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BBuny HemocTaTouHON 00€CIIEUEHHOCTH MPUPOAHBIM I'a30M M3 MAaTePHHCKHX IOPOJ, a TaKkXkKe IT0Teph
rasa, Cpeiu Ta30BbIX KOJUIEKTOPOB KHTast 3HAYNTEIBHYIO JIONI0 COCTABIISIIOT MEHEE IPOTyKTHBHBIE MECTOPOIK-
JICHUsI Ta3a IIOTHBIX MOPOJ. DTH MECTOPOXKICHHUS MAIOYHCIICHHBI, OTHAKO 00JaiaroT 6onbIrMu 3arnacamu. Ha
IpUMepe HU3KOMPOHHULAEMBIX KomekTopoB He 8 B 3amaiHoii uactu razoBoro MectoposkaeHust Cymurs n3ydeHo
pacmpesiefieHHe ra3a Mpyu MeHee MPOLYKTHBHOM razoHaxoruieHny. COIacHo pesynbraTaM HCCIeIOBaHuUs, BO-
MEPBBIX, MOCTYIUICHNE Ta3a B 3HAUHTEILHON Mepe 3aBHCHUT OT YIUIOTHEHHMS MeCYaHWKa. YIUIOTHEHHE JHTape-
HHUTa K MOMEHTY MacIITaOHOTO 3aIOJIHEHHS Ia30M yXe 3aBepIICHO, YTO HE MOXKET CIIOCOOCTBOBATH JIyUIIEMY
HpOTEeKaHHMIo Iporiecca. Harmporus, B citydae cyOnuTapeHuTa, HECMOTPSI Ha TO, 9YTO OH UCIIBITAJl CHIIBHOE YILIOT-
HeHHe J10 00pa3oBaHus ra3a, obpactaHne KBaplem, IPHBOJSIIee K JaNbHEHIIeMy YIUIOTHEHHIO TOPO/-KOJIIeK-
TOPOB, MMPOXOJUT OAHOBPEMEHHO C KPYTTHOMACIITAOHBIM MOCTYTIJIEHHEM ra3za. DTo 061erdaeT ra30HaKkoIIIeHNUE,
CONPOBOXKIAEMOE YIIIOTHEHHEM TOPO U (popMupoBaHNEM KOJLIEKTOPOB. BO-BTOPHIX, ra30HAKOIIIEHHE MOJKET
B HEKOTOPOH CTENICHN KOHTPOIUPOBATHCS JIOKAJIbHOU CTPYKTYpoil. B wactHOCTH, IpH onpenenéHHbIX (Gusmde-
CKHX CBOIMCTBAX I€CYaHUKOB JIOKATGHOMN CTPYKTYPBI Ta30HACKHIIIEHHE MOKET YBEIHINTHCS PUOIH3UTEIHHO Ha
7 %. B-TpeTbux, MeHee MPOIYKTUBHOE 3aIl0JIHCHUE I'a30M SBJISIETCSI OCHOBHOW IIPUYUHON CIIOKHOCTPYKTYPU-
POBAHHOTO pacrpe/eseHus ra3a u BoJbl B koiuiekropax He 8. JlononuurtenbHbie pakTopbl — CHIIbHAS HEOTHO-
POIHOCTB KOJUIEKTOPOB U TIOHIKEHUE JIABIEHUS B HUX 3a CUET TEKTOHUYECKOTO MOJHATHS B SHBIIAHBCKUI TTe-
puon. B pesynsrare n3 xomiekropos He 8 06pa3zoBanocs MHOTOKOIUIEKTOPHOE MECTOPOXKACHHE C HECKOTBKAMHU
Ta30BO/SIHEIME KOoHTakTaMu. Komrexrops! He 8 He sSBISIOTCS TpagMIIOHHBIMH JTNOO HU3KONPOHUIIACMBIMH.
Bonee BeposiTHO, YTO OHM KBAa3MHU3KONPOHUIIAEMbI I HAKOIUIEHHE I'a3a KOHTPOJIHPYETCSI KaK BEPXHUM CII0EM
MEeCYaHUKOB, TaK ¥ (PM3NIECKUMH CBOMCTBAMH ITOPOJI-KOJIIIEKTOPOB. JINTOJIOrNueCKHe JOBYIIKH M BHICOKOKaye-
CTBEHHBIE KOJUICKTOPBI B JIOKAJIbHBIX JIOBYIIKAX OJIaronpUsTCTBYIOT Fa30HAKOILIICHHIO.

Taz nrommwvix nopod, pacnpedenerue 2aza u 600bl, KOLIEKMOpP, HeOOHOPOOHocmy, unmepsan He 8, eazo-
soe mecmopooicoenue Cynues, Opoocckuii bacceiin.

CHARACTERISTICS OF GAS ACCUMULATION IN A LESS EFFICIENT TIGHT-GAS
RESERVOIR, HE 8 INTERVAL, SULIGE GAS FIELD, ORDOS BASIN, CHINA
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Liu Xuan, Gong Yiming, and A.M. Nechval

Abstract: Because of the lack of gas supply from source rocks and gas loss, inefficient tight-gas fields
represent a high share of all gas reservoirs in China. These gas fields are characterized by low abundance and
large gas reserves. Here, the He 8 tight-gas reservoirs in the western region of the Sulige gas field are used as
an example to characterize gas distribution under conditions of less efficient charging. Results show the fol-
lowing characteristics. First, the sandstone densification process has a relatively large impact on the charging
of gas. Litharenite was already subjected to densification at the time of large-scale gas charging, and this was
not conducive to gas charging. On the contrary, for sublitharenite, although strong compaction has already oc-
curred during gas generation, quartz overgrowth that leads to further densification of the gas reservoirs occurs
simultaneously with large-scale gas charging. This facilitates gas charging, and is characterized by concomitant
densification and reservoir formation. Second, structure traps can control the accumulation of gas to a certain
extent. In particular, when physical properties of sandstones within the structure traps are appropriate, gas satu-
ration during gas charging can be increased by approximately 7%. Third, less efficient charging is the main cause
of the complex gas and water distribution in the He 8 gas reservoirs. The strong heterogeneity of the reservoirs
and the decline in the gas reservoir pressure caused by tectonic uplift in the Yanshan period further exacerbate
the complexity of gas and water distribution. These factors ultimately caused the He 8 gas reservoirs to become
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a multireservoir gas field with several gas—water interfaces. He 8 gas reservoirs are neither conventional gas
nor continuous gas reservoirs. Rather, they are quasi-continuous gas reservoirs, and the accumulation of gas is
controlled by both the top surface of sandstone and physical properties of the reservoirs. Traps and high-quality
reservoirs within the regional traps are beneficial for the gas accumulation.

