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Abstract: The Permo-Carboniferous sandstones in the Gules, &ohai Bay Basin, are
reservoirs for large accumulations of natural Jd® natural gas accumulations only occur in
the sandstone beds thicker than 1.9m. Moreover, nthg&mum porosity of every bed
correlates positively with bed thickness up to 2&ma for thicker beds porosity is uniform.
Porosity transitional zones developed at the tod aottom of each bed, with mean
thicknesses of 1.25m and 0.75 m, respectively. $tgrehows a positive correlation with the
distance to the sandstone/mudstone contact inotfesz

Interpretations based upon an extensive petrogragid geochemical database indicate
that the sandstones experienced a mass fluid finpoit the adjacent mudstones during the
early diagenesis. The infiltration resulted in esige clay coats and pore-filling cements in
sandstones, which were effective for inhibiting sdisition of grains during subsequent
diagenesis process. The mass introduction onlgtaifiethe marginal parts of the sandstones
within 1.25 m of the top and 0.75m of the bottomewéry bed, causing thin sandstone beds
with thickness of approximately 2m to be tightlyremnted totally. Thus the central parts of
each (thicker) beds became preferential siteshnatural gas accumulation.

The differential levels of cementation in thin ahhitk sandstone beds observed here has



significant implications for exploration of similamterbedded sandstone and shale sequences
elsewhere including shale gas targets.
Keywords. Sandstone diagenesis; Reservoir quality; Diageme#iss transfer; Hydrocarbon
differential filling; Carboniferous-Permian syste@ubei Gas Field; Bohai Bay Basin
1. Introduction

Permo-Carboniferous sandstones are one of the pigectives for deep hydrocarbon
exploration in Bohai Bay Basin (Song et al, 201&any oil and gas deposits with large
reserves, such as Sugiao-Wen’an gas field in Jgepression (Liu et al, 2017), Gubei gas
field in Jiyang Depression (Zhang et al., 2009y &lugu 2 gas field in Linging Depression
(Li et al., 2015) occur in these sandstones. A &gploration issue for these sandstone
reservoirs is that the stacked sandstone bedseoétthta are variably hydrocarbon-bearing
and water-bearing, although the sedimentary settiradl sand beds is similar and petroleum
migration pathways are also similar. The failuréeréor exploration of hydrocarbons in
Permo-Carboniferous sandstones remains high dutheoinaccurate predictions on the
heterogeneity of hydrocarbon distribution. Resenapiality is the most direct factor on
hydrocarbon distribution (Morad et al., 2010; Taydt al.,2010; Lai et al., 2017b; Lai et al.,
2018). Diagenesis, consisting of mechanical compactand chemical dissolution,
precipitation and alteration, progressively altegservoir quality during burial (Dutton et al,
2010; Bjarlykke and Jahren, 2012; Bjarlykke, K.120Yuan et al, 2015; Gluyas & Yuan,
2018).

The Gubei area is one of the main areas in the iBBasin for the exploration of the

Permo-Carboniferous gas play. To date the provéralagas reserves are 68%1f° (Zhang



et al., 2009), however the exploration success iftenly 50% when drilling on valid
closures.

The Permo-Carboniferous sandstone reservoirs angiyub-basin have been studied in
order to understand the controls on gas accumaulafiee objectives of this study were to: (1)
report the heterogeneity characteristic of natgesd distribution and reservoir quality; (2)
investigate the differential diagenesis, reconstdiagenetic and reservoir quality evolution
history of the Permo-Carboniferous sandstones; ai3lyze the links among reservoir
diagenesis, reservoir quality evolution and hydrboa differential filling in temporal scale
and ultimately to develop a model for forecastiegearvoir quality ahead of drilling.

2. Geological Setting

The Gubei area is a NE-dipping buried hill betw&aibei sag and Bonan sag in the east of
Zhanhua Depression, Jiyang Sub-basin (Fig. 1).

From Paleozoic to the Cenozoic, the Gubei areauhdsrgone multiple tectonic events.
The Permo-Carboniferous strata experience thremlbepisodes in the Paleozoic-Middle
Triassic, Jurassic-Middle Cretaceous and Cenorespectively, and two uplift episodes of in
the Late Triassic and Late Cretaceous (Peng e2@L0Q). The uplift movements in the Late
Triassic led to significant erosion of Permo-Caibemous, while the uplift that occurred in
Late Cretaceous did not (Fig.2) (Peng et al., 2010)

Sediments accumulated in the Gubei area compridev@ian carbonate platform deposits
overlain by Permo-Carboniferous transitional matereestrial deposits. Younger strata
included terrestrial clastics, volcaniclastics dadustrine deposits (Fig.3). The boundaries

between Ordovician and Permo-Carboniferous, Pernsad Mesozoic, Mesozoic and



Paleogene are the main regional unconformitieshis trea. The Benxi and Taiyuan
formations of Carboniferous system and the loweihé&h formation of Permian system

include the gas-prone, coal-measured source rackskis the source for coal-formed gas (Lin

et al, 2007; Jiang et al, 2010).
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Fig. 1 (A) Location map of Jiyang Sub-basin in BdBay Basin. The point shown by a yellow squaré wit

red outline is the location of Gubei area. (B) Mslpowing the structural location and main boundary



faults of Gubei area. (C) Enlarged detail of theudst area showing the burial depttoning. (D)
Cross-section (P-P") of the Gubei gas field showtimg various tectonic-structural zones, key straidpic
intervals and the vertical distribution of naturgds.(The distribution of natural gas was modified fram

et al, 2007; Jiang et al, 2010). (E) Seismic sectbCross-section (P-P’) in Figl.D
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burial history of Permo-Carboniferous (Modified fincLiu et al., 2007)
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Fig. 3 Permian-Carboniferous stratigraphy of thel@ugas fieldsshowing the natural gas-bearing beds

and major natural gas system elements (Taken GB@&B&as example wells, the positions of the wells

are shown by red points in Fig.1C). Exp=Example®&8&Show of gas and oil. (Modified from Liu et al.,

