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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 thecentral Tarim Basin. Previous exploration activities indcate 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 lselelected 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 isotop geochemistry, formation water analysis, Xay 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 anagenetic
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 passity 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 theteé 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 thate Cretaceous), when the Silurian sandstone was fully tight.

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

1 INTRODUCTION have the common geological characterisscgh aghe average
Tight sandstone reservoirs have become an impagtant  effective thicknesses of the reservoirs air2@®bm the average
ploration target for natural gas worldwider Chinatherecov- effective porosiesareapproximately 5%12% and the average

erabletight sandstone gas resourees estimated to be &8 12 permeabiliy are0.12x10-311.4x103¢ rA(Li et al., 2013).
112.1xX10*?mé(Jiaet al., 2012). Sixteen large tight sandstone gas Tight sandstone reservoirs have been fagusesearches
fields have been discovered by the end of 2011, wdiigthibu- worldwide since the United States successfully achieved com-
ted in the Ordos Basin, Sichuan Basimd Tarim Basin, ah mercial production of tight sandstone gas during the 1H@s.
searches were focos theindividualgenetic mechanism of tight

“Corresponding authoggljj2xx3@163.com sandstone before realizitigatthenature of tight sandstone were
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Ger ma ary sitional factors such as grain size, sorting, content and distribu-
tion of detrital clayare widely believedo govern the primary
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mentation ar¢he key factors that control the natureight sand-
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pressiorand the Centralplift in presentand the secondary tec-

stone (Shrivastva and Lawatia, 2011; Zhang, 2008; Soeder antbnic units mainly include the Kongquebkpope the Manijiaer

Randolph, 1987)The relationship of hydrocarbon generation,

depession the Yingjisudepressiorand the Tadongplift. The

the timing of the peak expulsion of the source rocks and the evoSilurian sandstone in the Eastern Tarim Basin is mainly distrib-

lution of the resrvoir is alschotspot Based on the relationship

uted in the Manjiaetdepressiomnd YingjisudepressioifFig. 1).

of these three events, tight sandstone gas is currently divided inttn the SilurianPeriod the topography of the TariBasin was
two types: preexiting deep gas and subsequent tight sandstonehigher in the west and lower in the east, and the tectonic regimes

gas (Fu et al., 2012; Jiang et al.,

2006; Gies, 1984). However, iexhibited compression to the south and extension to the north.

is necssary to understand the diagenetic sequence of tight sandFhe paleogeomorphology of the Eastern Tarim Basin was in the
stone before studying the genetic mechanism of tight sandstonsimilar profile to a sandwich, and the tectonic ufiiéen north

and the relationship of the abexeentioned three events.
The Silurian stratigraphic sequence was ignored iptae
liminary exploration of Tarim Basin. However, it has become

to south, in turn, were the Tabei paleouplift, the Manjiaer intra-
cratonic sag basin and the Tadong paleouplift (He et al., 2005).
The Manijiaer intracratonic sag basin mainly developed

one of the most important exploration targets with the discover-littoral-neritic shelf facies anraided delta facies in@Silurian

ies of some profitable hydrocarbon pools in the Central TarimPeriod(Hu et al.,

2007; Shi et al., 2007; Jia et al., 2006; Zhu et

Basin. The area of the Eastern Tarim Basin is very wide. Sixteeral., 2001; Gu et al., 1994). The Silurian strata developed a set of

wells have been drilledhithe Silurian stratigraphic sequence in
this area, of which th&/ell YN-2 has achieved the commercial
gas flow and th&Vell MD-1, Well LK-1 andWell HYC-1 have

achieved the lowproducing oil and gas flow. These exploration
activities indicate that the $ilian stratigraphic sequence in the

marine clastic rocks in these depositional environments. It was
relatively well preserved in the Eastern TiaBasin, which com-
prised theLower Kepingtage Formation consisting of a set of
gray siltstone or fine sandstone that is interbedded with red mud-
stone and the upper Tataaiertage and Yimuganfammations

Eastern Tarim Basin has great hydrocarbon exploration potentiatonsisting of a set of interbedded ggrgen siltstne and fine

The burial depth of the Silurian sandstone in this aresb303

sandstone or interbedded red mudstone andgpesn siltstone.

6000 m, and the average porosity and permeability are 7.2% and

1.4x103¢ A respectively. Three issues on the Silurian sand-

stone need to belarified in orderto improve the exploration

3 SAMPLING AND METHODS
The core samples were equally spaced sampling from wells

processes: (1) the diagenetic sequence; (2) the genetic mechat different localities in the Eastern TarBasin. A total of 374
nism; and (3) the relationship of hydrocarbon generation, theSilurian sandstone samples were collected from eleven wells

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

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

tion of the reservoir. The purpose of this research is to provideYN2, YN201) as shown in Fig. 1. The formation water samples
the theoretical guidance for the oil and gas exploration and thevere collected from three wells (MD1, MN1, and LK1) at five

evaluation of the Silurian reservoirs by studying these issues.

