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Abstract
Deeply buried (3000-5000 m), deltaic sandstoneth®fUpper Triassic Xujiahe
Formation are important tight gas reservoirs in $iehuan Foreland Basin, China.
The diagenesis of these tight sandstones was egdrasing a variety of petrographic
and geochemical techniques, including thin sectlescription, X-ray diffraction
(XRD), whole-rock chemical analysis, scanning el@tt microscopy (SEM),

Cathodoluminescence (CL) imaging, electron probalyas, fluid inclusions and
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isotopic analysis. These integrated petrographit g@ochemical techniques were
used to determine the diagenetic history of theds@mes and its impact on the
reservoir quality.

The tight deltaic sandstones of thexfand Tx* (second and fourth members of
Xujiahe Formation) have undergone a significant emuplicated series of diagenetic
alterations and changes in geochemical compositioGtrong mechanical and
chemical compaction together with carbonate cenientalestroyed almost all the
primary pores and the secondary dissolution poogsdominate the pore space. The
Tax* sandstones experienced a more open diageneticnsyatenear-surface and
eodiagensis resulted in higher porosity than se¢hd Tx?sandstones. Both thext
and Tx* sandstones experienced closed-system diagenesiag dumiddle-late
mesodiagenesis. The early diagenetic dissolutitnciwmainly occurred in the open
geochemical system, produced secondary pores anvitpd kaolinite and some*K
needed for the subsequent illitization of kaolirated K-feldspar. The late dissolution
of K-feldspar and illitization of K-feldspar insX* sandstones ands¥* sandstones
during the mesodiagenesis, produced some effesteendary pores in the closed
geochemical system or in the focused fluid flowea@tong fractures. The diagenetic
characteristics, size and evolution of (open vsei) diagenetic system, which were
constrained by the depositional environment, dagmbdepth and tectonic activity,
can be used to predict the reservoir quality atedatlilling.

Keywords:

Tight deltaic sandstone; Diagenetic system; Masaaster; Deep burial; Reservoir
guality; Xujiahe Formation; Western Sichuan Fordlaasin

1. Introduction

The concept of a diagenetic system was first pregas the 1970s and 1980s,
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when sandstone diagenesis and the diagenetictalterd adjacent mudstones were
discussed together as systems (Boles and Frank9; $@rdam et al., 1989; Gluyas
and Coleman,1992). Only a few articles discuss atiagis in terms of open and
closed system in terms of element mobility duririge tprocesses of mineral
precipitation and dissolution (Gluyas and Colemaf92; Gluyas et al, 2000;
Day-Stirrat et al., 2010; Bjerlykke, 2011; Day-&iir et al., 2011; Bjgrlykke and
Jahren, 2012; Yuan et al., 2015a; Yuan et al., B0YGan et al., 2017a; Yuan et al.,
2017b). For a closed diagenetic system, the bakmical composition of the
sediment does not change significantly during butiagenesisand there is a mass
balance between mineral dissolution and precipma(Bjarlykke and Jahren, 2012).
On the contrary, the open diagenesis system isactaized by the significant
enrichment or reduction in bulk chemical compositior some elements owing to the
fluid flow and transport of solutes into or out thie system (Bjarlykke and Jahren,
2012; Bjarlykke, 2014; Yuan et al.,2015b)here is evidence of open system
diagenesis (Gluyas and Leonard,1995; Day-Stirrat.eR010; Day-Stirrat et al., 2011;
Bjorlykke and Jahren, 2012; Yuan et al., 2015b) ahalosed system diagenesis
especially during deep burial because of limiteavffrate and concentration gradients
of pore-water flow (Gluyas et al, 2000; Clark, 2D14

In a closed diagenetic (geochemical) system, ptiedis about rock properties or
reservoir quality can be achieved with respectdckrproperties as a function of
burial history and diagenetic reactions and sedineamposition (Gluyas, 1997
Gluyas and Witton, 1997) and written as balanceehtbal equations (Bjgrlykke,
2010; Bjarlykke and Jahren, 2012). However, theemesr quality is not easy to
forecast in the open diagenesis system, becausedidbenetic characteristics (type,

sequence and origin) and controlling factors armplex and changeable and the
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processes of mass and transport required for am &ystem are rarely well
understood (Bjgrlykke and Jahren, 2012; Bjorlylk@l4).

The deltaic sandstone of the Upper Triassic Xujiebanation is an important
tight gas reservoir in the Western Sichuan ForeBasin of China (Tang et al., 2009).
The deeply buried, tight deltaic sandstone of thppdy Triassic Xujiahe Formation
have generally undergone complicated diagenetsradions which have reduced the
reservoir quality (Meng et al.,2013; Liu et al.,2@1b; Luo et al.,2015). The Xujiahe
Formation may have experienced an open diagengsiera during burial process
because it experienced several hydrogeological taotbnic (fracture formation)
events within its geological history (Zheng et 2003; Shen et al., 2010).

The aim of this study was to understand thgehatic evolution of tight gas
sandstones belonging to the Triassic, Xujiahe FoamaSichuan Foreland Basin, SW
China (Fig.1) in order that in unexplored regiofshe basin the reservoir quality can
be forecast ahead of drilling. Both porosity andpeability are generally low in the
Xujiahe Formation but there are intervals with lEglpermeability (>0.1mD) that
dominate gas flow and as such it is necessaryderstand how the diagenetic system
evolved in order to forecast the occurrence of sagtes.

2. Geological setting
2.1 Basin evolution

The Sichuan Basin, in southwestern China, is a oershaped foreland basin
surrounded by thrust belts on all sides (Xu et2015) (Fig. 1).This superimposed
basin has undergone two tectonic and correspondiegositional cycles: the
Sinian-Middle Triassic tectonic evolution of a pgescontinental margin and the Late
Triassic-Eocene evolution of a foreland basin (Nale 2014, Lai et al., 2015rom

the Early to Middle Triassic, the cratonic margaighe Sichuan Basin were raised as
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a result of the compression of the Tethys and Raelhtes (Lai et al., 2015). In the
Late Triassic, the Sichuan Basin evolved into @l&ord basin with the uplift of the
Longmen Mountain at its western margin (Tao et 2014); therefore, the Western
Sichuan foreland basin, located in the Western ugichBasin, developed after the
Late Triassic (Fig. 1, Wang, 2012).

The Xinchang structural belt, located in the cdntegion of the Western
Sichuan Foreland Basin (depression, Fig. 1), ergel multistage uplift that began in

the late Indo-Chinese epochate Triassic , developed during the Yanshanian Period

(Triassic - Cretaceous), and eventually finishedniog during the Himalayan (Ye et
al., 2009).
2.2. Stratigraphy and depositional facies

The stratigraphic column of the Western Sichuanrekgion shows that the
Upper Triassic Xujiahe Formation (roughly equivalém the Upper Triassic Norian
stage) generally comprises its second membet?)Tthird member (3x°), fourth
member (Bx*) and fifth member (3°) (Fig. 2) (Zheng et al.,2003). The first member
of the Xujiahe Formation ¢k*), which represents the critical source rock, isegelly
divided into the Xiaotangzi and Maantang intervdlecause it was deposited in
shallow sea or marine prodelta environment that sigsificantly different from the
continental or transitional environments of othesnibers of the Xujiahe Formation,
(Lin, 2005). The second §¥°) (burial depth >4600m:thickness 560-660m)and fourt
(Tax*) (burial depth 3000-4000m;thickness 536-610m)membef the Xujiahe
Formation mainly consist of deltaic sandstones,civhare the major sandstone
reservoirs of the study area (Fig. 2). The secoedhber of the Xujiahe Formation
(Tx®) was mainly deposited in a marine delta front bgiog to a

marine-to-continent transitional environment, whichainly consists of



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

distributary channel and mouth bar sandstones @@®95; Shi,2010). However,
the fourth member (k%) was deposited in the lacustrine braided-rivetal&iont
of continent sedimentary environment, in which, ervdater distributary channel
and mouth bar are the dominant microfacies (Lif§52®hi,2010). The third €&°)
and fifth(Tsx°) members of the Xujiahe Formation were deposited lacustrine
braid-river delta plain that is dominated by swammpcrofacies and branch
channel, so both thes® and x> are important source rocks and coal-bearing
strata (Lin, 2005; Shi, 2010).
2.3 Diagenetic geochemical system

Fractures are important fluid-flow conduits andgngicant part of the reservoir
pore volume in the Xujiahe Formation (Zhang, 20B8ng, 2010; Luo, 2015). The
fractures were controlled by the tectonic activagd are critical to large-scale
convection of fluid in the reservoir because ofitiégh permeability (Zhang, 2005;
Zeng, 2010)The fractures in the k> member started to form at the end of the
Triassic (the Late Indosinian), and continued fergnduring the Yanshanian and
Himalayan (Zhang, 2005). The initial stage of fairtg within the Bx* member was
at the end of the Middle Yanshanian, and subseiages were late Yanshanian and
Himalayan (Zhang, 2005). Consequently, the abundeadtures in the Xujiahe
Formation provide crucial migration pathways faidl flow and transport of solutes .

Cross-formational migration of fluids in the Uppefriassic drove
homogenisation of formation water geochemistry lie fizx* and TBx* members
(Zheng et al., 2003; Shen et al 2010). The origioahation water within the 3?
and Tx* were almost completely replaced by the formatioatew from the
coal-bearing strata (e.gs@ and Ex°) and the underlying marine mudstone of the

Tax! member (Shen et al., 2010). These previous stuitidisate the possible
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existence of an open geochemical system in theaKejiFormation (* and Tx*)
during burial process from near-surface to deemb(ltiu, 2010; Shen et al., 2010).
3. Materials and methods

Rock composition data for 7068 thin sections sam&54 fromEx°and 2814
from Tax* of related 32 wells) and 6550 porosity and perriigalolata pairs (2760
from Tax? core sandstone samples and 3790 fropf Sandstone) were provided by
the Research Institute of Petroleum Exploration &&opment of the Southwest
Oil-Gas Branch Company, Sinopec.

Based on the objectives of this study, 250 sandssamples (sampling interval
~ 0.5 m) were collected from thexf and Tx*members in drill cores of 32 wells (Fig.
1C), in which 220 thin sections (18 key wells wittydrocarbon shows) were
impregnated with blue epoxy resin and preparedniareralogical and diagenetic
studies (Fig. 1C). Thin sections were partly stdingith Alizarin Red S and
K-ferricyanide for carbonate mineral identificatioRoint counting (300 points per
thin section) analysis , in which the compositaB300 points per thin-section will
be identified and counted, was performed on 40 $kctions collected from 40 drill
cores of Ex?and Tex* members in 10 key wells to quantify rock compositand
confirm the previously collected rock compositioatal and diagenetic relationships
(Van der Plas and Tobi, 1965;Yuan et al.,2015adndén et al.,2017). Cements in the
40 thin sections were identified and photographedeu the microscope with digital
camera and sketched on a computer using the CoPDRoftware, and the
corresponding area of each cemantthe photomicrographs was calculated using
Image-Pro Plus software. Finally, the bulk percgataf each cement was calculated
by determining the average value of area rate® iphbtomicrographs from the same

thin section.
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150 core representative samples (from the mainvesesandstone of key wells
with hydrocarbon shows) were coated with gold ardméned under a Quanta250
FEG scanning electron microscope (SEM) equippet wait Oxford INCAx-max20
energy dispersive spectroscope (EDS). Cathodolisoemee (CL) analyses of 20
typical core samples, in which carbonate cement vedatively well developed
(> 2%), were completed using an Olympus microscopguipped with a
CL8200-MKS CL instrument.