2007)

The Permo-Carboniferous strata were significanttpded during the Late Triassic



inversion. They now only partially cover the Gubegea. From the central part of the buried
hill to the northeast and southwest, the residtiata at the top of Permo-Carboniferous

gradually get stratigraphically older. The youngssata (Psh) only remains in small part of

the central area (Fig.4).
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Fig.4 ( A Map showing the residual distribution of differéotmations of Permo-Carboniferous (Liu et al,
2007), (B)Seismic section and (C) connecting-well prafiewing the distribution of the intervals
3. Database and methods

The structure map and seismic sections were prdvigehe Shengli Oilfield Company of
Sinopec China. Basic well data, including well l@gsl indication of oil and gas of key wells,
are used for stratigraphic, lithological and saadybfeature analysis.

Rock composition data for 39 thin section samp®<® measured reservoir porosity and
permeability data, as well as 25 groups of bullkkr&eray diffraction data of whole rock and
clay minerals from 4 wells were analyzed. Well kaas are shown in Fig.1C.

Thirty-two core samples for thin sections were iagmrated with blue epoxy to enable

analysis of mineralogy, diagenesis and visual pty,082 samples for fluid inclusion thin



sections were prepared as thick doubly polishetdosexcof approximately 1Q0n thickness,
and 20 samples were prepared for cathodoluminesceramination. Thin sections were
observed on a Leica DM2500P standard polarizingraatope to identify textures and
mineral composition as well as to characterizeréhationships between different diagenetic
cements and poreA.Leica DFC420C digital camera attached on the osicope was used to
take photomicrographs, and point counting device wsed toquantitatively estimate the
percentage of different rock components such agalejrains, cements and matrix.

Representativessamples were selected for Hitachi TM1000 tabletopnsing electron
microscope (SEM) observation and energy-dispersikay spectroscopy (EDS) detection to
assign the mineral compositions. The petrographamenation of fluid inclusion thin
sections was carried out based on Zeiss AXIO Im&yfen digital polarized fluorescence
microscope, and the micro-thermometry of aqueowdusions was conducted using a
calibrated Linkam. THMS600 gas-flow heating/freggirsystem. The homogenization
temperatures (Th) were obtained by cycling. Th mesaments were determined using a
heating rate of 10C/min when the temperature was lower thafC7@&nd a rate of ®/min
when the temperature exceeded@0The measured temperature precision for Th RC+1
Burial and thermal history were analyzed by 1D medaf the Schlumberger software
PetroMod (V2012.1) based on data from exploratiefisy
4. Results
4.1 Sand body features and the occurrence of ngasa

Based on the basic geological data from exploratetls, statistics for the net to gross

ratio suggest that sand body features vary inr@iffemembers of Permo-Carboniferous. The



ratio of Rk is the largest, ranging from 50.40% to 73.81% wath average of 59.43%,
followed by Bw, Pix, Pis and Gt with an average ratio of 43.24%, 42.56%, 42.028@Q 3%
respectively. The R has the smallest ratio from 11.75% to 49.06% waithaverage of 30.11%
(Fig.5). From updip wells to the wells located devand, the figures of R and Bw remain

stable, while those of other members fluctuate tyrg&ig.5), revealing that the continuity

and lateral extent of sand bodies in these two neesndire the best.
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natural gas layers and the correlation between th&he horizontal variation was demonstrated by the

values of well sites along the structural trendse Tross-well line was shown by white line in Fig.4

The thickness ratio of gas layers to sand layees/efy single formation was calculated. As

shown in Fig.5, the natural gas mainly accumulatethe Bk and Bw members of Permian



where net to gross ratio are relatively high anidoum.

With regard to single sandstone beds, all theigteagthic members of the Permian system
are dominated by thin sandstone beds with thicklesssthan 2 m (accounting for over 40%
of the total layers) (Fig.6A&B). The proportion sédndstone beds thinner than 2 m jk B
the smallest (48%), followed by thewrand Rs (approximately 60%). The,and Rx have
the largest proportion of thin beds (around 70%p.@B). However, all the natural gas
accumulations occur in the sandstone beds witlkriegses over 1.9m. In other words, the

minimum thickness of gas-bearing beds is 1.9 m.¢Ely
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sandstone beds

4.2 Porosity and permeability

The Permian sandstones have a wide range of ppfosm 0.23% to 28.08% (Fig.7A). In
general, the porosity decreases as the burial dapteases from 2500m to 4500m, but an
anomalously high porosity exists in the depth wdés from 3500m to 4500m (Fig.7A). The
Permian reservoir rocks are dominated by sandsteitesporosity less than 10% porosity
(over 90%) (Fig.7 B&C). With regard to the gas-liegrbeds, the porosity varies from 1.5%
to 17% (mainly in the range of 4%-10%), the pernilggbranges from 0.08 mD to 785.97

mD (dominated by 0.1-1mD) (Fig.7 D&E).
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Fig.7 A: Plots showing porosity variation versusptte (well-logging interpretation data); B-C: Chart
showing the porosity of different formations (wWetiging interpretation data); D-E: Chart showingeth

porosity and permeability of hydrocarbon-containsandstone beds (measured data).

With regard to the relationship between the bedktiess and the maximum porosity of
every single bed, all members of Permian show dagimpattern: for beds thinner than about
2.0m, the maximum porosity of single bed has atpescorrelation with the bed thickness,

ranging from 0.31% to 17.88%; while for thicker bethe porosity remains uniform (Fig.8A).



