
Journal of Earth Science, online, 2017                                                          ISSN 1674-487X 

Printed in China 

https://doi.org/10.1007/s12583-016-0939-2 

Guo, J. X., Li, Q., Wang, W. W., et al., 2017. Diagenetic Sequence and Genetic Mechanism of Silurian Tight Sandstone Reservoirs in 

the Eastern Tarim Basin, Northwest China. Journal of Earth Science, xx(x): xxxïxxx. https://doi.org/10.1007/s12583-016-0939-2. 

http://en.earth-science.net 

 

 

Diagenetic Sequence and Genetic Mechanism of Silurian Tight 
Sandstone Reservoirs in the Eastern Tarim Basin, Northwest 

China 
 

Jingxiang Guo *1, Qiang Li2, Wenwen Wang1, Qian Zhang3, Junhui Wang4, 5, Zhiteng Hou1 

1. School of Energy Resources, China University of Geosciences, Beijing 100083, China 

2. Research Institute of Exploration and Development of Daqing Oilfield Company, Daqing 163712, China 

3. Hubei Provincial Water Resources and Hydropower Planning Survey and Design Institute, Wuhan 430064, China 

4. State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum, Beijing 102249, China 

5. College of Geosciences, China University of Petroleum, Beijing 102249, China 

Jingxiang Guo: http://orcid.org/0000-0003-4433-647X 

 

ABSTRACT:  The Silurian stratigraphic sequence has recently become one of the most important ex-

ploration targets in the Tarim Basin, with a considerable amount of profitable hydrocarbon pools dis-

covered in the central Tarim Basin. Previous exploration activities indicate that the Silurian strati-

graphic sequence in the Eastern Tarim Basin has great hydrocarbon exploration potential. The Silurian 

reservoirs comprise a set of tight marine sandstones, whose diagenetic sequence and genetic mechanism 

are still poorly understood. The complex relationship of hydrocarbon generation, the timing of the peak 

expulsion of the source rocks and the evolution of the reservoirs remains unclear. An integrated descrip-

tion and analysis have been carried out on core samples from eleven wells selected from the Eastern 

Tarim Basin. A range of petrographic and geochemical analyses were conducted. By using an integrated 

approach with thin-section petrography, scanning electron microscopy (SEM), cathodoluminescence 

(CL), carbon and oxygen isotope geochemistry, formation water analysis, X-ray diffractometry (XRD), 

electron probe microanalysis and fluid inclusion microthermometry, the genesis and occurrence of in-

dividual diagenetic events were documented to reconstruct the diagenetic sequence and diagenetic 

model for the Silurian sandstone. Additionally, the tight nature of the Silurian reservoirs can mainly be 

attributed to the compaction processes and cementation. In particular, the destructiveness of the com-

pactional processes to the original porosity is far greater than that from the cementation. Furthermore, 

fluid inclusion analyses also indicate that the Silurian sandstone has experienced three phases of hydro-

carbon charge. The first two phases occurred during the eodiagenesis stage (from the Late Silurian to 

the Early Devonian and from the Late Carboniferous to the end of the Late Permian), when the Silurian 

sandstone was not tight and had a porosity of greater than 20%. The third phase occurred during the 

stage B of mesodiagenesis (since the Late Cretaceous), when the Silurian sandstone was fully tight.  

KEY WORDS: Eastern Tarim Basin, Silurian sandstone, diagenetic sequence, hydrocarbon charge, ge-

netic mechanism. 

 

1  INTRODUCTION  

Tight sandstone reservoirs have become an important ex-

ploration target for natural gas worldwide. For China, the recov-

erable tight sandstone gas resources are estimated to be 8.8×1012 

ï12.1×1012 m3 (Jia et al., 2012). Sixteen large tight sandstone gas 

fields have been discovered by the end of 2011, which distribu- 

ted in the Ordos Basin, Sichuan Basin and Tarim Basin, and  
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have the common geological characteristics, such as the average 

effective thicknesses of the reservoirs are 5ï20 m, the average 

effective porosities are approximately 5%ï12%, and the average 

permeability are 0.12×10 -3 ï1.4×10-3 ɛm2 (Li et al., 2013).  

Tight sandstone reservoirs have been focus of researches 

worldwide since the United States successfully achieved com-

mercial production of tight sandstone gas during the 1970s. Re-

searches were focus on the individual genetic mechanism of tight 

sandstone before realizing that the nature of tight sandstone were 

influenced by combined multiple factors. Nowadays, the depo-

sitional factors such as grain size, sorting, content and distribu-

tion of detrital clay are widely believed to govern the primary 

properties of sandstone, and the compaction processes and ce-
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mentation are the key factors that control the nature of tight sand-

stone (Shrivastva and Lawatia, 2011; Zhang, 2008; Soeder and 

Randolph, 1987). The relationship of hydrocarbon generation, 

the timing of the peak expulsion of the source rocks and the evo-

lution of the reservoir is also hotspot. Based on the relationship 

of these three events, tight sandstone gas is currently divided into 

two types: pre-exiting deep gas and subsequent tight sandstone 

gas (Fu et al., 2012; Jiang et al., 2006; Gies, 1984). However, it 

is necessary to understand the diagenetic sequence of tight sand-

stone before studying the genetic mechanism of tight sandstone 

and the relationship of the above-mentioned three events.  

The Silurian stratigraphic sequence was ignored in the pre-

liminary exploration of Tarim Basin. However, it has become 

one of the most important exploration targets with the discover-

ies of some profitable hydrocarbon pools in the Central Tarim 

Basin. The area of the Eastern Tarim Basin is very wide. Sixteen 

wells have been drilled in the Silurian stratigraphic sequence in 

this area, of which the Well YN-2 has achieved the commercial 

gas flow and the Well MD-1, Well LK-1 and Well HYC-1 have 

achieved the low-producing oil and gas flow. These exploration 

activities indicate that the Silurian stratigraphic sequence in the 

Eastern Tarim Basin has great hydrocarbon exploration potential. 

