
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and organic matter-rich, unconventional, fine-grained carbonate 
reservoirs (Zhao et al., 2014; Jiang and Li, 2013), the different 
sources of carbonate materials and the origin of sedimentary 
structures (e.g., lamination and massive nature) have been 
ignored during the past decade.  

Widespread carbonate sediments, both modern and ancient, 
accumulate in lakes (Hargrave et al., 2014; Platt, 1989; Dean, 
1981). Most of these sediments accumulate in the form of mud-
sized matter (Gierlowski-Kordesch, 2010). The compositions of 
lacustrine, fine-grained carbonate rocks indicate the interactions 
of physical, chemical, and biological processes, as with other 
mudstones, including extrabasinal and intrabasinal grains 
(Milliken, 2014). The components of fine-grained rocks can 
influence the evolution of the bulk rock’s attributes (Macquaker 
et al., 2007). Understanding the complexity of compositional 
variation in fine-grained assemblages is still a challenge. 
Lamination and massive features are very common in lacustrine 
fine-grained carbonate rocks (Hilfinger et al., 2001; Soreghan, 
1998); however, their origins are complex and varied (Dean et 
al., 2006; Tucker and Wright, 1990). The general terminology of 
“laminated, fine-grained carbonate rocks” includes all of the 
rocks in the study area with a single-layer thickness less than 1 
cm; however, the term ignores the differences in their 
microscopic geometric features and components. The traditional 
view considers lacustrine massive mudstones or structure-less 
fine-grained carbonate rocks to be formed by bioturbation in 
shallow water (Anadón et al., 2000; Ramos-Guerrero et al., 
2000). However, the thick massive calcilutites in the Shulu sag 
are analogous to deep water unifites or homogeneous mud 
(Behrens, 1984; Stanley, 1981). These sedimentary structures are 
key characteristics that reflect the sediment accumulation rate 
and lake water column energy (Lazar et al., 2015); therefore, 
further study on the fine-grained carbonate rocks in the Shulu 
sag is extremely important for understanding deposition 
processes and evaluating the quality of unconventional, fine-
grained carbonate reservoirs. 

The major objectives of this paper are as follows: (1) to 
discriminate grains of different origins and contrast the various 
sources of components in different lithofacies; and (2) to 
describe different lithofacies based on their composition and 
sedimentary structural characteristics and explain the origin of 
the fine-grained carbonate rocks in the study area. 

These studies can provide useful evidence for 
understanding the mineralogical and textural heterogeneity of 
the fine-grained carbonates in the Shulu sag. 

 
1  GEOLOGIC SETTING 

The Shulu sag, which is located in the south-western corner 
of the Jizhong depression in the Bohai Bay Basin (Fig. 1), is an 
elongate half-graben basin that is oriented north-east/south-west 
(Figs. 2a, 2b). The sag covers 300 km2 and was formed through 
the downthrow of the hanging wall of the Xinhe fault, which is 
located along the south-eastern Paleogene boundary (Jiang et al., 
2007). The sediment fills within the basin increasingly overlap 
upward upon the western slope and link with the Ningjin uplift 
(Fig. 2d). The WE to WNE-ESE trending antecedent faults (e.g., 
Hengshui fault, Taijiazhuang fault and Jingqiu fault) divided the 
basin into three segments: the northern, middle and southern 

segments (Fig. 2b) (Zhao et al., 2014; Jiang et al., 2007). The 
western slope and slope break in the middle segment are the 
focus of this study.  

The basement of the half-graben comprises Archean-
Paleoproterozoic metamorphic rocks and Meso-Neoproterozoic 
through Paleozoic sedimentary strata (Jiang et al., 2007). 
Cambro-Ordovician marine carbonate strata, including 
limestones and dolomites, are gradually exposed westwards, 
forming the predominant provenance area (Fig. 2d). The 
underlying Paleozoic strata are directly overlain by Paleogene 
lacustrine basin fills. The overlying strata from top to bottom 
include the Pingyuan, Minghuazhen, Guantao, Dongying and 
Shahejie formations (Fig. 2c). Three members are present in the 
Shahejie Formation: No. 1 (Es1), No. 2 (Es2), and No. 3 (Es3) 
(Zhao et al., 2014; Jiang et al., 2007). Shahejie 3 can be spilt 
further into three units: (1) lower clastic carbonate rudstones and 
fine-grained carbonate rocks; (2) middle argillaceous marlstones 
intercalated with shales; and (3) upper dark-grey mudstones that 
are interbedded with fine-grained sandstones. The lower region 
of Shahejie 3 is the focus of this study and can be divided into 
five sequences (Zheng et al., 2015). 

The lake basin contained alluvial fan systems and deep lake 
systems during the carbonate filling (Jiang et al., 2007). The 
alluvial fan systems can be grouped into three facies associations: 
mid-proximal alluvial fan, distal alluvial fan and fan fringe 
(Jiang et al., 2007). The mid-proximal alluvial fan mainly 
includes matrix- and clast-supported carbonate rudstones, which 
accumulated on the mid-upper western slope. The distal alluvial 
fan is characterized by matrix-supported carbonate rudstones, 
mixed-source carbonate rudstones and calcarenites, which occur 
in the mid-lower western slope. The fan fringe is the transitional 
facies between the alluvial fan and deep lake and contains  

 

Figure 1. Tectonic setting of the Bohai Bay Basin (Jiang et al., 2007). The 

Shulu sag is located in the south-western corner of the Jizhong depression (I). 

Other sub-basins include the Huanghua depression (II), Jiyang depression 

(III), Bozhong depression (IV), Liaohe depression (V) and Dongpu 

depression (VI) (modified after Jiang et al., 2007). 
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calcisiltites and calcilutites. The profundal zone mainly 
comprises fine-grained carbonate rocks, including laminated and 
massive sediments (Zheng et al., 2015).  

 
2  SAMPLES AND METHODS 

In this study, approximately 300 m of core and cutting samples 
were obtained from 9 wells (Fig. 2b) in the study area (Table 1). 
Fine-grained carbonate rocks predominantly occur in the wells 
of Shutan 3 (St3), Shutan 1h (St1h), Jin 116x (J116x), Jin 85x 
(J85x), and Jin 97 (J97), which are close to the middle sub-sag 
(Fig. 2b). 