In order to further understanding the essentiakeanf this feature, the porosity variation
within every sandstone bed was analyzed. For tmelstanes with distance to the top
sandstone/mudstone interface less than 1.25 mhanshhdstones with distance to the bottom
sandstone/mudstone interface less than 0.75 mpdhesity varies greatly, and there is a
positive correlation between the distance and piyr¢Sig.8B). However, the sandstones with
distance to top interface over 1.25 m and to thiéoboover 0.75m have a uniform porosity
from 4% to 12% (Fig.8B). This indicates that thexea porosity transitional zone at the top
and bottom of every single bed, the porosity ttamsal zone of the bottom with thickness of
0.75 m is much thinner than that of the top witickhess of 1.25m (Fig. 8C). The total
thickness of the top porosity transitional zone2%i) and the bottom transitional zone
(0.75m) is 2m. It can be found that this value @ettyy matches the threshold value of
porosity in Fig.8A. This illustrates that the patgwariation versus sandstone bed thickness
shown in Fig.8Aperhaps relate to the existence of the porositysitianal zones in every
single bed. Besides, as is shown in Fig.6C, thebgasing sandstone beds are all thicker than
1.9m, which is very close to the threshold valuparfosity in Fig.8A (2m). This indicates that
the differential filling of natural gas in sandsésnmay be related to the existence of the
porosity transitional zones in every single bedval.

It is worth to note that “the marginal sandstonesthe paper refer to the sandstones with
distance to the top sandstone/mudstone interfasetlan 1.25 m and the ones to the bottom
sandstone/mudstone interface less than 0.75 mthenthe central sandstones” in the paper
refer to the sandstones between the top and thtenboharginal sandstone zone. The details

of sandstone samples analyzed in the paper aed listTable.1.
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Table.1 The information of sandstone samples aedlizthe paper

Top depth  Bottom  Distance to Distance to the

Wells Formation Depth,m of the bed, depth of thetop  bottom contact, Sa.n.wple.
classification
m the bed, m contact, m m
B930 Bx 3621.30 3619.88 3627.12 1.42 5.82 Central
B930 Bx 3622.61 3619.88 3627.12 2.73 4.51 Central
B930 Bx 3669.03  3668.04 3677.64 0.99 8.61 Marginal
B930 Bx 3671.25 3668.04 3677.64 3.21 6.39 Central
B930 Bx 3673.50 3668.04 3677.64 5.46 4.14 Central
B930 Bx 3675.10 3668.04 3677.64 7.06 2.54 Central
GBG1 Bk 4075.15  4074.65 4075.25 0.50 0.10 Marginal
GBG1 Bk 4076.65 4076.03 4081.25 0.62 4.60 Marginal
GBG1 Bk 4077.85 4076.03 4081.25 1.82 3.40 Central
GBG1 Rs 4401.54  4400.50 4409.50 1.04 7.96 Marginal
GBG1 Rs 4402.30  4400.50 4409.50 1.80 7.20 Central
GBG2 Bk 3519.30 3498.65 3524.86 20.65 5.56 Central
GBG2 Bk 3523.00 3498.65 3524.86 24.35 1.86 Central
GBG2 Bk 3547.85 3545.74 3550.77 2.11 2.92 Central
GBG2 Rx 3690.80 3690.60 3691.10 0.20 0.30 Marginal
GBG3 Bx 4086.20 4081.65 4099.03 4.55 12.83 Central
GBG3 Bk 4161.80 4148.63 4165.63 13.17 3.83 Central
Y132 Pix 3598.20 3596.50 3604.00 1.70 5.80 Central
Y132 Pix 3599.20 3596.50 3604.00 2.70 4.80 Central
Y132 Pix 3600.60 3596.50 3604.00 4.10 3.40 Central
Y133 Px 3281.30 3279.69 3281.64 1.61 0.34 Marginal
Y133 Px 3325.27 3325.11 3325.91 0.16 0.64 Marginal
Y135 Psh 4161.28 4160.43 4161.28 0.85 0.00 Marginal
Y135 Psh 4164.00 4163.65 4164.95 0.35 0.95 Marginal
Y135 Psh 4333.76  4333.00 4333.81 0.76 0.05 Marginal
Y136 Pw 3701.25 3700.00 3703.62 1.25 2.37 Marginal
Y136 Pix 3706.00 3705.00 3705.20 1.00 0.20 Marginal

4.3 Sandstone petrology: detrital mineralogy

The studied Permian sandstones are fine to coaaseed with grain sizes ranging from
0.06 mm to 2 mm and shown as texturally immaturbe Tetrital grains are mostly
sub-angular and sub-rounded, and poor- to modemted (Fig.9). As for the clastic
compositions, the sandstones are mostly sublititesgrfeldspathic litharenites, litharenites
according to Folk (1980), demonstrating as commomtly immature with an average

framework composition of §FioL39(Fig.10A). There is no obvious difference in pebgt



composition between different stratigraphic membeiswever, the petrologic composition
of the marginal sandstones and the central sarslstasm quite different. The central
sandstones have a more mature compositiogpF{Rs3) than the marginal sandstones
(Qs7F17R46) (Fig.10B). The proportion of feldspar and rockgment increases linearly with
the decrease of feldspar and rock fragment secgngarosity (Fig.10C). The central
sandstones have more feldspars and rock fragmesdgslution pores but less remained
feldspars and rock fragments than the marginal tands (Fig.10C). The negative linear
relationship between the two illustrates that tigal composition of them might be similar,

and the mineral dissolution probably account foe ttifference between the marginal

sandstones and the central sandstones on thedotaht of feldspar and rock fragment.