The burial depth of the Silurian sandstone in this area is 3 500ï

6 000 m, and the average porosity and permeability are 7.2% and 

1.4×10-3 ɛm2, respectively. Three issues on the Silurian sand-

stone need to be clarified in order to improve the exploration 

processes: (1) the diagenetic sequence; (2) the genetic mecha-

nism; and (3) the relationship of hydrocarbon generation, the 

timing of the peak expulsion of the source rocks and the evolu-

tion of the reservoir. The purpose of this research is to provide 

the theoretical guidance for the oil and gas exploration and the 

evaluation of the Silurian reservoirs by studying these issues. 

 

2  GEOLOGICAL SETTI NG 

The first-order tectonic units in the Eastern Tarim Basin in-

clude the eastern sections of the Tabei uplift, the Northern de-

pression and the Central uplift in present, and the secondary tec-

tonic units mainly include the Kongquehe slope, the Manjiaer 

depression, the Yingjisu depression and the Tadong uplift. The 

Silurian sandstone in the Eastern Tarim Basin is mainly distrib-

uted in the Manjiaer depression and Yingjisu depression (Fig. 1). 

In the Silurian Period, the topography of the Tarim Basin was 

higher in the west and lower in the east, and the tectonic regimes 

exhibited compression to the south and extension to the north. 

The paleogeomorphology of the Eastern Tarim Basin was in the 

similar profile to a sandwich, and the tectonic units from north 

to south, in turn, were the Tabei paleouplift, the Manjiaer intra-

cratonic sag basin and the Tadong paleouplift (He et al., 2005). 

The Manjiaer intracratonic sag basin mainly developed  

littoral-neritic shelf facies and braided delta facies in the Silurian 

Period (Hu et al., 2007; Shi et al., 2007; Jia et al., 2006; Zhu et 

al., 2001; Gu et al., 1994). The Silurian strata developed a set of 

marine clastic rocks in these depositional environments. It was 

relatively well preserved in the Eastern Tarim Basin, which com-

prised the Lower Kepingtage Formation consisting of a set of 

gray siltstone or fine sandstone that is interbedded with red mud-

stone and the upper Tataaiertage and Yimugantawu formations 

consisting of a set of interbedded gray-green siltstone and fine 

sandstone or interbedded red mudstone and gray-green siltstone. 

 

3  SAMPLING AND METHODS  

The core samples were equally spaced sampling from wells 

at different localities in the Eastern Tarim Basin. A total of 374 

Silurian sandstone samples were collected from eleven wells 

(MC1, MC2, MD1, MD2, MN1, TZ32, HYC1, LK1, WM1, 

YN2, YN201) as shown in Fig. 1. The formation water samples 

were collected from three wells (MD1, MN1, and LK1) at five 

depth intervals. The analytical techniques that were utilized in 

this study involved in thin section petrography, scanning elec-

tron microscopy (SEM), cathodoluminescence (CL), carbon and 

oxygen isotope geochemistry, formation water analysis, X-ray 

diffractometry (XRD), electron probe microanalysis and fluid 

inclusion microthermometry. 

 

Figure 1. Schematic tectonic map of the Tarim Basin, which shows the distribution of tectonic units within the basin: the gray area represents the Manjiaer 

depression and the Yingjisu depression, and the red names represent the sampled wells (modified after Lin et al., 2012). 
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The types of detrital grains and diagenetic components, 

pore types, and grain sizes were detected by the reconnaissance 

study of 320 thin sections that were impregnated with blue epoxy. 

The percentages of detrital grains and diagenetic components 

were detected by counting 200 points in each of 271 selected 

representative thin sections. The sorting coefficients were iden-

tified by the grading analysis of 179 samples with a type SFY-A 

particle size analyzer. The carbonate cements were stained for 

better identification with an acid solution of alizarin reds and po-

tassium ferrocyanide. The percentages of detrital grains, diage-

netic components and pores were expressed in relation to the 

bulk rock volume. 

A scanning electron microscope (Type Oxford LEO-435VP) 

fitted with a type LINK-ISIS X-ray energy dispersive spectrom-

eter was used to observe the morphologies and diagenetic rela-

tionships of cements in 249 gold-coated sandstone samples. The 

accelerating voltage was 20 kV with a current emission of 100 

pA. Forty-one polished thin sections were prepared for CL by 

using a type Nuclide ELM-3RX cathodoluminescent instrument. 

The accelerating voltage of the electronic gun was 14 kV. The 

CL was performed to study the formation stages of calcite ce-

ments. 

The samples of calcite cements were acquired from 81 

thickened thin sections by using a type Relton microdrilling sys-

tem with a 0.2 mm diameter drill bit, which were prepared for 

the carbon and oxygen isotopes analysis. Finally, 69 samples 

were acquired, and the mass of each sample was 10 mg. Then 

they were transformed into pure CO2 by reacting with 100% or-

thophosphoric acid at 25 °C . The carbon and oxygen isotopes of 

the evolved CO2 were tested by using a Finngan MAT-253 mass 

spectrometer. The criteria to analyze the carbon and oxygen iso-

topes was the PDB. The concentration of each ion and salinity 

of the formation water were tested by using a type FRD-103 

muffle furnace and a type 751-GW spectrophotometer. The min-

eralogical composition of clays was determined by XRD with a 

Rigaku D/max-2200 X-ray diffractometer. The clay sub-samples 

(<2 µm) were prepared in accordance with the guidelines of 

Moore and Reynolds (1997).  

Seven polished thin sections were carbon-coated and ana-

lyzed with a type JEOL JXA-8100 electron microprobe fitted 

with an energy dispersive spectrometer (EDS) and a backscat-

tered electron detector (BSE) for determining the meteoric 

leaching of the Silurian sandstone. The homogenization temper-

atures of fluid inclusions were tested in accordance with the 

guidelines of Roedder (1984) by using a Linkam Heating/Freez-

ing stage of type THM600. The measuring error was ± 0.1 °C . 