Key Words: tight gas, gas—water distribution; reservoir; heterogeneity; He 8 interval; Sulige gas field
Ordos Basin

INTRODUCTION

Tight gas is also known as deep basin gas, basin-center gas or continuous gas. Having this variety of
names, this unconventional gas will be the focus of exploration and development programs for a considerably
long time in the future because of vast amount of accessible gas in the deposits (Meckel and Thomasson, 2008).
Different countries and institutions have different standards with respect to definition of tight-gas sandstones. In
the United States, sandstones with surface permeability of less than 0.1 md are defined as tight sandstones. In
Canada, a cutoff of 1.0 md is commonly used. However, in China, the cutoff is 0.1 md under overburden pres-
sure (Zou et al., 2013).

Camp (2011) and Shanley et al. (2004) summarized the general characteristics of tight-gas sandstones as:
1) extensive gas shows while drilling; 2) little produced water; 3) low permeability of reservoirs, generally less
than 0.1 md; 4) abnormal pressure, but subnormal generally; 5) poorly defined traps and seals; 6) proximity to
mature source rocks, and 7) no gas-water contacts. Buoyancy is minimal or nonexistent in gas accumulation
because of no water contacts and extensive gas shows. So, this is the fundamental difference compared to con-
ventional gas (Nelson, 2009; Law and Curtis, 2002). It is believed that tight-gas reservoirs can’t produce water
or produce little water because there is no relationship between gas accumulation and traps. But with the sub-
sequent exploration and development, producing water in gas wells is pervasive (Camp, 2011). Wells in the
Uintah, Piceance and Great River basins reveal that 70-80% of the wells have water/gas ratios exceeding
1.0 bbl/mmcf, greater than that expected from gas condensation (Cumella et al. 2008).

Pervasive tight-gas sandstones may appear in any basin and at any position in the basin, but the com-
monality is that it is located close to the mature source rocks (Law, 2002; Meckel and Thomasson, 2008; Shan-
ley et al., 2004; Schmoker, 2002). Gas accumulation is controlled by many factors, often associated with pres-
sure, reservoir quality, fractures and subtle traps (Bates et al., 2001; Hirst and Davis, 2001). Li et al. (2012) and
He (2003) stated that presently, most of the tight-gas reservoirs are related to coal-bearing strata, such as Cre-
taceous gas reservoirs in San Juan Basin in the Midwest U.S., Cretaceous reservoirs in Green River Basin in
U.S., Upper Paleozoic gas reservoirs in Ordos Basin, and Triassic Xujiahe gas reservoirs in Sichuan Basin in
China (Dai, 2014; Hood and Yurewicz, 2008; Yang et al., 2007; Zou et al., 2009). Based on the quality of gas
charging, tight-gas reservoirs can be divided into two types (Meckel and Thomasson, 2008): efficient charging
and less efficient charging. When the charging is adequate and efficient, there is no down dip gas-water contact
and water free production. Where the charging is less efficient, gas reservoirs have a small amount of residual
water pockets because the displacement of pore water by gas is not complete in tight-gas sandstone reservoirs.
In the late stage of development, producing water is seen to varying degrees. If the charging quality is rela-
tively high in a less efficient charging gas reservoir, residual water will be diffused in the tight-gas reservoirs,
and no obvious edge or bottom water is formed. If the charging quality is relatively low, diffused free water
exists in the tight-gas reservoirs in addition to the appearance of notable edge and bottom water (Meckel and
Thomasson, 2008). Less efficient tight-gas reservoirs dominate on the territory of China. These types of gas
reservoirs are characterized by low abundance and large reserves. A priority task in future exploration and de-
velopment of unconventional tight-gas reservoirs is how to use this part of the materials from gas reserves
(Zhao et al., 2005).

In this paper the He 8 tight-gas reservoirs from the western region of the Sulige gas field are used to
examine the basic elements of gas accumulation, and to discuss factors controlling gas accumulation, in order
to provide a geological basis for the next development.

The Sulige gas field is located in the northwest of the Yishan Slope (Figure 1), with an exploration area
of approximately 4x10* km?. The main gas production layers include the Permian He 8 member of the Shihezi
Formation and the Shan 1 member of the Shanxi Formation (Figure 2). Sulige is Chinas’s largest onshore gas
reserve with the highest gas yield. It was discovered in 2000, with proved reserves totaling 2.85x10'2 m3 (Yang
et al., 2012). In 2013, the gas yield exceeded 210x10% m?.

The He 8 sandstone in the western region of Sulige is tight. Its average porosity is 8.5%, with a perme-
ability of 0.997 md and overburden pressure permeability of 0.042 md, making it a typical tight-gas sandstone
reservoir. Hydrocarbon-generating intensity in the west of Sulige is 10-15x10% m?/km?, which is a lot less than
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Fig. 1. The location of study area in Ordos basin and regional structure. (4) Structure contour map on
the bottom of He 8 Member. (B) Regional location map of Ordos Basin and the hydrocarbon generating
intensity map.