2 GEOLOGICAL SETTI NG
The firstorder tectonic units in the Eastern Tarim Basin in-
clude the eastern sections of the Talgdift, the Northerrde-

depthintervals. 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 analysisayX
diffractomety (XRD), electron probe microanalysis and fluid
inclusion microthermometry.
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Figure 1. Schematic tectonic map of the Tarim Basin, which shows the distribution of tectonic units within the basin: the grayeaesdsrépdanjiaer

depressiorand the Yingjisudepressionand the red names represent the sampled wells (modified after Lin et al., 2012).
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The types ofdetrital grains and diagenetic components, rock fragments between the two areas. The content of metamor-
pore types, and grain sizes were detectethb reconnaissance phic rock fragments (av0%) is slightly higher than that of
study of 320 thin sections that were impregnated with blue epoxyolcanic rockfragments (avel7%) in the Manjiaer aredhe
The percentages of detrital grains and diagenetic componentsock fragments largely consist of volcanic rock fragments. (ave
were detected by counting 200 points in each of 271 selecte®5%), with subordinate amount of metamorphic rock fragments
representative thin sections. The sorting doigfifits were iden-  (ave 16%) in the Yingjisu area. This difference can be attributed
tified by the grading analysis of 179 samples with a type-8FY to the differentdepositional environments and provenances of
particle size analyzer. The carbonate cements were stained fahe two areas. In the Silurid®eriod the Manjiaer area mainly
better identification with an acid solution of alizarin reds and po- developed the littoraheritic shelf facies with therovenances
tassium ferrocyanide. The percentages ofidémrains, diage-  of Precambrian metamorphic rocks from the Taibei paleouplift
netic components and pores were expressed in relation to thBroterozoic metamorphic rocks from the Tazhong paleouplift
bulk rock volume. and Ordovician volcanic rocks from the eastern Altun Tagh fault

A scanning electron microscope (Type Oxford L-E85VP) zone. However, the Yingjisu area mainly developed the braided
fitted with a type LINKISIS X-ray energy dispersive spectrom- delta facies with the provenances that were dominated by vol-
eter was used to observe the morphologresdiagenetic rela-  canic ro&s from the eastern Altun Tagh fault zone (Liu et al.,
tionships of cements in 249 getdated sandstone samples. The 2012; Wu et al., 2009; Hu et al., 2007; Shi et al., 2007; Jia et al.,
accelerating voltage was 20 kV with a current emission of 1002006; Zhang and Zhang, 2006; Zhu et al., 2001; Cao and Chen,
pA. Forty-one polished thin sections were prepared for CL by 1994; Gu et al., 1994). Some heavy minerals with a total content
using a type Nuclide ELMBRX cathodoluminescent imgment. of less than 1% are present, including biotites, muscovites, leu-
The accelerating voltage of the electronic gun was 14 kV. Thecoxenes, garnets, zircons and magnetites.

CL was performed to study the formation stages of calcite ce- Theaverage content of interstitial fillings 9.1%, of which
ments. clay minerals, carbonate cements and quartz ceraem®2%,

The samples of calcite cements were acquired from 817.2%, and 1.7%, respectivelbimonite cements are prevalent in
thickened thin sections by using a type Relton microdrilling sys- partial intervals of th&ilurian sandstone in the MEMD1 well
tem with a 0.2 mm diameter drill bit, whichiere prepared for ~ zone, with an average content of 5.5%. Pyrite, albite, anhydrite,
the carbon and oxygen isotopes analyBisally, 69 samples laumontite and sodium chloride are also sporadically present in
were acquired, and the mass of each sample wasgl@hen pores.The Silurian sandst® ranges from silt to coargeained,
they were transformed into puB©; by reacting with 100% or-  with the predominance of silt to fine grain size in the Manjiaer
thophosphoric ad at 25€C . The carbon and oxygen isotopes of area and the predominance of fine to medium grain size in the
the evolved C@were tested by using a Finngan MR53 mass  Yingjisu area.The difference in grain size between these two
spectrometer. Theriteria to analyze the carbon and oxygen iso- areas might be caused by thifferent depositional environments.
topes was the PDBlhe concentration of each ion and salinity Thesorting coefficients mostlsange from 1.19 to 2.47, with an
of the formation water werdgested by using a type FRID3 average of 1.76. A marked mixture of sahgular and sub
muffle furnace and a type 783W spectrophotometefhe min- rounded grains is observed in the Silurian sandstonedthieal
eralogical composition of clays was determined by XRD with a grains take point contact atide contact primarily. The types of
Rigaku D/max2200 X-ray diffractometer. The clay stdamples cementation are mainly porous cementation and contact cemen-
(<2 pyn) were preparedni accordance with the guidelines of tation. The porosity ranges from 0.7% to 19.5%, with an average
Moore and Reynolds (1997). of 7.2%. The pores largely consists of secondary pores, with sub-

Seven polished thin sections were carooated and ana-  ordinate amounts of primary pes, intercrystal pores and mi-
lyzed with a type JEOL JXA8100 electron microprobe fitted crocracks.
with an energy dispersive spectrometer (EDS) and a backscat-
tered electron detéor (BSE) for determining theneteoric
leaching of theSilurian sandston&he 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.he meauring error wag 0.1€C .

