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Abstract

The western Sichuan Basin is a foreland basin formed in the Late Triassic at the front of the Longmen Mountain in the western Sichuan
Province of China. The Upper Triassic Xujiahe Formation in the basin is an ultralow-permeability and low-porosity tight sandstone and shale
gas reservoir. Tight gas reservoirs are often defined as gas-bearing sandstones or carbonates having in situ permeabilities to gas less than 0.1
mD. This article offers an integrated approach to describe microstructure characteristics of a tight sandstone and shale gas reservoir. In
particular, the primary and secondary porosity of a tight gas sandstone are identified and quantified in three dimensions using X-ray Nano-CT
imaging and visualization of core material at the pore scale. 3D images allow one to map in detail the pore and grain structure and
interconnectivity of primary and secondary porosity. Once the tomographic images are combined with SEM images from a single plane within
the cubic data set, the nature of the secondary porosity can be determined and quantified.

In-situ mineral maps measured on the same polished plane are used to identify different microporous phases contributing to the secondary
porosity. Once these data sets are combined, the contribution of individual clay minerals to the microporosity, pore connectivity, and
petrophysical response can be determined. Insight into the producibility may also be gained. This illustrates the role 3D imaging technology
can play in a comprehensive reservoir characterization program for tight gas. Three types of microfractures, intragranular, grainedge, and
transgranular microfractures, developed in the tight-gas sandstones of the western Sichuan Basin. Microfracture formation reflects tectonism,
overpressuring, and diagenetic processes. Tensional microfractures related to overpressure formed in the Middle-Late Cretaceous. The
existence of overpressure reduced effective stress, promoting opening-mode fracture growth. The existence of tension fractures can also be
used as an indicator of ancient overpressure in a sedimentary basin. Diagenetic fractures formed from the Late Triassic, when the foreland
basin of the western Sichuan Basin formed, to the Early Cretaceous.
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Background
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Figure 1.Map showing location of the Longmen Mountain fold-thrust belt, western Sichuan Basin, and study area (small box). Lines are
reverse faults. Bar indicates dip and arrow marks slip direction. P = Pingluoba gas field; Q = Qiongxi gas field; B = Baimamiao gas field.
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Sichuan Basin
located at the front
of the Longmen
Mountain in the
western Sichuan
Province of China

Foreland basin
formed in the Late
Triassic

Upper Triassic
Xujiahe Formation
Ultralow-
permeability and
low-porosity
tight-gas sandstone
and shale reservoir
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Figure 3. Schematic stratigraphy, source rock, and reservoir in the western Sichuan Basin.



Geological Setting & Facies

Paleo Tectomic Backsroumd Sedimentary of
Faces of zujiahe F

Subject to frequent lake level change and the formation of the composite
alternately deposited phase of the delta front and shore shallow lake



Microfacies change fast, the distributary channel and mouth bar microfacies
with fine sand in the lower section, the beach bar with silt in middle Section
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Relatively high production wells, the main test section in delta front distributary
channel and mouth bar microfacies, in the relative energy environment
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Tight sandstone reservoir

XC28 sandstone x 50

NG X 3
N -

Sandstone types: Gray fine-grained,lithic sandstone, lithic and lithic quartz sandstone

Skeleton particles: quartz, clast, feldspar, poor sorting to well sorting

Fillings: the composition of clay and calcareous cements, calcareous cements include
calcite, dolomite and ankerite, small amounts of silica, pyrite and siderite

Pore type cementation; High calcareous content; Tight rock; Pore undeveloped



Mudrock and shale reservoir
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Rock composition: Clay mineral and Quartz; Calcite, dolomite, barite, Feldspar
secondly; a small amount of aragonite, siderite, occasionally augite and pyrite
Clay minerals: Illite Smectite mixed layer mineral, illite; Chlorite and kaolinite




shale

A fissile rock
composed of
clay-size particles
(up to 0.04 mm
diameter)

Most shales are
not not fissile, so
are mudstones,
not true shales

Most gas shale
reservoirs are
composed largely
of quartz and
carbonate, not
clay-rich (leads to
better reservoir
properties)




Physical Properties

Tiaht sandstone reservoir
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»Analysis of mudrock core samples, Porosity 1.22~5.99%, average 2.78%; Matrix permeability

0.004~0.929md, average 0.09md,; Porosity and Permeability correlation coefficient is 0.6971




TOC content: mudstone >silt > fine sand

R W

3200

AC RD
@ wn @z on
CNL RS
45 % 52 m 2000
DEN
o 3
Bl
P
bt E
7 Y,
Al
iy
hi SUIMANE
- -
& ©
48
)
A R
1 {,
4 <
o
et T @
=:€ Z; ®
37
{4
3
z'

NS

3240

SN/ Y =
NN M NIRRT
,’\/

Q
&
c )S 8
e
el 4
i
H
4
5 { ===

Sand silte
TOC: 5.9%

Bl
AC RD

40 usht 42 fm 2000
CNL RS E

45 % H Nm 200
DEN

X
it
\oaTARY
===
L-nn
2880
T -

Bk

2900

1
0,

i

L]

[ Loy

A
e e
2920
1 ]
1
!