1, well name; 2, bottom of H8; 3, hydrocarbon generaling intensity (108 m3/km?); 4, proved reserve; 5, sulige gas field; 6, town; 7, fault;
8, structural units boundary.

hydrocarbon-generating intensity in the east (>20%10% m3/km?). The He 8 gas reservoirs have the typical char-
acteristics of less efficient gas charging due to insufficient source rocks. In terms of the entire Sulige region, due
to different hydrocarbon-generating intensity, the He 8 gas reservoirs produce water ubiquitously in the west
and produce little water in the east (Dou et al., 2010). Taking the Su-59 well area in the west of Sulige as an
example, a total of 74 wells have been drilled in this area. In the He 8 member, the numbers of gas wells, water-
bearing gas wells and water wells represent 7%, 24% and 69% of the total number of wells, respectively. Pro-
ducing water in gas wells has become the bottleneck restricting the exploitation and development of this type
of gas reservoirs. The key to using this type of reserve is to search the gas-rich regions and to avoid the high
water producing regions.

1 GEOLOGICAL BACKGROUND

The Ordos Basin is located in north central China. It is the second largest sedimentary basin in China,
with an area of 37x10* km?. Tectonically, this basin belongs to the western portion of North China platform,
and is a large polycyclic sedimentary basin with stable settlement and depression migration. The main body of
the basin is the Yishan Slope, and the internal fracture is undeveloped. The formation shows a gentle mono-
clinic structure that is west-dipping, with a dip angle of less than 1° (Figure 1). The basin is very rich in oil and

1353



Lithologic |Depositional Fig. 2. Stratigraphic distribution of main source

Strata : g
: section _ |environment rocks, reservoir rocks and cap rocks, and depositional
qSiQr'{. —1 environments in Upper Paleozoic of west Sulige,
feng — Ordos Basin.
]
x |
[
? S_; gas resources. The southern basin mainly produces oil,
= § 5 31 whereas the northern basin produces mainly gas. The oil
H1-7 s = — originates primarily from the Mesozoic Triassic and Ju-
5 = — rassic, and the natural gas originates mainly from the
< ] —] Paleozoic.
o —] The Caledonian movement in the Ordovician pe-
o c = riod uplifted the Ordos platform over a large area. This
g g g—% " initiated the seawater retreat in westerly and southerly
2 8 2 . _ S directions, rendering the entire region a denuded zone.
o z Bmgfd % Therefore, the Late Ordovician — Early Carboniferous
‘é - e deposits are missing in the Ordos platform (Figure 2)
> 1 @ (He et al., 2003). In the late Carboniferous, seawater in-
% | &2 322? = vaded from the east and west, forming the Carbonifer-
5 3 ous Benxi — Permian Taiyuan Formation coal-bearing
o o[ clastic-carbonate rocks. After evolvement of the Taiyu-
SO fmt— 32::? 8 an Formation, the seawater began to withdraw, forming
e — 8 the transitional facies coal-bearing deposits. Subse-
§ LK 3 quently, the paleoclimate changed from warm and hu-
2 @ mid to hot and dry and tectonic uplifting occurred in
i Shsagg)w Inner Mongolia in the north of the basin. The sediment
§3| = | B supply was ample, and the lake range further shrunk to-
Ke)
55 d the south.
€| o | B2 war o o
— At the bottom of the Shihezi Formation in the
Lower AnMaiia. Epicon- northern basin, thick coarse-grained braided sandstones
Pal Ordo-Majia tinental ;
;o?:' vician| gou cea got developed. Subsequently, because of the weakening
of the uplift, the sediment supply was reduced, and the

sedimentary facies turned from braided-stream into me-
andering-stream (Xie et al., 2013).

From the bottom to the top, the Upper Paleozoic is composed of the Carboniferous Benxi Formation, the
Permian Taiyuan Formation, Shanxi Formations, Shihezi Formation and Shigianfeng Formation. Depending on
the lithology, the Shihezi Formation is divided into eight members, and the Shanxi Formation is divided into
two members. He 8 and Shan 1 are the main gas-producing members. Source rocks are coal-bearing units de-
posited in Benxi Taiyuan and Shanxi Formation (Figure 2).

2 THE KEY ELEMENTS OF GAS RESERVOIR ACCUMULATION

2.1 Source rocks

In the Late Paleozoic, the Ordos Basin sedimented widespread paralic Carboniferous—Permian coal-bear-
ing stratum above the Lower Paleozoic paleoerosion surface. The coalbed, carbonaceous shales and dark mud-
stones formed organic-rich source rocks, where the coalbed composed the main source rocks (Xiao et al., 2005).
In the Upper Paleozoic of west Sulige, thickness of dark mudstones ranges between 25 and 35 m, and thickness
of the coalbed is 4-8 m. But in the central and east Sulige, thickness of dark mudstones is 30-50 m, and thick-
ness of the coalbed reaches 8-10 m. The abundance of source rocks in west Sulige is notably lower than that in
central and east Sulige. The organic carbon content in the coalbed is 50-90%, with a total hydrocarbon concen-
tration of 1.8-2.5%, a hydrocarbon production potential (S1 + S2) of 71.9-78.1 mg/g (Yang et al,. 2007). In the
dark mudstones associated with the coalbed, the organic carbon content is 1.0-5.0%. The hydrocarbon genera-
tion mechanism is similar to that in the coalbed, and the hydrocarbon production potential of these mudstones
is also rather high. The abundance of organic matter in the Upper Paleozoic source rocks is relatively high, and
areas with hydrocarbon production intensity greater than 10%108 m3/km?3 account for more than 71.6% of the
total area of the basin. The total hydrocarbon production is 563.11x10!2m? (Yang et al., 2007).