Eighty-five carbonate grains, including carbonagenents and rock fragments,
were analysed for their C and O isotopic compas#ion situ using the laser
microsampling technique with a MAT252 Gas Isotoi®RMass Spectrometer at the
Research Institute of Exploration and Developménthe Southwest Oil-Gas field
Company, Petrochina. The selected carbonate mpratluced C@gas by heating
the specified micro-zone of thin-section inside thacuum sample box with
high-energy laser beam. Then the &fas was purified by vacuum and sent into mass
spectrometer for measurement of carbon and oxygeapeThe precision was +0.08%o
for oxygen and +0.06%. for carbon.

Twenty core samples with quartz cement (more tRah\ere prepared as thick
doubly polished sections of 1Q@n thickness for microthermometric measuement of
fluid inclusions using a petrographic microscopalipped with a Linkam. The
THMSG 600 heating and cooling stage enables thedestures of phase transitions
ranging from -180 to 600°C. Inclusions within gqzacement were photographed with
digital camera for the purpose of fast mapping o€lusion locations. The
homogenization temperature (Th) were determined if@tusions inside quartz
cement using a heating rate of 10°C/min (18°F/mihgn the temperature was lower

than 70°C (158°F) and a rate of 5°C/min (9°F/mimew the temperature exceeded
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70°C (158°F). The measured temperature precisiomias £1°C (x1.8°F).

X-ray diffraction (XRD) analysis of whole-rock safep and quantitative clay
minerals were performed on 65 core samples (32 lssnfppom Ex?and 33 samples
from Tsx*) to identify species and contents of major mirgeraglative contents of
different clay minerals and I/S mixed-layer ratidtie whole-rock chemical analysis
was performed on 65 sandstone samples for the rdonfemajor elements using
direct-reading spectroscopy method of full spect(i@-AES) under condition of 20
temperature and 65% humidity. The rock sample®weound to fine powder and
homogenizedApproximately 0.25 g of the powder was dissolve imixture of hot
hydrofluoric and hydrochloric acids. The resultasudlutions were diluted with
distilled water before analysiShe solutions were analysed, using inductively ¢edip
plasma atomic emission spectrometry (ICP), for ahism, titanium, iron,
manganese, calcium, magnesium, potassium and sq@luyas and Coleman, 1992).
Silicon was obtained by gravimetric methods. Prenion whole-rock analysis is

estimated to be within +1% (Gluyas and Coleman2).99

4. Results
4.1 Sandstone petrography

The Tex* sandstones mainly comprise litharenite and mineldspathic
litharenite, and the sk* sandstones consist of major litharenite and mitiic quartz

arenite( Fig. 3A-B,Table 2 .The sandstone classification was based on thdathof

Folk et al., 1970 (Fig. 3A-B).The feldspars withime Tyx* andthe Tax* consist of
plagioclas€major albite and minor calcic plagioclase) andefdépar (Table 1, Table
2). The rock fragments of thep® and x*sandstone mainly comprise fragments of

major sedimentary rocks (e.g. limestone, dolomited audstone) , fragments of
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metamorphic rock (e.g. phyllite, slate and shist) amall amounts of volcanic rocks
(e.g. basalt and andesite).Thex‘Tsandstones have more sedimentary and volcanic
rock fragments and less detrital quartz than thé 3andstones (Table 1). Carbonate
rock including micrite limestone and dolomite isndoant in the sedimentary rock
fragments of Ix* and &x* sandstones. Thes® sandstones ands@* sandstones
mainly comprise major medium-grained, minor fineiged and 6.3% coarse-grained
sandstones.
4.2 Diagenetic minerals and alterations
4.2.1 Compaction

Framework grains in the Xujiahe Formation sandstofiex? and E&x*) are
generally heavily compacted (both mechanically ehemically), as is indicated by
the dominance of long and concave-convex grain amst (Fig. 4A-F). Direct
evidence of mechanical compaction, which has masturred in the ¥*, are the
deformation of mica and plastic rock fragments (Hd\, B, E, F). Chemical
compaction, pressure dissolution, observed 4xf,Tis manifested by the concave—
convex and sutured contacts between quartz graigs§A-B, Fig. 4C, D). However,
compaction is obviously less extensive in sandstaméh chlorite rims than in other
rocks within the 3 (Fig. 11G-I).
4.2.2 Carbonate cements

Carbonate cements are the dominant cement in tidstmes. They occur as
scattered euhedral rhomb and pore-filling blockg amsaic aggregates in thexT
and T&x’ tight sandstones (Fig. 5, Fig. 6). In thex’Ttight sandstones, carbonate
cements with an average of 6.68% mainly consistai€ite (av.vol 3.72%) and
dolomite (av. vol 2.96%) (Table 1). The calcite gelly occurs as isolated blocky

sparite cements filling intergranular pores (porareeter,5Qm~120um, (Fig. 5A)

10
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and as partial replacements of detrital grains. (éeffspars and volcanic rock
fragments, Fig. 5D, E). Dolomite also occurs asegoling poikilotopic sparite
patches that fill intergranular pores (pore diameéi®u m~200u m, Fig. 5B) or as
euhedral rhomb (single crystal: #~120um) and partial replacements of detrital
grains (e.g. feldspar) filling intragranular po(€gg. 5D- F).

The carbonate cement has an average content @65rothe Ex* sandstones, of
which 4.97% is calcite and 0.95% is dolomite (TableCalcite cements mostly occur
as microcrystallineto sparite (single crystali®~50um), poikilotopic masses that

fills in primary (intergranular) pores (Fig. 6A-Cand as partial replacements of
detrital grains (e.g. feldspars and rock fragmeritsat fill secondary pores
(intergranular and intragranular dissolved pores) accompany partial dissolution
and kaolinization of feldspar (Fig. 6D-Hhe minor (0.95%) sparite dolomite (single

crystal:3Qum~80um) generally occur as partial replacements of detgtains (e.g.

carbonate rock fragments), and accompany the dissol of carbonate rock
fragments (Fig. 6D).

The primary and secondary intergranular poféed with calcite/dolomite
cementscan be distinguished by thin-section analysis thate impregnated with
blue epoxy resin or the scanning electron microscapalysis (SEM). The primary
pores that are filled with calcite cement generdlfwve regular edges which abut
against the original detrital grains (Fig. 5A, F®A-B). However, the secondary
intergranular pore is characterized by irregulagesdthat are formed by partial
dissolution and replacement of calcite around #teitdl grains (feldspar)(Fig. 6A-B).
Feldspars that are partly replaced by calcite areally accompanied by dissolution
in the Tox? and Bx* sandstones (Fig. 5D-F-, Fig. 6D-F). CL micrograghsw that

the carbonate cements of the Xujiahe Formation stands can be divided into two

11
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generations of early and late carbonate cement. 8). The saffron yellow
micro-crystal calcite that fills primary pores, whi represent the first
generation,precipitated before strong mechanicahpaxtion as evidenced by the
floating detrital grains and point contacts betwegeains (Fig. 6B). The orange red
calcite that mostly fills the residual primary paed secondary pores and partially
replaced some detrital grains, represents the degemneration (Fig. 6 B). The calcite
cements of 3x* sandstone consist of major early calcite and maercalcite, but the
Tax? sandstone was dominated by late calcite.

Electron microprobe (EMP) analyses reveal the modanpositional fraction of
carbonate cements in thexT sandstone and thesd* sandstone (Table 4). The
calcite cements have nearly similar molar compmséti fraction between thesX®
sandstone and the;d* sandstone (Table 4). Besides, almost all of ddl®mements
occur in the Tx?sandstones and rarely in thexTsandstones (Table 4). The dolomite
should be classified as the ankerite for abunde@id; (av. 20.86%, Table 4).

The §'°0v.pps andd™*Cy.pps Values of calcite cements in the primary pores are
similar to that of the calcite rock fragments ahdttof carbonate rock fragments in
the Tex*sandstones (Fig. 7A, Table 5). The dolomite (am&pgrystals filling in the
secondary pores have loweér®Ov.pps values and similars**Cy.pps values in
comparison to that of the calcite in primary poieshe Tx*sandstones (Fig. 7A,
Table 5). Thés*®0v.pps andd*3Cy.pps Values of calcite cements in the secondary pores
are obviously more negative than that of other @aabe in the 3x*sandstones (Fig.
7A, Table 5).

In the Tex* sandstones, th&"Oy.ppe values andd™*Cy.pps values of calcite
cements are similar tihat of dolomite (ankerite) cements ((Table 6, FiB). The

dolomite fragments have similat®Ov.ppg values and slightly higherCy.ppg values

12
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(Table 6, Fig. 7B).
4.2.3 Quartz cements

Point counting of thin section, cathodoluminesceiacel SEM analyses indicate
that authigenic quartz is the second most abundament after carbonate. Quartz
cements generally occur as syntaxial overgrowthgkhess 20m to 12@m) that
partially coat of detrital quartz grains (Fig. 8A-Eig. 8F) or as isolated pore-filling
quartz crystal (Fig. 8D, E, Fig. 8G). Quartz ovemghs are usually accompanied
by sutured (microstylolitic) quartz grains conta¢i&g. 8A, F, I). The isolated
pore-filling authigenic quartz crystal are gengraltcompanied by the dissolution of
feldspar and some illite (Fig. 8E, H), indicatirtat the isolated pore-filling quartz
crystals are like to be related to the dissolutbrieldspar (Hawkins, 1978; Worden
and Morad,2000).

The quartz cement of thes® sandstones has an average content of 2.16%,
which represents 24.4% of the total cement confEaltle 1). Moreover, the quartz
cement content increases with increasing amountsletiiital quartz in the 3?
sandstones (Fig. 9). In thexf sandstones, quartz cement generally occurs asegola
pore-filling quartz crystals or syntaxial overgriwst(Fig. 8B, Fig. 8E-G); this quartz
cement has an obviously low average content of%,34hich represents 13.2% of
the total cement content (Table 1).

The homogenization temperatures of fluid inclusiamsgjuartz cements reveal
that crystallization temperature of quartz cemémtthe T;x*sandstones ranges from

50 to 90C, 100 to 14@C and 150 to 190 and that those of thesX* sandstones

mostly range from 90 to 150 (Fig. 10). In addition, the homogenization
temperatures of aqueous inclusions in authigenartgwvithin fractures range from

50 to 60C and 170 to 330C.
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4.2.4 Clay minerals
lllite, chlorite, kaolinite and minor mixed-layellite/smectite (less than 1% of
the clay minerals), were revealed by XRD and SEMIyses (Table 2, Table 3).
lllite, which represents 46.8% (average) of clapenal in Tx*and 43%(average) in
Tax* sandstones, occurs mainly as grain-coatings, aheatgregates filling in
secondary intragranular dissolved pores and namedhetggregates filling in
intergranular spaces (Fig. 11A-F, Meng et al., 20The nested illites are generally

accompanied by the dissolution of feldspar and foagments (Fig. 11AB, E F);

non-netsted aggregates may be related to theallitin of the matrix consisting of
smectite (Fig. 11C, O). Thes® sandstones have a higher chlorite content (av. 2.4,
whole rock %: av. 51.9 clay %) than thexTsandstones (av. 1.6, whole rock %:; av.
26.1 clay %) (Table 2, Table 3, Fig. 12, Fig. 1®hlorite rims are partly
well-developed in the 3? which can be observed under cross-polarizing lagit
SEM analysis (Fig. 11G-1). However, in the fourtember (Ex?), chlorite cement is
dominated by authigenic pore-filling chlorite (FitlK), and some chlorite appears
as chloritized of rock fragments (Fig. 11J).