 

4  SANDSTONE COMPOSITION AND TEXTURE  

According to the classification and nomenclature of sand-

stone proposed by Folk et al. (1970), the Silurian sandstone is 

mostly litharenite to feldspathic litharenite (Fig. 2). The detrital 

grains mainly include quartz, feldspar and rock fragments, 

whose average percentages are respectively 44%, 16% and 39% 

in the Manjiaer area, and respectively 38%, 10% and 52% in the 

Yingjisu area. The compositional maturity of the Silurian sand-

stone from the Manjiaer area is higher than that from the 

Yingjisu area. There is a broad difference in the composition of 

rock fragments between the two areas. The content of metamor-

phic rock fragments (ave. 20%) is slightly higher than that of 

volcanic rock fragments (ave. 17%) in the Manjiaer area. The 

rock fragments largely consist of volcanic rock fragments (ave. 

35%), with subordinate amount of metamorphic rock fragments 

(ave. 16%) in the Yingjisu area. This difference can be attributed 

to the different depositional environments and provenances of 

the two areas. In the Silurian Period, the Manjiaer area mainly 

developed the littoral-neritic shelf facies with the provenances 

of Precambrian metamorphic rocks from the Taibei paleouplift, 

Proterozoic metamorphic rocks from the Tazhong paleouplift 

and Ordovician volcanic rocks from the eastern Altun Tagh fault 

zone. However, the Yingjisu area mainly developed the braided 

delta facies with the provenances that were dominated by vol-

canic rocks from the eastern Altun Tagh fault zone (Liu et al., 

2012; Wu et al., 2009; Hu et al., 2007; Shi et al., 2007; Jia et al., 

2006; Zhang and Zhang, 2006; Zhu et al., 2001; Cao and Chen, 

1994; Gu et al., 1994). Some heavy minerals with a total content 

of less than 1% are present, including biotites, muscovites, leu-

coxenes, garnets, zircons and magnetites.  

The average content of interstitial fillings is 9.1%, of which 

clay minerals, carbonate cements and quartz cements are 3.2%, 

7.2%, and 1.7%, respectively. Limonite cements are prevalent in 

partial intervals of the Silurian sandstone in the MC1-MD1 well 

zone, with an average content of 5.5%. Pyrite, albite, anhydrite, 

laumontite and sodium chloride are also sporadically present in 

pores. The Silurian sandstone ranges from silt to coarse-grained, 

with the predominance of silt to fine grain size in the Manjiaer 

area and the predominance of fine to medium grain size in the 

Yingjisu area. The difference in grain size between these two 

areas might be caused by the different depositional environments. 

The sorting coefficients mostly range from 1.19 to 2.47, with an 

average of 1.76. A marked mixture of sub-angular and sub-

rounded grains is observed in the Silurian sandstone. The detrital 

grains take point contact and line contact primarily. The types of 

cementation are mainly porous cementation and contact cemen-

tation. The porosity ranges from 0.7% to 19.5%, with an average 

of 7.2%. The pores largely consists of secondary pores, with sub-

ordinate amounts of primary pores, intercrystal pores and mi-

crocracks. 

 

Figure 2. Detrital composition of the Silurian sandstone (plotted in the lower-

right portion of Folkôs (1970) diagram), I. Quartzarenite; II.  Subfeldsarenite; 

III.  Sublitharenite; IV. Feldsarenite; V. Lithic feldsarenite; VI. Feldspathic 

litharenite; VII.  Litharenite. 
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5  DIAGENETIC CONSTITUENTS  

5.1  Mechanical Compaction and Pressure Solution 

The burial depth of the Silurian sandstone in the Eastern 

Tarim Basin is relatively large, between 3 500ï6 000 m, which 

causes the strong mechanical compaction and pressure solution. 

The mechanical compaction is mainly reflected in the following 

aspects: (1) the fracturing of brittle minerals such as quartz and 

feldspar; (2) the deformation of plastic grains such as micas and 

rock fragments; and (3) the line contact of detrital grains. The 

pressure solution is mainly reflected in the concavo-convex con-

tact of detrital grains. The mechanical compaction generally de-

veloped during the eodiagenesis stage, and the pressure solution 

subsequently occurred. 

 

5.2  Limonite and Pyrite 

The color of partial intervals of the Silurian sandstone is 

reddish-brown in the MC1ïMD1 well zone. We have recognized 

many sets of the reddish-brown Silurian sandstone in the Well 

MC-1. This color is attributed to the limonite cementation. Li-

monite is darkish brown under the plane-polarized light and 

brown with no metal luster under the reflected light. It fills in 

intergranular pores or coats detrital grains in the form of irregu-

lar granular and earthy aggregates (Figs. 3a, 3b). The content of 

limonite cements is 5.5% on average, and up to 13% in a few 

samples.  

There are a few pyrite cements in the Silurian sandstone in 

the TZ32-TZ34-MC2 well zone and the Yingjisu area, with an 

average content of less than 1%. They are mostly in the form of 

euhedral-granular pyrite, framboidal aggregates and roe-shaped 

aggregates. The grain size of the euhedral-granular pyrite ranges 

from 20 to 30 µm, and the crystal shape is mainly cubic (Fig. 3c). 

The framboidal pyrite aggregates are composed of many octahe-

dral pyrite crystals, with the diameters of the aggregates varying 

from 50 to 70 µm (Fig. 3d). The roe-shaped pyrite aggregates, 

filling in intergranular pores, are composed of many cubic and 

octahedral pyrite crystals (Fig. 3e). In addition, a few dissemi-

nated pyrite aggregates characterized by replacing detrital grains 

and filling in intergranular pores are present in the Silurian sand-

stone (Figs. 3f, 3g).  

Sedimentogenic limonite and hematite are generally 

formed in low pH and high Eh shallow-water littoral environ-

ment (Goodwin, 1973). The MC1-MD1 well zone mainly devel-

oped the littoral facies in the Silurian Period (Hu et al., 2007; 

Shi et al., 2007; Jia et al., 2006). Ferromagnesian minerals in 

intermediate-basic volcanic rocks and metamorphic rocks could 

produce abundant iron compounds through weathering in the 

source areas of the Tazhong paleouplift and the eastern Altun 

Tagh fault zone. These iron compounds could be transported into 

sea by surface runoff, mainly in the form of Fe(OH)3 and Fe2O3 

colloids. The coagulation of these colloids would subsequently 

transform into the limonite cement during the syn-deposition and 

eodiagenesis stages.  