In the previous studies thermal evolution of the Basin was divided into four stages (Gao and Ren, 2000).
1) The first stage lasted from the sedimentation of Upper Paleozoic source rocks to the end of Triassic. During
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this stage, the basin did not experience major tectonic activity, and the burial depth steadily increased. Most of
the organic matter did not enter the mature period, and the formation was basically under a normal range of
pressure. 2) The second stage lasted from late Triassic to end of the Middle Jurassic. Due to a further increase
in the burial depth, organic matter generally entered the mature stage. The constantly generated natural gas dis-
placed the pore water. Due to dense lithology, the overall pressure increased, and abnormally high pressure was
registered locally. 3) The third stage lasted from Late Jurassic to the Early Cretaceous. The maximum paleo-
burial depth was reached. In addition, under the influence of Yanshan tectonic thermal events (Zhao and Behr,
1996), the organic matter entered the dry gas generation stage. This was the main stage of gas formation in
Sulige. The gas supply in the reservoir was much larger than the gas loss, and the formation pressure generally
increased, causing the extensive high-pressure state of the gas reservoirs. This was the main factor of abnor-
mally pressured gas reservoir (Meckel and Thomasson, 2008; Spencer, 1987). 4) The fourth stage began after
the early Cretaceous. The formation was uplifted and temperature decreased. The gas that was absorbed in the
source rocks was resolved, becoming a new source supply of gas. However, the amount of these gas sources
was limited, and the hydrocarbon generation gradually decreased, and eventually stopped (Jia et al., 2005). The
temperature decreased in the gas reservoir and the late loss of gas led to a reduction in the pressure of the gas
reservoir. Abnormally high pressure was no longer the case, and the gas reservoir pressure gradually changed
from high to low.

2.2 Reservoir quality

The lower part of the He 8 Member consists mainly of braided-stream facies. The single channel sand-
stone thickness is 0.2-1 m. However, because of the rapid streams of the braided river, the fluvial channel is
wide and shallow, and the lateral migration is fast. Braided-stream channel sandstones cut each other in the
longitudinal directions, and expose amalgamated complexes, the total thickness of which reaches up to 30 m
(Figure 3). The upper part of the He 8 member is represented by meandering-stream facies. The sandstones are
less developed than the lower part, exhibiting “mud wrapping sand” characteristics along the profile. The single
channel sandstone thickness is 0.2-2 m, and the total thickness 20 m.

The He 8 Member consists mainly of fine- to coarse-grained sandstones and mudstone. Coarse-grained
sandstones contain gravel to varying degrees, and shares of sublitharenite and litharenite are 30% and 70%,
respectively. In middle-grained sandstones, the proportions of sublitharenite and litharenite are 13% and 87%,
respectively. Fine sandstones are composed entirely of litharenite. Rock fragments contain mainly quartzite,
phyllite, schist, argillite, mica and volcanic rocks, but feldspar is almost abscent.

Coarse-grained sandstones develop mainly in the middle and lower portions of the fluvial channels (Fi-
gure 3). Some fluvial channels are completely composed of coarse-grained sandstones. In general, the quartz
content is high and the rock fragment content is low in coarse-grained sandstones. Due to strong quartz over-
growth, the intergranular pores are poor. The acidic water in the coal-bearing strata causes unstable minerals,
such as epimetamorphic rocks and volcanic rocks, to dissolve. Intergranular dissolved pores, moldic pores and
intergranular micropores are developed. The throat is a flat space formed after quartz overgrowth, where a small
amount of clay filling can be seen (Figure 4 A, B). The stress sensitivity of coarse-grained sublitharenite is
relatively weak. Under 40 MPa overburden pressure, the permeability is approximately 40% of the ground
permeability, showing an overburden pressure permeability of 0.1-0.3 md. The stress sensitivity of coarse-
grained litharenite is relatively strong. Under 40 MPa overburden pressure, permeability decreases to approxi-
mately 4% of the ground permeability, showing an overburden pressure permeability of 0.0007-0.006 md (Fi-
gure 5).

Medium-grained sandstones develop mainly in the middle and upper parts of the fluvial channels. The
rock fragments content is substantially higher compared to coarse-grained sandstones. Strong compaction
causes most of the ductile rock fragments to deform and weakens quartz overgrowth in sandstones. Although
rock fragments dissolution occurs, the dissolution products are not fully brought out, and the pores are primar-
ily intergranular dissolved pores and intergranular micropores. The throat is often filled with various types of
clay minerals and exhibits a bundle or honeycomb shape (Figure 4 C, D). Medium-grained sublitharenite is
characterized by weak stress sensitivity. Under 40 MPa overburden pressure, the permeability is approximately
31% that of the ground permeability and the underground permeability is 0.02-0.06 md. The stress sensitivity
of medium-grained litharenite is very strong. Under 40 MPa overburden pressure, the permeability drops to
approximately 2.7% that of the ground permeability and the overburden pressure permeability is 0.001-0.003 md
(Figure 5).

The porosity of fine- to medium-grained sandstones does not change much in the presence of the over-
burden pressure, which suggests that the volume of the throat occupies a small proportion of the total pore
volume, and reflects a strong cementation effect.

The fine-grained sandstones are all litharenite, with a rock fragments content of approximately 47%,
which is the highest among sandstones of all grain sizes. A large amount of epimetamorphic rock fragments and

1355



0 Quartz, %100

Lithology Porosity, % Permeability, md

GR(API) g

o Rock fi ts,

& OCK Tragments. 0 1510.01 1
|

0 200

Strata
Depth, m

100 % 0

—Medium

—Mud
— Coarse

— Fine

z

I

Shihezi

(I A ] AR

Shanxi

3650

Fig. 3. Lithologic and petrophysical section of He 8 interval of Well Su59-4-13. There is a good correlation
between quartz content and reservoir quality.

volcanic rock fragments causes strong compaction, and detrital fragments demonstrate long contact or concavo-
convex contact, with almost no quartz overgrowth (Figure 4 E, F). The pores are primarily micropores formed
from alteration of rock fragments. Occasionally isolated dissolved pores, formed by dissolution of rock frag-
ments, can be observed. The throats are basically filled with pseudomatrix and thus not continuous, resulting in
some isolated pores. The stress sensitivity of this type of reservoirs is similar to or stronger than that of medi-
um-grained litharenite.