4 SANDSTONE COMPOSITION AND TEXTURE
According to the classification and nomenclature of sand-
stone proposed by Fokt al.(1970), the Silurian sandstone is
mostly litharenite to feldspathic litharenite (Fig. 2). Tdedrital
grains mainly include quartzfeldspar androck fragments,
whose averagpercentageare respectively 44%, 16% and 39%
in the Manjiaer area, and respectively 38%, 10% and 52% in the F
Yingjisu area. The compositional maturity of the Silurian sand- gig e 2. Detrital composition of thsilurian sandstone (plotted in the lower
stane from the Manjiaer area is higher than that from the , ; ght portion of I Buaitzkréndel. Sub@Idsargnited i agr am
Yingjisu area. There is a broad difference in the composition OfIII. Sublitharenite IV. FeldsarenitgV. Lithic feldsarenite VI. Feldspathic

litharenite VII. Litharenite.
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5 DIAGENETIC CONSTITUENTS which provide necessary condition for the generation of pyrite.
5.1 Mechanical Compaction and Pressure Solution The pyrite in the Silurian sandstom®stly presents three differ-
The burial depth of the Silurian sandstone in the Easternent forms, namelyeuhedralgranular grains, framboidalggre-
Tarim Basin is relatively large, betweer680' 6 000 m, which gatesand roeshapedaggregates. These morphologies indicate
causes the strong mechanical compaction and pressure solutiothat the pyrite mainly precipitated during the slgposition and
The mechanical compaction is mainly reflected in the following eodiagenesis stages (Liu et al., 1999). Taetdrial sulfate re-
aspects: (1) the fracturing of brittle minerals such as quartz andluction, occurring during the syadeposition and eodiagenesis
feldspar; (2) the deformation of plastic grains such as micas andstages, was an important factor that facilitated the generation of
rock fragments; and (3) the line contactdeftrital grains. The  the pyrite. The genesis of scamdisseminated pyrite might be
pressure solutiois mainly reflected in the concaxamnvex con- related tothe invasions of hydrothermal flls during the later
tact ofdetrital grains. The ethanical compaction generally de- diagenesis stagéfter the deposition of the Silurian strata, the
veloped during the eodiagenesis stage, angbthssure solution  Tarim Basin experienced two important geological thermal

subsequently occurred. events in the PermiaReriodand the Cretaceoleriod It had
been proved that the Permian volcanic actividfiscted the en-
5.2 Limonite and Pyrite tire Tarim Basin (Jin et al., 2013; Jin et al., 2006; Chen et al.,

The color ofpartial intervalsof the Silurian sandstone is 1997; Jia et al., 1997The volcanic activities not only produce
reddishbrown in the MAi MD 1 well zone We have recognized a mass of hydrothermal fluids, but also transform the formation

many sets of the reddidirown Silurian sandstone in theell fluids into hydrothermal fluids. The$sdrothermal fluids could
MC-1. This color is attributed to the limonitementationLi- migrate upward into the overlying formation along the deep frac-
monite is darkish brown under the plagpaarized light and  tures and small fractures, which affected the Silurian strata to
brown with no metal luster under the reflected lidhfills in some extent (Shi et al., 201Zhe disseminated pyrite was gen-

intergranular pores or coats detrital gramshe form of irregu- erated by recrystallization of the hgthermal fluids, which was
lar granular and earthy aggregatE®s. 3a,3b). The content of  characterized by replacing detrital grains and filling in intergran-
limonite cementss 5.5% on average, and up to 13%aifew ular pores.

samples.
There are a few pyrite cememtsthe Silurian sandstone in 5.3 Authigenic Quartz
the TZ32TZ34-MC2 well zone and the Yingjisu area, with an Quartz cements are widespread but volumetrically limited

average content of less than 1%. They are mostly in the form ofn the Silurian sandstone, with an average content of 1.7% and
euhedraigranular pyrite, framboidaggregateand roeshaped the local content up to %i 11%. The quartz cements develop
aggregates. The grain size of thehedralgrandar pyrite ranges  four habits in the Silurian sandstone, includnigroquartz rims,
from20to 30 pm, and the crystal shape is mainly cubic (Fig. 3c). scattered microquartz, prismatic quartz outgrowths and syntaxial
The framboidal pyriteggregate are composed of many octahe- quartz overgrowths. The microquartz rims occur as isopachous
dral pyrite crystals, with the diameters of Hggregatesarying coatingsthat are less thahb pm thick and continuously cover
from 50to 70 pm (Fig. 3d). Theoeshaped prite aggregats, thehost grainsThe grain size of themicroquartz crystals ranges
filling in intergranular pores, are composed of many cubic andfrom 3 to 9 pm, and the axes of therystals are approximatively
octahedral pyrite crystal$ig. 3e). In addition, a fewlissemi- parallel with but randomly distribute along the surfaces of host
nated pyriteaggregate characterized by replacing detrital grains grains(Fig. 3h) The grain size of thecattered microquartz crys-
and filling in intergranular pores are prasa theSilurian sand-  tals ranges frond to 15 pm, and the axes of thecrystals are

stone (Fig. 3f, 30). perpendicular to the surfaces of host gréitig. 3i). These scat-
Sedimentogenic limonite and hematite are generally tered microquarterystals generally grow in isolation along the

formed in lowpH and highEn shallowwater littoral environ- surfaces of host grains where clay minerals are relatively unde-

ment (Goodwin, 1973). The M@#D1 well zonemainly devel- veloped. The prismatic quartz outgrowths, extending into inter-