Kaolinite, which represents 0% to 72 % (av.28.5%albclay minerals, mostly
occurs at the top of thes* sandstones and is nearly absent in tipe Jandstones
(Table 2, Table 3, Fig. 12, Fig. 13, Fig. 14B). Kaite generally occurs as vermicular
or booklet-like aggregates of pseudohexagonal &iysiFig. 11L~M). They are
usually observed in secondary pores associatedfelidspar dissolution (Fig. 11M).
In addition, some booklet-like pseudohexagonal ikéel has transformed into
filamentous illite (Fig. 11N). Small amounts of Kla smectite are present in the
mixed-layer illite/smectite (Table 4, Fig. 110).

4.2 .5 Dissolution
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Secondary pores, which are the most important ggpe in the studied
sandstones, were generally formed by the dissolutiomajor feldspars and minor
volcanic rock fragments (point counting) (Fig. 15A-Secondary pores mostly occur
at the top of 3x* others occur at the bottom ofxf and in the middle-upper part of
Tax? (Fig. 16). Overall, the dissolution is more prevdlin Tex* than Bx* sandstone
(Fig. 4, Fig. 16). Detrital K-feldspar grains haegperienced partial to complete
dissolution (Fig. 15A-C). Feldspar dissolution igngrally accompanied by the
formation of some authigenic kaolinite and quaRg(11-M, Fig. 15B).

4.3 Poretypes, porosity and permeability
The pore space of3*sandstone consists of primary pore (av.0.84%), ey
dissolved pore (av.0.79%) and fracture (0.23%).(Eif). The pore space ofx
sandstone comprises major secondary dissolved(@a49%), minor primary pore
(av.0.58%) and fracture (0.09%) (Fig. 17).

The core porosity of &?sandstone mainly ranges from 1% to 5% (av.3.44%),

and the core permeability ranges from 0.02 to 0D §av.0.089mD). In the XK*

sandstones, core porosity generally characterizetivb main ranges of 1%3%
and 3%— 9% (av.5.14%), the core permeability ranges fror820to 0.32mD

(av.1.08mD).
In porosity-depth and permeability-depth profilesth porosity and permeability
of Tax? and Bx* sandstones show wide variation at shallow to dksyths (Fig. 18).
Porosity and permeability generally decrease witlrgasing burial depth. However,
porosity and permeability values of P10 (10% otresirs have porosity higher than
this value) and P50 (median) curves show that duigteer porosity and permeability

intervals exist in the &* and Bx* sandstones (Fig. 18).
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4.4 Sandstone geochemistry
The major elements (whole rock) of:xXf sandstones ands{* sandstones

comprise NgO, K;O, MgO, Fg0Os, TiO,, Al,O3 SiO, (Table S1, Table S2). The MgO,
K,0, Al,O3 contents of Ix* sandstone have obvious vertical changes, but fHi&gxd
sandstone present relatively fixed values in valficofile (Fig. 12A, Fig. 13A).
5. Discussion
5.1 Mechanism and time of dissolution

The types of pore space and the porosity-depthpancheability-depth profiles
indicate that the dissolution of minerals was theessmmportant source of pore space
creation in the x*and Tx* sandstones (Fig. 17, Fig. 18). For dissolutiondeur the
pore fluids need to be under saturated with resfmethe detrital minerals. Under
saturation can come about simply from increasegézature during burial or from a
change in composition of the pore fluid caused esgrof new pore fluids. A
candidate fluid that would promote dissolution s @&cidic one and we know that
organic acids would have been formed from the thémmaturation of coal in the
adjacent Ix*and kx> members.

Coal-bearing stratum produce many kinds of organids during early diagenetic

stage (Kauss et al., 1997; Dias et al., 2002) aadk pt temperature range of@0to
140C (Surdam et al.,1989; Zeng et al., 2007). The amoftiarganic acids generated

by coal-bearing strata §f°and &x°) is generally 2-5 times higher than other kinds of
source rock (3% (Zheng and Ying, 1997; Yuan et al.,2013). Feldsgiasolution,
secondary pores and enlarged dissolution of miackires are prevalent in the
studied sandstones (Fig. 14, Fig. 15A-C,Fig. 1%9F,E6,Fig. 17).Fig. 17, Besides, the
distribution of secondary pore is related to sounmks (Fig. 16A-D).These indicate

that acidic fluids from source rocks migrated atmvéd into the Ix* and Tx*
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sandstones through these fractures, meanwhile kedvpervasive dissolution in
studied sandstones (Fig. 15F). Hence, the felddjsaolution of the 3x* and Bx?

sandstonemsiay occur from eodiagenesis to mesodiagenesis gage 140C).

Secondary pores are mostly distributed on the tépTex*, where they
approximately correspond to the zone containingedeing amounts of feldspars, the
development of kaolinite and the skewness/rapichgbaof the Ro value, and more
prevalent than the middle part ofsf (Fig. 14, Fig. 16)..Therefore, feldspar
dissolution recorded at the top of the<Tmight be caused by acidic fluids from the
coal-bearing formation of the 31°) . Besides, there is an extensive ll-type
unconformity on the top of thes¥* (Zhang, 2011). As such some early dissolution
might come from leaching by low-pH meteoric watepstaining CQ gas phase .

However, there are not more secondary pores (F6é-[1) and higher core
porosity (Fig. 18A) at the bottom of%” than there are in the middle-upper part, even
if they are adjacent to the Xiaotangzi Formatiogxt), which mainly consist of the
source-rock (Fig. 2). This may be explained by fhet that obviously thinner
sandstone, less feldspar, more alkaline diageeetitronment in the bottom of the
Tsx? consisting of similar marine mudstone interbeddéith wandstone than there is
in the middle-upper part , which resulted in leskl$§par dissolution in sandstones
(Fig. 2). In addition, some few rock fragments (ecgrbonate and volcanic rock
fragments) were dissolved together with feldsparghese acidic fluids (Fig. 15D
E).

5.2 Genesis of diagenetic minerals
5.2.1 Source, temperature and time of carbonate diagenesis
Carbonate cements have many potential carbon sounckiding internal and

external sources (Gier et al.,, 2008; El-Ghali ef aD13; Luo et al.,2018). The
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8" 0yater values of parent diagenetic pore water of theitealdilling primary pores
comprising the meteoric and marine water within Th&* are approximate -3%o
SMOW, and that of current pores water in the*TFange from-4.3%o to +0.5%o
(SMOW) with an average value of -1.4%. (SMOW) (Shetnal, 2010; Liu et al,
2014a,b). Thé'®Owawer values of parent diagenetic pore water of carl®onaments
in the Tex?, which was deposited in marine water, were ne@¥y SMOW, and the
8" 0yater values of current pore water range from -4.5%dlt8%.(SMOW) (Shen et al,
2010;Liu et al, 2014a,b). Using oxygen isotope tfcamation factor for calcite-water
from Friedman and O'Neil (1977), the precipitatiemperatures for different types of
carbonate cements can be calculated (Table 5, Gablg. 18, Fig. 19).
The early calcite cements filling the primary pooéshe Tx* sandstone (-10.06%o

to -4.75%o0, av. +7.38%0) were calculated to be pritatipd at approximately 30-65

(Table 4, Fig. 19A). Moreover, nearly poikilotopalcite cements filling in primary
(intergranular) pores mostly occur as microcrystalito sparite (Fig. 6A,C), which
also indicate that calcite precipitated at theyedihgenetic stage. The calcites filling
the primary pores of thesX* sandstone have similar carbon and oxygen values
(6*%0v.ppg -10.06 t0 -4.75%0, av. -7.38%é"Cyv.ppe: -0.13 t0 +2.46%0, av. 1.53%o)
with those of carbonate rock fragmeni&®Qy.ppg -9.23 t0 -4.81%0p °Cy.ppg 1.33 to
+2.22%0) (Table 5, Fig. 7A). These data provide ewik for that the carbon source of
the early calcite cement filling the primary poiesthe Tzx* sandstones is closely
related to the internal carbonate rock fragmentsisting of inorganic carbon whose
8"Cv.pps values can increase up to 3%o, and rarely relatetie organic carbon/acid
(Friedman and QNeil, 1977). However, there was not enough acidte dissolution

of internal carbonate rock fragments at the eadgehetic stage (30-85). Therefore,

the early calcite filling in the primary pores pigtated from pore fluids containing
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Cd&* and CQ* come from the original formation water in sandstamd adjacent
mudstone at eodiagenesis stage, which were mawligted to weathering or
dissolution of carbonate rock fragments in the pr@ance or transport process.

The calcite cements filling in the secondary of tfex* sandstone
(8™0\-ppE:-19.71%o0 t0 -10.77%o, av.-14.69%0) pores were calealdo be precipitated

at 70C-160C (Table 5, Fig. 19A).. The measuréd®Cy..ps values (-5.43%o ~

0.75%0) show that this calcite may be related to dkielation of organic carbon or
formed under methanogenic conditions (Friedman @hdleil, 1977; Irwin et al.,
1977; Wei et al., 2015). Late-diagenetic calcitenerts in the secondary pores are
generally accompanied by the dissolution of felds@ad some rock fragments (e.g.
carbonate rock and volcanic rock fragments)(Fig=BD Therefore, material sources
of the calcite cements filling in the secondarygis closely related to the late
dissolution caused by organic acids from thermaligion of organic matter in the
source rocks. In addition, the transformation afyaninerals may also supplied some

cd’, Fé* and Md" at the temperature range of 8@ 140C.

The 8*Cv.ppg values (=0.97%o ~ +1.97%o) of the small amounts oforhite
(ankerite) filling in the secondary pores are sommawess than those of carbonate
rock fragments in the 3X* sandstones (Fig. 7A) and more than those of organic
carbon. This suggests that the carbon source ohdtd cement may be the mixture
of organic carbon and carbonate rock fragmentsaddition, the relatively high
precipitation temperature (75-140C) (Table 5, Fig. 19B) of dolomite (ankerite)
cements is consistent with the temperature of sele& organic acid and G®om the
source rock within 3 and &x° (Fig. 2) (Surdam et al,1989; Zeng et al, 2007).
Besides, the polycrystalline dolomite (ankeriteQu(®~80um) generally occurs as

partial replacements of detrital grains (e.g. cadte rock fragments) and accompany
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the dissolution of carbonate rock fragments (Fi@).6Therefore, the dolomite
(ankerite) cements within the;q* sandstones may have mainly precipitated from the
dissolution of carbonate rock fragments by orgatids during mesodiagenetic stage
(75°C-140C).

