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Abstract. To better understand and characterize pores in oil shale systems, 
samples from four significant oil shale-bearing formations of the Songliao, 
Huadian and Luozigou basins in Jilin Province, Northeastern China, namely 
Qingshankou (QSK), Nenjiang (NJ), Fengtai (FT) and Longteng (LT), were 
prepared by breaking fresh surfaces and argon (Ar) ion polishing both 
perpendicular and parallel to bedding and imaged using a field emission 
scanning electron microscope (FE-SEM). Interparticle (interP), intraparticle 
(intraP) and organic matter (OM) pores are the three types of pores between 
or within particles of oil shale, i.e., fossils, minerals and OM. All four samples 
contain interP and intraP pores, but only minor OM pores occur in sample QSK. 
Sample FT has significant amounts of intrafossil and dissolution (intraparticle) 
pores due to the abundance of microfossils and the dissolution possibly caused 
by OM decarboxylation. Sample NJ has the highest pyrite content and contains 
the greatest amount of pyrite intercrystalline (intraparticle) pores, differently 
from sample QSK, whose amount of these pores is the lowest. Sample LT enriched 
with clastic particles has a large number of intercrystalline (interparticle) 
pores. These pores are primarily at micro- to nano-scales with various shapes, 
from irregular to elongated to triangular to polyhedral to rounded to elliptical, 
etc. There are differences in the contents of particles and OM pores between oil 
shales in Jilin Province and gas shales in North America. The reasons for these 
differences may be due to the diverse sedimentary environments and levels of 
maturity of oil shales. Besides, high-resolution scanning electron microscope 
imaging can be used to describe the diagenetic processes of oil shale.
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1. Introduction

The proven reserves of oil shale in Jilin Province are 108.6 × 109 tons, taking 
the leading place in China. Oil shales are mainly distributed in the Songliao 
Basin, while the rest are found in the Huadian, Luozigou and other small 
basins [1] (Fig. 1). Although oil shales in the Songliao Basin cannot be open-
pit mined because they are buried in high-yield farmland, nevertheless, these 
have been successfully exploited by underground in-situ mining technology 
since 2015. The oil shales in the Huadian and Luozigou basins have been 
utilized and developed for many years by surface retorting technology, so it is 
necessary to precisely evaluate the potential of recoverable resources. Pores 
play an important role in the precise evaluation of unconventional hydrocarbon 
resources such as oil shale [2–4]. In addition, the type, shape and distribution of 
pores within oil shale will directly affect its structure integrity and percolation 
properties which are relevant to the selection of in-situ conversion methods, 
well spacing, wellbore stability and deliverability [5]. Pore characterization is 
also	important	for	understanding	fluid-rock	interactions	to	reduce	the	impact	
of in-situ oil shale conversion on the subsurface environment [6].

Fig.	1.	Simplified	geological	map	and	 sampling	areas	 in	 Jilin	Province,	Northeastern	China	
(modified	from	[1]).
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To date, most studies on the characterization of pores within oil shale have 
only focused on pore evolution during pyrolysis and have not investigated 
the parameters of the pores within raw oil shale, such as size, shape and type, 
by using the scanning electron microscopy (SEM) imaging technique [7–14]. 
Moreover,	all	the	studies	reviewed	so	far	suffer	from	the	fact	that	it	is	difficult	
to obtain high-resolution images for more accurate observation due to the 
performances of experimental apparatus (e.g., SEM, microtomography (micro-
CT)) and conventional sample preparation technique because most pores 
within	mudrock,	including	mudstones	and	shales,	are	smaller	than	1	μm	[15]. 
Over the last decade, unconventional reservoirs represented by gas shale 
have become increasingly prominent in oil and gas exploration. Thanks to 
the	 application	 of	 argon	 (Ar)	 ion	 polishing	 and	 field-emission	 (FE)	 SEM	
techniques,	 the	 pore	 characterization	 within	 gas	 shale	 gained	 significant	
improvement for a better understanding of shale gas production [15–21]. 
In addition to eliminating pull-out and other artifacts brought by traditional 
sample	preparation	for	providing	flatter	observation	surfaces,	these	techniques	
can produce nanoscale photomicrographs at high resolution more conveniently 
and economically than other imaging techniques such as focused ion beam-
scanning electron microscopy (FIB-SEM), transmission electron microscopy 
(TEM), atomic force microscopy (AFM), etc. Although gas shale and oil shale 
are both unconventional mudrock reservoirs, their genesis and composition are 
quite different, so it is necessary to strengthen the independent investigation 
of pores within oil shale.