oped the littoraffacies in the SiluriafPeriod(Hu et al., 2007; granular pores, are perpendicular to the surfaces of host grains
Shi et al., 2007; Jia et al., 2006-erromagnesian minerals in that are discontimously coated by the microquartz and clay min-
intermediatebasicvolcanic rocks and metamorphic rocks could erals (Fig. 3j). The c-axis oriented lengths of the outgrowing
produce abundant iron compounds through weathering in thequartz crystals vary frorB0 to 85 pm. The amount of theyn-
source areas of the Tazhong paleouplift andehstern Altun taxial quartz overgrowths is generally less than that of the other
Tagh fault zone. These iron compounds could be transported intthree quartz cementexcept for a few samplg§ig. 3k). The
sea by surface runoff, mainly in the form of Fe(@&f)d FeOs microquartz rims and clay mineral coatings on the surfaces of
colloids. The coagulation of these colloids would subsequentlyhost grains can effectively prevent the syntaxial quartz over-
transform into the limonite cement during the-slgposition and growths from crystallizing and growingMorden et al., 2012;
eodiagenesis stages. Bloch et al., 20@; McBride, 189). The quartz grains in the Si-
The TZ32 TZ34i MC2 well zone and Yingjisu area mainly lurian sandstonare widely coated by thmicroquartz rims and
developed the braided delta facieshe Silurian PeriodGao et clay minerals, which limits the development of the syntaxial
al., 2008; Zhang et al., 2008; Hou et al., 1997). These deposiquartz overgrowths. Thus, the quartz cements are mostly domi-
tional environments are generally oxygéch. However, the mi-  nated bythe first three habits the Silurian sandstone, and all
crofacies of fluvial plains, flood swamps and underwater inter- the three account for 72% of tijgartz cements.
distributary bays can create some locally reducing environments,
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Figure 3. Photomicrographs @ilurian sandstone, Eastern Tarim Baé#), (b)limonite coating detrital grains and filling in intergranugaores, RL images; (c)
euhedraigranular pyrite, SEl image; (6lamboidalpyriteaggregats, SEl image; (epe-shaped pyritaggregate, RL image; (fdisseminateg@yrite, PPL image;
(g) disseminategbyrite from the red box area in image f, RL image;nfijroquartziims, SEI image; (iscatterednicroquartz, SEl image; (jrismaticquartz
outgrowths, SEI image; (lgyntaxialquartz overgrowth<£l image; (l)feldspardissolution, SEI image; (nmpectinateType| calcite coating detrital grains, PPL
image; (n)cementstratigraphy relationships betwe&ppe| calcite andTypell calcite, CL image; (opoikilotopic Typell calcite filling in intergranular pores,
PPL image.

Manyresearcherkave confirmed that thmicroquartz rims ~ of 1 wl% K-feldspar can pruce *~ 0.21vol% quartz. Thacat-
precipitateduring the eodiagenesis stage. Also, the dissolutiontered microquartz generally grows together with clay minerals
of siliceous bioclasts, such as siliceous sponge spicules, is theuch asnixed layer I/S and mixed layer C/S (Fig. 3i), which in-
main silica sourceLfma andde Ros, 2002; Aase et al., 1996; dicates that its formation is closely related to the transformation
Vagle et al., 1994 However, there are only a small number of of clay minerals. The illitization and chloritization of smectite
algae, sporopollen and ostracode fossils and no siliceous biogstarting temperature€90€ (Worden and Morad, 2008sup-
clastsdiscovered in the Silurian sandstomdnich indicates that  plied thesilica sources for the scattered microquartz, which
the silica for the microquartz rims comes from other sou&ies.  could be described in the following &ation(2) and Egation
icascan be produakas byproducs when feldspas transform (3) (Worden andvorad, 2003Lima andde Ros, 200
o kel during metcorc codiagenesis stage, W a0 0€ i Oy feldspa) 2o Al SOu(OHy(smetie)

Y 2 KsAl1.oAlosSizs)O10(OH)(illite)+4SiCx(aq),  (2)
2KAISiz0s (K-feldspa)+2H*+H20 Y AdSizOs(OH)4

(kaolinite)+4SiCx(aq)+2K, @) 2.4Ca.1Nao.2Fe1.1MgAISiz 6010 OH)2(semtitg+0.88HO+
1.44HY F @eMg2.2Al 2.4Si2.8010(OH)s(chlorite)+0.24C&*

The dissolution of feldspar grains was prevalent inShe +0.48N4+0.04F€"+0.2Mg*+5.84Si0 (aq). @)

lurian sandstone (Fig. 3l), which might provithe main silica
source for the microquartz rims generated during the meteoric According to theEquation(2) and Egation(3), the alter-
eodiagenesis stag&ccording to the Egation(1), the alteration  ation of 1 vol% smectite can respectivelyguoe = 0.38vo0l%
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and = 0.46vol% quartz in the processes of the illitization and The results indicate that the precipitation temperaturdy/pé
chloritization of smectite.The scattered microquartz began to Il calcite range from 8@ to 140€C , mostly from 80C to
precipitate at the late eodiagenesis stage, judging by the silicd20€C (Fig. 4b) Due to the lack of availabfauid inclusions in
source for it. In additionthe dissolution of feldspar grains and Type| calcite, the precipitatiotemperatures ofype | calcite
the illitization and chloritization of smectite also supplieddite