In the Tex* sandstones, the relatively positiée>Cy.pps values (-1.81%o to
+4.97%0) suggest that these carbonate cementstécalnd dolomite) were mainly
formed under methanogenic conditions (Table 6, FR). (Irwin et al., 1977; Wei et

al., 2015). The calcite and dolomite cements prtgd at 70C-120Cand 80C-160C

respectively (Table 6, Fig. 20A), which were eqleva to the mesodiagenetic stage.
Concurrently, the source rock in the lower submendfeTsx? and the underlying
Xiaotangzi Formation (') exists under methanogenic conditions. Carbonate
cements have mainly developed in the lower submemobehe Tx? which is
adjacent to the underlying Xiaotangzi Formation,iolhconsists of marine source
rocks (Fig. 2, Liu et al, 2014b; Luo, 201®}ich can be explained by the fact that the
organic acid within mudstone intruded into the stoxe. Therefore, carbon sources
of carbonate cements (late diagenetic carbonatemsinin the 3x?could have come
from the organic acids that flowed into sandstomenfthe source rock. The €a
F&" and Md" may come from late dissolution of feldspar and rdcgments,
transformation and interstitial water of clay mialsrand reduction of iron oxides.
5.2.2 Source, temperature and time of authigenic quartz

Quartz cements are usually accompanied by sutuneatdstylolitic) contacts of
guartz grains formed by pressure dissolution (B#&jy. Fig. 8l), and increasing quartz
cement content with increasing detrital quartz enhtn the Fx*sandstones (Fig. 9).
However, pressure dissolution is rare in thg*$andstones, due to their low contents

of detrital quartz grains. Therefore, pressuredaligeon represents the most important
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silica source for quartz cement in thexTsandstones (Luo et al., 2015), but not in the
Tax*sandstones.

The isolated pore-filling authigenic quartz crystate generally accompanied by
the dissolution of feldspar in thexd and Bx* sandstones (Fig. 8G-H). Therefore,
feldspar dissolution, which was pervasive and migbtur from eodiagenesis to

mesodiagenesis stage (66140C), may be an important source for the quartz

cements. The 80°C ~120°C is the ideal temperatamge for feldspar dissolution
(Surdam et al., 1989).The homogenization tempezatteinge (90°C and 120°C) of
fluid inclusions in quartz cements of thexTsandstones (Fig. 10A) also suggest that
the quartz cements may be mainly derived from #idspar dissolution thes¥*
sandstones. However, the homogenization temperetoge (90°C and 110°C) in the
Tsx? sandstones are nearly absent (Fig. 9B). Moredkerhigher residual feldspar
content of the Ix? sandstones (av. 8.3 vol%) than tha*Tsandstones (av.2.1vol%)
(Table 1, Table 2, Table 3, Fig. 3A-B) and the lessondary pores of they®
sandstones than thext (Fig. 17)may also indicate that feldspar dissolution may be
not the most important silica source for the quaements in the &> sandstones.

The type and content of clay minerals suggest éxa¢nsive clay mineral
transformation occurred in thex® and Bx* sandstones (Table 2, Table 3). The nested

illites related to feldspar dissolution (Fig. 11A, E, F), non-netsted aggregates

related to the illitization of smectite (Fig. 11@), some filamentous illites
transformed from booklet-like pseudohexagonal kaiai(Fig. 11N) and chlorite rim
(Fig. 11G-K) were the results of clay mineral tfansiation.Symbiotic relationship
of quartz cement and authigenetic clay mineraldcatds that the clay mineral
transformation is the potential source for quagments (e. g. illite and chlorite) (Fig.

8E, Fig. 111). Moreover, the homogenization tempees range (110 to 140C) of
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quartz cements (Fig. 10A-B) is in favour of theychainerals transformation (Worden
and Morad, 2003). Thesadicate that clay mineral transformation withineth
sandstone might be one of silica sources for quaetments in the & and Tx*
sandstones.

Quartz cements with homogenization temperaturesvdmet 50Cand 90C

comprise 40% of total k> sandstone samples,but represent just 5% of tasdl T
sandstone samples (Fig. 10A, B). However, the feldslissolution of 3* sandstone

is more pervasive than thesXf sandstones indicate that (Fig. 16, Fig. 17).
Furthermore, some authigenic quartz located intdras have homogenization

temperatures varying from %D to 60C in the T&x® sandstones. Therefore, the

external silica source at eodiagenesis stage (80}6@hich might be related to the

oversaturated fluid derived from mudrocks througlactures,may be one of
important silica sources for quartz cement in stmdss, especially in thes®
sandstones (Gluyas and Coleman, 1992; Gluyas 20@0; Luo et al.,2015).

In addition, the presence of some quartz cemefhndilin fractures with

homogenization temperatures ranging from ‘216 290C suggests that hot fluids

moving up through fractures could represent anothessible external source.
However, the homogenization temperatures of thetguwements filling these pores

rarely reach 200 , which may indicate that hydrothermal fluids withghi

temperatures and concentrations was not an imgailaca source for quartz cements
in the Tx?and Tex”* sandstones.
5.2.3 Temperature and time of clay mineral transformation

Clay-mineral assemblages generally transform witbraasing temperatures,
producing a series of prograde diagenetic reacfjdfesden and Morad, 2003). Clay
mineral transformations in the studied sandstoredudle kaolinitization and
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illitization of feldspar (Fig. 11F, M), illitizatio and chlorization of smectite (Fig.
110), conversion of kaolinite into illite and chiter (Fig 11-N), and replacement of
rock fragments by mesogenetic illite and chlorigy( 11B, E, J).

The illitization of kaolinite is prevalent at tempéures greater than
approximately 70°C, but becomes pervasive at teatpes greater than
approximately 130°C in neutral or alkaline envireamts (Worden and Morad, 2003).

When the temperature is above 120-C4Qhe early kaolinite released by the feldspar

dissolution can translated into illite with the" Krom the K-feldspar dissolution
(Chuhan anajerlykke, 2000; Zhang, 2011).
The nested illites and kaolinite are related tddphr dissolution in thesX?and

Tax* sandstones (Fig. 11AF, M, Fig. 14, Fig. 16). The K-feldspar contents/da

negative correlations with contents of illite (irmae rock and clay minerals) but
positive correlations with chlorite ins%° sandstones (Fig. 12, Fig. 21E-F). Almost all
the feldspar had been dissolved igx*lsandstones (Table 3, Fig. 13). The relative
contents of kaolinite decrease with increasing eanof illite and chlorite in the clay
minerals of Bx* sandstone (Fig. 13, Fig. 22F-J). TheCKcontents have positive
correlations with illite contents (in whole rockttot clay minerals) in &?andTsx*
sandstones (Fig. 21J-K, Fig. 22D-E). The illitipatiof potassium feldspar is widely
observed in the &*sandstone andsX*sandstone (Fig. 11A, F, M). These indicate
that K-feldspar dissolution coincided with, and \pded the necessary *Kand
kaolinite for, the illitization of kaolinite in th&sx?and Tx* sandstones (Fig. 21E-H,
Fig. 22D-F).

Fig. 10Fig. 10Fig. 9Fig. 10Therefore, the kaolinitermed by feldspar
dissolution have generally transformed into théeillor chlorite (Fig. 11N) at the

mesodiagenetic stage with deep burial (Fig. 12, E&) (Worden and Morad, 2003,
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Chuhanandjerlykke, 2000; Zhang, 2011). However, the pervasive k#elion the
top of Tex* formed by the dissolution and kaolinitization efdspar (Fig. 11M), was
preserved in the relatively deep burial depth (38000 m) (Fig. 13, Fig. 14).This
might be related to acidic condition due to top anformity (Morad et al., 2000;
Worden and Morad, 200®8Jansurbeg et al., 200&}-ghali et al., 2006; Morad et al.,
2012).

Almost all smectite has been transformed to ilbitechlorite with the deep burial
and heating of the X* and Tx* sandstones (Fig. 110) (Table 2, Table 3). The
negative correlation between K-feldspar and il{fég. 12) suggests that dissolution
of K-feldspars might provide K for illitization of smectite. Thus, some illite
occurring as non-netted aggregates may have folwgetthe illitization of smectite
and the dissolution of K-feldspars.

The chloritization of smectite is a dissolution-reppitation process that
requires a pH-alkaline fluid and a source of aluomm iron and magnesium, which
may come from the alkaline dissolution of basiccaoic fragments (Chang et al.,
1986). The early authigenic chlorite rims, which sty occurs in the middle and
lower part of Fx? sandstones, increase with increasing K-feldspartecwnand
decreasing illite content (Fig. 211), indicate tichtoritization was related to alkaline
environment but not acidic dissolution of K-feldsp@he Tx? sandstones contain
relatively more volcanic fragments than the*rsandstones and are adjacent to the
Xiaotangzi Formation (equivalent tax) (Fig. 2), which was deposited in a marine
environment and is characterized by slightly alk@alvaters (i.e., seawater pH is 8.3)
(Worden and Morad, 2003). Besides, some chloriten@cas replacement of volcanic
rock fragment accompanying by the dissolution atkrdragments (Fig. 11J, K).

Therefore, early authigenic chlorite rims ofx¥sandstones were mainly formed by
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the chloritization of eogenetic smectite (Fig. 12€eogenetic stage. Meanwhile, the
alkaline dissolution of volcanic rock fragment pided the M§" and Fé&' for
chloritization.

The pore-filling chlorite in the F* sandstones, increase with decreasing
kaolinite content and increasing illite contentg(F22H). These pore-filling chlorites
may be related to the subsequent chloritizatiokamlinite at eodiagenesis and early
mesodiagenesis (Fig. 13C, Fig. 22G).The early adisolution of volcanic rock
fragment and feldspar provides the ¥1g F€* and kaolinite for chloritization of
kaolinite.