Through the above analysis, it is evident that particle size is associated with rock fragments content to a
certain extent. The larger the particle size, the lower the rock fragments content. For epimetamorphic rocks
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Fig. 4. Thin-section photomicrographs of tight-gas sandstones and scanning electron microscope photo-
graphs. 4: Intragranular dissolved pores are common and the throat is the flat space after quartz over-
growth; coarse-grained sublitharenite, well S59-4-13, 3629.9 m, X40, PPL. B: There is a relatively small
amount of clay in the throat, which shows a triangular shape; coarse-grained sublitharenite, well S59-13-
51B, 3537.4 m; C: Intergranular pores and micropores are common; medium-grained sublitharenite, well
S594-13, 3629.2 m, X40, PPL; D: The throat is filled with clay, and shows a honeycomb shape; middle-
grained sublitharenite, well S59-13-51B, 3526.2 m; E: The pores are all micropores, with a relatively small
number of visible pores; fine-grained litharenite, well S59-4-13, 3919.5 m, X40, PPL; F: The throat is
obstructed by ductile rock fragments; fine-grained litharenite, well S59-13-51B, 3519.3 m.

mainly consisting of phyllites, schists, shales and other rocks, rupture may easily occur along cleavage and
lineation, forming fine-grained fragments, which will be deposited in regions with weak hydrodynamics. In
regions with strong hydrodynamics, the main deposits are quartz grains (Nan et al., 2005). Under strong com-
paction effect, ductile grains show ductile deformation, reducing intergranular volume while weakening disso-
lution. This deteriorates the reservoir quality and complicates the pore structure. Under overburden pressure,
ductile grains may also easily deform to close the throat, leading to increased stress sensitivity. Therefore, for
the fine- to coarse-grained thick amalgamated sandstones the heterogeneity is considerable (Figure 3).

2.3 Traps and cap rocks

The focus of studies on conventional reservoirs 1.0000
is traps and it is thought that unconventional gas is of-
ten not controlled by traps. However, recent studies %/.
analyzed by Shanley et al. (2004) and Law and Curtis
(2002) have shown that gas accumulation in many tight 0.1000
sandstones is still controlled by traps, such as the Jonah
tight gas and the Hay tight gas in the Green River Basin
(Shanley et al., 2004). ;
The west Sulige is located on the west side of the 0.0100
Yishan Slope, immediately adjacent to the Tianhuan
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syncline (Figure 1). Strong tectonic movements have made the local structural trap of this region more devel-
oped than the eastern part of the Yishan Slope. Under the monoclinic tectonic background of this region, a se-
ries of low-amplitude structural traps have developed. The He 8 thick sandstones are separated by a series of
mudstones between fluvial channels extending along the north-south direction, forming a number of updip
pinch-out lithologic traps. As can be seen in Figure 6, for He 8 sandstones in well S59-11-42 on the west side
of the overbank mudstones, because it is located at the updip pinch-out, the natural gas is relatively enriched.
This well has initial production rate 8.64x10* m3 gas/d, and does not produce water. The well S298 at its base
produces water without gas. In contrast, the He 8 sandstones in well S59-12-50 on the east side of the overbank
mudstones are located at the bottom of the structure, and the initial production rate is 2.46x10*m? gas/d. The
water production rate is 5.0 m?/d, and hence this region is relatively water enriched. The position of well S59-
13-54 is higher than that of S59-13-51. However, the initial production rate in well S59-13-54 is 2.17x10* m?
gas/d, with a water production rate of 10.0 m3/d, whereas the initial production rate in the lower positioned well
S59-13-51 is 7.29x10*m? gas/d. This may be because the reservoir quality of well S59-13-54 in higher structure
is tight, and gas displacement is poor.

The He 8 gas reservoir was formed in the Early Cretaceous. After gas accumulated, intense tectonic uplift
occurred, and the uplift amplitude was close to 1000 m. The cap rocks play an important role in gas preserva-
tion. The regional cap rocks in the He 8 tight-gas are the thick mudstones in the Shihezi and Shiqianfeng For-
mations, and the direct cap rocks are the mudstones and tight stratum in the He 7, He 6 and He 5 Members.
Thickness of the direct cap rocks is 80-120 m. The cap rocks are formed via thinning of the throat and reduction
in gas and water permeability. However, gas and water can still be transported slowly. Thus, for the cap rocks,
the seal is relative, whereas loss is eternal. When hydrocarbon generation is greater than hydrocarbon loss, gas
accumulation in the tight sandstone reservoirs occures; otherwise, natural gas dissipation occurs.

2.4 Migration and loss of natural gas

In the Late Jurassic —the Early Cretaceous, tectonic thermal events resulted in an increase in the palaeo-
geothermal gradient of the basin of 3.1-4.5 °C/100 m (Ren, 1995; Zhao and Behr, 1996). Thermal events lasted
80 Ma, and the coal-bearing strata began to produce large amounts of gas. Based on the methane content in gas,
the drying coefficient, density, carbon isotope and other evidence (Cao et al., 2011), it is believed that the dis-
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tribution of gas is a result of near-source short distance migration and accumulation, and there has been no
long-distance lateral migration of natural gas. The gas generated by underlying source rocks migrates upward
and charges the reservoirs above, resulting in a gradually decreased charging efficient from bottom to top. The
number of gas wells with no water production in the Shan 1 Member is substantially higher than that in the He 8
Member.