another importansilica soure. Thehomogenization tempera-

tures of the fluid inclusions trapped within thesmatic quartz

from 85to 150C , rarely from 45 to 7% . This indicates that

were calculated by using the equations proposed by Irwin et al.
ica soures for the prismatic quartz outgrowths and the syntaxial (1977). It was assumed that the aven@d® value of fluids that
quartz overgrowths. The pressure solution of quartz grains waprecipitatedType I calcite was similar to that of ti&lurian sea-

water. Anaverageli'®O value of-5 a

wa s Veizereetdal., (

1999).The calculations indicate that the precipitation tempera-
outgrowthsand the syntaxial quartz overgrowths range mainly tures ofType I calcite range from 25 to 48 , with an average
of 36C .

both quartz cementsegan to precipitate at the late eodiagenesis
stage, and reached the plateau at the mesodiagenesis stage. 4a) are probably related to the bactesialfate reduction. The

formation water in the Silurian strata has a relatively high con-
tent of SG (Table 1), which could have supplied materials for

5.4 Carbonates

Thel**Crps values ofType Icalcite (8 . 3 &1.18 §(Fig.

Carbonate cements show three main patterns of distributiorthe bacterial sulfate reductioduring the syn-deposition and
in a metric to centimetric scale in the Silurian sandstone: (1) ir-eodiagenesis stages. The bacterial siffatluctiorcan be inter-
regular, randomly scattered patches; (2) pervasively cementegreted by the following equations:
beds; (3) peripheral cementation along the fractures and the con-
tact 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 focreased with the reduction process proceeding, which facilitated
the precipitation ofype I calcite The precipitation of nofer-
roan calcite was common in the bacterial sulfate reduction zone,

51%i 89% oftheinterstitial fillings, which completely occludes

the pores in some samples.

2[CH01+SG Y 2 H C€H:S,
SG +CHa ¥ H S+HCO+H:0.

The content of HCO and thepH values of pore fluids in-

Two main compositional/textural types of calcite were iden- because all the available iron wasnoved as sulphides by the
tified by thin sections observation and CL, respectively namedHzS (Clayton, 1994). The generation of pyrite during the bacte-
rial sulfate reductioprocess made&ype IcalciteFe-poor. Thus,

Type Icalcite andype I calcite. Typd calcite generally occurs

as isopachous coatings with pectinate struct(fiegs 3m) This

calcite presents bright orange unddr because of the lower

content of Fe (Fig. 31€al.1).Typell calcite fills in intergranular

pores with poikilitic structure¢Fig. 30) This calcite presents
darkishorange undeCL because of the higher content of Fe
(Fig. 3nCal.2).24 samples oType | calcite and 45 samples of

Type |l calcite were acquirey using amicrodrilling system.

The U*Cpps and i*¥0pps values of thee samples were tested.

The results indicate that tfi€Orps values ofType Icalcite and

Type 1l calcite range respectively frord 0 . 2 86.94 oan d
Ces values,respectivelyfrom
4a).

from-14 . 4 al0.409

-8 .

directly clarify theprecipitationtemperatures of host minerals.

sions trapped withidifferentType Il calcite samples ere tested.

3alBoand -1flr.o/m.6a8 o( Fi g .
The homogenization temperatures of fluid inclusions can Type Il calcite When the formation temperature exceede&80
organic acids andrganic acid anions were gradually destroyed
In this study, the homogenization temperatures of 87 fluid inclu-as a result of thermal decarboxylation, which produced massive
HCG; and increased thRco2 (Surdam et al., 1984).

Tablel Consti tuent

Type | calcite presents bright orange un@r (Fig. 3nCal.1).

The U*0rpg values ofit are relatively heavy because of the low
precipitation
Type Il calcite ¢4a

Type |l calcite €12a

t e mp e M@ppsuatuesof.
t-Iod) (Fig. 4a) are probably related to
the bacterial fermentation, as the methanogenesis can release
both isotopically heavand light HCQ (Irwin et al., 1977; Clay-
ton, 1994). Nevertheless, the relatively |0#Cpos values of
t-60a) (Fig. 4a) are probably related to
the thermal decarboxylation of organic matters. The bacterial
fermentation gradually fistituted for the bacterial sulfate reduc-
tion as the burial depth increasing (Irwin et al., 1977), which

charact er i stionwaterimtie edstere Ta Baginr i a n

could release massive HGQ@o facilitate the precipitation of

systemos

Well Horizon  Interval(m) Cation(mg/L) Anion (mg/L) Salinity(mg/L)  Water Type
Nat+K* c#  Mg*  CI SG HCO*  cO
MD1 S 49805 046 19 900 9676 680 63600 1981 189 0 106 000 CaCb
MD1 ) 4 494 4 607 21500 8561 89 58 300 179 251.2 0 79 000 CaCh
LK1 S 42824 293 34 500 2113 1459 57100 5475 107.3 0 101 000 MacCl,
LK1 ) 4 6354 650 23000 30900 283 90500 514 206 0 145 000 CaCh
LK1 S 47124714 28 400 31800 0 97900 2710 209 0 161 000 CaCb
MN1 S 31293145 49 700 11900 922 99800 608 221 0 163 000 CaCh

The

for
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Figure 4. Carbon and oxygen isotopic composition of calcite in the Silurian sandstaral histogramof the homogenization temperatures of fluid inclusions
trapped withinType Il calcite(b).