Whole-rock mineralogical analyses were undertaken by the 
Research Institute of Petroleum Exploration and Development 
of the PetroChina Huabei Oilfield. A D8 DISCOVER X-Ray 
Diffractometer (XRD) with Cu-Kα radiation, a voltage of 40 kV, 
and a current of 25 mA was used for XRD analysis. Samples 
were dried at a temperature of than 60 °C for 2 days and then 
ground to <40 µm using an agate pestle and mortar. The sample 

powders were scanned from 3° to 70° with a counting step of 
0.02° and a rate of 2° per minute. Computer analyses of X-ray 
diffractograms, which confirmed the relationship between the 
mineral content and the intensity of the diffraction peak, 
provided semi-quantitative relative abundances (in weight 
percent) of the various minerals. 

Total organic carbon (TOC) determination is a generally 
applicable method for characterizing fine-grained source rocks. 
The method for determining the TOC in sediments involves the 
combustion (oxidation) of the rock sample to convert the total 
organic carbon into CO2 and CO at high temperatures (Charles 
and Simmons, 1986). Samples were grounded to <200 µm using 
an agate pestle and mortar. Sample powders of less than 1 g were 
weighed and treated with excessive diluted hydrochloric acid 
(HCl). The residue samples washed with distilled water and 
dried in a drying oven were measured by a LECO CS-200 carbon 
analyser at the Research Institute of Petroleum Exploration and 
Development of the PetroChina Huabei Oilfield. 

 

 

Figure 2. (a) Sketch map of Shulu sag, (b) structural map of the Shulu half-graben, which is bounded by the Hengshui fault, Xinhe fault and Ningjin uplift to the 

north, southeast and west, respectively (Jiang et al., 2007), (c) stratigraphic framework of the Shulu sag (modified after Zheng et al., 2015; Jiang et al., 2007), (d) 

transverse section across the middle segment of the Shulu sag (modified after Zhao et al., 2014). 
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Table 1  Statistics of the coring wells  

Number Well Location Total length of core (m) Oil daily products (t) Production strata 

1 St3 Slope break 156.26 67.32 Sequences I and II 

2 St1h Slope break 63.44 36.14 Sequence II 

3 St2x Middle slope 8.00   

4 J97 Middle slope 30.46 14.80 Sequences I–III 

5 J116x Lower slope 9.18 13.50 Sequences I–III 

6 J85 Slope break 14.87   

7 J98x Lower slope 4.45 13.45 Sequences I and II 

8 J94 Upper slope 11.07   

9 J100 Upper slope 9.38   

Total   307.11   

The oil production data were derived from Zhao et al. (2015). 

 

The carbon-stable isotopes of the whole-rock were 
determined by the Gas Bench II continuous flow method (Zha et 
al., 2010). One-hundred-milligram powder samples were 
weighed and placed into 12 mL containers. Then, the samples 
were fed into helium of 99.999% purity for air removal with a 
flushing time of 600 s at a flow rate of 100 mL/min and dissolved 
with 5 drops of phosphoric acid (100%) at 72 °C until reaction 
equilibrium. The mixed gases were collected, and CO2 was 
separated from the other gases using a fused-silica tube (Poraplot 
Q, 25 m×0.32 mm) at 70 °C. Ultimately, the carbon isotope 
compositions were measured by the MAT253 mass spectrometer 
at the Key Laboratory of Metallogeny and Mineral Assessment, 
Institute of Mineral Resources, Chinese Academy of Geological 
Sciences. The S-4800 Field Emission Scanning Electronic 
Microscope (made by Hitachi, Japan) at the Center of Analysis 
and Testing, Beijing Normal University, and Quanta 200F Field 
Emission Scanning Electronic Microscope (made by FEI, 
Hillsboro, USA) at the Microstructure Laboratory for Energy 
Materials, China University of Petroleum (Beijing) were used in 
this study to obtain high-resolution images. 
 
3  RESULTS 

The systematic analyses and descriptions of each lithofacies 
are summarized in Table 2. The main sedimentary features of the 
fine-grained carbonate rocks include laminated and massive 
structures. These characteristics represent different transport and 
depositional processes. The laminations can be further divided into 
two types based on their geometry and shape features, e.g., varve-
like laminae and silt- and mud-size graded laminae (Zolitschka et 
al., 2015; Lambert and Hsü, 1979a, b). The materials within fine-
grained carbonate rocks were controlled by physical, chemical, and 
biological processes. These materials can be grouped into three 
types according to their origins: terrigenous, biogenic and 
diagenetic components (Lazar et al., 2015; Macquaker et al., 2007). 

 
3.1  Terrigenous Components 
3.1.1  Terrigenous calcite     

Two types of calcareous macro-particles were recognized 
in the fine-grained carbonate rocks. The first exhibits a relatively 
whole monocrystalline shape with broken edges and obvious 
cleavage (Fig. 5a). The second displays an incomplete 
appearance and obscure cleavage (Fig. 5b). The latter comprises 
micro-grains within its body, which indicates that this type was 

derived from terrigenous micritic limestone debris. These 
particles, whose sizes mainly range in the fine-sand to silt size, 
mainly accumulate in interlaminated calcisiltite-calcilutites and 
graded laminated calcilutites (Figs. 4d, 4e). Additionally, these 
particles occur in massive calcilutites as scattered components 
(Fig. 4f). 

 
3.1.2  Terrigenous dolomite     

Compared with the larger dolostone lithoclasts in carbonate 
mudstones, the smaller dolomite grains, which have a relatively 
complete monocrystalline shape, are mainly concentrated in the 
10–100 µm fraction. These grains were mainly observed in 
interlaminated calcisiltite-calcilutites, showing a non-orientated 
arrangement (Fig. 5c). They are surrounded by calcareous cement 
(Fig. 4e) and display obvious fracture surfaces (Fig. 5c), 
representing breakage from mechanical transport and collision. 
Only a small number of dolomite macro-particles were found in 
the other lithofacies. 
 