After the Early Cretaceous, the Yanshan orogeny uplifted the overall basin. The temperature decreased,
and gas generation nearly stopped. Basin modeling suggests that the gas generation intensity in the Upper Pa-
leozoic coal-bearing source rocks was 2.84x108 m3/km? in the Middle Jurassic (Liu et al., 2000); it increased to
18.57x108 m3/km? in the Early Cretaceous, and decreased to 1.25x108 m3/km? in Late Cretaceous. Hence, after
the formation of the Upper Paleozoic tight-gas reservoirs, there was a lengthy process of gas loss. Based on the
diffusion coefficient of the cap rocks, it is estimated that the amount of natural gas diffusion is 1.28x10% m3/km?,
i.e., 2.6 fold that of the total accumulation amount (accumulation coefficient 4%).

The gas reservoir pressure depends on the amount of natural gas loss as well as the amount of gas gen-
eration by the source rocks (Meissner, 2000). Wushenqi and Yulin are located in a high hydrocarbon generation
area, where the gas reservoir pressure is high. Gas reservoirs in this area are mostly with no water production,
suggesting that the amount of gas generation by source rocks can compensate for the loss of natural gas to some
extent and slow down the reduction in the gas reservoir pressure (Xu et al., 2011).

3 DISCUSSION
3.1 Sandstone densification and gas charging

The densification of sandstones in the He 8 Member was completed primarily in two forms: strong com-
paction densification of litharenite and compaction — silica cementation densification of sublitharenite. Tight
sandstones formed by strong compaction have low silica cement content, and ductile grains deformation makes
the detrital particles exhibit long, concavo-convex contact. From the perspective of low cement content and the
burial history (Figure 7), densification of litharenite occurred early, and was completed before gas charging. For
tight sublitharenite formed by compaction — silica cementation, the compaction caused a 24.4% loss of poros-
ity. Subsequently, due to gas charging and increase in gas reservoir pressure, compaction weakened. Then,
silica cement further deteriorated the reservoir quality. Fluid-inclusion data show that the inclusion types in the
quartz overgrowth side include gaseous hydrocarbon inclusion, liquid hydrocarbon inclusion and brine inclu-
sion. The homogenization temperatures lie mainly in the range from 90-120 °C up to 140 °C. In other words,
natural gas charging occurred at the same time as quartz overgrowth or slightly later, which is characteristic of
simultaneous densification and gas accumulation. Therefore, for sublitharenite, the porosity before gas charging
should be approximately 3-4% higher than the current porosity. The heterogeneity of reservoirs at the time of
gas charging was greater than the current heterogeneity of the reservoirs, and the porosity of the sublitharenite
was relatively high.

In this condition, natural gas charged sublitharenite because of the strong permeability difference, of
which the physical properties were suitable for gas charging. For the tight sandstones formed by strong compac-
tion, efficient charging of gas was poor due to high displacement pressure. Thus, the different processes of
sandstone densification led to differences in the displacement pressure of the reservoirs during gas charging,
eventually resulting in differences in gas saturation.

3.2 The impact of regional structure on natural gas accumulation

The top surface of the tight-gas reservoirs in west Sulige depends on the structure and the thickness of
the sandstones. If the regional structure is monoclinic, the sandstone-rich region can form a regional structure
caused by differential compaction. The sandstone thickness in the He 8 Member is 20-30 m, and is composed
of several braided-stream fluvial channel sandstones. Because the sandstones extend along the north-south di-
rection, whereas the regional structure shows a monoclinic westward, the continuity of the fluvial channel
sandstones in the west-east direction is relatively poor. The height of the He 8 regional structures can reach
40-50 m. Considering that the sandstone thickness is 20-30 m, we deduce that the height of the continuous gas
column can reach 70 m, producing a buoyancy of approximately 0.7 MPa.

To examine the effect of 0.7 MPa buoyancy on gas charging, six sublitharenite samples were tested in
order to determine the capillary pressures and relative permeability (Figure 8). First, P, which was obtained
from mercury capillary pressure, was converted into gas/water capillary pressure P, using the following for-
mula:

_0,,cos6,, 72 x cos0° 1

— = ~—P
" oy, c0s0,, " 480xcos140° " 5%
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P,,: gas/water capillary pressure, MPa; Py ,: mercury capillary pressure, MPa; o, ,: gas/water interfacial
tension, mN/m, here the value is 72 mN/m; c,,: mercury/water interfacial tension, mN/m, here the value is 480
mN/m; 6: gas/water wetting angle, here the value is 0% 6,,,: mercury/water wetting angle, here the value is
140°.

1360



10004 200 0.6
—e Krg
...|I| o MKI’W
1004  201R -0.5
NN
10 2 - - - ., F0.4
© © 0.7MPa i ml -
. a R\ E
[=) 7 60'2_ i : \%'I ] 0.3 —E
@ o L ~. N
0.17 0.021 7% 0.2
0.01{ 0.0024 ! Y
0.0017 0.0002 "————7—— : w———— 0
100 80 60 40 20 O 0 20 40 60 80 100
Mercury saturation, % Water saturation, %

Fig. 8. Relative permeability and capillary pressure curves of coarse-grained sandstones.

The average gas saturation of the six coarse-grained sandstones samples is 71%, and the corresponding
gas/water capillary pressure is 1.3 MPa. If a 0.7 MPa pressure is imposed, the gas saturation is increased by
4-10%, with a mean of 7% (Figure 8). From the above analysis, we know that when natural gas began charging,
the quality of the coarse-grained sandstones was slightly better than that of the current reservoirs. Thus, at that
time, the increase in gas saturation caused by the regional structure likely exceeded 7%. It can be seen that
buoyancy caused by regional structures can increase the gas saturation in reservoirs with good physical proper-
ties, but such increases in reservoirs with poor physical properties are not obvious.