5.3 Mechanism and time of compaction

Compaction is the most important factor controllthg reservoir quality of the
Xujiahe Formation sandstones (Huang et al., 200&dvet al., 2013). Although the
burial depths of the 3k* and x* sandstones differ by approximately 1000 m,
differences of degree in mechanical compactionnateso obvious, and even the
mechanical compaction in thexf sandstones is stronger than that in the deeper
Tax? sandstones (Fig. 4). Moreover, the pressure digsol (chemical compaction),
which generally occur at late mesodiagenesis, ilemeevalent in 3x° than it is in
Tax®. This abnormal phenomena can be interpreted bgetHacts: first, the
abundances of rock fragments (25%—75%, av. 40.8%6)adre always higher ins¥*
sandstones than they are (17%-30% ,av. 21.7 voh%)x* sandstones (Table 1);
second, the early chlorite rim, which plays an int@ot role in the preservation of
primary pores, is distributed mostly in thext sandstones but rarely inxf;third,the
Tax? sandstones contain significantly more detritalrtués3.3-80% ,av. 70 vol%)
than Tx* (quartz, 25-70% ,av. 57.1 vol %) (Table 1). Thess play an important

role in the fact that thesX? sandstonéave more primary pore (av.0.84%) and less
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secondary dissolved pore (av.0.79%) than thg* $andstone (secondary pore:
av.3.49%, primary pore: av.0.58%) (Fig. 17).
5.4 Digenetic sequence and porosity evolution

Petrographic evidence observed in thin sectionnrsog electron microscope
(SEM) and cathodoluminescence (CL) analysis candael to decipher the relative
diagenetic sequence in the study area. Moreover, féhmation temperatures of
authigenic minerals, which can be measured fromeas! inclusions or calculated
using oxygen isotopic values can be used to inferoee accurate relative timing of
the different diagenetic reactions. In summarytlsgsizing petrographic observations,
homogenization temperatures of fluid inclusiongtapic analysis and source and
mechanism of diagenesis can reconstruct the disigemistory of the §x? and &x*
tight sandstones, which is illustrated in Fig. 2@l &ig. 24,in which the burial and
thermal histories are based on the results of pusvstudies (Zhang et al., 2002).
On the basis of the diagenetic sequence and prestudies, which indicate the
timing of tightness of 3* and &x”* sandstones (Luo, 2015), the porosity evolution of
the Tox? and Bx* tight sandstones were reconstructed in Fig. 23rmd24.
55 The characteristics, evolution and controlling factors of diagenetic
(geochemical) system
5.5.1 Mass balance/transfer and evolution of diagenetic (geochemical) system

The KO content has a weakly positive correlation witlsabte and relative
content of illite (in whole rock and clay mineralg)the Tx? sandstones (Fig. 21G-H)
and but obviously positive correlation with abselabntent of illite (in whole rock
but not clay minerals) in thest* sandstone (Fig. 22D-E). Besides, thgOKcontent
was nearly stable in the vertical profile ofxtsandstone but changeable in the

vertical profile of &x* sandstone (Fig. 12Fig. 13). The KO content should be
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controlled by the fixed composition of parent rdakt not the authigenetic illite (in
whole rock) in a closed sandstone system withasg snd export of K Furthermore,
the previous research suggests that thé Have exported abundant Kbut the Bx?
slightly exported K (Shen et al., 2010). These suggest that the Kdplar
dissolution provided the Kfor subsequent illitization with abundant loss<gfin the
Tax* and little loss of K in Tsx? sandstone systems at the early diagenetic stage
(eodiagenesis and early mesodiagenesis) (Fig. BRA,

The dissolution of volcanic rock fragment providéte Md* and Fé* for
chloritization and dolomite cementation igxtandTsx* sandstone. The MgO content
has a negative correlation with absolute contemhégrite (in whole rock) but a very
weak negative correlation with relative contentcbforite (in clay minerals) in the
Tax* sandstone, which indicate the dissolution of valcanck fragment provided
Mg®* for authigenetic chlorite with significant loss Mi?*in an open system at early
diagenetic system (Fig. 24, Fig. 25A). The MgO eonthas a weak correlation with
absolute content of chlorite (in whole rock) buhegative correlation with relative
content of chlorite (in clay minerals) in thexf sandstones (Fig. 21B-C), which
indicate alkaline dissolution of volcanic rock fragnt provided Mg for the early
authigenetic chlorite with little loss of Mat early diagenetic stage (Fig. 23, Fig.
25B). The content of MgO (in whole rock) increasighwihe increasing dolomite (in
whole rock) in the Ix? and &x* sandstone (Fig. 21A,Fig. 22A),which suggests that
the dissolution of volcanic rock fragment providall the Md"* for the dolomite
cement without significant export of Mgat mesodiagenesis in thext and Bx*
closedsandstone system (Fig. 25A, B).

The contents of §0, MgO, ALOjs in Tax* sandstone have more obvious vertical

changes than sk sandstone (Fig. 12, Fig. 13). Moreover, feldspasalution and
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related secondary pores in thexlsandstone are obviously more pervasive thafh T
sandstone (Fig. 15, Fig. 16, Fig.17, Table 2, T&ldHowever, the content of quartz
cement in Bx* sandstone (av.0.94%) is obvious less thag? Tsandstone
(av.2.16%)(Table 1).Fig. 15These indicate that fhie” sandstone has ever
experienced a more open geochemical system thdrs@ndstone during the feldspar
dissolution process at the eodiagenesis and eaglyodiagenesis (Fig. 25A, B).
Besides, the large amount of factures, enlargesbllison of the micro-fractures and
some quartz cement filling in fractures indicatatthhe focused fluid flow on
fractures also represent partially more open systdaring burial process insX*
sandstone andsX* sandstone (Fig. 15F, Fig. 25) (Zhang, 2005; Z2040; Luo,2015;
Bjarlykke and Jahren, 2012).
5.5.2 Controlling factor s on the diagenetic (geochemical) system

The deltaic setting and subsequent uplift and dgreent of an unconformity
controlled the early digenetic history of the sdaadss when at shallow burial depth.
Subsequent deep burial depth and tectonism dravealitigenetic alterations in the
tight sandstone diagenesis system, because theleeted diagenetic alterations by
increasing the formation pressure and paleotemperadand produced abundant
fractures (Fig. 23, Fig. 24).
5.2.3 Impactson thereservoir quality of diagenetic (geochemical) system

Diagenetic modifications alter the types, amourtt distribution of pore spaces,
creating smaller and more disconnected pores (Lal.e2018a; Lai et al., 2018b).
The diagenetic reactions, particularly the dissolytgenerally result in significant
changes in the sediment composition (e.§. Mg** and slica) (Fig. 12,Fig. 13, Fig.
21,Fig. 22) and formation of secondary pores indpen diagenetic (geochemical)

system during near-surface , eodiagenesis and eady mesodiagenesis stage (Fig.
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16, Fig. 17, Fig. 23, Fig. 24, Fig. 25A-B).. Besid¢he Bx* sandstone has ever

experienced a more open geochemical system thdrs@ndstone at the eodiagenesis
and early mesodiagenesis (Fig. 25A, B). Therefitre T:x* sandstone produced more

early calcite cements, kaolinite and secondarytran Ex* sandstone in the open

diagenetic system at eodiagenesis and early megoiais (Fig. 15, Fig.17, Table 1,

Table 2).

When the geotemperature is above 120‘d#tat determined by burial depth,

the early kaolinite released by the feldspar digsmh can translated into the illite
with the K" from the K-feldspar dissolution (R1land R2), whitdm merge into one
reaction (R3)(Chuhan et al., 2000; Zhang, 2011# litde amount of residual acids at
eodiagenesis stage can trigger the illitization Kofeldspar (R3). Hence, the
illitization of K-feldspar were controlled by theelative ratio of K-feldspar to
kaolinite in closed geochemical system (Chuhan Bjadykke, 2000; Huang et al.,
2009). The reaction for illitization of K-feldsp@R3) will produce 10.7% secondary
space volume (Huang et al.,2009).

2KAISi30s (K-feldspan +2H"+H,0=Al,Si,05(OH), (kaolinite) +4Si0+2K*  (R1)
3A1,51,05(0H), (kaolinite) + 2K'= 2KAl5Si0:o(OH), (illite ) + 2H" + 3H0  (R2)

KAISi;0Og (K-feldspapn + Al,Si,Os(OH), (kaolinite) = KAI3SisO10(0OH), Cillite )
+2SiO+ H,O (R3)

The ratio of kaolinite to K-feldspar in thexd sandstonexceeded 1, so almost
all the K-feldspar and part of kaolinite had tratedt into illite (Table 3). Whereas,
the ratio of kaolinite to K-feldspar in thes® was less than 1, so almost all the
kaolinite and part of K-feldspar had translatedoiitite (Table 2) (Chuhan and
Bjerlykke, 2000). Consequently, the illitization of K-feldsp (R3) in the Ix*

sandstone produced more secondary pores thars@andstone in closed geochemical

system during mesodiagenesis (Fig. 25).
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The strong mechanical and chemical compaction gpresdissolution) of the
Tax? and Bx* tight sandstone destroyed most of the primary aed some
secondary pores (Fig. 4, Fig. 25A-B). The earlyosdary pore formed in open
system may be destroyed by subsequent compactawever, the associate kaolinite,
which was generally formed by early feldspar diggoh in open system, will
determine the late effective secondary pores bjyuenting late illitization of
K-feldspar (R3) at mesodiagenesis (Fig. 25). Tlmesf the average secondary
thin-section porosity of F* sandstone (av.3.49) is obviously higher thag?®T
sandstone (av.0.79%) (Fig. 4). The average prinpamosity of Bx® sandstone
(av.1.09%) is higher than thex sandstone(av.0.58%), because grain-coating clay
minerals (chlorite rim and illite coating) o&%° sandstone help to preserve porosity at
depth by retarding compaction in the relativelyseld system (Fig.111,K,Fig. 25)(Luo
et al.,2019). However, the pore space was domiragesecondary dissolution pores
in the Tex* sandstone andsX* sandstone, and both core porosity and permeability
Tax* sandstone are therefore obviously higher than té Jandstone (Fig. 18, Fig.
25). The late diagenesis (late carbonate and quartentation) of thesk*and Tx*
sandstone, which were related to the dissolutiod precipitation, produce no
significant change of composition and porosity gary closed system at the late
diagenetic stage. Therefore, the diagenetic cheniatits and evolution of diagenetic
systems can be used to predict about the resequality based on the burial history,
tectonic activities and certain primary sedimentposition related to delta facies
and provenance (Fig. 25A-B).

6. Conclusions
This study of the upper Triassic Xujiahe Formationthe Western Sichuan

foreland basin, China, yields important clues altbatdiagenetic characteristics, size,
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evolution and controlling factors of the diagenegtieochemical) system and their
impacts on reservoir quality in the tight deltaamdstone, including the following:

1. Tight deltaic sandstones have undergone a gignifand complicated series
of diagenetic modification.

2. The strong compaction and carbonate cementatsiroyed almost all the
primary pores. The feldspar dissolution was thetnmportant source of pore space
in the Tex*and Tex* sandstones.

3. The Bx*sandstone with significant loss of KMg?* and silica experienced a
more open diagenetic (geochemical) system tharTikesandstone at near-surface,
eodiagensis and early mesodiagenesis stage.

4. The Bx* sandstone produced more early calcite cements,inkaoland
secondary pores thanXf sandstone in the open diagenetic system at eouiaige
and early mesodiagenesis (Fig. 4, Fig.16, Tableable 2).