3.1.3  Clay     

The shapes of the fine-grained clays are mainly platy and 
fibrous (Fig. 5d). One of these types is distributed in the varve-
like laminated calcilutites, while the other surrounds the particles 
in massive calcilutites or interlaminated calcisiltite-calcilutites. 
Additionally, a certain amount of clay occurred in massive 
calcisiltite-calcarenites as fillings in the interparticle space. 

 
3.1.4  Quartz     

The quartz particles show a terrigenous detrital shape as 
described by Day-Stírrat et al. (2010) (Fig. 5e). The maximum 
grain diameter is more than 200 µm and the average size ranges 
between 20 and 100 µm. Most of grains accumulate in massive 
calcisiltite-calcarenites, and the rest sporadically occur in 
interlaminated calcisiltite-calcilutites. Some isolated small 
terrigenous quartz can be found in the massive calcilutites and the 
clay-rich laminae of the varve-like laminated calcilutites. 

 
3.1.5  Terrigenous organic matter     

Terrigenous organic matters are mainly distributed between the 
silt grains. They were derived from transport from land with detritus. 
Other tiny-terrigenous suspended organic matter was deposited with 
clay, displaying arcuate-like bounding (Lu et al., 2015; Milliken et al., 
2013) (Fig. 5f). They were preserved in the micrite matrix.  
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3.2  Biogenic Components 
3.2.1  Micritic calcite 

Micritic calcite particles, which are smaller than 10 µm in 
size, are the predominant components of the fine-grained rocks 
and exist in two forms. The first exists in pure calcite laminae 
with poorly visible inter-crystal pores (Fig. 6a). Some laminae 
fine upward, with coarse calcite (>4 µm) sub-laminae in the 
lower regions and fine calcite (2–4 µm) sub-laminae in the upper 
regions (Figs. 4a, 4b, 6a). This phenomenon is similar to the 
calcite layers in the Iberian Karst Lakes (Valero-Garcés et al., 
2014). Most of these grains display no perfect rhombic crystals 
(Kelts and Talbot, 1990) and show no distinct biogenic 
microstructure (Fig. 6b). The edges of the crystals are curve or 
planar. Some round and elliptic pores (1–3 µm) can be observed 
in the micritic calcite particles (Fig. 6c). Organic filaments 
surround the calcite grains in the calcite laminae (Fig. 6d). The 
second type of micritic calcites is mixed with clay and organic 
matter. Very fine (<2 µm) micritic calcite occurs in organic 
matter-rich regions, and fine micritic calcite (2–4 µm) is 
distributed around a center hole (Fig. 6e). Multi-fine-grained 
micrites sometimes comprise coarse calcite grains, and the 
outline of the aggregation slightly resembles the crystal 
morphology of a trigonal system (Fig. 6f).  
 
3.2.2  Intraclasts 

The intraclasts are composed of micritic calcite grains and 

exhibit a lenticular shape with two sharp ends. Most of the 
intraclasts in the clay matrix have imbricated fabric, which 
indicates the flow direction (Fig. 7a). The intraclasts were 
derived from intermittent underflow erosion and the transport of 
unconsolidated sedimentary layers (Schieber et al., 2010). The 
larger intraclasts occur in the mixed-source carbonate rudstones 
(Zheng et al., 2015). Smaller intraclasts predominantly occur in 
the interlaminated calcisiltite-calcilutites. Some of the intraclasts 
occur in the graded laminated calcilutites (Fig. 7b), which 
indicates the stronger energy of the flow. These materials also 
exist in the massive calcilutites, which display the nondirective 
distribution compared to other materials. 

 
3.2.3  Other biogenic materials 

The bioclasts and plankton-derived organic matter can be 
observed. Relatively complete ostracod fossils can be found in Well 
J94, which is located in the mid-upper western slope. These fossils 
exhibit a fiber structure and are composed of aragonite (Figs. 7c, 
7d). However, only broken debris of ostracod fossils are observed 
in the massive calcilutites (Fig. 4f) in wells of St1h and St3, which 
are located near the central sub-sag. No ostracod fossils are present 
in the other lithofacies. The plankton-derived organic matter 
constitutes the main hydrocarbon producers in the study area and 
exhibits a short amorphous shape under stronger fluorescent light 
(Fig. 4g). Thus, the predominant kerogen types in the fine-grained 
carbonate rocks include Type I and Type II (Zhao et al., 2014). 

 

 

Figure 3. Scanned core photos of lithofacies in the Shulu sag. (a) Varve-like laminated calcilutites with fine laminae, from Well St3 at 3 673.85 m; (b) graded 

laminated calcilutites with millimeter-scale laminae, from Well St3 at 3 813.62 m; (c) interlaminated calcisiltite-calcilutites that exhibit millimeter- and centimeter-

scale laminae of altering lightly colored calcisiltite and darkly colored calcilutite couplets, from Well St1h at 3 972.55 m; (d) massive calcilutites, from Well St3 

at 3 987.24 m; (e) massive calcilutites that contain floating sub-rounded lithoclasts, from Well St3 at 3 692.9 m; (f) massive calcisiltite-calcarenites that exhibit 

greyish-green color, from Well St3 at 4 238.82 m; (g) clast-supported carbonate rudstones with poorly sorted and sub-angular dolostone lithoclasts, from Well St3 

at 3 911.41 m; (h) matrix-supported carbonate rudstones with sub-rounded lithoclasts and a greyish-green-colored matrix, from Well St3 at 4 268.66 m; (i) mixed-

sourced carbonate rudstones, from Well St2x at 4 239.01 m. 
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Figure 4. Photomicrographs of main fine-grained carbonate rocks. (a)–(b) Varve-like laminated calcilutites that display by alternating calcite-rich and clay-rich 

couplets, note the sparry calcite lamina on the organic matter-rich lamina, planar-polarized light and incident ultraviolet light, from Well St1h at 4 206.6 m; (c) 

varve-like laminated calcilutites, planar-polarized light, from Well St3 at 3 684.03 m; (d) graded laminated calcilutites with non-regular lamination, planar-

polarized light, from Well St3 at 3 671.69 m; (e) interlaminated calcisiltite-calcilutites that are composed of various terrigenous minerals and clasts that fine 

upward, crossed-polarized light, from Well St3 at 3 806.45 m; (f)–(g) massive calcilutites that are composed of micritic calcite and silt-size clasts with short 

amorphous organic matter, planar-polarized light and incident ultraviolet light, from Well St3 at 3 821.49 m; (h)–(i) massive calcisiltite-calcarenites with rare 

organic matter and sand-size quartz, crossed-polarized light and incident ultraviolet light, from Well St3 at 3 821.49 m. 