Fig.9 Photomicrographs in the (A) polarized lighiew and (B)cross-polarized light view, showing the

sandstone textural and compositional charactersstit sandstones. Taken the sample of GBG3 (416)1.80m

as example.
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Fig.10 Rock composition of (#)e different members in Permian sandstones irGiligei area; (B) central
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total content of feldspar and rock fragment. (Teynplot refers to sandstone classification standafd

Folk et al. (1970))

4.4 Sandstone diagenesis

The intergranular contacts vary from long to comcagnvex contacts (Fig.11A), and many
easily deformable grains were heavily deformed fdhthe primary intergranular porosity, to
the point where it could be classed as pseudomaitrcould be mistaken for detrital clay and
silt (at black arrow in Fig.11 B and white arrow kig.11C). The features indicate that the
sandstones experienced strong compaction. Regduary pores are rarely remained in the
sandstones (Fig.11). Almost all the pores are staryrpores caused by grain dissolution of
feldspars, and rock fragments (Fig.11). The matgaadstones tend to have no or only a few

dissolution pores with porosity from 0.3 % to 4.5Btit the central sandstones have much
more dissolution pores than marginal sandstonesu(e8 % to 12.0 %). This illustrates that
the intensity of mineral dissolution in central dastones is stronger than marginal sandstones.

Accordingly, the feldspars and rock fragments nyosticur as fresh grains in the marginal

sandstones (Fig.11D), while they commonly occupasially dissolved grains in the central



sandstones (Fig.11J-0).
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Fig.11 A-C Images of sandstones showing compacfiphong to concavo-convex contacts between quartz
grains; B, Squeezed biotite; C, Sedimentary rockgrfrent squeezed into pore space shown as
pseudomatrix. D-I Images of marginal sandstonesGigin-coating clays and pore-filling cemeitsthe
cross-polarized light view (XPL); E, SEM image ohig-coating clays and pore-filling cements; F&l,

Quartz overgrowth in XPL; G, Carbonate cements gmésag as replacement of detrital grain; H, CL



image of carbonate cements. J-O Images of cereradstones (pore space is shown in blue): J,K,M,N-O,
Thin section images showing paragenesis of diageretents in polarized light; L, SEM image of

authigenic kaolinite in dissolution pores. B=Bietit SRF=Sedimentary rock fragment, F=Feldspar,
I/S=lllite/smectite mixed layer, C=calcite, Fc=F@talcite, An= Ankerite, Qa=Quartz overgrowth,

K=Kaolinite, Ds=Dissolved dolomite, RF=Rock fragment, I=lllite. @hnformation of the samples is

shown in Table.1.

The authigenic minerals in the marginal sandst@mesthe central sandstones are roughly
the same and include quartz cements, carbonatentgnaithigenic clay minerals, and a
small amount of iron cements. Among them, quartmesgs and authigenic clays are the two
most common types of diagenetic minerals, reprasgiso-8.5% and 3%-25% of the whole
rock, respectively (Fig.12 D-E), while carbonateneats are less important with a proportion
of no more than 3% (Fig.12 C). Ferrocalcite ancbdote are the most common carbonates
(Fig.12 C). Four types of clay minerals, kaolinitkte, I/S and chlorite were observed as well,
among them kaolinite made up the largest propofiout 50%) (Fig.12 A-B). However, the
result of diagenetic mineralogy examination indésathat the marginal and the central
sandstones have experienced different diageneticepses (Fig.11) and the content of the

cements shows obvious difference (Fig.12D-E).
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Fig.12 Charts showing content of authigenic mingialPermian sandstones, Gubei area. (A) clay césnen
composition in marginal sandstones; (B) clay cem@amposition in central sandstones; (C) carbonate
cements; (D) plot showing the correlation betweath@enic quartz and clay minerals; (E) plot shogvin
the correlation between authigenic kaolinite andigfcoating clay. The information of the samples is
shown in Table.1.

For marginal sandstones, most of the grains areedday clay minerals with moderately
high birefringence and light brown to green colehich are mostly recognized as I/S mixed
layers by SEM-EDS examination (Fig.11 D-E, G). Ttlays may have precipitated or

infiltrated prior to the principal period of compgmn because the clay coating continues



around the grains even at grain-to-grain contagthit¢ arrow in Fig.11D-E). Such
grain-coating cements can be quite effective idatsngy the framework grains from pore
waters and thus in inhibiting later formation ofeogrowth cements on quartz, feldspar and
other detrital grains (Ajdukiewicz and Larese, 20¥dter the grain-coating clay cements, the
chalcedony-like cements with low first-order birefrence (to anomalous) colors filled
(Ulmer-Scholle et al., 2014) and completely obaterthe remaining primary porosity (the
part marked as pore-filling cements in Fig.11D, Klthough the marginal sandstones are
usually supported by grains with long contacts, saoh the grains partially “floated” or
isolated by thin pore-filling cements illustratitize cements precipitated or infiltrated at the
early stage of diagenesis with little compactionnedl. The carbonate cements in marginal
sandstones, dominated by highly ferroan calcitair{ett deep purple to blue), were mostly
precipitated as intragranular mineral replacemaftdeldspars and rock fragments, and
commonly occur as microsparry or sparry interlogkimosaic of crystals with the crystal size
varies from 4 mm to 200 mm (Fig.11 G-H). This irates the limitation of spaces during
crystallization. Only a few quartz cements occumarginal sandstones, which probably due
to the inhibition of grain-coating clays. Quartaremnt is present mainly as overgrowths, and
two stages of overgrowth were identified basedranimpurity lines or dust rims outlining
the original surfaces of the detrital grain. Thstfstage of overgrowth with thickness ranging
from 15um to 8Qum, commonly presents as coats around euhedralzqgeains, while the
stager! occurs mainly as primary pore-filling shape pdgtiattaching on the grains or
stage-I overgrowth (Fig.11 I). The overgrowths téadjrow at the sites where the clay coats

are thin or lacking, and it can be clearly seem i@ grain-coating clays are partially enclosed



by the quartz overgrowths (black arrows in Fig.1l This indicates that the quartz

overgrowths postdated the clay coatings. The owverlr exists at the grain-contact points
(black arrows in Fig.11 I), which means that theneatation occurred before the grains are
compacted to be contacted with each other, in otleeds, the cementation occurred in the
early diagenetic stage with less compaction.