5. Both the Tx* and Tx* sandstone represent nearly closed diagenetic
(geochemical) system during middle-late mesodiagjsndhe late dissolution and
illitization of K-feldspar, which was controlled bthe parent composition (e.g.
K-feldspar) and diagenesis in early open systerg. (eemaining kaolinite, K
K-feldspar and acids), was the main pore sourcéserclosed system.
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Table 1. Petrological composition of thes® and Tx* sandstones in the studied area

Stratum| Quartz, % Feldspar, Rock fragment, % Carbonate cement, 9 Quartz
7 par, /USedimentary rock, % | metamorphic rock, % | Volcanic rock, % | Total, % Calcite Dolomite | cement, %
25.0-70.0 | 0.5-4.0 25.0-75.0
Tax* 29.1 4 3.3 N . . 0.94
# 57.1 21 8 40.8 4.97 0.95
63.3—-80.0| 3.0-13.0 17.0-30.0
2 . .0 1.7 = . . 2.1
TaX 20.0 8.3 10.0 10 1 7 3.72 2.96 6

Minimum-Maximum
Average




Table 2. Mineral contents in the;X? sandstones (XRD)

well Strata Depth(m) Whole rock(% Clav mineral(%
Clay Quart: K-feldspa plagioclas Calcite Dolomite Illite /S C/s S/ Smectitt Kaolinite Chlorite

X11 T2 4755.72 4. 85.2 0 8.4 0.€ 0 85 0 0 0 0 0 15
X11 Tax? 4756.84 12.t 70.2 0 13.2 0 0.4 82 0 0 0 0 0 18
X11 Tax? 4757.77 8 73.¢ 0 16.¢ 0 1.2 74 0 0 0 0 0 26
X11 Tax? 4759.93 7.€ 77.4 0 12.2 0 75 0 0 0 0 0 25
X11 Tax? 4762.66 4.4 83.7 0 11t 0 0.4 67 0 0 0 0 0 33
X11 Tax? 4764.82 0.c 90.2 0 8. 0 0 77 0 0 0 0 0 23
X11 Tax? 4766.62 0.01 90.2 0 9.7 0 0 73 0 0 0 0 0 27
X11 Tax? 4768.30 34 88.4 0 7. 0 0.7 73 0 0 0 0 0 27
X10 Tax? 4847.63 6.4 92.1 0 0 0.4 1.1 67 0 0 0 0 0 33
X10 Tax? 4850.16 5.2 68.¢ 4.5 21.¢ 0 0.4 70 0 0 0 0 0 30
X10 Tax? 4851.34 7.1 80.2 34 2 0 1 71 0 0 0 0 0 29
X10 Tax? 4853.56 9.7 74.2 0 134 0 2.7 73 0 0 0 0 0 27
X10 Tax? 4855.15 2.8 80.¢ 3.t 10.¢ 0 3 73 0 0 0 0 0 27
X10 Tax? 4880.24 0.01 96.7 2 K] 0 0 17 34 0 0 0 0 49
X10 Tax? 4924.32 2.7 73.7 8 154 0 0.2 24 0 0 0 0 0 76
X10 Tax? 4927.08 3.1 69.7 11.€ 15.¢ 0 0 21 0 0 0 0 0 79
X10 Tax? 4927.83 2.7 70.1 13.2 13.€ 0 K] 24 0 0 0 0 0 76
X10 Tax? 4929.74 5 71z 10.¢ 12.¢ 0 0.2 11 0 0 0 0 0 89
X10 Tax? 4930.19 2.8 76.2 14.1 7.2 0 0.1 20 0 0 0 0 0 80
X10 Tax? 4932.65 3 75.2 10.2 11.2 0 0.2 27 7 0 0 0 0 66
X10 Tax? 4936.12 3.€ 75.¢ K] 11.4 0 0 23 0 0 0 0 0 77
X10 Tax? 4937.00 1. 75.¢ 7.6 14.1 0.1 0.2 21 0 0 0 0 0 79
X11 Tax? 5018.02 7.t 68.€ 10.1 13.€ 0 0.2 26 0 0 0 0 0 74
X11 Tax? 5020.30 8.€ 72 8.1 11.2 0 0 24 0 0 0 0 0 76
X11 Tax? 5021.53 9.€ 67.7 6.5 15t 0.2 0.4 27 0 0 0 0 0 73
X11 Tax? 5022.52 5.8 80.€ 2.t 10.2 0.4 0.4 25 0 0 0 0 0 75
X11 Tax? 5064.68 6.2 78.2 8 7.1 0.1 3 36 0 0 0 0 0 64
X11 Tax? 5067.14 4. 75 7.2 11.1 0.1 0 29 0 0 0 0 0 71
X11 Tax? 5070.01 4.4 76.1 10.t 8 0.6 0.2 43 0 0 0 0 0 57
X11 Tax? 5072.84 2.6 81 5 10.€ 0.2 0.2 45 0 0 0 0 0 55
X11 Tax? 5075.64 1.2 76.5 6.€ 15.2 0.2 0 48 0 0 0 0 0 52
X11 Tax? 5078.00 7.€ 74.1 4.t 12.2 0.7 48 0 0 0 0 0 52

Average 4.€ 77.€ 5.2 11.2 0.2 £ 46.¢ 1.2 0 0 0 0 51.¢




Table 3. Mineral contents in thesX* sandstones (XRD)

Wwell Strata Depth(m) Whole rock (% Clav mineral (%
Clay minere ___Quart: K-feldspa pladioclas Calcite Dolomite lllite /S ClIs S/ Smectitt Kaolinite Chilorite
X11 Tax* 3466.57 4.t 92.: 0 0 3.2 0 5& 0 0 0 0 27 18
X11 Tax? 3468.31 4. 94.2 0 0 0.7 0.1 48 0 0 0 0 2€ 2E
X11 Tax* 3470.64 11.1 88.2 0 0 0.7 0 41 0 0 0 0 24 3t
X11 Tax? 3472.00 11.2 88.2 0 0 0 0. 44 0 0 0 0 17 3¢
X11 Tax* 3474.12 124 86.1 0 1 0.2 0.2 41 12 0 0 0 32 15
X11 Tax* 3475.67 1.€ 96.5 0 0 1.6 0 58 0 0 0 0 0 42
X11 Tax* 3476.84 34 93.4 0 0.7 2 0.2 6€ 0 0 0 0 0 34
X11 Tax* 3478.90 7 91.c 0 0 0.8 2 58 0 0 0 0 1€ 2€
X11 Tax* 3481.05 6 93.€ 0 0 2 0.1 18 0 0 0 0 0 82
X11 Tax* 3481.66 16.1 83.4 0 0 2 0.2 5t 0 0 0 0 0 4t
X11 Tax* 3575.31 0 55.5 0 0 35.2 9.2 54 0 0 0 0 0 4€
X11 Tax* 3579.55 0 61.€ 0 0 26.2 12.1 73 0 0 0 0 0 27
CX56¢ Tax* 3402.10 6.€ 89.2 0 0 1.8 2.1 63 0 0 0 0 22 15
CX56¢ Tax? 3403.45 1kt 96.7 0 0 2 0.t 3¢ 0 0 0 0 5C 11
CX56¢ Tax* 3404.10 7.8 90.€ 0 0 1.4 0.7 31 1C 0 0 0 3¢ 2C
CX56¢ Tax? 3405.03 6.4 90.2 0 0 1.7 1.€ 44 0 0 0 0 4C 1€
CX56¢ Tax* 3406.22 9.7 88.€ 0 0 0.¢ 0.8 22 2C 0 0 0 43 15
CX56¢ Tax* 3406.77 7.1 89.€ 0 0 2.4 0.¢ 37 5 0 0 0 3¢ 1¢
CX56¢ Tax* 3408.59 5.1 92 0 0 2.2 0.7 28 18 0 0 0 3t 1¢
CX56¢ Tax* 3410.71 6.5 92.f 0 0 0.€ 0.4 53 0 0 0 0 2t 22
CX56¢ Tax? 3412.35 2.2 96.¢ 0 0 0.t 0.t 51 0 0 0 0 37 12
CX56¢ Tax* 3414.23 5.¢ 93.1 0 0 0.€ 0.4 52 0 0 0 0 3€ 12
CX56¢ Tax* 3422.85 6.1 90.1 0 0 3.t 2 3¢ 0 0 0 0 3C 31
CX56¢ Tax? 3424.87 5.1 93.2 0 0 0.8 0.8 53 0 0 0 0 27 2C
CX56¢ Tax* 3426.10 7.8 90.¢ 0 0 1. 0.4 3€ 0 0 0 0 1€ 48
CX56¢ Tax* 3428.36 2 67.5 0 0 19.2 112 53 0 0 0 0 0 47
CX56¢ Tax* 3469.00 5 79.7 0 0 11.¢ 34 43 0 0 0 0 32 2t
CX56¢ Tax* 3481.10 6.€ 43.2 0 0 26.5 23t 22 0 0 0 0 72 6
CX56¢ Tax* 3546.66 10.2 84.¢ 0 0 2.€ 2.1 2€ 0 0 0 0 57 17
CX56¢ Tax* 3713.17 7. 80.5 0 0 9.7 2 27 0 0 0 0 58 15
CX56¢ Tax* 3714.05 4.€ 83 0 0 10 24 31 0 0 0 0 54 15
CX56¢ Tax* 3715.00 3.6 90.7 0 0 4.t 1 17 6 0 0 0 5t 22
CX56¢ Tax* 3721.37 0.20 47 0 0 40.2 12.2 41 8 0 0 0 3C 21
Average 5.¢ 84.7 0 0 6.€ 2.€ 43 2.4 0 0 0 28.t 26.1




Table 4 Electron probe characteristics of carbonate ceméhin the Xujiahe sandstones of Xinchang struatoelt

Oxide content(%) molar fraction (%)

Stratigraphy Type of cement Samples
MgO CaO FeO MgCO3 CaCos3 FeCO3
The second member Dolomite cement 8.87 29.76 12.60 25.67 62.60 20.86 10
The second member Calcite cement 0.67 53.26 1.49 67 1. 95.73 2.09 5
The fourth member Calcite cement 0.23 54.00 1.05 570. 97.74 1.48 25
Total 2.44 47.85 3.99 6.98 88.70 6.40 40




Table 5. Types and isotopic features of carbonate censmtsragments n thest* sandstone in Xinchang structural belt , Westech&in Basin.

Well Deptt (m) Carbonate minere Types of occurrent 3"*Cope (%0) 5" 0ppe (%o0)
FG21 3516.7: Calcite cemet Theprimary por: 1.8t -10.0¢
CG561 3699.75 Calcite cement The primary pore 0.24 -8.75
CF563 3744.21 Calcite cement The primary pore 2.46 -5.51
FG21 3749.58 Calcite cement The primary pore 1.07 8.24-
FG21 3764.75 Calcite cement The primary pore 1.27 6.86-
FG21 3772.23 Calcite cement The primary pore 2.15 6.03
FG21 3776.7 Calcite cement The primary pore 2.55 754
CF563 3778.17 Calcite cement The primary pore 231 -7.3
FG21 3778.7 Calcite cement The primary pore 1.53 41-6
FG23 3869.14 Calcite cement The primary pore -0.13 -9.92
XC22 3403.6 Calcite cement The secondary pore -2.85 -18.61
CX568 3404.1 Calcite cement The secondary pore 2-1.3 -13.61
CX568 3406.77 Calcite cement The secondary pore 2 -1 -13.61
XC22 3412.08 Calcite cement The secondary pore 9-2.9 -17.89
CX568 3426.1 Calcite cement The secondary pore 6-0.7 -13.49
X11 3466.565 Calcite cement The secondary pore 7-3.4 -15.03
X11 3470.635 Calcite cement The secondary pore 3-2.9 -14.44
X11 3475.67 Calcite cement The secondary pore -3.61 -15.23
X11 3476.835 Calcite cement The secondary pore 1-2.3 -13.97
X11 3478.9 Calcite cement The secondary pore -3.19 -14.59
X11 3481.05 Calcite cement The secondary pore -2.44 -13.71
XC26 3481.81 Calcite cement The secondary pore 5-1.7 -17.4
XC26 3483.48 Calcite cement The secondary pore 0.1 -10.77
XC26 3484.37 Calcite cement The secondary pore 8-0.0 -14.68
CF563 3511.77 Calcite cement The secondary pore 67 -4. -19.71
CX560 3514.175 Calcite cement The secondary pore A46-1 -14.06
CX565 3547.62 Calcite cement The secondary pore 51-3. -15.29
CX565 3548.17 Calcite cement The secondary pore 99-2. -14.58
CX565 3549.33 Calcite cement The secondary pore 75-2. -14.65