3.3 The impact of tight sandstone heterogeneity on gas accumulation

After the Permian Shanxi Formation sedimentation, the short tectonic uplift elevated the base level, and
the shoreline apparently shifted towards the lake, reducing the accommodation space. At this point, the braided
stream was wide and shallow. Due to frequent migrations and erosions, a large number of coarse-grained clas-
tic materials were deposited. Braided stream fluvial channels sandstones were amalgamated, showing a blanket-
like distribution along the horizontal directions. According to lithology statistics of eight coring wells, coarse-,
medium- and fine-grained sandstones account for 65%, 16%, and 19%, respectively. The single fluvial channel
sandstones show fining upward succession. The larger the grain size, the lower the content of ductile grains,
which indicates coarse-grained sandstones have better reservoir quality because of weak ductile clastics defor-
mation (Figure 3). The lower displacement pressure reduces the resistance to gas charging and is conducive to
gas accumulation.

Previous studies have shown that when the pore-throat sizes of tight sandstones are less than 2 pm, buoy-
ancy is not the dominant force in forming and maintaining the distribution of gas in tight-gas accumulation.
Thus, pore-throat sizes of 2 um are considered to be the boundary between conventional gas and tight-gas.
From capillary pressure curves (Figure 9) it can be seen that for sublitharenite, pore-throat sizes greater than
2 pm account for 48.2% of the total pore volume, and buoyancy is still the dominant force of gas accumulation.
For litharenite, however, gas accumulation via the buoyancy rarely occurs because pore-throat sizes greater
than 2 um accounts for 13.5% of the total pore volume.

Although the lateral continuity of the braided-stream fluvial channel sandstones is good, different reser-
voir physical properties result in differences in gas charging, causing frequent isolation and scattering of gas-
bearing sand bodies, which are separated by tight sandstones with high water saturation. For example, in well
S59-5-13B (Figure 10), the interval located at 3848.9-3542.3 m belongs to coarse-grained sublitharenite, show-
ing good physical properties. This interval is basically free of micropores, and the pores are primarily free
fluid pores; differential spectra and total hydrocarbon data suggest it is a gas-bearing layer. The 3542.3-3538.0 m
interval is composed mainly of coarse litharenite; the porosity does not vary much, but the permeability is sub-
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Fig. 9. The capillary pressure curves and pore throat size distributions of different types of reservoir beds.
A: Pore-throat distribution of coarse-grained sublitharenite; B: Pore-throat distribution of middle-grained
sublitharenite; C: Pore-throat distribution of coarse-grained litharenite; D: Pore-throat distribution of
middle-grained litharenite.

stantially reduced compared with the previous interval. In addition, there is a large number of micropores in the
reservoir space and free fluid porosity is reduced. Differential spectra and total hydrocarbon data both detect
abnormality, but the abnormality is not obvious, and the result can be interpreted as a gas-water layer. The
3538.0-3530.8 m interval contains primarily medium- to coarse-grained litharenite, with local fine-grained li-
tharenite. The permeability is one order of magnitude lower than the sandstones in 3848.9-3542.3 m; the free
fluid porosity is substantially reduced, replaced by a large amount of micropores, and differential spectra and
total hydrocarbon data both suggest that it is the water-bearing layer. The 3542.3-3527.3 m interval contains
medium-grained sublitharenite, which shows good physical properties. Here, free fluid pores and micropores
coexist; the differential spectra detects abnormality, but as the thickness is small, total hydrocarbon data does
not reveal noticeable abnormality, and the result is interpreted as the gas—water layer. The 3527.3-3525.0 m
interval consists of fine- to medium-grained litharenite, showing poor physical properties; the reservoir space is
composed of a large amount of micropores and both differential spectra and total hydrocarbon data suggest that
it is a water-bearing layer. Finally, gas testing was performed on the 3548.9-3540.2 m interval. After fracturing,
the gas production was 2.58x10* m3/d and water production was 12 m3/d.

Thus, it can be seen that for sublitharenite with relatively good physical properties, the intensity of gas
charging is high, and the gas saturation is high. For litharenite, due to the presence of a large number of micro-
pores, the gas displacement effect is poor, and water disperses in the gas reservoirs. In braided-stream fluvial
channel sandstones, the strong heterogeneity leads to amalgamation of the gas-bearing layer, the gas—water
layer and water-bearing layer. Such strong heterogeneity determines the difficulty of gas development. Water-
bearing layers that are sandwiched in tight-gas sandstone reservoirs are also rather common in other basins in
the world.

3.4 The impact of tectonic uplift on natural gas accumulation

The Cretaceous Yanshan tectonic movement caused the overall Ordos platform to be uplifted nearing
1000 m. The tight-gas reservoirs pressure dropped by 24.9-25.6 MPa, or 47-49%, and the temperature de-
creased by approximately 60 °C, or about 36%. Because the Upper Shihezi Formation in different parts of Su-
lige shows gas, the gas is considered to be caused by natural gas loss. By comparing the pressure loss due to the
decrease in the formation temperature and the actual amount of pressure loss, it can be found that the pressure
loss caused by the temperature decrease accounts for 73-77% of the total pressure loss, whereas the pressure
loss due to the loss of natural gas accounts for 23-27% of the total pressure loss.

The temperature drop and gas loss can result in a decline of the reservoir pressure (Law, 2002). How-
ever, for tight sandstones with no natural gas charging or mudstones near the tight-gas reservoirs, there is no
gas loss, and the pressure will not decrease substantially even with a temperature decrease. Thus, these tight
sandstones or mudstones are of normal or slightly high pressure (Law and Dickinson, 1985). Hence, after the
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Yanshan tectonic movement at the end of the Early Cretaceous, there had pressure differences between the
tight-gas reservoirs and the nearby water-bearing tight sandstones or mudstones. Water in the water-bearing
tight sandstones and mudstones flew towards the low-pressure tight-gas sandstones to correct this pressure im-
balance (Law, 2002; Law and Dickinson, 1985). After being “sucked” into the tight-gas reservoirs, water would
migrate to a lower position under the effect of gravity if the physical properties of the tight-gas sandstones were
good. If the physical properties of the tight-gas reservoirs were poor, water would be distributed in the throat,
disperse, and separate the continuous gas in the pores. Because the He 8 sandstones comprise amalgamated
fluvial channel sandstones, the particle size of sandstones is fine at the edge of the braided-stream fluvial chan-
nels, which show a high level of ductile grains and poor gas accumulation. In the tectonic uplift and water ab-
sorption processes, these tight water-bearing sandstones divided the uncompartmentalized He 8 gas field into a
multireservoir gas field with several gas/water interfaces, further complicating the gas and water distributions.