In addition, thepH values of pore fluids increased because feldspar grains (Fig. 5b). The genetic mechanism of Type Il al-
of the consumption of organic acids and the buffering effect of bite can be described by the following equations:
organic acid anions. The elevateo2 and the highpH values
of pore fluids made the precipitation of calcite stronger than the
dissolution, certainly resulting in the precipitationfgpe Il cal-
cite. Typell calcite mainly precipitated during a mesodiagenesis
stage, which was generally later thanphecpitationof syntax- Anorthite and Kfeldspar are almost replaced by an equal
ial quartz overgrowthsHg. 59. Typell calcite has aelatively volume of albite. The illitization of smectite (starting tempera-
light oxygen isotopic composition, with thé%Opps values of tures<90 °C (Worden and Morad, 2003)) might play an im-
lessthanl 0da, which is attri but ed partatrdelinghe benegation pfTypeli afbitetwhaithicansumade m-

CaAkSiz0s (anorthte)+2SiQ(aq)+0.5HO+Na+H*" f
NaAlSisOs  (albite)+0.5AbSi:0s(OH)s  (kaolinite)+Ca&",
KAISi30s (K-feldspar)+N& f NaAlSizOs (albite)+K".

peratures K*and released NaThe generated Na+ probably contributed to
the albitization Hence, Type Il albite probably began to precip-
5.5 Albite itate at the late eodiagenesis stage. After the albitization of feld-

The average content of feldspar grains in the Silurian sandspar grains, Type Il albite precipitated around feldspar grains.
stone is 14.5%, of which plagioclase andekdspar respectively It is believed that this albite precipitated while the syntaxial
account for 8% and 6.5%. Approximately 30% feldspar grains quartz oergrowths, but before the formation of Type Il calcite
have suffered the albitization in different degrees. Three main(Fig. 5d).
texturaltypes ofalbitewere identified by thin sections observa-
tion and SEM, respectively named Type | albite, Type Il albite 5.6 Clay Minerals
and Type Il albiteTheTypel albite occurs as many tiny euhe- Clay minerals are various in the Silurian sandstovit
dral albite crystals {130 ym) that grow within leached feldspar an average content of 3.2%¢luding kaolinite, smectitenixed
grains. hese albite crystals often dispersedly grow within layer I/S, mixed layer C/S, illitand chlorite.They show two
leached feldspar grains, occluding the intragranular dissolutiongrowth patterns of porning and porefilling. In consideration
pores (Fig. 5b). They are oriented parallel to the cleavage planesf these growth patterng,is believed that the majority of clay
of parent feldspar grains, and sometimes coexist with kaoliniteminerals are authigenic minerals rather than detrital clay accu-
in the intragranular dissolution poreBhe Typell albite crystals mulating in the depositional &je.Kaolinite occurs as vermi-
are generally bigger and more massive in appearance than Typerm and bookletike aggregates arfils in intergranular pores
| albite crystals, and show typical smooth surfaces, sharp edgeéFig. 5. It is clearly of authigenic origin, as indicated by its
and sharp corner3he pseudomorphic replacement of feldspar occurrence as large, sasided (7Qum) vermiform and booklet
grains byblocky albite crystals is comman the samples (Fig.  like aggregates, which would have been unlikely to have sur-
5c¢). The contacts between them and the relict feldspar grains ar@ived during sediment transport. Smectite was once widespread
sharp.The Type Il albite occurs as the albite overgrowths that in the Silurian sandstone, however, illitization and chloritization
fill in intergranular pores (Fig. 5d). The albite overgrowths gen- occured widelyMixed layer I/Soccurs in theform of pore
erally have no twin structures, except for a few samples. lining honeycomblikeaggregateand por€filling and -bridging