CX565
XC29
XC29

CX565
XC27
XC27

CG561

CF563

CG561

CX568

CX568
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CX568
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FG21
FG21
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3628.47
3629.75
3642.44
3661.82
3661.82
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3873.93
4007.19
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3721.37
3767.45
4018.12
3410.71
3414.23
3873.93
3685.68
3744.21
3767.45
3775.6
3775.6
3776.7
3428.36
3481.1
3546.66
3579.55

Calcite cement
Calcite cement
Calcite cement
Calcite cement
Calcite cement
Calcite cement
Calcite cement
Calcite cement
Calcite cement
Calcite
carbonate
carbonate
carbonate
Dolomite cement
Dolomite cement
Dolomite cement
Domlomite
Domlomite
Domlomite
Domlomite
Domlomite
Domlomite
Domlomite
Domlomite
Domlomite
Domlomite

The secondary pore
The secondary pore
The secondary pore
The secondary pore
The secondary pore
The secondary pore
The secondary pore
The secondary pore
The secondary pore
Rock fragment
Rock fragment
Rock fragment
Rock fragment
The secondary pore
The secondary pore
The secondary pore
Rock fragment
Rock fragment
Rock fragment
Rock fragment
Rock fragment
Rock fragment
Rock fragment
Rock fragment
Rock fragment
Rock fragment

97-2.
7-3.3
1-3.3

43-5.
3-4.6
2-3.4

-5.18

507
92 -1.
1.92
1.35
1.63
1.85
.97-0
.81-0
97 1.
1.33
211
2.01
1.53
2.22
2.13
1.46
1.89
1.72
1.5

-14.59
-13.71
-12.87
-16.55
-14.99
-12.64

-18.93

-15.42
-13.24
71
-9.74
-4.81
-7.75
-13.32
-12.91
-10.94
-9.23
-5.64
-5.56
-5.99
-4.87
-5.45
-8.44
7.8
7.6
-6.78




Table 6.Types and isotopic features of carbonate cememtsragments, n the T3sandstone in Xinchang structural belt, Westerhi&io Basin.

Well Depth (m) Carbonate minerals Types of occurrence 3"Cpps (%o) 8% 0ppe (%0) Temp(C)
XC12 4819.4! Calcite cemet Theresidual primary pore arsecondary po -0.0€ -16.6¢ 117.5
GM2 4992.3 Calcite cement The residual primary @or@ secondary pore -1.33 -16.09 113.3
GM4 5114.9° Calcite cemet Theresidual primary pore arsecondary po 0.0% -12.6¢ 88.2
XC8 5175.3 Calcite cemel The residual primary pore and secondary -0.11 -12.47 87.1
XC7 5287.98 Calcite cement The residual primaregord secondary pore 0.99 -12.98 90.6
XC7 5291.3¢ Calcite cemet The residual primary pore and secondary 1.1¢ -13.4¢ 93.¢
X11 4755.7. Calcite cemel The residual primary pore and secondary 0.0t -12.5¢ 87.7

CG561 4997.72 Calcite cement The residual primarg pnd secondary pore 1.7 -16.36 115.3
X11 5070.0: Calcite cemet The residual primary pore and secondary -1.28 -16.6¢4 117.5
X11 5075.6¢ Calcite cemel The residual primary pore and secondary -0.3¢ -10.8¢ 76.£
GM2 4711.55 Dolomite cement The secondary pore 0.53 -12 83.9
XC8 5009.2¢ Dolomite cemer The secondary pc 2.1¢ -12.17 85.C
GM2 5118.9¢ Dolomite cemer The secondary pc 3.6¢ -9.71 69.2
DY1 5323.87 Dolomite cement The secondary pore 1.86 -15.17 106.4
X11 4757.76! Dolomite cemer The secondary pc 0.4z -9.97 70.t
X10 4851.3¢ Dolomite cemer The secondary pc -0.3¢ -12.8i 89.¢
X10 4853.56 Dolomite cement The secondary pore 2.5 -12.76 89.1
X10 4855.1! Dolomite cemer The secondary pc 1.6¢ -13.5¢ 94.¢
GM4 4889.0¢ Dolomitecemen The secondary pc -1.81 -12.7% 89.1
X10 4924.32 Dolomite cement The secondary pore 4.97 -13.83 96.6
X10 4927.8: Dolomite cemer The secondary pc 8.7 -9.5¢ 67.¢
X10 4932.6! Dolomite cemer The secondary pc -0.04 -14.3¢ 100.¢
X10 4937 Dolomite cement The secondary pore 2.44 1.94 83.5
X11 5022.5: Dolomite cemer The secondary pc 1.4F -10.2 72.€

CX56¢& 5058.7: Dolomite cemer The secondary pc 0.4 -13.0¢ 91.2
X11 5078 Dolomite cement The secondary pore -0.52 14.47 101.2
DY1 5427 .« Dolomite cemer The secondary pc 2.5¢ -16.6¢ 117.5
XC12 4812.3¢ Domlomite Rock fragmer 6.1¢€ -8.7¢
X10 4847.63 Domlomite Rock fragment 1.25 -3.62

CX56& 5062.0¢ Domlomite Rock fragmer 1.01 -8.81
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Fig. 1. The geographical and structural map showieglocation of the study area
which mainly comprises of the Xinchang structuralt.b(A) Location map showing
the location of Sichuan basin China. (B) The tectonic feature of Sichuan basin
indicates that the Western Sichuan basin forelagldnlg to the Western Sichuan
depression. (C) Structural map of the Western SichHoreland basin showing the
location of the Xinchang structural belt. Green lsvalepresent key wells with

hydrocarbon show.



| Stratigraph ThicknessDepth| _ . Depositional facies s ks ksl Seal rock
[Erathem| System|SeriesFormationMember| Code|  (m) (m) | Lithology| gypefacies Facies ource rocks | Reservoirrocks| Sealrocks
=
= o Braid-river
= T.x° w delta plain
@ 3 =
= =
= -
f Braid-river
: o delta front
S | Tx* v
2 0
= 9 "
= 9 Lacustrine|
delta,
fluvial
2 | e
= = )
N « B =
© b4 @ <
7 = o=
) t» = = ]
= =R x| Z g
f. T 3 o~
@ 3X &
= Q
= ~
Fluvial
delta plain
=
s
S oo 8
w |Tx w Mari
© Py arine A
= g delta front [Marine-
= continental
.E Rl .
) @ Marine
§ E Tat predelta, s
° o |(Tx' shallow sea Marine
: | 2 ()
# =
|
Black gray mudstone Coal seam Dark gray silty mudstone Gray fine sandstone Gray medium sandstone

Fig. 2. Stratigraphic column of the Western Sichukepression showing that the

Xujiahe Formation sandstoneibbreviations: x> = The second member of the

Xujiahe Formation; 3x3= The third member of the Xujiahe FormationxT=The

fourth member of the Xujiahe FormationsxT=The fifth member of the Xujiahe

Formation. Bx'= The Xiaotangzi and Maantang Formations,
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Fig. 3. Ternary plots showing grain compositiorsahdstones fromsX* sandstone (A)
and Tx* sandstone (B) (refer to sandstone classificatiamdstrd of Folk et al.,

1980)
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Custom 20.00 kv 9.2 mm

e comaction characteristics in thg Tand 4 sandstos.A) Optical
photomicrographs of thin section (XPL) showing tieformation of mica (MC) and
plastic rock fragments (PRF), pseudomatrix from mnotfaclasts. Well XC27,
3589.91m, T3X (B) Optical photomicrographs of thin section (YRihowing the
deformation of mica (MC).well DY1,4197.63mgxf".(C) Optical photomicrographs
of thin section (XPL) showing the long (LC) and came—convex contacts(CC)

between quartz—quartz grains. Well XC15, 4950.7mx>T (D) Optical
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photomicrographs of thin section (XPL) showing ttencave—convex (CC) and
sutured contacts (SC) between quartz—quartz gnahXC12, 4828.44m, > (E)
SEM image showing the pseudomatrix formed by thierdeation of plastic rock
fragments. well DY1,5320.05m,s%.(F) SEM image showing the deformation of

mica (MC).well XC31,3741.77m,sx".
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Fig. 5. The carbonate cement characteristics ifT$k& (A) Optical photomicrograph
(PPL) showing the calcite (Ca) filling in the irgeanular pores, QD-detrital quartz,
Well GM2,4722.33m,3x? (B) BSE image showing dolomite (ankerite) cement (An)
filling the intergranular pores, well GM2, 4822.0x>. (C) SEM image showing
the euhedral dolomite(ankerite) (An) filling thetregranular dissolved pores, well
X201, 4820.6m, x°. (D) SEM image showing calcite(Ca) replacing filelspar

with the dissolution(FD),well GM4,4887.85mxXF.(E) SEM image showing calcite
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replacing the rock fragments companying with thesdiution(RD), GM4,4887.85m,
T2x°.(F) SEM image showing authigenic dolomite(ankgriten) and quartz(QA)
replacing feldspar and filling the dissolved pofefeldspar, which suggest calcite
and quartz cement are related with the feldsparsotlison(FD). well

GM3,4922.21m, x>



Fig. 6. The carbonate cement characteristics inTthé sandstones: (A) Optical
photomicrograph (PPL) showing basal calcite cenf€al filling the intergranular
pores, well XC15, 3636.57m,s%". (B) Cathodoluminoscope image showing two
generation of calcite: saffron yellow micro-crystalcites filling the primary pores
represent the first generation (FG), the orangecaddite cements filling residual
primary pore and secondary pores as partially cephent of some detrital grains,

represent the second generation (SG).well X5, 3@m, Tx*. (C) BSE image
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showing calcite (Ca) filling in the intergranulaorgs, well XC30,3503.53m,%".
(D) BSE image showing authigenic euhedral dolor(atgerite) (An) filling in the
intergranular dissolved pores that formed by digswmh of carbonate rock fragments,
well FG21, 3758.6m, &*.(E) Optical photomicrograph (PPL) showing calda)
replacing the feldspar with the dissolution(FD), llw&5,3598.59m,Bx.(F).
Cathodoluminoscope image responding to the (E) shbw saffron yellow calcite
cements (Ca) replacing the blue feldspar, and tiagranular dissolved pores

caused by the feldspar dissolution (FD). well X8359m, Bx".
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Fig. 7. Thes'®0-6"°C diagram of various carbonate cement within thelstones of