The TZ32ïTZ34ïMC2 well zone and Yingjisu area mainly 

developed the braided delta facies in the Silurian Period (Gao et 

al., 2008; Zhang et al., 2008; Hou et al., 1997). These deposi-

tional environments are generally oxygen-rich. However, the mi-

crofacies of fluvial plains, flood swamps and underwater inter-

distributary bays can create some locally reducing environments, 

which provide necessary condition for the generation of pyrite. 

The pyrite in the Silurian sandstone mostly presents three differ-

ent forms, namely, euhedral-granular grains, framboidal aggre-

gates and roe-shaped aggregates. These morphologies indicate 

that the pyrite mainly precipitated during the syn-deposition and 

eodiagenesis stages (Liu et al., 1999). The bacterial sulfate re-

duction, occurring during the syn-deposition and eodiagenesis 

stages, was an important factor that facilitated the generation of 

the pyrite. The genesis of scarce disseminated pyrite might be 

related to the invasions of hydrothermal fluids during the later 

diagenesis stage. After the deposition of the Silurian strata, the 

Tarim Basin experienced two important geological thermal 

events in the Permian Period and the Cretaceous Period. It had 

been proved that the Permian volcanic activities affected the en-

tire Tarim Basin (Jin et al., 2013; Jin et al., 2006; Chen et al., 

1997; Jia et al., 1997). The volcanic activities not only produce 

a mass of hydrothermal fluids, but also transform the formation 

fluids into hydrothermal fluids. These hydrothermal fluids could 

migrate upward into the overlying formation along the deep frac-

tures and small fractures, which affected the Silurian strata to 

some extent (Shi et al., 2014). The disseminated pyrite was gen-

erated by recrystallization of the hydrothermal fluids, which was 

characterized by replacing detrital grains and filling in intergran-

ular pores. 

 

5.3  Authigenic Quartz 

Quartz cements are widespread but volumetrically limited 

in the Silurian sandstone, with an average content of 1.7% and 

the local content up to 8%ï11%. The quartz cements develop 

four habits in the Silurian sandstone, including microquartz rims, 

scattered microquartz, prismatic quartz outgrowths and syntaxial 

quartz overgrowths. The microquartz rims occur as isopachous 

coatings that are less than 15 µm thick and continuously cover 

the host grains. The grain size of the microquartz crystals ranges 

from 3 to 9 µm, and the c axes of the crystals are approximatively 

parallel with but randomly distribute along the surfaces of host 

grains (Fig. 3h). The grain size of the scattered microquartz crys-

tals ranges from 5 to 15 µm, and the c axes of the crystals are 

perpendicular to the surfaces of host grains (Fig. 3i). These scat-

tered microquartz crystals generally grow in isolation along the 

surfaces of host grains where clay minerals are relatively unde-

veloped. The prismatic quartz outgrowths, extending into inter-

granular pores, are perpendicular to the surfaces of host grains 

that are discontinuously coated by the microquartz and clay min-

erals (Fig. 3j). The c-axis oriented lengths of the outgrowing 

quartz crystals vary from 30 to 85 µm. The amount of the syn-

taxial quartz overgrowths is generally less than that of the other 

three quartz cements, except for a few samples (Fig. 3k). The 

microquartz rims and clay mineral coatings on the surfaces of 

host grains can effectively prevent the syntaxial quartz over-

growths from crystallizing and growing (Worden et al., 2012; 

Bloch et al., 2001; McBride, 1989). The quartz grains in the Si-

lurian sandstone are widely coated by the microquartz rims and 

clay minerals, which limits the development of the syntaxial 

quartz overgrowths. Thus, the quartz cements are mostly domi-

nated by the first three habits in the Silurian sandstone, and all 

the three account for 72% of the quartz cements. 
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Figure 3. Photomicrographs of Silurian sandstone, Eastern Tarim Basin. (a), (b) limonite coating detrital grains and filling in intergranular pores, RL images; (c) 

euhedral-granular pyrite, SEI image; (d) framboidal pyrite aggregates, SEI image; (e) roe-shaped pyrite aggregates, RL image; (f) disseminated pyrite, PPL image; 

(g) disseminated pyrite from the red box area in image f, RL image; (h) microquartz rims, SEI image; (i) scattered microquartz, SEI image; (j) prismatic quartz 

outgrowths, SEI image; (k) syntaxial quartz overgrowths, EI image; (l) feldspar dissolution, SEI image; (m) pectinate Type I calcite coating detrital grains, PPL 

image; (n) cement-stratigraphy relationships between Type I calcite and Type II calcite, CL image; (o) poikilotopic Type II calcite filling in intergranular pores, 

PPL image. 

 

Many researchers have confirmed that the microquartz rims 

precipitate during the eodiagenesis stage. Also, the dissolution 

of siliceous bioclasts, such as siliceous sponge spicules, is the 

main silica source (Lima and de Ros, 2002; Aase et al., 1996; 

Vagle et al., 1994). However, there are only a small number of 

algae, sporopollen and ostracode fossils and no siliceous bio-

clasts discovered in the Silurian sandstone, which indicates that 

the silica for the microquartz rims comes from other sources. Sil-

icas can be produced as by-products when feldspars transform 

into kaolinites during meteoric eodiagenesis stage, which can be 

described as Equation (1):  

2KAlSi3O8 (K-feldspar)+2H++H2OŸAl2Si2O5(OH)4  

(kaolinite)+4SiO2(aq)+2K+,                 (1) 

