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RESERVOIR POTENTIAL OF DEEP-WATER
LACUSTRINE DELTA-FRONT SANDSTONES
INTHE UPPERTRIASSICYANCHANG
FORMATION,WESTERN ORDOS BASIN, CHINA

Shengli Li"",Y. Zee Ma?, Xinghe Yu' and Shunli Li'

This paper investigates the reservoir characteristics of deep-water lacustrine-delta sandstones
in the Upper Triassic Yanchang Formation in the western Ordos Basin, north-central China.
The Yanchang Formation has previously been interpreted as a shallow-water lacustrine
deltaic succession, and this interpretation has been used to guide petroleum exploration
activities which have however met with only limited success. The present study integrates
thin-section, wireline log, X-ray diffraction and SEM data from wells in the western Ordos
Basin to determine the sedimentary and diagenetic characteristics of sandstones in the Cé
and C4+5 sub-members of the Yanchang Formation, and to interpret the units’ depositional
environment.

The C6 and C4+5 sub-members in the study area are composed of: mudstones and
fine-grained sandstones, which are interpreted as deep-water pro-delta deposits; laterally-
extensive sand sheets (outer delta-front deposits); and small-scale distributary channel and
mouth bar sandbodies (inner delta-front deposits). The sandstones have reservoir potential
but diagenesis has had a range of effects on reservoir quality. Compaction together with
cementation by calcite and clay minerals including chlorite and kaolinite may have affected
pore throat geometry and permeability adversely. However dissolution of feldspars and calcite
cement created secondary porosity. Hydrocarbon accumulations may occur in delta-front
channel and mouth bar sandbodies. Core studies show that some sandstone intervals have
relatively good reservoir properties with porosity up to 15% and permeability up to 9mD.
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INTRODUCTION

Although numerous studies have investigated deep-
marine clastic systems and shallow-water lacustrine
deltas, studies of lacustrine deltas developed under
deep-water conditions are less common. In lacustrine
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basins, changes in lake-level are generally smaller
in magnitude than changes of eustatic sea level but
may still influence patterns of deltaic sedimentation
(e.g. Kasse, 2014; Du, 2014; Xiao et al., 2013; Han,
et al., 2009). In previous studies of large-scale non-
marine basins in China (Yao et al..1995; Zou et al.,
2008; Zhu and Tao, 2008), lacustrine deltas were in
general interpreted as having developed in shallow-
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Fig. 1. The main map (Fig. I1C)
shows the location of the study
area in the western Ordos Basin,
north-central China (see Figs 1A,
B), and the locations of the wells
studied.The dashed line in Fig.

1 C indicates the line of profile of
the section in Fig.5C.
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water settings, and this interpretation has been used
to provide a framework for hydrocarbon exploration
(Han et al., 2009; Yu et al., 2009; Liu et al., 2012). In
the Ordos Basin, north-central China (Fig. 1), thick
sandstones and shales in the Upper Triassic Yanchang
Formation have in general been interpreted as the
deposits of a shallow-water lacustrine delta (Wu et al.,
2004; Zou et al., 2008; Han et al., 2009). The present
study however suggests that in the western part of the
basin, certain intervals such as the C4+5 and C6 sub-
members were deposited in a deep-water delta-front
setting, with maximum water depths of ca. 150 m (Yuan
etal., 2015). Evidence for this includes the presence of
delta-front mouth bar sandstones which in general are
not well-developed in shallow-water lacustrine deltas

(Yu et al,, 2009; Liu et al., 2012), and the occurrence
of abundant mud-rich fine-grained sandstones and
laminated mudstones wich are interpreted as relatively
deep-water deposits (Guo et al., 2008; Yuan et al.,
2015).

Economic accumulations of hydrocarbons in
the western Ordos Basin are present in the Jurassic
Yan’an Formation which overlies the Yanchang
Formation (Johnson et al., 1989). Although the
Yan’an Formation is the main oil-producing interval
(Lei and Zhang, 1998; Zheng, 2012), the Yanchang
Formation has been the target of recent exploration
in the study area; thus 6.5 tons of oil were produced
during well tests from well W103 (location in Fig. 1C)
from an interval between 2728.5 and 2731.5 m depth.
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and calcite cementation (Luo et al., 2009). However,

However in general exploration results have been

core and thin section analyses suggest that secondary
porosity was created during diagenesis and may locally

have improved the sandstones’ reservoir qualities.