 

Figure 5. SEM photos of terrigenous materials in the Shulu sag. (a) Terrigenous calcite particle from the interlaminated calcisiltite-calcilutites; (b) terrigenous 

calcareous clasts from the graded laminated calcilutites; (c) terrigenous dolomite grains from the interlaminated calcisiltite-calcilutites; (d) mixed-layer 

illite/smectite from the clay-rich laminae in the varve-like laminated calcilutites; (e) terrigenous quartz from the massive calcisiltite-calcarenites; (f) wood 

fragments from the graded laminated calcilutites. 
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Figure 6. SEM photos of endogenic calcite. (a) Calcite-rich laminae that are composed of coarser calcite sub-laminae and finer calcite sub-laminae; (b) subhedral calcite 

crystals in (a), with curves or planar edges; (c) calcite crystals in the calcite-rich laminae, which contain holes that are of 1–3 µm in diameter; (d) organic filaments in 

calcite-rich laminae; (e) very fine micritic calcite around a center hole in the massive calcilutites; (f) aggregation of micritic calcite in massive calcilutites. 

 
3.3  Diagenetic Components 
3.3.1  Sparry calcite 

Sparry calcite crystals, which display equant or fibrous 
forms as described by Zhang et al. (2016), occur as veins in the 
varve-like laminated calcilutites. These crystals are commonly 
larger than sedimentary micritic calcite grains. The crystals 
adjoin to organic matter-rich clay laminae and retain residual 
black hydrocarbon materials (Figs. 4a, 4b).  

 
3.3.2  Pyrite 

Pyrite occurs in the studied fine-grained carbonate rocks as 
single or clustered framboids (Fig. 7e), which represent an anoxic 
early diagenesis environment (Aplin and Macquaker, 2011; 
Taylor and Macquaker, 2000; Wilkin et al., 1996). Most of these 
minerals exist in clay-rich locations, such as clay laminae in the 
varve-like laminated calcilutites and mottled clay aggregates in 
the massive calcilutites. Some can be observed in the center holes 
of biogenic materials.  

 
3.3.3  Microcrystalline dolomite 

In addition to silt-size terrigenous dolomite detritus, some 
mud-size dolomite crystals can be found in the fine-grained 
carbonate rocks, with relatively complete crystal forms (Fig. 7f). 
These crystals are the minority in the rocks. Both of these 
materials occur in clay-rich locations. Some crystals are 
surrounded by crumpled sheet mixed layer illite/smectite (Fig. 7f).  
 
3.4  Compositions and Isotopes 
3.4.1  Compositional differences in the lithofacies 

The bulk rock X-ray diffraction of the fine-grained 
carbonate rocks indicated that most of the calcite is present in 
varve-like laminated calcilutites and massive calcilutites (Table 2). 
The calcite content gradually decreased from the graded laminated 
calcilutites and interlaminated calcisiltite-calcilutites to massive 

calcisltite-calcarenites. The interlaminated calcisiltite-calcilutites 
and massive calcisiltite-calcarenites have relatively high dolomite 
contents (Table 2). The other fine-grained carbonate rocks have 
low dolomite contents. The calcite content in the rudstones 
depended on the lithology of the source rocks and variable 
intrabasinal contents. Most of the clast-supported carbonate 
rudstones have a relatively low calcite content and a higher 
dolomite content according to the bulk rock analysis (Table 2). 
Because most of the cores were derived from the upper sequences 
(i.e., Sequence III), which mainly comprise dolomitic rudstones 
(Fig. 8). In contrast, some clast-supported carbonate rudstones 
were taken from the lower sequences (i.e., Sequence I), which 
predominantly comprise limestone. Although the calcite contents 
of the clast-supported carbonate rocks varied, most of the matrix-
supported carbonate rudstones and mixed-source carbonate 
rudstones have a relatively higher calcite content (Table 2). 

Quartz and clay are minor components of the rocks in the 
Shulu sag (Table 2). These minerals predominantly occur in 
massive calcisiltite-calcarenites. The organic matter content can 
be indicated by the TOC. The pyrolysis analysis showed that the 
TOC values have a positive correlation with the calcite contents 
in the fine-grained carbonate rocks (Table 2). 

 
3.4.2  Stable carbon isotopes 

The δ13C value was analyzed by the bulk rock dissolution 
method because separating carbonate grains from different 
sources in the calcilutites is difficult. However, the δ13C values can 
be considered as a function of different inorganic carbon sources; 
therefore, they can indicate the features of the main carbon source 
because the stable carbon isotope are affected by various physical 
and bio-chemical processes (Gierlowski-Kordesch, 2010; Bright 
et al., 2006). These values have a positive correlation with the 
calcite contents and TOC values (Table 2). In contrast, they have 
a negative correlation with the other components. 
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Figure 7. (a) Intraclasts with the imbricated fabric, planar-polarized light, from the interlaminated calcisiltite-calcilutites in Well St3 at 3 797.77 m; (b) intraclasts 

planar-polarized light, from the graded laminated calcilutites in Well St3 at 3 807.76 m; (c)–(d) fossil fragments in the massive calcilutites, crossed-polarized light and 

incident ultraviolet light, from Well J94 at 3 113.89 m; (e) clustered pyrite framboids; (f) microcrystalline dolomite that is surrounded by mixed-layer illite/smectite. 