The clay coats and intergranular cements are absmemhuch less present in central
sandstones than in marginal sandstones (Fig.1141HD-E). The authigenic clays are
dominated by kaolinite that commonly occurs as drddédooklets and vermicular aggregates
in dissolution pores (Fig.11 J-O). Two forms oflmarate cements can be identified: one is
partially dissolved dolomite, the other is ferronarbonate cement precipitated in the
dissolution pores (Fig.11 J-K, M, O). The dolompeecipitated after the kaolinite and
occupied part of kaolinite space, but was dissot@ihg subsequent diagenesis process. The
latter ones were mainly precipitated in dissolutpmres (including the dolomite dissolution
pores) or as the replacement of early-formed ddksn{Fig.11M), presenting as sparry
crystals (50-200 mm) and clusters with no obviogss of dissolution. This illustrates that
the precipitation of carbonate cements postdateddiksolution of early-formed dolomites.
Quartz cements occur in central sandstones in buod: quartz overgrowth and the small
authigenic quartz crystals in the dissolution pofdwee stages of quartz overgrowths were
identified according to the optical discontinuitgppurity lines or dust rims outlining the
original surfaces of the detrital grain, or thegamece of inclusion clouds and vacuoles within
the quartz grain. The compromise outline of eanlyrfed dolomites at the contact with

stage-lI overgrowth (white arrow in Fig.11N) indiesitthat dolomite precipitated after the



stage-I overgrowth. The dolomites were partiallglesed in stage+ overgrowth (red arrows
in Fig.110), revealing that the stage-overgrowth postdated the dolomite. While some
ferrocalcite crystals were found to be enclosedstaget overgrowth (white arrow in
Fig.110) illustrating that the stage-overgrowths were later-formed.
4.5 Fluid inclusions

Aqueous inclusions can provide important inform@atan temperature, pressure and fluid
composition during the precipitation of diagenetimerals (Robinson and Gluyas, 1992). The
aqueous fluid inclusions in samples were mainly pped along the healed grain-sized
fractures in quartz grains (Fig. 13B), as well asme occur in quartz overgrowths
(Fig.13A-B). At room temperature, the inclusions arimarily two-phase inclusions with gas

bubbles. The diameter of inclusions are abquh} &m, and the gas liquid ratio ranges

from 3% to 20%.

Fig.13 Photomicrographs of aqueous inclusions urtdemsmitted light observed at room temperature in
Permian sandstones samples from Gubei area. (Ag@upiinclusions in quartz overgrowths. (B) Aqueous
inclusions along healed microfractures in quartaigs and in quartz overgrowths. Al-Aqueous fluid
inclusions, Q-Quartz grains, Qa-Quartz overgrowths.

The distribution of the measured homogenization penatures (i) of the aqueous



inclusions were presented in Fig.14A-B. The ®f aqueous inclusions in healed
micro-fractures and quartz overgrowth in centralidséones is basically identical, mainly
distributed in three intervals, ranging from°@0to 80C, 105C to 125C and 135C to
155°C respectively (Fig.14 A). This suggests that dages of quartz cementation occurred in
eodiagenetic and two occurred in mesodiagenetgestandividually, which is in consistent
with thin section observation (Fig.110). There ané two T, intervals of aqueous inclusions
in quartz cements in marginal sandstones, froffCa® 90C, 95C to 130C respectively
(Fig.14 B), indicating one stage of quartz cememtatin eodiagenetic and one in
mesodiagenetic stage. This also coincides withhimesection observation.

Ty of two-phase aqueous inclusions in carbonate ceEnoércentral sandstones ranges from
65°C to 95C and 100C to 130C respectively (Fig. 14C), revealing that two stagé
carbonate cementation occurred in the sandstonissalso corresponding perfectly with the
petrography texture relationship (Fig.11M). The emus inclusions in carbonate cements in
marginal sandstones ranges mainly frofi7% 90C and 103C to 1138C respectively (Fig.

14 D), which suggests two stages of carbonate cextiem as well.
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Figure 14. Histograms of homogenization temperatyféh) for aqueous inclusions in healed
microfractures of quartz grains, quartz overgrowtred carbonate cements from the Permian sandstones
in the Gubei Gas field, Jiyang Depression. Al: Aaugeinclusions.
5. Discussion
5.1 Acids for mineral dissolution

In previous studies, meteoric water, organic acats] carbonic acid are regarded as the
major causes of mineral dissolution (Krynine,19%9;et al, 2018; Surdam et al, 1975,1984
and 1989; Kharaka et al, 1985). Among them, orgaaids make the key contribution for the
secondary porosity, and typekerogen is the best raw material for organic geimbuction
(Crossey, 1984). The concentration of organic acetghes the peak at 80-220in the
thermal evolution profile of organic matter (Surda889) and decreases dramatically in the
temperature range of 120-Z@because of the thermal decarboxylation to cadioxide. In
the study area, coal-measured source rocks, meimhposed of type+ organic matters, are

developed in lower Permo-Carboniferous with totatkness ranging from 0 to 250 m. The



Ro of organic matter in the source rocks rangemf@98 % to 1.77 % (Fig.15). The
temperature reaches 80 °C for the first time inEaey Cretaceous (approximately 115 Ma)
and rose to the maximum temperature of 135 °C enMiddle Cretaceous (around 100 Ma)
before the uplift movement in the Late Cretacedime period from the Early to the Middle
Cretaceous was the main period of organic acid rgéina. Subsequently, a large amount of
CO, was released in the temperature range of 120-20@&drresponding to the duration of

Neogene to date) due to the thermal decarboxylatfi@nganic acids.
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Fig.15 Determination of acid supply stages by cahpnsive analysis of the burial, thermal and
hydrocarbon generation history of Permo-Carbonitexoin Gubei area, Jiyang Depression. (Burial,
thermal and hydrocarbon generation history were ified from Zhang et al., 2009)
5.2 Sources of authigenic clays and quartz in 4ands