disappointing and no significant commercial volumes

of hydrocarbons have so far been discovered in the
Yanchang Formation. An improved understanding of
the depositional and diagenetic characteristics of the

The aim of this paper is therefore to investigate the

sedimentary characteristics of deep-water lacustrine

sandstones in this formation may help to explain this

lack of exploration success.

delta-front sandstones in the Yanchang Formation

in the western Ordos Basin, and to assess the impact

Primary porosity has been significantly reduced in
sandstone intervals in the Yanchang Formation in the
study area as a result of compaction and clay mineral

of depositional and diagenetic processes on the

sandstones’ reservoir properties.
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Fig. 3. Compositional classification of (A) the C4+5 sandstones and (B) the Cé sandstones of the Yanchang
Formation in wells in the study area.The triangular plots show that the sub-members are dominated
respectively by feldspathic litharenites and lithic arkoses, and that the sandstones in the C6 sub-member are

compositionally more mature than those in the C4+5.

Geological setting

The intracratonic Ordos Basin in north-central China
(Li et al., 2009; Yang et al., 2007; Wang and Al-
Aasm, 2002) is composed of a number of first-order
structural units: the Yimeng and Weibei uplifts, the
Jinxi foldbelt, the Yishan slope, the Tianhuan syncline,
and an unnamed western fold-and-thrust belt (Yang et
al., 2005) (Fig. 1). This study focuses on an area in the
western Ordos Basin located between the Tianhuan
syncline and the western fold-and-thrust belt (Figs
1B and 1C).

In the study area, the lacustrine Upper Triassic
Yanchang Formation (228 to 199.6 Ma) is
unconformably overlain by the coal-bearing Lower
Jurassic Yan’an Formation (Johnson et al., 1989), and
rests disconformably on the Zhifang Formation (Zeng
and Li, 2009). The Yanchang Formation contains high-
TOC (>2.0%) oil-prone shale source rocks together
with sandstones with reservoir potential (Hanson et al.,
2007; Wang et al., 2010; Luo et al., 2006, 2009). The
formation is widely distributed throughout the Ordos
Basin and has a thickness ranging from 184 to 2060
m (Wang et al., 2010), and in general dips towards
the SW as a result of basin-scale structural tilting.
Clastic materials in the formation was transported from
sediment provenance areas to the north, west and SW
which were dominated by schists and gneisses (1.7-2.1
Ga and 2.3-2.6 Ga, respectively) together with marine
sandstones and carbonates (250-500 Ma) (Wei et al.,
2003; Xie and Heller, 2013).

The Ordos Basin evolved from an intracratonic
basin to a rift depression as a result of late Indosinian
tectonism during the Late Triassic (Darby et al., 2002;
Yue et al., 1998) with a change from mainly open-
marine to mainly non-marine deposition (Hu et al.,
2013). The western Ordos Basin was dominated by
fluvio-lacustrine and deltaic environments (Wu et al.,
2004), and the Zhenbei-Jingchan palaeo river formed

a large-scale lacustrine delta system (covering > 2000
km?) at the basin margin. The study area for this paper
is located in the distal portion (i.e. the east) of this
deltaic system.

Based on variations in lithology as indicated by
wireline log response, the Yanchang Formation can
be divided into five members (T,y, —T,y,) and ten
sub-members referred to as C1 to C10 from top to
bottom (Fig. 2) (Zhao et al., 2010; Wang et al., 2009).
This study focuses on the C4+5 and C6 sub-members.

Wang et al. (2008) used well-log data to determine
the water depths in which the Yanchang Formation
was deposited and recognized three deep-water
intervals: C9, C7 and C4+5 (Fig. 2). The C6 sub-
member was deposited in a delta-front setting which
deepened abruptly before the deposition of the C4+5
sub-member. A third-order maximum flooding surface
(MFS) can be inferred from the presence of dark grey
shales with high gamma-ray (GR) log readings in the
lower part of the C4+5 sub-member (referred to as
C4+5)) (Fig. 2).

MATERIALS AND METHODS

This study is based on cores, thin sections and wireline
logs from an area covering about 420 sq. km in the
west-central Ordos Basin (Fig. 1). Twenty-two wells
with wireline logs were investigated (Fig. 1C), of
which nineteen were cored and more than 650 m
of core was analysed in detail. Thin sections were
prepared from 309 core samples from eight wells
(W2, W3, W4, W5, W14, W17, W103 and W109: Fig.
1C). Lithologies, sedimentary structures, porosity, and
permeability were analysed or measured from cores
or core samples. Depositional environments were
interpreted from cores and wireline logs.