The dissolution of feldspar grains was prevalent in the Si-

lurian sandstone (Fig. 3l), which might provide the main silica 

source for the microquartz rims generated during the meteoric 

eodiagenesis stage. According to the Equation (1), the alteration 

of 1 vol% K-feldspar can produce ͘ 0.21 vol% quartz. The scat-

tered microquartz generally grows together with clay minerals 

such as mixed layer I/S and mixed layer C/S (Fig. 3i), which in-

dicates that its formation is closely related to the transformation 

of clay minerals. The illitization and chloritization of smectite 

(starting temperatures <90 °C  (Worden and Morad, 2003)) sup-

plied the silica sources for the scattered microquartz, which 

could be described in the following Equation (2) and Equation 

(3) (Worden and Morad, 2003; Lima and de Ros, 2002):  

KAlSi 3O8(K-feldspar)+2K0.3Al 1.9Si4O10(OH)2(smectite) 

Ÿ2K0.8Al 1.9(Al 0.5Si3.5)O10(OH)2(illite )+4SiO2(aq),   (2) 

 

2.4Ca0.1Na0.2Fe1.1MgAlSi3.6O10(OH)2(semtite)+0.88H2O+ 

1.44H+ŸFe2.6Mg2.2Al 2.4Si2.8O10(OH)8(chlorite)+0.24Ca2+ 

+0.48Na++0.04Fe2++0.2Mg2++5.84SiO2 (aq).       (3) 

According to the Equation (2) and Equation (3), the alter-

ation of 1 vol% smectite can respectively produce ͘ 0.38 vol% 
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and ͘0.46 vol% quartz in the processes of the illitization and 

chloritization of smectite. The scattered microquartz began to 

precipitate at the late eodiagenesis stage, judging by the silica 

source for it. In addition, the dissolution of feldspar grains and 

the illitization and chloritization of smectite also supplied the sil-

ica sources for the prismatic quartz outgrowths and the syntaxial 

quartz overgrowths. The pressure solution of quartz grains was 

another important silica source. The homogenization tempera-

tures of the fluid inclusions trapped within the prismatic quartz 

outgrowths and the syntaxial quartz overgrowths range mainly 

from 85 to 150 °C , rarely from 45 to 75 °C . This indicates that 

both quartz cements began to precipitate at the late eodiagenesis 

stage, and reached the plateau at the mesodiagenesis stage. 

 

5.4  Carbonates 

Carbonate cements show three main patterns of distribution 

in a metric to centimetric scale in the Silurian sandstone: (1) ir-

regular, randomly scattered patches; (2) pervasively cemented 

beds; (3) peripheral cementation along the fractures and the con-

tacts with interbedded mudstones. The content of carbonate ce-

ments ranges from 0.5% to 28%, with an average of 7.2%. The 

carbonate cements mostly consist of calcite, with rare amounts 

of ankerite and siderite (less than 1%). The calcite accounts for 

51%ï89% of the interstitial fillings, which completely occludes 

the pores in some samples.  

Two main compositional/textural types of calcite were iden-

tified by thin sections observation and CL, respectively named 

Type I calcite and Type II calcite. Type I calcite generally occurs 

as isopachous coatings with pectinate structures (Fig. 3m). This 

calcite presents bright orange under CL because of the lower 

content of Fe (Fig. 3n-Cal.1). Type II  calcite fills in intergranular 

pores with poikilitic structures (Fig. 3o). This calcite presents 

darkish orange under CL because of the higher content of Fe 

(Fig. 3n-Cal.2). 24 samples of Type I calcite and 45 samples of 

Type II calcite were acquired by using a microdrilling system. 

The ŭ13CPDB and ŭ18OPDB values of these samples were tested. 

The results indicate that the ŭ18OPDB values of Type I calcite and 

Type II calcite range respectively from -10.2ă to -6.9ă and 

from -14.4ă to -10.4ă, the ŭ13CPDB values, respectively from 

-8.3ă to -1.1ă and from -11.7ă to -0.6ă (Fig. 4a).  

The homogenization temperatures of fluid inclusions can 

directly clarify the precipitation temperatures of host minerals. 

In this study, the homogenization temperatures of 87 fluid inclu-

sions trapped within different Type II calcite samples were tested. 

The results indicate that the precipitation temperatures of Type 

II  calcite range from 80 °C  to 140 °C , mostly from 80 °C  to 

120 °C  (Fig. 4b). Due to the lack of available fluid inclusions in 

Type I calcite, the precipitation temperatures of Type I calcite 

were calculated by using the equations proposed by Irwin et al. 

(1977). It was assumed that the average ŭ18O value of fluids that 

precipitated Type I calcite was similar to that of the Silurian sea-

water. An average ŭ18O value of -5ă was used (Veizer et al., 

1999). The calculations indicate that the precipitation tempera-

tures of Type I calcite range from 25 to 43 °C , with an average 

of 36 °C .  

The ŭ13CPDB values of Type I calcite (-8.3ă to -1.1ă) (Fig. 

4a) are probably related to the bacterial sulfate reduction. The 

formation water in the Silurian strata has a relatively high con-

tent of SO
2- 

4  (Table 1), which could have supplied materials for 

the bacterial sulfate reduction during the syn-deposition and 

eodiagenesis stages. The bacterial sulfate reduction can be inter-

preted by the following equations:  

2[CH2O]+SO
2- 

4Ÿ2HCO
- 

3+H2S, 

SO
2- 

4 +CH4 ŸHS-+HCO
- 

3+H2O.  

The content of HCO
- 

3 and the pH values of pore fluids in-

creased with the reduction process proceeding, which facilitated 

the precipitation of Type I calcite. The precipitation of non-fer-

roan calcite was common in the bacterial sulfate reduction zone, 

because all the available iron was removed as sulphides by the 

H2S (Clayton, 1994). The generation of pyrite during the bacte-

rial sulfate reduction process made Type I calcite Fe-poor. Thus, 

Type I calcite presents bright orange under CL (Fig. 3n-Cal.1). 