Worden and Morad (2003) proposed three possibtgnsriof clay minerals in sandstones:
(1) co-deposited with sand grains as sand-sizetlamgpus intra- and extra-clasts and as

flocculated clays; (2) detrital clay minerals mag Imcorporated into sandy deposits by



bioturbation and infiltration of muddy waters; (8)agenetic clay minerals formed by
alteration of unstable detrital silicates and bgngformation of detrital and precursor
diagenetic clay minerals. In this study, the clayperals occurred mainly as pore-lining and
pore-filling cements but no sand-sized argillaceclasts or flocculated clays were found in
sandstones. Therefore, the first origin proposaukhbe unlikely suitable for the study area.
The clay coats, which are abundant in marginal stamés, commonly exhibit a
combination of thin, honeycomb-like illite/smectiamina and fibrous or flaky illite ribbons
and formed clay cutans arranged tangential to ¢nashs (Fig.16A-C, E) which is the typical
characteristic of infiltration-genesis clay coaWafker et al., 1978). The chalcedony-like
pore-filling cements, enriched in primary poresyadrginal sandstones, occur as paste colloid
suspending with microcrystalline quartz (diame@R20um) (Fig.16 A, C-E), or kaolinite
aggregates coated by cloudy masses (Fig.16 F) ug&di. Both the curved kaolinite
aggregates and the flock, smectite-like coats amtldemonstrate the feature of flowing
structure, which indicates the infiltration origas well. However, the authigenic clays in the
central sandstones are dominated by kaolinite pitateéd as relatively isolated patches of
euhedral booklets and vermicular aggregates foimsoth secondary (Fig.16G-H, red arrow

in Fig.161) and primary pores (white arrow in Figl1L



Pore-iil
cements .

GBG1,4076.65m

GBG3.4161.8m

G GBGI1,4077.85m D36 x00 200um H GBGI1,4077.85m

Fig.16 SEM images showing: (A-F) the grain-coatiotays and pore-filling cements in marginal
sandstones; and (G-I) authigenic clays in dissolutpores of central sandstones. Qmmcrocrystalline
quartz, K=kaolinite, I/S=illite/smectite mixed laye

The marginal sandstones have a large number oh-goating clays with the content
ranging from 4.32 % to 24.77% and pore-filling cersevarying from 0.05% to 4.28%. Both
the content of grain-coating clays and the potejl cements show negative correlations
with the distance from sandstone samples to thdssame/mudstone interface (Fig.17A-B).
However, these cements occur much less in ceranalstones with those two figures ranging

stably from 0.28% to 7.79% and from 0% to 0.036%pestively (Fig.17 A-B).
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Fig.17 Scatter plots showing the correlation of o between (A) Clay coats and distance to the
sand/mud contact; (B) Pore-filing cements and diséato the sand/mud contact; (C) Authigenic kataini
and feldspar; (D) Authigenic quartz and kaolinite.

The difference is unlikely to be depositional besmathe marginal and central sandstones in
every bed are time-equivalent. Both of them areodied in the same depositional
environment and experienced the same burial amintienistory. The depositional effects
can only lead to the mineralogy differences betwssamlstones in different intervals, but this
does not explain the difference in every sandstmate The origin of the cements must be
post-depositional and external, and the most plessidurce should be the adjacent mudstone
beds. After deposition, porosities of mudstonesroomly decline rapidly from nearly 60% to
less than 10%-15% (Gluyas and Yuan., 2018; Li e2@l7). During such a period, large
amounts of advective compaction fluids were expelfeom mudstones to sandstones

(Bjarlykke, 1993; Gluyas et al, 2000; Bjgrlykke adahren, 2012; Yuan et al., 2015). This



view can perfectly match the deduction above anklentefurther confirmed.

The authigenic pore-filling kaolinite and the quadements are much more abundant in
central sandstones than marginal sandstones. Bsestadies suggest that the most possible
source for authigenic clays and quartz cementslghmi the dissolution of feldspars within
the sandstones, when there is minor pressure digsoland no external source (Tang et al,
2018; Xi et al, 2015). If both of the precipitatiai authigenic pore-filling kaolinite and
authigenic quartz were internal sources, a posttiveelation should exist between the two,
and both the cements should have a negative coorelaith the remained feldspar. However,
the result turns out to be conflicting.

There is indeed a negative correlation betweenigenit kaolinite and remained feldspar
in all the sandstones (Fig.17C). However, the pasitcorrelation between authigenic
kaolinite and quartz cements is only valid in cahtsandstones, but fail in marginal
sandstones (Fig. 17D). There is much more authiggoartz than kaolinite in marginal
sandstones. All these quantitative data suggestalispar dissolution is the internal source
for authigenic clays and quartz in both marginal aentral sandstones, but authigenic quartz
cements in marginal sandstones has part of extesoafce which is most likely the
compaction fluid from adjacent mudstones.

5.3 Source of carbonate cements

According to the overview summarized by Morad (200&arbonate cements form at
virtually any stage of diagenesis, from synsediragnto deep burialow-Mg calcite, siderite
and dolomite cements are precipitated in a rangeneafr-surface settings, especially in

subaerial exposure surfaces (caliche crusts, t¢afcrand dolocretes; see Goudie, 1983;



Wright and Tucker, 1991), areas of shallow meteowater circulation, sites of
syn-sedimentary marine precipitation, as halos radoanil or gas seeps, or in areas of
near-synsedimentary, microbially-influenced diagemnéMany mesogenetic settings also are
common places to form carbonate cements (Lai é&0dl6), and possible sites of dissolution
or alteration of earlier, unstable carbonate cemaarbonate bioclasts and lithoclasts.