Sandstone diagenesis was investigated from the
analysis of 46 thin sections of the Yanchang Formation
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Fig. 4. Core photographs showing sedimentary structures in Yanchang Formation sandstones, siltstones and
mudstones in the Cé6 and C4+5 sub-members in the study area. (A) Trough cross-stratification, often recorded
at the base of channel sandbodies; (B) planar cross-stratification which often occurs in cores above trough
cross-stratification; (C) trough and planar cross-stratification, interpreted to indicate lateral channel accretion;
(D) parallel lamination in channel sandstones; (E) wave ripple cross-lamination, interpreted to occur in delta-
front sandstones; (F) scoured surface at the base of a channel sand; the overlying section includes mudstone
rip-up clasts; (G) deformation due to soft-sediment slumping; (H) oriented mudstone rip-up clasts indicating
palaeoflow direction; (I) pelecypods in delta front or pro-delta siltstones; (J, K) coal lenses and plant fragments

indicating a delta plain or inner delta-front setting.

from the eight wells identified above. X-ray diffraction
analysis was used to investigate the authigenic clay
minerals in fine-grained samples (grain size <2pm)
from five wells (W3, W5, W14, W17, W109), together
with scanning electron microscope studies of samples
from well W17 in the NE of the study area (Fig. 1C).
Porosity and permeability data were obtained from
the 309 core samples; this data was provided by the
Huabei Branch Company of SINOPEC, Zhengzhou.

SEDIMENTARY CHARACTERISTICS
OF THE YANCHANG FORMATION

The C4+5 and C6 sub-members of the Yanchang
Formation have present-day burial depths of 2180 —
2650 m, and in general consist of mudstones, siltstones
and fine- to medium-grained sandstones. Sandstones

in the C4+5 sub-member are dominated by feldspathic
litharenites and lithic arkoses (Fig. 3A) with 33-74%
quartz, 6-35% feldspar (K-feldspar and plagioclase),
and 16-41% rock fragments (igneous, sedimentary and
metamorphic). The moderate sorting and predominace
of sub-angular grains indicate moderate textural
maturity. The C6 sandstones are dominated by lithic
arkoses with subordinate feldspathic litharenites
and sub-litharenites (Fig. 3B). Quartz represents
39-81%, feldspar 3—38% and lithic fragments (mainly
metamorphic debris) 8-35% of the samples. Textural
maturity and sorting are moderate, and grains are
mainly sub-angular with some sub-rounded.

In general, mean grain size decreases upwards from
the C6 sub-member to the MFS in the lowermost part of
the C4+5 interval (Fig. 2). Above, grain size increases
and sandstone intervals become thicker. The upward
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Fig.5. (A) Map of the study area showing contours of the sand:shale ratio in the C4+5_ interval; the contours
were controlled by well data and were interpolated at inter-well locations using a kriging method.

(B) Depositional facies distribution of the C4+5_ interval in the study area. (C) Correlation of sedimentary
facies along a west-east profile between wells W6 and W17 (profile location in Fig. 5B).

increase in grain size and sand: shale ratio indicates
overall progradation.

Depositional features observed in cores of the
studied intervals include trough cross-stratification,
tabular cross-stratification and parallel lamination in
fine- and medium-grained sandstones and mudstones
(Fig. 4). In general, small-scale trough cross-
stratification occurs in the lower parts of sandbodies
interpreted as channel fills (Fig. 4A). At the base of
these sandbodies are erosive surfaces (Fig. 4F) with rip-
up clasts (Fig. 4H). Tabular cross-stratification (Figs 4B

and 4C) and parallel lamination (Fig. 4D) were observed
and may be present within a single sandbody or as part
of a fining-upward sequence that suggests waning
channel flow during sediment deposition. Small-scale
current ripples, wave ripples and lenticular lamination
were present in silty sandstones and mud-rich siltstones
(Fig. 4E) and suggest deposition in ddistal bars and
sand sheets. Syndepositional deformation structures
(Fig. 4G) were recorded in some mud-rich sandstones.
Although fossils were not abundant in the C4+5 and
C6 sub-members, foraminifera and pelecypods were