The ŭ18OPDB values of it are relatively heavy because of the low 

precipitation temperatures. The relatively high ŭ13CPDB values of 

Type II calcite (-4ă to -1ă) (Fig. 4a) are probably related to 

the bacterial fermentation, as the methanogenesis can release 

both isotopically heavy and light HCO
- 

3 (Irwin et al., 1977; Clay-

ton, 1994). Nevertheless, the relatively low ŭ13CPDB values of 

Type II calcite (-12ă to -6ă) (Fig. 4a) are probably related to 

the thermal decarboxylation of organic matters. The bacterial 

fermentation gradually substituted for the bacterial sulfate reduc-

tion as the burial depth increasing (Irwin et al., 1977), which 

could release massive HCO
- 

3  to facilitate the precipitation of 

Type II calcite. When the formation temperature exceeded 80 °C , 

organic acids and organic acid anions were gradually destroyed 

as a result of thermal decarboxylation, which produced massive 

HCO
- 

3 and increased the PCO2 (Surdam et al., 1984).

Table 1  Constituent characteristics of the Silurian systemôs formation water in the eastern Tarim Basin 

Well Horizon Interval (m) Cation (mg/L) Anion (mg/L) Salinity (mg/L) Water Type 

Na++K+ Ca2+ Mg2+ Cl- SO2- 

4  HCO3- CO2- 

3  

MD1 S 4 980ï5 046 19 900 9 676 680 63 600 1 981 189 0 106 000 CaCl2 

MD1 S 4 494ï4 607 21 500 8 561 89 58 300 179 251.2 0 79 000 CaCl2 

LK1 S 4 282ï4 293 34 500 2 113 1 459 57 100 5 475 107.3 0 101 000 MaCl2 

LK1 S 4 635ï4 650 23 000 30 900 283 90 500 514 206 0 145 000 CaCl2 

LK1 S 4 712ï4 714 28 400 31 800 0 97 900 2 710 209 0 161 000 CaCl2 

MN1 S 3 129ï3 145 49 700 11 900 922 99 800 608 221 0 163 000 CaCl2 
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Figure 4. Carbon and oxygen isotopic composition of calcite in the Silurian sandstone (a) and histogram of the homogenization temperatures of fluid inclusions 

trapped within Type II calcite (b).  

 

In addition, the pH values of pore fluids increased because 

of the consumption of organic acids and the buffering effect of 

organic acid anions. The elevated PCO2 and the high pH values 

of pore fluids made the precipitation of calcite stronger than the 

dissolution, certainly resulting in the precipitation of Type II cal-

cite. Type II  calcite mainly precipitated during a mesodiagenesis 

stage, which was generally later than the precipitation of syntax-

ial quartz overgrowths (Fig. 5a). Type II  calcite has a relatively 

light oxygen isotopic composition, with the ŭ18OPDB values of 

less than -10ă, which is attributed to the high precipitation tem-

peratures.  

 

5.5  Albite 

The average content of feldspar grains in the Silurian sand-

stone is 14.5%, of which plagioclase and K-feldspar respectively 

account for 8% and 6.5%. Approximately 30% feldspar grains 

have suffered the albitization in different degrees. Three main 

textural types of albite were identified by thin sections observa-

tion and SEM, respectively named Type I albite, Type II albite 

and Type III albite. The Type I albite occurs as many tiny euhe-

dral albite crystals (1ï30 µm) that grow within leached feldspar 

grains. These albite crystals often dispersedly grow within 

leached feldspar grains, occluding the intragranular dissolution 

pores (Fig. 5b). They are oriented parallel to the cleavage planes 

of parent feldspar grains, and sometimes coexist with kaolinite 

in the intragranular dissolution pores. The Type II albite crystals 

are generally bigger and more massive in appearance than Type 

I albite crystals, and show typical smooth surfaces, sharp edges 

and sharp corners. The pseudomorphic replacement of feldspar 

grains by blocky albite crystals is common in the samples (Fig. 

5c). The contacts between them and the relict feldspar grains are 

sharp. The Type III albite occurs as the albite overgrowths that 

fill in intergranular pores (Fig. 5d). The albite overgrowths gen-

erally have no twin structures, except for a few samples. 

The albitization of plagioclase and K-feldspar can be ex-

plained by a dissolution-precipitation mechanism (Boles, 1982), 

specifically, the dissolution of feldspar and the precipitation of 

albite. The albitization occasionally occurred in the process of 

feldspar dissolution during an eodiagenesis stage (65ï90 °C) 

(Saigal et al., 1988), to which the formation of type I albite could 

be attributed. The dissolution rate of feldspar was much greater 

than the precipitation rate of albite in this case, which created the 

phenomenon of many tiny Type I albite crystals within leached 

feldspar grains (Fig. 5b). The genetic mechanism of Type II al-

bite can be described by the following equations:  

CaAl2Si2O8 (anorthite)+2SiO2(aq)+0.5H2O+Na++H+ ŕ

NaAlSi3O8 (albite)+0.5Al2Si2O5(OH)4 (kaolinite)+Ca2+, 

KAlSi 3O8 (K-feldspar)+Na+ ŕNaAlSi3O8 (albite)+K+.  

Anorthite and K-feldspar are almost replaced by an equal 

volume of albite. The illitization of smectite (starting tempera-

tures<90 °C (Worden and Morad, 2003)) might play an im-

portant role in the generation of Type II albite, which consumed 

K+ and released Na+. The generated Na+ probably contributed to 

the albitization. Hence, Type II albite probably began to precip-

itate at the late eodiagenesis stage. After the albitization of feld-

spar grains, Type III albite precipitated around feldspar grains. 

It is believed that this albite precipitated while the syntaxial 

quartz overgrowths, but before the formation of Type II calcite 

(Fig. 5d). 

 

5.6  Clay Minerals 

Clay minerals are various in the Silurian sandstone, with 

an average content of 3.2%, including kaolinite, smectite, mixed 

layer I/S, mixed layer C/S, illite and chlorite. They show two 

growth patterns of pore-lining and pore-filling. In consideration 

of these growth patterns, it is believed that the majority of clay 

minerals are authigenic minerals rather than detrital clay accu-

mulating in the depositional stage. Kaolinite occurs as vermi-

form and booklet-like aggregates and fills in intergranular pores 

(Fig. 5e). It is clearly of authigenic origin, as indicated by its 

occurrence as large, sand-sized (70 µm) vermiform and booklet-

like aggregates, which would have been unlikely to have sur-

vived during sediment transport. Smectite was once widespread 

in the Silurian sandstone, however, illitization and chloritization 

occured widely. Mixed layer I/S occurs in the form of pore- 

lining honeycomblike aggregates and pore-filling and -bridging 

flaky-filamentous aggregates (Figs. 5f, 5g). Illite usually occurs 

as pore-filling flaky and filamentous aggregates (Figs. 5h, 5i). 