 

3.5  Vertical Stacking Patterns 
The lower member of Es3 in the Shulu sag can be divided 

into five sequences (Zheng et al., 2015). Most of the carbonate 
rudstones occurred extensively in the LST of Sequence I on the 
western slope (Fig. 8). However, they occurred locally in the TST 
or HST of Sequence I in Well J97 (Fig. 8). The lake region was 
narrow during the initial stage of basin evolution (Jiang et al., 
2007). These rudstones are characterized by a normal or inverse 
grading sequence, which comprise relatively smaller, sub-
rounded carbonate lithoclasts and locally exhibit inconspicuous 
imbricate arrangements as coarse-grained fan-deltas (McPherson 
et al., 1987). Organic matter-poor, and greyish-green massive 
calcisiltite-calcarenites occurred in Sequence I and gradated 
toward the organic matter-rich, dark-grey, and fine-grained 
carbonate rocks (Fig. 8), indicating that the lake area deepened 
and expanded. During this stage, the main lithologies of source 
area were Ordovician limestones; therefore, the carbonate 
rudstones of the sequence have a higher calcite content (Fig. 8).  

During Sequence II, carbonate rudstones mainly occurred 
in the LST, and some mixed-source carbonate rocks occurred in 
the HST (Fig. 8). Varve-like laminated calcilutites and massive 
calcilutites were the predominant components in the TST and 
HST, respectively (Fig. 8). 

The carbonate rudstones in Sequence III are characterized 
by thick, brecciated clast-supported carbonate rudstones (i.e., 
Well St3) and mixed-source carbonate rudstones (i.e., Well St1h) 
(Fig. 8). Compared with the rudstones in Sequence I, these 
rudstones had a limited distribution with larger, angular carbonate 
lithoclasts and exhibited normal grading or massive sequences. 
During this stage, the main lithology in the Ningjin uplift was 
Cambrian dolostones, and therefore, the rudstones of the 
sequence were predominantly comprised dolostone clasts. During 
the deepening stage, the basin was filled with massive calcilutites, 
graded laminated calcilutites and interlaminated calcisiltite-
calcilutites (Fig. 8). These fine-grained carbonate rocks contained 
more clay and quartz components than those in Sequence II. 
However, compared with the fined-grained carbonated rocks in 

Sequence II, their TOC values and calcite content are lower. 
During sequences IV and V, the lake area further expanded 

and alluvial fans rarely occurred along in the western slope (Fig. 
8). The characteristics of the fine-grained carbonate rocks were 
inherited from Sequence III, including the low organic matter 
and calcite contents. Varve-like laminated calcilutites with 
higher calcite content and TOC value occurred during the early 
stage of Sequence V (Fig. 8). Later, the calcite contents and TOC 
of the fine-grained carbonate rocks decreased again. 
 
4  DISCUSSION 
4.1  Origin of the Calcite 

Lacustrine calcite particles can be derived from terrigenous 
clast transport and biologically induced or controlled 
precipitation (Jiang et al., 2007; Kelts and Talbot, 1990; Kelts 
and Hsü, 1978). However, distinguishing between extrabasinal 
and intrabasinal calcite remains a problem. The calcite laminae 
in the varve-like laminated calcilutites are completely composed 
by calcite grains (Fig. 6a), which indicate that these grains were 
not transported from an extrabasin or shallow lake; otherwise, 
the lamination would comprise other minerals as with the graded 
laminations in the interlaminated calcisiltite-calcilutites (Fig. 4e). 
Most of the micritic calcite grains in both the calcite laminae and 
massive mixed matrix contain sub-micron holes in the crystals, 
which are a sign of the cyanobacteria-induced calcite (Chafetz, 
2013; Stabel, 1985). The contrast tests that were conducted by 
Dittrich et al. (2003) suggested that the cell walls of 
cyanobacteria acted as the substrate of calcite nucleation. These 
holes are the products of organism degradation during burial 
(Dittrich et al., 2004). The filaments of organisms around calcite 
grains are similar to extracellular polysaccharides (Pacton et al., 
2007; Dittrich et al., 2003). These features indicate that 
picoplankton may have served a vital role in the micritic calcite 
precipitation in the study area. The photosynthesis of algae in the 
epilimnion can remove CO2, increase pH and shift the equilibria 
towards CO2- 

3  species, which can create a micro-environment 
with supersaturation (Kelts and Hsü, 1978). The high 
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temperature in the summer can influence primary productivity 
and decrease the solubility products to indirectly affect calcite 
precipitation (Hodell et al., 1998).  

Carbon isotopes can also be utilized to deduce differences 
in extrabasinal and intrabasinal calcite and judge the primary 
productivity of a lake (Griffiths et al., 2002; Hodell et al., 1998) 
because the δ13C can indicate information of the dissolved 
inorganic carbon (DIC) in the epilimnion (Leng and Marshall, 
2004) and the carbonate clasts (Bright et al., 2006). The δ13C of 
the DIC is controlled by biological photosynthesis and exchange 
CO2 between the atmosphere and lake (Kelts and Talbot, 1990; 
Lee et al., 1987). Most of the fine-grained carbonate rocks have 
high carbon isotope values (Table 2). However, the δ13C of the 

carbonate rudstones in the study area is low and ranges between 
-3‰ to 0.5‰ (Qiu et al., 2010).  

Therefore, coarse- and fine-grained carbonate rocks 
obviously had different material sources. The δ13C of the 
Cambro-Ordovician marine carbonates in the Bohai Bay Basin 
ranges from -7.6‰ to 1.6‰ (Wang and Feng, 2002). If these 
rocks were presumably completely composed by terrigenous 
clasts, they would exhibit δ13C values in the range of the lower 
Paleozoic strata, such as those of the carbonate rudstones in the 
Shulu sag (Qiu et al., 2010). This difference in δ13C values 
indicates a change in the ratio from terrigenous to endogenic 
carbonates. Therefore, the δ13C of the bulk rock should be higher 
with a greater percentage of biologically induced calcite.  

 

Figure 8. Correlation of the lithofacies association sequences and stratigraphic framework. This section is marked by the red dash line in Fig. 2b, LST. low stand 

systems tract, TST. transgressive systems tract, HST. high stand systems tract. 
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Some calcite formed during burial in addition to terrigenous 
and biologically induced calcite. One type of diagenetic calcite 
derived from pressure-solution was observed between silt-size 
carbonate grains. Pressure-solution can increase the amount of 
dissolved carbonate and provide a new source for carbonate 
cement (Flügel, 2004). The other type is related to hydrocarbon 
generation and expulsion (Cobbold et al., 2013). Organic matter-
rich clay laminae could have released organic acid in the oil 
generation window. These acidic materials could have dissolved 
sedimentary micrites along the interlayer space. The freed 
cations then in turn aggregated in situ and precipitated to form 
sparry calcite (Zhang et al., 2016).   