Shengli Li et al. 1

Delta Front

Subaqueous Terminal

Subaqueous Distributary

&

Outer Delta Front

Inner Delta Front Distributary Channel
[ __Distgl Bar

@i’ "/
./

—— = [~~] —
trough planar currentripple wave ripple
cross-bedding cross-bedding

lenticular
bedding

fine-grained silty fine-grained siltstone
sandstone sandstone

shaly siltstone

shale

Prodelta
St s Prodelta Mud

/J

horizontal burrow

bedding

Fig. 6. Block diagram showing a generalised depositional model for a lacustrine delta front, divided into
proximal and distal sectors, in front of which is the mud-rich pro-delta.

A: interdistributary fines; B:sub-aqueous distributary channel sands; C: mouth bar sands;

D. terminal distributary channel sands; E. distal bar sands; F. distal sand sheet; G. pro-delta muds.

recorded in mudstone-rich intervals (Fig. 41) together
with woody debris and plant fragments (Figs 4J and
4K) whose presence increases upwards. Coal intervals
and bioturbation were occasionally observed.

The C4+5 sub-member was deposited in maximum
water depths of ca. 150 m (Yuan et al., 2015). The
occurrence of dark-grey laminated mudstones and
siltstones in these units in the study area (Fig. 2)
suggests low-energy deep-water settings. The distal
part of the delta front was located in the far east of a
deltaic system dominated by fine- to medium-grained
sandstones, with small-scale sedimentary structures
observed in cores (Fig. 4). The C4+5 and C6 sub-
members in the study area are therefore interpreted as
relatively deep-water delta-front deposits.

Depostional facies and facies distribution
Five depositional facies in the C6 and C4+5 sub-
members of the Yanchang Formation in the study area
were interpreted from wireline logs and lithological
observations (cf. Coleman, 1982): distributary channel,
distributary mouth bar, interdistributary, distal bar, and
sand sheet.

An attempt was made to predict the facies
distribution in the study area at inter-well locations
and at locations where no wireline logs were available.

First, the sand: shale ratio of the C4+5, interval was
determined from well log interpretations from the 22
wells investigated (Fig. SA). The ratio is in general
<50% and exceeds 40% at only a few well locations.
Then, a contoured map of the sand: shale ratio in the
C4+5, unit was prepared (Fig. SA) using a kriging
interpolation method. By integrating the map of sand-
shale ratio (Fig. 5A) with the depofacies characteristics
interpreted from well logs, a map of facies distributions
in the study area was constructed (Fig. 5B).

A section between wells W6 and W17 in the
north of the study area (Fig. 5C) shows that potential
sandstone reservoir units in the C4+5 and C6 sub-
members are present at depths of between 2180 m
(well W6) and 2650 m (well W17, Fig. 5C). These
units could be correlated between wells (Fig. 5C) and
interpolated at inter-well locations.

Areas with relatively high sand: shale ratios were
identified in the NE and SW of the study area (Fig. 5A).
The facies map (Fig. 5B) suggests that sandstones in
these areas are mainly distributary channel and mouth
bar deposits, and sandbodies are of relatively small
scale with widths <3km and lengths <4 km. More
laterally-extensive sand sheets are also present (Fig.
5C) and are typical of unconfined outer delta-front
deposits (Fig. 5B).
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Table |. Average reservoir properties (porosity and permeability) of the C4+5 and C6 sandstones in the study
area. Data from 309 samples from eight wells (W2,W3,W4,W5 WI4,WI17,W103 and W109). Sample depths

between 2180m and 2650m.

Porosity ( % )

Permeability (mD)

Layer | C4+5, | C4+5, | C6, | C6,

C6; | C4+5,

C4+5, | C6, | C6, | C6;

Average 12.4 9.6 89 [ 5.7

1.61 048 | 037 ] 02

Maximum 13.5 13.6 153 | 10

No data| 9.91 1.72 | 3.05 1

No data

Minimum 10.9 2.2 1.5 2.9

0.19 0.07 | 0.05 | 0.06

Sample count| 10 83 202 14

10 &3 202 14

Table 2. Relative contents of clay minerals in the C4+5 and Cé sandstones. Data are from X-ray diffraction
analysis of samples from wells W3, W5 WI14,W17 and W109 (locations in Fig. | C); sample number = 50.

Sample depths between 2393m and 2575m.