Mixed layer C/S occurs as pore-lining honeycomb-like and flaky 

aggregates (Fig. 5j). Chlorite occurs mostly as pore-lining 

bladed aggregates with interlocking, well-developed crystals, 

but less frequently as coniferous-shaped crystals and isolated 

chlorite rosettes. The coniferous-shaped chlorite crystals gener-

ally overlie the bladed chlorite aggregates (Fig. 5k), and the iso-

lated chlorite rosettes usually nucleate on the crystal surfaces of 
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other authigenic cements (Fig. 5l). The XRD results indicate that 

the content of smectite is very low in the Silurian sandstone due 

to the widespread illitization and chloritization happening at the 

burial depth of more than 3 000 m. The content of smectite dur-

ing the eodiagenesis stage should have been close to the sum of 

the current content of mixed layer I/S, illite, mixed layer C/S and 

chlorite. The average relative content of kaolinite, mixed layer 

I/S, illite, mixed layer C/S and chlorite are 16.23%, 32.81%, 

18.95%, 7.39%, and 24.52%, respectively. The average content 

of smectite component of mixed layer I/S and mixed layer C/S 

are relatively low, specifically 13.53% and 16.64%, indicating 

the strong illitization and chloritization of smectite.  

Figure 6 shows the vertical distribution features of clay 

minerals. With the burial depth increase, the relative content of 

kaolinite gradually decreases; the relative content of mixed layer 

I/S and mixed layer C/S firstly increase and subsequently de-

crease; and the relative content of illite and chlorite gradually 

increase. 

The majority of kaolinite was generated by the meteoric 

leaching of feldspar grains during the eodiagenesis stage, and  

only a small portion was generated by the organic acid dissolu-

tion of feldspar grains during the late mesodiagenesis stage. The 

volcanic glass component of volcanic debris could be converted 

to smectite during the eodiagenesis stage (Deconinck and Cham-

ley, 1995; Jeans et al., 1982). The Silurian sandstone has a rela-

tively high content of intermediate-acid extrusive rock debris, of 

which the average content of rhyolite and andesite debris ac-

count for 16%. The matrix of this debris is generally consisted 

of glass component, which could be converted into smectite dur-

ing the eodiagenesis stage. Mixed layer I/S and illite were gen-

erated by the illitization of smectite. With the burial depth in-

crease, smectite began to transform into mixed layer I/S when 

the formation temperature was less than 90 °C , and illite was 

gradually generated when the formation temperature exceeded 

100 °C  (Wilson, et al., 2014; Worden and Morad, 2003). Mixed 

layer C/S and bladed chlorite were generated by the chloritiza-

tion of smectite. However, coniferous-shaped chlorite and iso-

lated chlorite rosettes with low content might directly precipitate 

from pore fluids. It is believed that these two types of chlorite 

were commonly generated after bladed chlorite.  

 

Figure 5. Photomicrographs of Silurian sandstone, Eastern Tarim Basin. (a) Cement-stratigraphy relationships between the syntaxial quartz overgrowths and 

Type II calcite, PPL image; (b) tiny Type I albite crystals growing within a leached feldspar grain, SEI image; (c) pseudomorphic replacement of a feldspar grain 

by Type II albite, SEI image; (d) Type III albite filling in intergranular pores, CPL image; (e) vermiform kaolinite, SEI image; (f) honeycomb-like mixed layer 

I/S, SEI image; (g) flaky-filamentous mixed layer I/S, SEI image; (h) flaky illite, SEI image; (i) filamentous illite , SEI image; (j) honeycomb-like and flaky mixed 

layer C/S, SEI image; (k) coniferous-shaped chlorite overlying the bladed chlorite, SEI image; (l) isolated chlorite rosettes nucleating on the crystal surfaces of 

other authigenic cements, SEI image; (m), (n), (o) moldic pores created by the meteoric leaching being outlined by the coatings of limonite or clay minerals and 

being filled with Type II calcite, (m), (n) for PPL images and (o) for CPL image. 
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Figure 6. Vertical distribution features of kaolinite, mixed layer I/S, illite, 

mixed layer C/S and chlorite. 

5.7  Dissolution and Secondary Pores 

5.7.1  Description and interpreting  

The porosity of the Silurian sandstone ranges from 0.7% to 

19.5% (ave. 7.2%). A statistical analysis on the different types 

of pores in 320 thin sections reveals that the average percentages 

of secondary pores, primary pores, intercrystal pores and mi-

crocracks are 66.9%, 24.7%, 7.1% and 1.3%, respectively. The 

formation of secondary pores obviously plays an important role 

in improving the physical properties of the Silurian sandstone. 

Some ñdetrital grainsò like carbonate rock fragments, discovered 

in the Silurian sandstone, are consisted of the coatings of limo-

nite or clay minerals on the outside and the calcite on the inside 

(Figs. 5m, 5n). Seven typical samples were selected to analyze 

the compositions of the calcite of these ñdetrital grainsò and the 

compositions of Type II  calcite cements in intergranular pores 

by the electron probe. Figures 5o and 7a show the same micro-

areas of interest. We selected three points and two points respec-

tively from the inside and the outside of the coating of clay min-

erals (Fig. 7a), analyzing the compositions of the two aforemen-

tioned types of calcite. The map scanning of four elements (Si, 

Mg, Ca, and Fe) was simultaneously performed over the micro-

area in Fig. 7a. 

The results of the electron probe microanalysis indicate 

that the calcite of ñdetrital grainsò has the same oxide content as 

Type II calcite cements in intergranular pores (Fig. 7g). The map 

scanning results show that the four elements of the two types of 

calcite possess consistent relative content, especially Mg and Fe 

(Fig. 7h). It is clearly concluded that these ñdetrital grainsò are 

not carbonate rock fragments. In addition, they are not generated 

by detrital grains being completely replaced by Type II calcite. 