Figure 11, 4 simulates the He 8 gas pool at the end of Early Cretaceous when source rocks reached the
peak of hydrocarbon generation. Except in the fine litharenite at the edge of the fluvial channel sandstones,
where there was no natural gas charging due to extremely tight lithology, other fluvial channel sandstones were
all charged with natural gas. After the Late Cretaceous, water was sucked into the low-pressure tight-gas reser-
voirs form normal pressure water-bearing sandstones or mudstones due to Yanshan tectonic uplift. If sand-
stones were sublitharenite, gas—water differentiation would occur, e.g., the tight-gas reservoirs composed of
sand bodies 1a, 1b and 1c. If sandstones were litharenite, the water sucked into the low-pressure tight-gas res-
ervoirs would diffuse in the tight sandstones, showing no obvious gas—water differentiation, e.g., the gas reser-
voirs composed of sand bodies 3a, 3b, 3¢ and 3d; the direct consequence was that the original gas reservoir was
divided into several gas reservoirs.

Therefore, it can be seen that after the Yanshan tectonic uplift, the temperature decrease and loss of
natural gas caused reduction in pressure of the tight-gas reservoirs, which then sucked water from nearby mud-
stones and tight water-bearing sandstones, further complicating the gas—water relationship in the gas reservoirs.
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Table 1. The pressure coefficients and unimpeded gas flows of the three wells of the Sulige gas field
Well Formation pressure Pressure Convert gas—water Gas open flow Water yield Sands
location (MPa) coefficient interface (m) capacity (m3/d) (m3/d) thickness (m)
Su44 32.05 0.92 1042.13 73025 0.7 253
Su59 32.95 0.96 1156.35 87825 0 12.7
Sul8 28.73 0.82 704.51 15005 15.6 29.2

Taking the wells S44, S59 and S18 in the study area (Table 1) as examples, their pressure coefficients and
converted gas—water interfaces varied considerably, suggesting that these wells belong to different pressure
systems, and thus do not belong to the same gas reservoir. Hence, the He 8 tight-gas reservoir in west Sulige is
a multireservoir gas field.

4 THE CHARACTERISTICS OF NATURAL GAS ACCUMULATION
IN LESS EFFICIENT CHARGING TIGHT - GAS RESERVOIRS

Less efficiently charging tight-gas is a quasi-continuous gas between a conventional gas and a continuous
gas. Less efficiently charging tight-gas is similar to conventional gas because it is controlled by traps to certain
degree, and there may be relative enrichment of natural gas at high locations of the structure, and in updip
pinch-outs. But there is diffused free water because of the poor quality of reservoirs and less efficient gas charg-
ing, and gas reservoirs that contain water are rather common. In addition, there is no regional gas—water inter-
face, and the gas field is composed of multiple small superimposed gas reservoirs. Compared with continuous
gas, similarities are close to the source rocks, tight reservoirs, extensive gas shows, but differ in that gas enrich-
ment is controlled by intensity of gas generation, traps, reservoir physical properties and late gas loss in less
efficient charging gas reservoirs. Buoyancy in less efficient charging tight-gas reservoirs contributes to gas ac-
cumulation to a certain degree.

Currently, reserves in less efficient charging tight-gas reservoirs are concentrated mainly in certain subtle
traps. Natural gas is primarily accumulated in sublitharenite in structural traps and updip pinch-out traps. These
types of tight-gas are mostly gas reservoirs without water production. However, natural gas occurs in diage-
netic traps in monoclinic zones, controlled by the lateral seal of low-permeability layers. Because the structure

Fig. 11. Schematic model showing gas and water differentiation by tectonic uplift.

1, gas-bearing sandstones; 2, water-bearing sandstones; 3, super tight sandstones; 4, water moving direction.
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is relatively flat, gas—water differentiation is not complete. Gas reservoirs contain gas—water layers and water-
bearing layers. This type of gas reservoir frequently produces gas and water at the same time, and gas produc-
tion drops relatively rapidly.

5 CONCLUSIONS

1. Less efficient gas-charging is the main cause of the complex gas—water distribution in the He 8 gas
reservoirs. The gas reservoir pressure drops due to the Yanshan tectonic uplift and the heterogeneity of the
reservoirs aggravated the complication of the gas—water distribution, eventually causing the He 8 gas reservoir
to become a multireservoir gas field with multiple gas—water interfaces.

2. The densification processes differ for two types of reservoirs, resulting in the fact that the heterogene-
ity of the sandstones at the time of gas-charging was stronger than that of current sandstones. Less efficient
gas-charging causes the force for natural gas migration to be relatively low. The degree of gas-charging is high
for sublitharenite because of the low displacement pressure. In contrast, due to the high displacement pressure
in litharenite, gas-charging is difficult.

3. Sublitharenite is characterized by developed intergranular pores and intragranular dissolved pores. The
majority of pores and pore throats are reduced to narrow slots. The reservoir physical properties are good with
high overburden pressure. There may be edge and bottom water in the low parts of the trap, but no water pro-
duction in the high parts. Litharenite is characterized by abundant micropores and bundle-shaped pore throats
plugged by clay minerals and ductile grains. The reservoir physical properties are poor and natural gas displace-
ment effect is low. Further, gas—water differentiation is very difficult, and a large amount of residual water is
retained in the gas reservoirs.
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