 
4.2  Origin of Other Materials  

Dolomite occurred in both the source area and lacustrine 
sediments as calcite. Two main types of dolomites were found: 
(1) coarse rhombic dolomites and (2) microcrystalline dolomites. 
The brecciated dolostones comprising coarse rhombic dolomite 
occurred in Sequence III, representing the lithology of the 
catchments during the period. In the same sequence, worn 
rhombic dolomite grains occurred in interlaminated calcisiltite-
calcilutites, which exhibited the same habits as in the carbonate 
rudstones. Similar terrigenous dolomite detritus have been 
observed in Sarliève lacustrine deposits (Fourmont et al., 2009).  

Microcrystalline dolomite occurred in clay-rich deposits. 
This dolomite was surrounded by mixed-layer illite/smectite. Its 
origin was difficult to determine because no unequivocal proof 
can be obtained from their crystal habits. This mineral had no 
ability to influence the δ13C because of their scarce presence in 
the deposits. No extensive primary or diagenetic dolomite 
occurred in the fine-grained carbonate rocks, which indicate that 
the pH or the Mg/Ca ratio was insufficient (Casado et al., 2014; 
Kelts and Hsü, 1978). Mg-rich clay can release a certain amount 
of Mg2+ into the pore water, which creates a favorable 
microenvironment for forming dolomite crystals (Casado et al., 
2014; Bustillo and Alonso-Zarza, 2007). Thus, the isolated 
microcrystalline may have been derived from burial diagenesis 
during the transformation of clay minerals.  

The quartz and clay were derived from terrigenous detritus 
and mainly accumulated in fine-grained carbonate rocks. 
However, these minerals had a negative relationship with calcite. 
These siliciclastic detritus are interpreted as the residuum of 
surrounding weathered soil (Macquaker et al., 2007). During the 
initial stage of basin evolution, abundant weathered quartz and 
clay gathered in the basin because the lake was shallow, and most 
of the siliciclastic detritus directly settled with terrigenous clastic 
carbonate. Thus, the clay- and quartz-rich massive calcisiltite-
calcarenites exhibited low δ13C and a greyish-green color. As the 
lake basin expanded, the siliciclastic detritus and calcite started 
to settle out separately. Micritic calcite mainly precipitated in the 
thermally stratified water columns of the lake during the hot 
season as discussed above. However, most of the fine-grained 
siliciclastic detritus remained in suspension in the thermocline 
(Sturm and Matter, 1978) and would settle out as a “suspension 
blanket” after water column turnover during the cold season 
(Sturm and Matter, 1978). Thus, the varve-like laminated 
calcilutites gained laminae with different compositions. When 
these early sediments were eroded and transported into the 

deeper lake region, all of the minerals and clasts would be mixed 
and redeposited together. 

 
4.3  Origin of Lithofacies 

The varve-like laminated calcilutites, which comprised 
lightly and darkly colored laminae with varying colors, grain 
sizes and compositions, indicate alternating depositional 
mechanisms that were controlled by seasonal variation and 
variable input sources (Glenn and Kelts, 1991). Lacustrine 
sediments that are not destroyed by bioturbation or physical 
disturbance can exhibit seasonal textures (Anderson and Dean, 
1988; Anderson, 1986). Analogous annual laminated sediments 
have been found in Iberian Karst lakes (Valero-Garcés et al., 
2014) and in Lake Yoa (Francus et al., 2013). The high δ13C and 
calcite contents indicate that the biologically induced calcites 
were the predominant component of the rocks as discussed 
above. The differences in grain size within the calcite laminae 
may hint at changes in the environment. The larger calcite 
probably formed during the spring because of relatively lower 
supersaturation (Kelts and Hsü, 1978) or phosphate consumption 
caused by photosynthetic activity (Teranes et al., 1999). The 
smaller calcite might have precipitated during the hot summer 
with higher supersaturation or primary productivity (Valero-
Garcés et al., 2014; Kelts and Hsü, 1978). The settlement of 
organic matter occurred during the cold season with fine-grained 
detritus (Zolitschka, 2007). Under anoxic conditions, 
sedimentary organic matter can be well protected, and dissolved 
sulphate can be reduced to sulphide (i.e., pyrite) by 
microorganisms (Zolitschka et al., 2015); therefore, the clay-rich 
lamina has a darker-color. When the annual organic productivity 
was lower or the detritus input was abundant, the clay-rich 
lamina would display a light color and rare pyrite. 

The interlaminated calcisiltite-calcilutites primarily 
comprised terrigenous detritus. Lamination with alternating silt- 
and clay-size sub-laminae is a common feature of turbidites in 
the deep lakes (Zhang and Scholz, 2015; Chang and Chun, 2012; 
Lambert and Hsü, 1979b). The rocks exhibited a normal grading 
sequence without a coarsening-upward basal unit, which 
indicates that the rocks may not have been triggered by 
hyperpycnal flow (Mulder et al., 2003). These silt particle-rich 
rocks, which display as the abundant soft sediment deformation 
structures in Sequence III, have been proposed asseismites 
(Zheng et al., 2015). In turn, seismically induced failure can 
generate debris flows and further evolve into turbidity currents 
(Osleger et al., 2009).  

The graded laminated calcilutites were mainly intercalated 
in the interlaminated calcisiltite-calcilutites and exhibited the 
same normal grading. The compositions and structural features 
indicate that these rocks are the tail deposition of traditional 
turbidity currents (Td-Te) or upper fine-grained turbidite 
sequences (T4-T7) (Stow and Shanmugam, 1980), which 
involves deposition from low-energy and dilute muddy turbidity 
currents with decreased terrigenous detritus. Because of the 
interchange of materials between the turbidity currents and 
underlying sediments (Lincoln and Pratson, 2000), these new 
deposits that were derived from the flow body would gradually 
have a similar composition as normal background sediments.  