A

Y

sl e 0

2940
TT7T

ARAR A Y

/v-vv Yo'
I

< h s B
- e

\_5.2 Million cubic/D /

Sand mud_i_r;terbed

TOC: 3.7%
1.4 Million cubic/D

3040

/| E
.2
- q I-
b sl MY et
h] Q-
- (7]
d, -
4 gy
v -

e
3080

3100

bibAl-

i
i
}

Sand silted
TOC: 3.4%
\_1.07 Million cubic/D /

3 type

Reservoir
Microstructure

???

What
How
where



Outline

» Background
» Tight sandstone and shale Gas reservoir
» Reservoir Microstructure

> Conclusions



Porosity Microstructure Characterization

Pore morphology and size
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Tight reservoir pore throat system of 2D morphology characterization

Field emission scanning electron microscope

>

Tangential illite

Hairy iits

Hairy illite

Guillaume Desbois, 2012



Imaging Shales with a Dual-Beam System

* Focused ion beam (FIB) and scanning electron microscope (SEM) integrated on
same sample chamber.

» X-section shale surface via momentum transfer of high energy (30 kV) Ga*.

* Image x-sectioned surface using backscattered electrons (BSE) for atomic number
contrast.

» (Can perform other analytical techniques in situ and ion-beam induced material

deposition.

HY mote ot wo ww .
100%Y BSE TLD 4.3 mn 51 n 2 500
Cortis o1 4., stvitend, 2010 : 2 e 2 890 &

/ a) schematic of dual beam site preparation using FIB and
imaging using SEM. b) BSE image of x-sectioned shale.

Dual-beam FIB/SEM. From Mark E. Curtis,et al 2013



Serial Sectioning of Gas Shale Microstructure

* Want to investigate pore connectivity and
kerogen distribution in 3D.

* Prepare site using Pt deposition and FIB milling.
* |Image FIB x-sectioned shale face.

* Use FIB to remove a 10 nm thick layer off x-
section face.

* |Image x-section face and repeat procedure
~500-600 times.

* Now have a 3D data set of shale microstructure.

10 nm

From Curtis,et al;, 2010



Tight reservoir pore throat system 3-D space description

X-ray CT ( Micron & Nano )
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3D Shale Microstructure

3D Solid

14 pore bodies & 0.4%
connected porosity at

All Pores ‘ Connected Pores 105 voxel level.

From Mark E. Curtis,et al 2013
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Field emission scanning electron microscope




Microstructure Characterization-- sandstone

Sandstone overall densification, aperture is not development, local development micron
secondary pores and cleavage cracks, nano intercrystalline pore, organic matter joint
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Microstructure Characterization—- musrock and shale

Nano pore development, carbonaceous strip development, easy to form diagenetic fracture
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Argillaceous minerals and carbon strip, Mineral and clay crystal, development Argillaceous minerals and silty sand,
orientation, diagenetic fracture development of fracture and solution pore diagenetic crack, rich in strip carbon




Carbon strip development
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Micro crack growth, carbon
deposition and organic matter
filling cracks, the content of Si Al

Is high, good brittleness.
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Mudstone composition: illite smectite, illite;Chlorite, kaolinite
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Micro CT scanning Image, grey siltstones carbonaceous filling, tight sandstone

Rock skeleton model

Carbon strip and Pore distribution Pore connectivity model




Micro CT scanning, Fine sandstone, carbon dispersed grey siltstones
tight sandstone and charcoal abundance zone

Rock skeleton model

Carbon strip and Pore distribution Pore connectivity model
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Gas reservoir Section in NS direction

(Gas WaterGas Gasand water Gas water

High content of organic carbon is important, high production
With the carbon strip are the key, tectonic factor is not obvious
Reservoir with rich organic matter, fracture control production
Abnormal high pressure, production with water, tight gas reservoir
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Conclusions

» Lithological association include silted sand
and sandy mudstone interbed in the well
relatively high production

» Pore relative development is the key factors
In sandstone reservoir, relatively high
porosity development directly related to the
productivity in the gas well

» High content of organic carbon is important
for microstructure and the prerequisite for
high production

» With the carbon strip are the key factor
controlled by tectonic Is not obvious
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