Sub-member Clay mineral content lllite/smectite (1/S) %
Illite (1) % Kaolinite (K) % | Chlorite (C) %
Ca+s Average 16.02 27.7 44 .4 11.9
Range 10-23 24 - 32 38-49 8-14
6 Average 12.3 23.5 55.5 8.7
Range 6- 22 14 -29 41 -60 5-15

The facies distribution pattern is consistent with
the model that the C4+5 and C6 sub-members of the
Yanchang Formation were in general deposited in
a deep-water lacustrine delta-front system (Fig. 6).
Sandstones with reservoir potential were deposited
in distributary channels and mouth bars. Relatively
large-scale channel sandstones occur more frequently
in the upper part of the C4+5 sub-member than in the
C6 (Fig. 5C).

Depositional Model

A model of deep-water lacustrine delta-front deposition
for the C4+5 and C6 sub-members was constructed
(Fig. 6) based on the facies distribution (Fig. 5B)
and well correlations (Fig. 5C), and in the context of
previous studies (Zou et al., 2008; Zhu et al., 2013).
The inner (proximal) portion of the delta front is
dominated by distributary channels and mouth bars;
the distal portion by terminal distributary channels,
distal bars and sheet sands. Fine-grained and muddy
deposits occur in the pro-delta region.

Facies in the inner delta front include subaqueous
interdistributary deposits (Fig. 6,A), amalgamated
multicycle distributary channel sands (Fig. 6,B), and
amalgamated multicycle mouth bar sands (Fig. 6,C).
Facies in the distal portion of the delta front include
distal bar sands (Fig. 6, E) and sand sheets (Fig. 6,
F), together with deep-water shales and thin, fine-
grained or silty sandstones (Fig. 6, G) which are often
interbedded due to high-frequency progradational
and retrogradational cycles. Although no TOC data
is available in the study area, in the nearby Zhenjing
oilfield (location in Fig. 1B), ten samples from the
C4+5 interval and 31 samples of pro-delta muds

from the C6 interval had average TOC contents of ca.
2.8% and 1.4%, respectively, suggesting that similar
mudstones in the study area may have source rock
potential where organic rich.

In lacustrine settings, deltaic facies zones are
influenced by the overall lake level. With high lake
levels, deep-water lacustrine deltas develop with a
wide delta front and a narrow delta plain. Coarse-
grained deposition occurs in the proximal delta front
with the formation of multicycle distributary channels
and mouth bars, together with finer-grained and muddy
sediments in more distal settings. With low lake levels,
a shallow-water delta develops and is dominated by
deposition on the the delta plain (Zou et al., 2008; Zhu,
2008). Subaerial distributaries or subaqueous channels
may erode earlier distributary mouth bars, which are
consequently less likely to be preserved.

DIAGENESIS

Compaction, pressure solution and cementation
Compaction results in most porosity loss in sandstones,
especially in fine-grained sandstones (Shou et al.,
2003). Potential reservoir units in the C4+5 and C6
sub-members consist of fine-grained sandstones and
siltstones (Fig. 7A) deposited in distal delta-front
settings, which have undergone significant compaction.
The C6 sandstones have lower average porosity
and permeability values than the overlying C4+5
sandstones in the eight wells studied (Table 1).

In a normally-pressured section, porosity is reduced
with depth due to compaction and diagenetic changes
such as dissolution and cementation. In the Yanchang
Formation sandstones studied, pressure solution has
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Fig. 7. Photomicrographs showing diagenetic features
in the Yanchang Formation sandstones in the study
area. (A) Moderately sorted fine- to medium-grained
sandstone with sub-angular grains with mainly
straight contacts; well W14, C4+5 sub-member,
2395.2 m; Q, quartz; F, feldspar; L, lithic fragment.
(B) SEM image showing quartz overgrowths (Re-Q);
well W17, C4+5 sub-member, 2480.8 m.

(C) Fine- to medium-grained sandstone with
prominent calcite cement (Ca); well W14, C4+5 sub-
member, 2398.8 m.