If Type II calcite gradually replaced detrital grains from the 

edges towards the insides, the coatings of limonite or clay min-

erals would not be able to be retained (Fig. 7b). These ñdetrital 

grainsò are actually generated by moldic pores that are created 

by the feldspar dissolution being completely filled with Type II 

calcite. There are still the relics of feldspar discovered in a few 

samples (Fig. 7c). The formation of moldic pores by the feldspar 

dissolution requires the condition that there are pore fluids flow 

smoothly to remove the products of K+, Ca2+ and SiO2, ensuring 

the complete dissolution of feldspars. Only when the Silurian 

sandstone experienced the meteoric leaching during the eodia-

genesis stage could this condition be satisfied. However, these 

moldic pores, created by the meteoric leaching, would have been 

completely filled with subsequent Type II  calcite.  

The existing secondary pores improve the physical prop-

erties of the Silurian sandstone. These pores are created by the 

organic acid dissolution of feldspars, rock fragments and Type 

II  calcite (Figs. 7dï7f). In addition to producing new secondary 

pores, the organic acid dissolution can also enlarge the remain-

ing primary pores to some extent. The organic acid dissolution 

obviously took place after the formation of Type II  calcite be-

cause Type II  calcite also suffered this dissolution. In conclusion, 

two phases of secondary pores had developed during the burial 

of the Silurian sandstone. 

 

5.7.2  Deep meteoric leaching 

The paleogeomorphology of the Eastern Tarim Basin was 

in the similar profile to a sandwich in the Silurian Period, and 

the tectonic units from north to south were the Tabei paleouplift, 

the Manjiaer intracratonic sag basin and the Tadong paleouplift. 

Because of the fundamental changes in the topography and tec-

tonic regime of the Tarim Basin during the EarlyïMiddle Devo-

nian, the northern and eastern parts of the Tarim Basin were 

strongly uplifted at the end of the Middle Devonian, leading to 

the exposure and the extensive erosion in the Manjiaer depres-

sion. The Eastern Tarim Basin had experienced two phases of 

unconformities from the Early Silurian to the Middle Devonian: 

the Tg4 unconformity formed at the end of the Late Silurian (the 

duration of 5ï10 Ma) and the Tg3 unconformity formed at the 

end of the Middle Devonian (the duration of 2ï8 Ma) (Fig. 8). 

The Tg3 unconformity is one of the largest tectonic unconform-

ities in the Tarim Basin, which is accompanied by the extensive 

erosion that the Manjiaer Depression has a general denudation 

thickness of around 200ï400 m, and the paleouplift belts around 

the Manjiaer Depression have a massive denudation thickness of 

around 1 000ï5 000 m (Lin et al., 2012). França et al. (2003) 

studied the secondary pore genesis of the Botucatu sandstone in 

the Paraná Basin in Brazil and found that the formation of sec-

ondary pores was controlled by deep meteoric leaching in the 

Botucatu sandstone at basin scale. The calcite cements were 

leached for an average distance of ~140 km from the outcrop 

down to a burial depth of ~250 m. The feldspar grains were 

leached from the framework for a downdip distance of ~30 km 

from the outcrop. Combined with other basins with meteoric in-

cursions, these authors suggested that the occurrence of basin-

scale deep meteoric leaching must meet four conditions: (1) the 

uplift of at least one margin of the basin to provide sufficient 

hydraulic head; (2) a downdip escape route for the water; (3) 

abundant rainfall in the recharge area; and (4) long-term tectonic 

stability. Cratonic basins that are close to rifted-continental mar-

gins seem meeting these conditions. 

The unique topography and tectonic regime of the Eastern 

Tarim Basin provided the conditions for deep meteoric leaching 

occur in the Silurian sandstone from the end of the Late Silurian 

to the end of the Middle Devonian. These conditions were as 

follows: (1) The Manjiaer intracratonic sag basin was close to a 
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rifted-continental margin, with the South Tianshan Paleo-Ocean 

to the north of the Manjiaer intracratonic sag basin in the Silurian 

Period. Additionally, the northern and southern margins of the 

basin were paleouplifts, which could provide the steep gradients. 

(2) Because the paleotectonic framework of the Eastern Tarim 

Basin basically remained constant, the dip angle of the Silurian 

strata only changed slightly (Fig. 8). The Silurian strata and the 

EarlyïMiddle Devonian strata along the southern slope of the 

Tabei uplift dip to the south in the present period, with an appar-

ent dip angle of 10°ï30° (Ai et al., 1996). These strata along the 

northern slope of the Tadong uplift dip to the northwest, with an 

apparent dip angle of 10°ï15° (Ai et al., 1996). The large strati-

graphical dip angles, the unconformities and the good porosity-

permeability conditions ensured the downdip migration of mete-

oric water during the eodiagenesis stage. (3) The durations of the 

Tg4 and the Tg3 unconformities were respectively 5ï10 Ma and 

2ï8 Ma (He, 1995), which cre-ated long-term tectonic stability. 

Massive CO2-charged meteoric water from outcrop areas mi-

grated downward along the uncon-formities and the intercon-

nected pores, dissolving feldspar grains to form moldic pores. 

However, these moldic pores would have been completely filled 

with Type II  calcite. 

 

Figure 7. (a) The same micro-area as image Fig. 5o, where the numbers represent the attacking points of electron beams from an electron microprobe, BSE image; 

(b) detrital grains being replaced by Type II calcite, CPL image; (c) incomplete dissolution of feldspars by the meteoric leaching and the secondary pores being 

filled with Type II calcite, CPL image; (d), (e), (f) secondary pores being generated by the organic acid dissolution of feldspars, rock fragments and Type II calcite, 

PPL images; (g) line chart showing the different oxide content of calcite at five points in image (a); (h) map analyses of four elements (Si, Mg, Ca, and Fe) in the 

micro-area of image (a). 