the Tex* (A) and Tex? (B) of the Xujiahe Formation.
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Fig. 8. The quartz cement characteristics in tge’ Bnd Tx* sandstones.(A) The
optical  photomicrograph  of thin section (PPL) shaogvi quartz
overgrowth(QA),which occur near the pressure diggm(PD),QD- detrital quartz.
well DY1,5341m, Bx? . (B) The optical photomicrograph of thin sectitPL)
showing quartz overgrowth (QA), QD-detrital quamzll XC25,3775.25m, ¥*. (C)
SEM image showing quartz overgrowth (QA), QD- datri quartz. Well
X201,4917m, B2(D) SEM image showing isolated pore-filling authmic quartz
crystal (PQA).,well X203,4912.27m,s%.(E) SEM image showing the isolated
authigenic quartz crystals (PQA) and illite(l) ifih the intergranular pores,well
CX568,3412.35m, ¥*. (F) SEM image showing the quartz overgrowth(QA)lw
DY1,4196.24m, I*.(G) SEM image showing the authigenic quartz initigcthe
isolated pore-filling quartz crystal(PQA) and quanvergrowth(QA), both of which

were partly replaced by the illite(l).well GM3,378 Tx*.(H) SEM image
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showing the isolated pore-filling authigenic qua(BQA),albite(Alb) and illite(l)
filling in the dissolved pores which were formed the feldspar dissolution(FD).
Well X201,4917.0m, 32 () SEM image showing the quartz overgrowth(QAgarc

together with the pressure dissolution(PD).well GAF36m, Bx%
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Fig. 11. The clay minerals characteristics in thg°Tand &x* sandstones.(A) The
optical photomicrograph of thin section (PPL) shagvauthigenic illite (I) occurring
as netted aggregates filled in intragranular dissbbores., which is related with the
feldspar dissolution(FD). well X10,4884.53myx™.(B) SEM image showing illite(l)

replaced the rock fragments,which is related witlockr fragments
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dissolution(RD).well GM2,4714.69m, 5. (C) SEM image showing non-netted
aggregates illite related with the illitization watix. well GM2,4714.69m, . (D)
The optical photomicrograph of thin section (PPhpwing authigenic illite(l)
occurring as grain-coatings. well XC27,3670.64rx*1E) SEM image showing the
filamentous(netted aggregates) illite filling in ethdissolved pore of rock
fragments.3787.4m.Tsx*. (F) The optical photomicrograph (PPL) showing
authigenic illite occurring as netted aggregatksdiin intragranular dissolved pores
of feldspar.well X5,3673.47m,sX"*.(G) The optical photomicrograph (PPL) showing
the the chlorite rim(Ch) occurring as grain-coatingll CG561,4992.9m, 3k%.(H)
SEM image showing the chlorite rim(Ch) as the gi@ating.well DY1,5530.86m,
Tax%. ()SEM image showing the chlorite rim(Ch) as grain-coating accompanied
by authigenetic quartz (QA) filling intergranulaones well GM2,5038.9m, 3X%. (J)
SEM image showing chlorite (Ch) filling in the ddged pore formed by the rock
volcanic fragments dissolution (RD).well GM2,49%h8) Tsx* . (K) SEM image
showing the pore-filling chlorite. well GM4, 378&rh, Tx° (L) SEM image
showing pseudohexagonal kaolinite occurring as \@rfar or booklet-like
aggregates. well FG21,3755.49mgxT(M) The optical photomicrograph (PPL)
showing kaolinite(K) formed by the feldspar dissmao(FD). Well
CX565,3549.53m, &*.(N) SEM image showing booklet-like pseudohexagonal
kaolinite(K) which partly transformed into the fiteentous illite(l).well
XC23,3570m, I*.(0) SEM image shows the flaky smectite transfogminto

filamentous illite(l) ,(S-1)-mixed layer I/S. weK5,3600.99m, 3x*.
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Fig. 12. Vertical variation of the content of typianajor elements, feldspar and clay
minerals in the 3x* sandstones. The content of kaolinite, chlorite ilitel represent

relative content in clay minerals.
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Fig. 13. Vertical variation of the content of typianajor elements, feldspar and clay

minerals in the 3x* sandstones. The content of kaolinite, chlorite ilitel represent
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Fig. 14. The scatter diagram of Ro —depth and kaetldepth in the Xujiahe
Formation of well CX565 (Based on Zhang, 2011). The Ro —depth scatter
diagram of the well CX565 show an outlier of the &ast in the top of the 5k*. (a)

and (b) indicate that the depth of outlier of Raresponds to the developmental
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zone of kaolinite.
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Fig. 15. The dissolution characteristics of feldspad rock fragments in the T3X2
and Tx* sandstones. (A) Optical photomicrographs of théntisn(PPL) showing
the feldspar partly dissolved.well GM4,3788.92m, x*I(B)  Optical

photomicrographs of thin section(PPL) showing thelddpar completely
dissolved.well xc15,3625.28m, :4*.(C) SEM image showing feldspar partly
dissolved. well GM3,4079.48m, s%*.(D) SEM image showing the illite (I)

companying the rock fragment dissolution (FD).wélM4,4888.77m, 3x°(E) )
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12

SEM image showing the illite (I) companying the kofragment dissolution
(FD).well gm4,4087.11m, k*.(F) Optical photomicrographs of thin section(PPL)
showing the dissolved pore related with the entirgdissolution of the

micro-fractures.wellXC15,3962.66mgx".
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Fig. 16. Distribution characteristic of the secanydgores within the Xujiahe
Formation sandstones reservoir of study area (Zhabil). (A) ,(B) ,(C) and (D)
show that most of secondary pores usually occlirréide top of the 3*, and some

others in the bottom of the;®* and the middle-upper part o§<.
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8

M Primary pore " Secondary pore Number of samples:100
4 ™ Fracture W Total porosity 3.81
3| Number of samples:100

2.27

Thin-section porosity (%)

1 T,x’sandstone T,x*sandstone
2 Fig. 17. Thin-section porosity of different type$ pore in the ¥x* and &x*

3 sandstone.
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Fig. 18. Core porosity versus depth and core pdbitiigaversus depth profiles of the
Tsx? sandstones (A) ands® sandstones (B) in the Xinchang structural belt.
Porosity values and permeability values of P10 (16Paeservoir has porosity
greater than this value), P50(median) values wemrdculated for each

0.2-km(0.124-mi)depth interval from starting depfrd.2km(T:x?) and 3.0km(%x?)

respectively.
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Fig. 19. Cross plot 06'®0pps values of the authigenic calcite (A) and dolomite

cements(B) within the 3’ sandstones in the Xinchang structural belt in éoyitiim
with waterd*®Osmow) values (-15%o, -10%o, -5%o, 0%o, +5%o, +10%o, +15%o, +2%o
as a function of precipitation temperature (Friedraad O'Neil, 1977)he contours
(SMOW) represent oxygen isotopic composition olboaate balanced fluids. The
8"%0 water (svow) values of carbonate balanced fluids within the*Bandstones
originate from the Liu et al., 2014a,b and ShemaleR010.The green shapes were
bounded by the authigenic carbonate cements andil8@ qer (SMOW) values of

carbonate balanced fluids.
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Fig. 20. Cross plot 06'®0pps values of the authigenic calcite (A) and dolomite
cements(B) within the 3? sandstones in the Xinchang structural belt in éoyitiim
with waterd*®Osmow) values (-15%o, -10%o, -5%o, 0%o, +5%o, +10%o, +15%o, +2%o
as a function of precipitation temperature (Friedraad O'Neil, 1977)he contours
(SMOW) represent oxygen isotopic composition olboaate balanced fluids. The
"0 water (smow) values of carbonate balanced fluids within the®Bandstones
originate from the Liu et al., 2014a,b and ShealgR010. The green shapes were
bounded by the authigenic carbonate cements andil8@ qer (SMOW) values of

carbonate balanced fluids.
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Fig. 21. Scatter diagram between the mineral cdrtett major elements abundances
in the in the Tx*sandstones. The mineral content were measurecebyRID (data
from the table 1 and Fig.12).The major elementxdbaces were measured by the

XRF (data from table 6 and Fig.12).
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Fig. 22. Scatter diagram between the mineral cdrtett major elements abundances
in the in the Tx*sandstones. The mineral content were measurecebyRID (data
from the table 2 and Fig.13).The major elementxdbaces were measured by the

XRF (data from table 7 and Fig.13).
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Fig. 23. Burial, thermal, diagenetic history ancbletion of porosity in the 3*
sandstoneThe paragenetic sequence showing the relative gimind strength of the
diagenesis based on petrographic relationshipgjed&tic characters and fluid
inclusion. Burial and thermal history, porosity &umn and the characteristics of
fractures were presented on the basis of previtugies (Zhang,2005; Zeng,2010;

Luo ,2015).
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Fig. 24. Burial, thermal, diagenetic history ancbletion of porosity in the 3*
sandstoneThe paragenetic sequence showing the relative gimind strength of the
diagenetic alterations relying on petrographic trefeships, diagenetic characters
and fluid inclusion. Burial and thermal history, rpsity evolution and the
characteristics of fractures were presented on liaeis of previous studies

(Zhang,2005; Zeng,2010; Luo ,2015).

30



Period T, | 5, | L | K, ‘ K, | E | N ((A)

Age (Ma) 220 200 180 160 140 120 100 80 60 40 20 0 .

0 T,x

Diagenetic stages Eodiagenesis stage \70°C Mesodiagenesis ’
+5—
Open
Diagenetic system 0 ;
Closed 5|
open| moderately open | moderately closed system(partially open with fractures)

Meteoric water
O | ¢Eo

¥ T
()
s >

Yo

g
b O
@ W%e

Lithological
column

o )
(I8 <g

A

e
@

Y g TGN

'{; =@ A G g

Little

9

n
.
i
'
.
.
'
.
FORH e o4 eh e |,
-
.
'
%
.
'
§
.

! The drastic dissolution with mass transfer:

co,” . P Calcite(late)
+
. © Mg* =P Dolomite(late)

Period i \ ], | L I K, [ K, | E | nQ ((B)
Age (Ma) 220 200 180 160 140 120 100 80 60 40 20 o|Tx°
Eodiagenesis F Mesodiagenesis
#5=)
Open
Diagenetic system =
Closed
open | moderately open Closed system(partially open with fractures)

Mg | OH OH OH | Mg"

Marine water

H‘ L] = 3
'+02_ ». ' A si0@Eg) Lite

"i_»‘::m“+

o + OF map Mg + Fet ittle
. s .o ¥
ee + ) Gum - Moderate dissolution '», o
- with little mass transfer - S
11 o> +. = CaCO,(Caloite)
...................... .
'
)| B gt - @Dolomite(laie)) | Moderate,
'
'
| e >
'
7S o® RSN ee : * %
y o? (Sl . . @ (-
quartz  rock Zolcamcrock feldspar ~ quartz pore-filling Z (pore-filling)  authigenic chlorite . i
grain grain g quartz lies authigenic chlorite  rim(coating) smectite secondary pores primary pores
‘ *>
transport direction loite ‘dolomite
1 of dissolution products 22 °'% 2 PTR €S- Carbon-bearing source rock MS-Marine source rock
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3 (A)and Tx? sandstone (B). This model indicates the origiagdnetic relationship,
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1 controlling factors and evolution of diagenetictsys.
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1.Tight deltaic sandstones have undergone obvious changes of geochemical composition

2. Dissolution was main source of pore space in the Tsx? and Tsx4 sandstones

3. The diagenetic systems were open at near-surface, eodiagenesis and early mesodiagenesis
4.Diagenetic systems were nearly closed in middle-late mesodiagenesis except for fractures zone.
5. Open system produced secondary pores and provided kaolinite and K™ for illitization.