(D) Ankerite cement (An) with iron-oxide rich
margin (Fe); well W3, C6 sub-member, 2493.7 m;

(E) SEM photomicrograph showing booklet-like
structure of kaolinite (K); well W17, C4+5 sub-
member, 2537.4 m;

(F) SEM photomicrograph showing illite/smectite
mixed-layer clays (I/S) and authigenic quartz cement;
well W17, C4+5 sub-member, 2478.7 m;

(G) Secondary pore (P) formed as a result of feldspar
dissolution; well W14, C4+5 sub-member, 2415.4 m;
(H) SEM photomicrograph showing intracrystalline
porosity formed as a result of feldspar dissolution;
well W17, C4+5 sub-member, 2540.1 m.

resulted in development of overgrowths on quartz
grains (Fig. 7B), in turn resulting in significant
occlusion of primary porosity.

Within the C4+5 and C6 sandstones in the study
area, authigenic cements include calcite together
with clay minerals such as chlorite (C4+5 >40%; C6
>50%) and kaolinite (C4+5 > 25%; C6 >20%) with
minor illite/smectite (Table 2). Cement precipitation
has resulted in significant degradation of intergranular
porosity and permeability.

Calcite cements are widespread in the C4+5 and
C6 sandstones and include ferrous calcite, ankerite
and siderite (Fig. 7C, D; Fig. 8). Microcrystalline and
sparry calcite has partly or wholly replaced feldspathic
grains (Fig. 7C) and may have been replaced by
ankerite (Fig. 7D). Thin sections show calcite cement
filling intergranular pore spaces (Figs. 8, 9), resulting in
occlusion of the primary porosity. Feldspar dissolution
and calcite precipitation occurred preferentially in
channel sandstones because of the sandstones’ coarser
grain size and higher permeability (Fig. 8).

Authigenic chlorite in the C4+5 and C6 sandstones
forms rims or coatings which may inhibit the
development of quartz overgrowths (c.f. Billault ez al.,
2003; Aminul, 2009; Berger et al., 2009). Thus primary
porosity may locally be preserved by chloritization (cf.
Hillier, 1994; Aagaard et al., 2000; Huang et al., 2004;
Luo et al., 2009; Huggett et al., 2015).

Kaolinite is formed from the dissolution of feldspar
and typically occurs as flat booklets filling pore spaces
(Fig. 7E), with an average content of about 26% of the
clay minerals present by volume.

Minor illite-smectite mixed-layer clays are also
present (Table 2).

Replacement and dissolution

Thin sections from the C6 sub-member sandstones
from Well 109 show replacement of quartz and
feldspar by calcite (Fig. 8b). Clay minerals (I/S) may
replace quartz grains, as evidenced by the presence
of grains with irregularly curved margins (Fig. 7F).
Replacement processes occur more frequently in
channel sandstones which are relatively coarser grained
(Worden and Burley, 2003).

Dissolution has created significant local secondary
porosity in the Yangchang Formation sandstones.
Feldspar grains have undergone dissolution (Fig. 7G),
resulting in the formation of inter- and intragranular
pore spaces (Fig. 7H). Clay-mineral rich laminae were
dissolved producing narrow, elongate dissolution
pores (Fig. 9b, ¢), which were commonly observed in
distributary channel and mouth bar sandstones. These
elongate pore-spaces may be filled with calcite cement
(Fig. 9, b), and hydrocarbon residues may be present
where the calcite cement has itself been removed by
dissolution (Fig. 9, ¢).
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Fig. 8. Sedimentary logs, thin-section characteristics and reservoir properties of Cé6 sub-member distributary
channel sandstones from well W109 (location in Fig. I). The sandstones have relatively high porosity and
permeability. Secondary pores result from calcite dissolution (see thin sections).White triangles indicate
samples which fluoresce, indicating minor oil saturation (data from the Huabei Branch Company of SINOPEC).

Calcite dissolution has generated secondary
porosity although this process is not extensive in the
Yanchang Formation (Zhao et al., 2009). By contrast,
dissolution of silicate grains in the Yanchang Formation
sandstones is more significant because organic
acids which are generated in fresh or brackish water
lacustrine settings may generate organic acids which
preferentially dissolve aluminum silicate minerals
(Surdam et al., 1989). Secondary pores resulting from
the dissolution of feldspar and lithic debris make up
most of the porosity in the Yangchang Formation
sandstones.

Although dissolution can generate significant local
porosity, the dissolved materials may be redeposited
in the form of cements (e.g. the calcite cements in Fig.
7C), leading to a reduction of porosity and permeability
in other parts of the formation.