The albitization of plagioclase and-i€ldspar can be ex- flaky-filamentousaggregategrigs. 5f, 59. lllite usuallyoccurs
plained by a dissolutieprecipitation mechanism (Boles, 1982), as poréfilling flaky and filamentousiggregategFigs. 5h, 5).
specifically, the dissolution of feldspar and the precipitation of Mixed layer C/Soccurs aporelining honeycorb-like and flaky
albite. Thealbitization occasionally occurred in the process of aggregates(Fig. 5)). Chlorite occurs mostly aporelining
feldspar dissolution during an eodiagenesis stage9®Bx) bladed aggregates with interlocking, weélveloped crystals,
(Saigal et al., 1988), to which the formation of type | albite could but less frequently asoniferousshapedcrystals andsolated
be attributed. The dissolution rate of feldspar was much greatechlorite rosettes. The conifercabaped chloriterysals gener-
than theprecipitation rate of albite in this case, which credéited  ally overlie the bladed chloritgggregateéFig. 5K, and the iso-
phenomenon of many tiny Type | albite crystals within leached lated chlorite rosettes usually nucleate on the crystal surfaces of
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other authigenic cementBig. 5I). The XRD results indicate that  only a small portiorwasgeneratd by the organic acid dissolu-
the content of smectite is very low in theuBin sandstone due tion of feldspar grains during th@te mesodiagenesisage. The
to the widespread illitization and chloritization happening at the volcanic glass component of volcanic debris could be converted
burial depth of more than 3 000 m. The content of smectite durto smectite during the eodiagenesis st@gebninck and Cham-
ing the eodiagenesis stage should have been close to the sum lefy, 1995; Jeans et al., 198TheSilurian sandstone has a rela-
the current content of mixed layer I/Sitdl mixed layer C/S and tively high content of intermediat&cid extrusive rockebris, of
chlorite. The average relative content of kaolinite, mixed layer which the average content of rhyolite and andesite debris ac-
I/S, illite, mixed layer C/S and chlorite are 16.23%, 32.81%, count for 16%. The matrix of this debris is generally consisted
18.95%, 7.39%, and 24.52%, respectively. The average contemf glass component, which could benverted into smectite dur-
of smectite component of mixed layer I/Sdamixed layer C/S  ing the eodiagenesis stage. Mixed layer I/S and illiteewen-
are relatively low, specifically 13.53% and 16.64%, indicating eratedby the illitization of smectite. With the burial depth in-
the strong illitization and chloritization of smectite. crease, smectite began to transform imized layer I/Swhen
Figure 6 shows the vertical distribution features of clay the formation temperature was less than®pandillite was
minerals. With the burial depth increase, the relative caonte gradually generatedhenthe formation temperature exceeded
kaolinite gradually decreases; the relative content of mixed layerlOOC (Wilson, et al., 2014; Worden and Morad, 2003). Mixed
I/S and mixed layer C/S firstly increase and subsequently dedayer C/S and bladed chloriteere generated bie chloritiza-
crease; and the relative content of illite and chlorite graduallytion of smectite. Howeveoniferousshaped chlorite and iso-
increase. latedchlorite rosettes with low content might directly precipitate
The majority of kaolinite was generated by teteoric from pae fluids. It is believed that these two typeschforite
leaching of feldspar grainduring the eodiagenesis stage, and were commonly generated aftdaded chlorite.

Figure 5. Photomicrographs dbilurian sandstone, Eastern Tarim Baga).Cementstratigraphy relationships between the syntaxial quartz overgrowths and
Type ll calcite, PPL image; (d)ny Type lalbite crystals growing within a leached feldspar grain, SEl imagpsétjJdomorphiceplacement of a feldspar grain

by Type Il albite, SEimage; (d)Type Il albite filling in intergranular pores, CPL image; {&rmiformkaolinite, SEI image; (fnoneycomHike mixed layer

I/S, SEl image; (gflaky-filamentous mixed layer I/S, SEl image; {aky illite, SEl image; (i)ilamentousllite, SEI image; (jhoneycomHike and flaky mixed

layer C/S, SEI image; (lQoniferousshaped chlorite overlying tHdadedchlorite, SEI image; (l}solatedchlorite rosettes nucleating on the crystal surfaces of
other authigenic cements, SEI imagma), (n), (o) moldic pores created by the meteoric leaching being outlined by the coatings of limonite or clay minerals and
being filled withType Il calcite, (m), (n) for PPL images and foj CPL image.
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the complete dissolution of feldspars. Only when the Silurian
sandstone experienced the meteoric leacHiming the eodia-
genesis stage could thiendition be satisfied. However, these
moldic pores, created by the meteoric leaching, would hega
completely filled with subsequeffiypell calcite.

40001F° e The existing secondary poriaprovethe physical prop-
ertiesof the Silurian sandston&hese pores are created by the
organic acid dissolution of feldspars, rock fragments and Type
Il calcite Figs.7di 7f). In addition to producing nesecondary
pores, the organic acid dissolution can also enlarge the remain-
ing primary pores to some exterithe organic acid dissolution
obviously took place after the formation of Tyjbecalcite be-
cause Typd calcite also suffered this dissolution. In conclusion,
two phases o$econdary pores had developed during the burial

6000 of theSilurian sandstone
HYCl A LKL < MC2 % MDI + MD2 < MNI [|wMlI OYN2

3000

Depth (m)

=
500077«

Figure 6. Vertical distribution features of kaolinite, mixed layer I/S, ilite, 5.7.2 Deep meteoric leaching

mixed layer C/S andhlorite. The paleogeomorphology of the Eastern TaBiasin was

in the similar profile to a sandwich in the SiluriBeriod and
5.7 Dissolution andSecondary Pores the tectonic units from north to south were the Tabei paleouplift,
5.7.1 Description and interpreting the Manjiaer intracratonic sag basin and the Tadong paleouplift