In this study, the measured homogenization tempexait(Th) of the aqueous inclusions in
carbonate cements are relatively high, ranging f@stC to 95C and 100C to 130C
(Fig.14C-D). This indicates that these carbonateerg#s were all formed during deep burial,
thus they are unlikely to be precipitated in sulz@&xposure surfaces, halos around oil or gas
seeps, and areas of near-synsedimentary, micrplndilienced diagenesis. However, the
Permo-Carboniferous strata underwent significaosien during the uplift period in Late
Triassic, it is a real possibility that the postiR@n meteoric water could have entered the
Permian sandstones later, which might be attributedhe precipitation of early-formed
dolomites.

This explanation is strengthened by the paleofkatinity calculated from the freezing
temperature () of aqueous inclusions in carbonate cements. Eseltr shows that the
early-formed carbonate cements (with low Th) werecipitated from the pore water with
low-salinity, varying from 3.55 to 9.08 wt % NaClhich indicates that they were
precipitated from fresh water. The salinity of imlibns in late carbonate cementation (with
higher T,) are much higher with the range from 10.73 to 2218 %NaCl, which indicates a

precipitation in a brine system (Fig.18).
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5.4 Diagenetic sequences

The diagenetic sequences of Permo-CarboniferouSubei area are divided into 6
stages (Fig. 19). The principal eogenetic processgpsrienced in sandstones are compaction,
and infiltration of muddy fluids containing a largeimber of clays and microcrystalline
quartz from adjacent mudstones. The infiltrationraduced a considerable amount of
grain-coating clays and pore-filling cements, whielulted in dramatic reduction of primary
porosity and obstruction of subsequent mineraladlig®n and quartz overgrowth. Vertically,
the infiltration only affected the marginal sandse within a certain distance (approximately
1.25m at the top and 0.75m at the bottom). Subselyuehe sandstones experienced
epidiagenetic stage during the uplift and erosiorthe Late Triassic. The process mainly
includes the precipitation of quartz cements andlike, the dissolution of feldspars and
rock fragments.The mesogenetic features occurred in the secondlbprocess. The
diagenesis underwent by the sandstones successiatlyles the precipitation of dolomite
and a little calcite at the beginning of this pdritllowed by the dissolution of feldspar, rock
fragments and dolomite, and the precipitation cdrtgicements and kaolinite. Compaction

and illitization of smectite continue to occur thghout the entire burial process. Although



the tectonic uplift occurred again in the Middle tate Cretaceous, it is unlikely that
epigenetic stage could be experienced by Permoe@Gaebous sandstones during this stage,
owing to the thick Mesozoic sediments. However, tipéft resulted in a decrease in €O
partial pressure and a large amount of carbon degeparation from the pore water, thus led
to the precipitation of late carbonate cementsh siscferrocalcite and ankerite. In the duration
of third burial process, the diagenetic processesewdominated by (1) compaction, (2)
illitization of smectite, and (3) a little minerdissolution, which was caused by £@oduced

by decarboxylation of organic acids, and the pitatipn of quartz cements and kaolinite
associated with the dissolution.

Some mesogenetic features, such as feldspar dissoAnd the precipitation of kaolinite
and authigenic quartz (especially quartz overgrpwirere far less present in the marginal
sandstones. This is due to the inhibited dissalutibgrains by clay coats and the cramming
of primary pores by pore-filling cements. Furthermyahe limitation of pores resulting from
the same reason above also account for the faceaniy-formed dolomites mainly present as

mineral replacement in marginal sandstones.
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Fig.19 Diagram showing the coupling relationship of buritiermal, hydrocarbon generation, diagenetic

and speculative reservoir quality evolution histafythe Permian sandstones in Gubei area (Buria an

thermal history were modified from Zhang et al.02p



5.5 Hydrocarbon filling history

Three periods of hydrocarbon generation of Permdo&@aferous source rocks were
determined according to the analysis of thermabhysand hydrocarbon generation history.
Among them, the Yanshan period and Xishan periedtae main periods with the conversion
rate of methane ranging from 7.73%-9.78%, 21.05%38 respectively (Zhang et al, 2009).
The T, of the aqueous inclusions associated with hydbmrabearing fluid inclusions in
sandstones was examined and the exact dating oddgrdbon filling was carried out based on
the combined analysis of homogenization temperatime reservoir burial heating history
(the analysis method refers to Jiang et al, 201I6¢. results show that the hydrocarbon filling
mainly occurred in two stages: the Late Cretac@maisthe Neogene (Table 2).
Table 2 Thermometry data of aqueous inclusionsaasal with hydrocarbon-bearing fluid inclusions in
Permian sandstones from the Gubei Gas field (Thesdaere acquired by the combined analysis of

homogenization temperature and reservoir burialthnegghistory)

Aqueous inclusions associated with

Depth, ) L . Age for inclusions formation,
Well  Strata hydrocarbon-bearing fluid inclusions i i
m . Ma (Geological time)
Th 'C (average
Y135 PRs 48923 165~200(195.5) 8.5-6.6 (Mid Nm)
115-98(Late K); 10.3-8.1
GBG1 Rg,  4403.9 98~149(126.5); 161~163(162)
(Early Nm)
105-103(Late K);
GBG3 By 4090 106~108(107); 137~145(141)
11.3-3.4(Nm)
B930 Rx 3623 114~139 (123.46) 108.3-95(Late K)
109-100(Late K);
B930 Rx 3625 111~126 (122.2); 145~159 (152.5)
10.7-2.45(Nm
B930 Rx 3674.7 117~129 (122.6) 113.8-98.3(Late K)
96.3 (Late K); 3.1-0(Late Nm
Y132 Px  3598.5 118 (118); 138~152 (140.3) to date)

18.6-9.9 (Mid Ng-early N
3.16-0 (Late Nm to date)

Y132 Pix 3598 106~125 (116.6) 20.3-16.8(Mid Ng

Y132 Pix 3599 109~136 (125.2) 11.9-6.7(Early Nm)

Y132 PR, 35995  118~127 (120.6); 136~148 (140.5)



Y134 Pix 3507 120~130 (124) 100.5-95(Late K)