RESERVOIR PROPERTIES

Although the porosity and permeability of the C4+5
and C6 sandstones are in general low (Table 1),
lateral variations in diagenesis have resulted in locally
increased values. When the porosity is >8% and the
permeability >0.15 mD, reservoir quality was classified
as good; it was classified as poor for rocks with porosity
<4% and permeability <0.05mD, and moderate when
the porosity was 4-8% and permeability 0.05-0.15 mD.
There is a positive correlation between permeability (k)

and porosity (®) (with a correlation coefficient of about
0.7) according to the relationship k = 0.046 e **%® on
a cross-plot of log permeability versus porosity for the
C6 and C4+5 sandstones in the study area (Fig. 10) (n
=309, data provided by the Huabei Branch Company
of SINOPEC from eight wells).

In the study area, traces of oil within the sandstones
were recorded in cores and thin sections of the C6
interval from wells W109 and W3 (Figs 8 and 9).
Oil stains in cores were present in the lower parts
of channel sandbodies and in mouth-bar sands.
High sandstone porosity and permeability generally
correspond to high energy distributary channels and
mouth bars (Fig. 9) which therefore have the best
reservoir properties.

Progressive diagenesis and cementation also
affected the reservoir properties of the C4+5 and
C6 sandstones. Early diagenesis resulted in the
dissolution of feldspar and carbonate minerals and
the development of secondary porosity at depths of
less than 2000 m (Luo et al., 2009). However, early
diagenetic modification had little impact on reservoir
properties (Guo et al., 2008). Subsequent diagenesis
occurred during a phase of deep burial during the
Cretaceous (97-65 Ma) due to rapid subsidence (Luo
et al., 2009), resulting in the loss of primary porosity
due to compaction and intense cementation. Late-phase
diagenesis which occurred during Cenozoic uplift,
caused further dissolution (Luo ef al., 2009).
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Fig. 9. Sedimenary logs, thin section characteristics and reservoir properties of Cé sub-member mouth bar
sandstones from Well W3 (location in Fig. ). Note that the porosity and permeability of the sandstone were
improved by dissolution along clay-mineral rich laminae (thin sections b, c) and feldspathic grains (thin sections
a, d). Black triangles indicate samples with visible oil staining; white triangles indicate samples which fluoresce
indicating minor oil saturation. Data from the Huabei Branch Company of SINOPEC.

Significant porosity developed during oil
emplacement, which retarded cementation by silica-
rich and calcite minerals (Luo et al., 2009; Zhao et
al., 2009). The effect on permeability is less clear
because of the associated overburden compaction.
Ferroan calcite and ferroan dolomite cements (Fig.
7C, 7D) were precipitated possibly at the same time
as maturation of organic-rich source rocks, and calcite
began to replace quartz and feldspar resulting in loss
of primary porosity.

Thus, primary porosity in the C4+5 and C6
sandstones was lost during later diagenesis as a result of
mechanical compaction and precipitation of quartz and
calcite cements. However, some secondary porosity
was generated as a result of grain dissolution.

CONCLUSIONS

This paper has described the sedimentary characteristics
of deep-water lacustrine delta-front sandstones in the

C4+5 and C6 sub-members of the Upper Triassic
Yanchang Formation in a study area in the western
Ordos Basin. Facies interpretations from well
logs and other data suggest that, in response to the
relatively deep-water setting, the lacustrine delta had
a broad delta front and narrow delta plain. Sandstones
deposited in the delta front consist of relatively fine-
grained mud-rich deposits.

In contrast to shallow-water deltaic reservoirs, the
deep-water delta-front deposits including distributary
channel and mouth bar sandstones have relatively
poor reservoir properties. These sandstones were
subjected to mechanical compaction and diagenesis
during burial. Intense mechanical compaction and
precipitation of quartz and calcite cements resulted in
low permeability and relatively low primary porosities.
However some secondary porosity was created during
late-phase dissolution, and delta-front sandstones in
the Yanchang Formation may therefore have local
reservoir potential.
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Fig. 10. Cross-plot of porosity versus log permeability for the Cé and C4+5 sandstones from wells W2,W3,
W4,W5WI4,WI7,WI103 and W09 (locations in Fig. |) showing that the sandstones in general have low
porosity (<2-15%) and permeability (<0.1 - 10 mD) (Table 2). There is a positive correlation between porosity
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permeability greater than 12.5% and 0.45 mD respectively. Data derived from the analysis of 309 core samples
from the eight wells listed above at depths of 2180-2650 m (Huabei Branch Company of SINOPEC).
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