The porosity of thé&ilurian sandstone ranges from 0.7%to Because of the fundamental changes in the topography and tec-
19.5% @ve 7.2%).A statistical analysis on the different types tonic regime of the Tarim Basin during the EaNiddle Devo-
of pores in 320 thin sections reveals that the average percentagegan, the northern and eastern parts of the Tarim Basin were
of secondary poregrimary pores, intercrystal poresid mi- strongly uplifted at the end of the Middle Devonian, leading to
crocracks ar®6.9%, 24.7%, 7.1% and 1.3%, respectively. The the expoare and the extensive erosion in the Manjiaer depres-
formation of secondargores obviously plays an important role  sion. The Eastern Tarim Basin had experienced two phases of
in improving the physical properties of t&durian sandstone.  unconformities from the Early Silurian to the Middle Devonian:
Somefidet ri tal grainso | ike car bhe Tgauhc®nfornitefdrmed &t thg ghon theLate SlurignGtliev e 1 e
in the Silurian sandstone, are consisted of the coatings of limo-duration of 510 Ma) and the T§ unconformity formed at the
nite or clay mineralsn the outside and the calcite on the inside end of the Middle Devonian (the duration 4f82Ma) (Fig. 8).
(Figs. 5m, 5n). Seven typical samples were selected to analyzeThe Tg unconformity is one of the largest tectonic unconform-
the compositions of the calcite of thésal e t r i t and theg r Rids th $h@ Tarim Basin, which is accompanied by the extensive
compositions ofType Il calcite cements in intergranular pores erosion that the Manjiaddepression has a general denudation
by theelectronprobe. Figires50 and 7a show the same micro  thickness of around 20800 m, and the paleouplift belts around
areas of interest. We selected three points and two points respegne Manjiaer Depression have a massive denudation thickness of
tively from the inside and the outside of the coating of clay min- around 1 0005 000 m (Lin et al., 2012). Frang et al. (2003)
erals (Fig. 7a), analyzing the compositions of the two aforemen-studied the secondary pore gsis of the Botucatu sandstone in
tioned types of daite. The map scanning of four elements (Si, the ParanaBasin in Brazil and found that the formation of sec-
Mg, Ca, and Fe) was simultaneously performed over the micro ondary pores was controlled by deep meteoric leaching in the
area in Fig. 7a Botucatu sandstone at basin scale. The calcite cements were

The results of the electron probe microanalysis indicate leached for an average distance of ~k40 from the outcrop
that the calcite ol d e t r i t had thegame oxiescontent as down to a burial depth of ~250 m. The feldspar grains were
Type Il calcite cements in intergranular po(E&y. 7g) Themap leached from the framework for a downdip distance of ~30 km
scanning results show that the four elements of the two types ofrom the outcrop. Combined with other basins with meteoric in-
calcite possess consistent relative content, espeblglignd Fe  cursions, these authors suggested that the occurréhesio
(Fig.7n) 1't is clearly concl ude &calé de@ptmetéoficdenchingimii? ineetifdurecodnditdris: 1) he 0  a
not carbonate rock fragments. In addition, they are not generatedplift of at least one margin of the basin to provide sufficient
by detrital grains being completely replaced by Type Il calcite. hydraulic head; (2) a downdip escape route for the water; (3)
If Type Il calcite gradually replaced detrital grains from the abundant rainfall in the recharge area; and (4)-lengitectonic

edges towards the insides, twatings of limonite or clay im- stability. Cratonic basins that are close to riftetinental mar-
erals would not be able to be retained (Fig. 7b). Thedee t r i ding deem meeting these conditions

g r ai nactaallyagenerated by moldic pores that are created The unique topography and tectonic regime of the Eastern
by the feldspar dissolutidmeing completely filled with Type Il Tarim Basin provided the conditions for deep meteoric leaching

calcite. There are still the relics of feldspar discovénea few  occur in the Silurianandstone from the end of the Late Silurian
samplesFkig. 79. The formation ofmoldic pores by the feldspar to the end of the Middle Devonian. These conditions were as
dissolution requires the condition that there are pore fluids flowfollows: (1) The Manijiaer intracratonic sag basin was close to a
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rifted-continental marginwith the South Tianshan Pal€cean apparent dip angle of 1025°(Ai et al., 1996). The large strati-

to the north of th#Manjiaer intracratonic sag basin in the Silurian graphical dip angles, the unconformities and the good porosity
Period Additionally, the northern and southern margins of the permeabity conditions ensured the downdip migration of mete-
basin were paleouplifts, which could provide the steep gradientsoric water during the eodiagenesis stage. (3) The durations of the
(2) Because the paleotectonic framework of the Eastern Tarimlg4 and the Tg3 unconformities were respectivélibMa and
Basin basicallyemained constant, the dip angle of the Silurian 2i 8 Ma (He, 1995), which crated longterm tectonic stability.
strata only changed slightly (Fig. 8). The Silurian strata and theMassive CQ-charged meteoric water from outcrop areas mi-
Earlyi Middle Devonian strata along the southern slope of the grated downward along the uneformities and the intercon-
Tabei uplift dip to the south in the prespetiod with an appar-  nected poresdissolving feldspar grains to form moldic pores.
ent dip anglef 109 30°(Ai et al., 1996). These strata along the However, these moldic pores would have been completely filled
northern slope of the Tadong uplift dip to the northwest, with anwith Typell calcite.

Figure 7. (a) The same micrarea as imaggig. 50 wherethe numbers represent the attacking points of electron beams from an electron micBficbeage;

(b) detritalgrains being replaced Byype Il calcite, CPL image; (dpcompletedissolution of feldspars by the meteoric leaching and the secondary pores being
filled with Type Il calcite, CPL image; (d), (e), @econdarpores being generated by the organic acid dissolution of feldspars, ratlefiagandype Il calcite,

PPL images; (dline chart showing the different oxide content of calcite at five points in if@pgé) mapanalyses of four elements (Si, Mg, Ca, and Fe) in the
micro-area of imagéa).