Y136 Pix 3696 115~135 (123.3) 106-95 (Late K)
101.2 (Late K); 3.3-0 (Late
Y136 Pix 3708 123~125 (124.7); 155~167 (160.5)
Nm to date)
Y136 Px 3715.2 164~177 (170.6) 2.5-0 (Late Nm to date)
GBG2 Rg, 36928 117~141 (130.4) 16.8-0 (Mid Ng to date)
GBG2 R, 3546.9 124~142 (133.4) 12-0 (Early Nm to date)

5.6 Coupling relationship among diagenesis, reservoir quality evolution and the
hydrocarbon differential filling

The compaction and cementation are two main presasiucing reservoir quality during
burial diagenesis (Ehrenberg 1989; Gluyas and @&8&).The contribution of compaction
and cementation on porosity reduction in this stu@dg quantitativelgharacterized by the
“intergranular porosity-intergranular volume-tot@ment diagram” proposed by Houseknecht
(1987). The initial porosity was set as 40% (Tahgle2018). The result shows that the
proportions of initial porosity reduced by compantiin marginal and central sandstones
reach up to an average of 61% and 70.15%, respbgtiwhile the percentages reduced by
cementation are 38.27% and 28.1% individually @og. This indicates that cementation
exerted more contributions to primary porosity lasghe marginal sandstonésan in the
central ones, which might be due to the reason that clay output from mudstones
significantly occupied the pore space. For the gityoenhancement processes, secondary
pores, especially mineral dissolution pores, aeentlain spaces for hydrocarbon storage, and
the dissolution of minerals including feldspar, kdragments and carbonate cements are the
major mechanism for the improvement of reservoality (Lai et al, 2017a; Mahmic et al,

2018).
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Fig.20 Intergranular volume versus cement with the impuortaof compaction/cementation on reducing
porosity in marginal and central sandstones. Tteggthm refers tdHouseknecht 1987.

Characteristics of speculative porosity evolutioerevshown in the Fig. 20. For marginal
sandstones, the initial porosity was dramaticadiyuced by the mass output from mudstone.
Only a small amount of porosity increased in thbessguent dissolution processes by acids
due to the reason that the clay coats and ponegfitements in sandstones are effective for
inhibiting dissolution of grains. With regard toetltentral sandstones, more initial porosity
was remained before the first dissolution procaeshe uplift period because the burial depth
was only around 2200m and hardly affected by thesmiaput. This provided favorable acid
transport access and fluid-grain contact conditimndater dissolution processes. Therefore,
relatively larger number of acid-genetic secondawyes were formed during the subsequent
diagenesis, which led to the significant enhanceémeh porosity (ranging from
3.8 %-12.00%).

Two major hydrocarbon generation stages, the LattaCeous and the Neogene, both

occurred in the stages of porosity enhancementhef gandstones (Fig.19). However,



porosities of the marginal sandstones are muchrldinen the central sandstones, which
indicates higher filling resistance of hydrocarldding in the marginal sandstones. For the
gas generated during the same period, the drivorgef filling into the sandstones is
considered to be the similar, and the D-value betwe driving force and resistance is the
main dynamic mechanism that determines the stalwdriocarbon filling (Pang et al, 2014).
Therefore, central sandstones are nooreducive to the gas filling than marginal sandsson
This conclusion was confirmed by the GOI (Lisk &watlington, 1994) examination. The GOI
is defined as Grains containing Oil Inclusions, ibug used to represent the grains containing
hydrocarbon-bearing inclusions in this study. Thesuit shows that central sandstones
demonstrate higher GOI value ranging from 9%-19.66%h marginal sandstones with just

0%-3.6% (Fig.21).
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Fig.22 Plot showing correlation between GOI valuel dhe distance to sandstone/mudstone contact
Conclusions

(1) The natural gas mainly accumulated in thke &d Bw members of Permian, which



have the highest and the most stable net to getssvalues; all the natural gas occurred in
the sandstone beds with thickness over 1.9 m.

(2) The porosity of the Permo-Carboniferous samtstan Gubei area are of considerable
heterogeneity. For every single bed, two porosigngitional zones exist on the top and
bottom of the bed with thicknesses of 1.25m and.7espectively; the porosities in the
transitional zones show a positive correlation whe distance to the sandstone/mudstone
contact.

(3) The mudstone beds interbedded and associatiedne® sandstones have had important
influence on the reservoir quality of the sandssotlerough providing diagenetic fluids
capable of cementation and considerable porosiyateon, and the impact is greater for
sandstones at the margin of sandstone beds thdhearentral ones. The thickness of these
infiltrated zones reaches up to 1.25 m and 0.75nthattop and bottom of every bed
respectively, leading thin sandstone beds withktless of approximately 2m to be tightly
cemented totally.

(4) The multi-staged diagenetic processes leatdreetporosity reduction stages and three
porosity enhancement stages occurring alternaiélg. hydrocarbon filling mainly occurred
in two stages: the Late Cretaceous and the Neogemeesponding to the porosity
enhancement stages. The difference of reservoifitgjuaetween marginal and central
sandstones led to the differential filling of thatural gas. The central sandstones of thick
beds within the effective acid-affected area capditential effective reservoirs.

(5) The observations made on this interbedded seguef mudstones with sandstones

differential reservoir quality and hence gas sdtomahas important implications for exploring



areas with similar reservoirs be it for conventiamashale gas opportunities.
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Highlights:

1. Identification of the porosity transitional zones at the top and bottom marginal
zones of every single bed.

2. Confirmation of the influence of the interbedded mudstone beds on the sandstone
reservoir quality through providing diagenetic fluids capable of cementation.

3. The differential diagenesis between margina and central sandstones caused by
the mass input are the key reasons for the differential filling of hydrocarbon in
sandstone beds.

4. The central sandstones of thick beds within the effective acid-affected area can

be potential effective reservoirs.