No obvious layer interfaces and bioturbation structures 
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were present within the thick-layer massive calcilutites 
according to visual observation. Similar massive fine-grained 
rocks, called homogenites or unifites, occur in the deep water 
area of marine and lake basins (Morellón et al., 2009; Tripsanas 
et al., 2004; Stanley, 1981). The origin of these homogenous 
rocks is considered to be related to earthquakes, including 
seismically induced metaturbidites (Mulder et al., 2009), and 
fluidization (Beck, 2009). Although the mineral compositions 
and isotope features of the massive calcilutites indicate that the 
rocks primarily comprise intrabasinal materials, these rocks also 
contain a certain amount of silt-size detritus, oriented ostracod 
shells and plant debris. These features indicate that the massive 
calcilutites originated from redeposited sediments and that the 
primary materials were derived from a shallow lake. When an 
earthquake occurred, the shaking caused the fluidization of 
unconsolidated sediments in the shallow lake. These sediments 
would slide down along the slope and evolve into large, dilute 
turbidity currents and suspended clouds (Cita et al., 2008). This 
turbulent flow can last several months (Tripsanas et al., 2004) 
and have a large influence on the water column. When algae 
bloom, plankton can attach to suspended particles within the 
suspended cloud. This association can overcome the buoyant 
force and cause the materials to settle down together in a deep 
lake to form massive, darkly colored, organic matter-rich 
calcilutites. Due to the multiple seismic events (Zheng et al., 
2015), subsequent earthquakes could have caused the 
fluidization of early massive sediments and made them 
thoroughly homogenized. Some massive calcilutites with 
floating gravel were probably derived from cohesive muddy 
debris flows (Talling et al., 2012). 

Compared with other lithofacies, the color of the massive 
calcisiltite-calcarenites reflects an oxic depositional 
environment. In addition, abundant terrigenous clasts (quartz 
and dolomite) and low δ13C indicate that the deposition was 
directly controlled by the terrigenous clasts input. The massive 
structure and sand-size detritus were responded to gravity flow 
(Myrow and Hiscott, 1991). Consequently, the rocks were 
deposited in shallow water through slumping. 

 
4.4  Relationship between Fine-Grained Carbonate Rocks 
and Rudstones 

The carbonate rudstones in the Shulu sag were sourced 
from the Paleozoic strata in the Ningjin uplift and had similar 
lithological compositions (Jiang et al., 2007) and carbon isotope 
values (Qiu et al., 2010) as the Mid-Upper Cambro-Ordovician 
bedrock. These rudstones widely occurred at the bottom of the 
lake basin and exhibited back-stepped lobes (Jiang et al., 2007). 
Greyish-green massive calcisiltite-calcarenites formed during 
the same period because of the dry climate and strong clastic 
input.  

The carbonate rudstones in Sequence III exhibit an isolated 
distribution in the basin and are considered to be sediments of 
slump or debris flows that were triggered by earthquakes. The 
mixed-source carbonate rudstones were considered to have been 
derived from erosion through the debris flows on the underlying 
unconsolidated substratum (Zheng et al., 2015). The occurrence 
of calcilutite intraclasts indicates that the flow transition began 
between debris flow and turbidity current (Sumner et al., 2009). 

Thus, interlaminated calcisiltite-calcilutites were always found 
in Sequence III, which gradually settled down as the flow 
decelerated (Stow and Bowen, 1978). The massive calcilutites 
were also the products of the shaking in the lake basin from 
earthquakes and mass sliding. 

 
4.5  Controlling Factors for Carbonate Accumulation 

Unlike marine carbonates, the formation of lacustrine 
carbonates is controlled by the lithology of the bedrocks, climate, 
tectonics and primary productivity (Gierlowski-Kordesch, 2010; 
Kelts and Talbot, 1990; Kelts and Hsü, 1978). Widespread 
carbonate rocks in the provenance area could have provided both 
clasts and calcium to the basin (Jiang et al., 2007; Gierlowski-
Kordesch, 1998), which allowed for thick carbonate fillings in 
the lakes (Jones and Bowser, 1978). The Early Paleozoic marine 
carbonates that were exposed in the Ningjin uplift could have 
provided a large amount of carbonate materials to the Shulu sag 
(Jiang et al., 2007). Thus, the Shulu sag could have accumulated 
1 200 m-thick carbonates in the depocenter of the basin (Zheng 
et al., 2015). 

Although climate is not the determining factor in carbonate 
accumulation (Garcés and Gierlowski-Kordesch, 1994), it 
controls biogenic productivity and influences the weathering 
rates and type, which regulate the supply of materials (Romero-
Viana et al., 2008; Platt and Wright, 1991). The climate was dry 
during the initial basin formation stage (Ren, 1986); thus, 
physical weathering predominated over the provenance area and 
controlled the lithology of the fills. A shift to a semi-humid and 
then humid climate (Zhang et al., 2001), which enhanced 
chemical weathering, could have favoured the formation of fine-
grained carbonate rocks through biological photosynthesis.  

Tectonic activity could have shaken the lake basin and 
controlled the formation of lithofacies by reworking early 
sediments as discussed above. Varve-like laminated calcilutites 
were only effectivity preserved without strong shaking and the 
input of terrigenous materials (Zolitschka, 2007). Primary 
productivity controlled the total amount of micritic calcite 
precipitation (Hodell et al., 1998) and organic matter. Sequence 
II had a higher calcite content and TOC values than other 
sequences because of its relatively higher primary productivity.  

 
4.6  Petroleum Geologic Significance 

Although the Shulu sag’s fine-grained carbonate rocks 
exhibit low values of physical properties of reservoirs (porosities 
between 0.4% and 2.3%, permeabilities between 0.04×10-3 and 
3.78×10-3 µm2) (Zhao et al., 2014), they still provided a 
relatively higher production of oil and gas in Sequence II (Table 
1). They are important lithological reservoirs as with the 
carbonate rudstones reservoirs in the study area (Kong et al., 
2016; Han et al., 2015; Zheng et al., 2015; Jiang and Li, 2013). 
Compared with conventional reservoirs, lithofacies and 
compositions are the key factors for evaluating the quality of 
unconventional fine-grained carbonate reservoirs. These factors 
control the distribution of main reservoir space and influence 
hydrocarbon accumulation. Varve-like laminated calcilutites 
contain many micropores and microfissures caused by their 
special sedimentary textures and mineral compositions. Main 
types of reservoir space include interparticle pores, intraparticle 
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pores, organic matter pores and fracture pores in the fine-grained 
reservoirs (Loucks et al., 2012). Darkly colored, clay-rich 
laminae have a higher organic matter content. Organic matter 
can generate effective pore networks by themselves (Loucks et 
al., 2009) and release organic acid to dissolve carbonate particles 
(Zhao et al., 2014). Therefore, they mainly contain organic 
matter pores (Fig. 9a) and dissolution-rim pores of calcite grains 
(Fig. 9b) (Kong et al., 2016). Lightly colored, clay-rich laminae 
contains more terrigenous clasts and clay; therefore, their main 
micropores include intraplatelet pores with clay aggregates (Fig. 
9c). Intercrystalline pores within pyrite framboids can be found 
in all clay-rich laminae (Fig. 9d). Calcite-rich laminae also have 
good reservoir potential because of their abundance of residual 
pores from the decay of cells in the crystals (Chafetz, 2013). 
These pores (Fig. 6c), which are unconnected and sub-micron in 
size, cannot be detected by a standardized porosity analyser. 
However, these pores can effectively store oil drops and form 
hydrocarbon accumulation in the area of microfissures 
development. In addition to micropores, abnormal high-pressure 
microfissures (Fig. 9f), which originate from high flow pressure 
during kerogen decarboxylation (Zhao et al., 2014), and 
interlamination fissures (Fig. 9e) can be observed in the varve-
like laminated calcilutites. They can make up effective seepage 
networks to connect micropores (Kong et al., 2016). Compared 

with varve-like laminated calcilutites, other laminated sediments 
have poor potential as reservoirs because they have a lower 
organic matter content. The reservoir quality of massive 
sediments is also worse than the varve-like laminated calcilutites 
because they lack effective channels for the migration of 
hydrocarbons. 

Figure 8 shows that the calcite content has a positive 
correlation with the TOC value in the layer of fine-grained 
carbonate rocks. Warmer summers and eutrophication 
conditions can increase the duration of primary production as 
well as the abundance of plankton, which in turn increased the 
amount of precipitated calcite (Mullins, 1998). Compared with 
the other sequences, Sequence II had higher calcite content and 
TOC value. This phenomenon indicates that the lake basin had 
higher primary productivity during the rock-formation stage. A 
large amount of organic matter not only provides hydrocarbon to 
from oil pool, but also modifies the quality of the reservoirs 
(Jiang et al., 2014, 2013). Thermal stratification and anoxic 
bottom water are favourable factors for preserving organic 
matter and varve-like laminated sediments (Zolitschka et al., 
2015; Mullins, 1998). Moreover, varve-like laminated 
calcilutites are the mainly lithofacies in Sequence II. Therefore, 
Sequence II has good reservoir potential with high-quality, 
organic matter-rich lithofacies. 

 

Figure 9. Micropores and microfissures of varve-like laminated calcilutites. (a) Organic matter pores (Well St3 at 4 102.33 m); (b) dissolution-rim pores of calcite 

grains (Well J85 at 3 771.38 m); (c) intraplatelet pores with clay aggregates (Well St3 at 3 681.49 m); (d) intercrystalline pores within pyrite framboids (Well 97 

at 3 638.04 m); (e) interlamination fissures (Well J85 at 3782.85 m); (f) abnormal high-pressure microfissures (Well St1h at 4 213.4 m). 
 
5  CONCLUSION 

The fine-grained carbonate rocks in the Shulu sag comprise 
extrabasinal and intrabasinal materials. The terrigenous clasts 
were sourced from Early Paleozoic marine carbonates by 
mechanical weathering and transported into the lake by gravity 
flow. The micritic calcite grains were formed through 

picoplankton photosynthesis in the epilimnion, and they are 
characterized by high δ13C and micro-holes in the crystals. The 
intraclasts were derived from intermittent underflow erosion and 
the transport of unconsolidated sedimentary substrata. The 
diagenetic components include sparry calcite, pyrite and 
dolomite. 
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They formed at the sediment-water interface or during the burial 
period. Various components could have been deposited by 
physical, chemical and biological processes.  

The fine-grained carbonate rocks in the Shulu sag can be 
divided into five lithofacies according to the characteristics of 
the compositions and structures. Varve-like laminated 
calcilutites, which comprise lightly and darkly colored laminae 
with varying colors, grain sizes and compositions, indicate 
alternating depositional mechanisms that were controlled by 
seasonal variations and variable input sources. Graded laminated 
calcilutites and interlaminated calcisiltite-calcilutites were 
deposited by turbidity flow that was triggered by earthquakes. 
Massive, thick-bed calcilutites were redeposited by mass 
transport from fluidized sediments under strong shaking 
conditions during earthquakes. Massive calcisiltite-calcarenites 
with low δ13C were deposited in shallow water from slumping. 

Physical weathering predominated over the provenance 
area because of the dry climate during the initial stage of basin 
evolution; thus, carbonate rudstone alluvial fans occurred widely 
in the basin with massive calcisiltite-calcarenites. The change 
from an arid to humid climate enhanced chemical weathering, 
leading to the deposition of abundant varve-like laminated 
calcilutites in the deep lake by biological processes. When 
tectonic activity was widespread and earthquakes occurred, a 
large amount of terrigenous clasts were transported into the lake 
by debris flows and turbidity currents. Silt-size clast-rich 
sediments accumulated in the deep lake, and early sediments 
were reworked by shaking in the lake basin. In addition to the 
lithology of the bedrocks, tectonics and climate, primary 
productivity was an important factor controlling carbonate 
accumulation. The amounts of biologically induced calcite 
increased with higher primary productivity. 

The sedimentology of the Shulu sag’s fine-grained 
carbonate rocks suggests that the material compositions of the 
lithofacies can influence the nature of the rocks. Lithofacies and 
compositions are the key factors for evaluating the quality of 
unconventional fine-grained carbonate reservoirs Thus, this 
study provides clues for understanding the sedimentary origins 
of fine-grained carbonate rocks and for evaluating potential of 
fine-grained carbonate reservoirs.  
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