In this work, we investigate the shape, size, distribution and types of 
pores within raw oil shale samples from three representative basins in Jilin 
Province: the Huadian Basin, the Songliao Basin and the Luozigou Basin. 
More	 specifically,	 the	 samples	 originated	 from	 four	 formations	 of	 the	
abovementioned basins. For the study, the Ar ion polishing and FE-SEM 
imaging techniques were used. Such observations are crucial in both open-pit 
mining and in-situ conversion of oil shales. It is shown that Ar ion polishing 
and FE-SEM imaging are competent techniques for investigating the pore 
structure of oil shale.

2. Geological setting

Oil shale samples used in this work were collected from the basins of Huadian, 
Songliao	and	Luozigou	in	Jilin	Province,	Northeastern	China	(Table	1).

2.1. Huadian Basin

The Huadian Basin is located in Huadian City, southeastern Jilin Province, 
with an exposed area of approximately 800 km2 (Fig. 1). It is a Cenozoic 
nonmarine strike-slip basin developed along the Dunhua-Mishan Fault Zone, 
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which belongs to the northern extension of the Tancheng-Lujiang Fault Zone 
[1]. During the deposition of the Huadian Formation (E2-3h), the basin was in 
the semi-deep to the deep lacustrine sedimentary environment. E2-3h includes, 
from bottom to top, the Lower Pyrite Member (E2-3h

1), the Middle Oil Shale 
Member (E2-3h

2) and the Upper Carbonaceous Shale (coal-bearing) Member 
(E2-3h

3). E2-3h
2 consists of 6–13 layers of gray-brown or gray-black recoverable 

oil shale, which are rich in algae fossils. The oil shale has the maximum oil 
yield at 24.80 wt%, with averages at 8.59 wt% [1, 22, 23].

2.2. Songliao Basin

The Songliao Basin is China’s largest and most productive oil-bearing 
nonmarine basin, it is also the largest oil shale reservoir in the country [1, 23, 24]. 
The total coverage area of this basin is 260,000 km2, of which about 80,000 km2 

is in western Jilin Province (Fig. 1) [25]. During the Late Cretaceous, the 
Songliao Basin was in the postrift thermal subsidence stage with two large-
scale lake expansions [24]. Meanwhile, two deep-water lacustrine oil shale-
bearing strata were deposited, namely the Qingshankou Formation (K2qn) and 
the	Nenjiang	Formation	(K2n). There are 5 layers of dark gray or gray-black 
recoverable	oil	shale	in	the	first	member	(K2qn1) of K2qn, and 6 layers of dark 
gray	recoverable	oil	shale	in	the	first	two	members	(K2n

1 and K2n
2) of K2n in 

Table 1. Oil shale samples used in the study

Sample 
ID

Age
Unit 
name

Location
Sampling 

coordinates
Basin type

Sedimentary 
environment

Oil 
yield,
wt%  

[1, 22]

FT Eocene E2-3h
2 Huadian

Basin
42°59’49.9”N,	
126°51’51.6”E

Strike-slip Lacustrine

8.59 
(avg.), 
24.80 
(max)

NJ
Late

Cretaceous

K2n
1-2

Songliao
Basin

44°31’31.6”N,	
124°42’15.3”E

Extensional Lacustrine

3.51–
12.10

QSK K2qn1 44°51’3.8”N,	
125°35’50.7”E

3.51–
9.31

LT
Early

Cretaceous
K1dl2 Luozigou

Basin
43°44’42.0”N,	
130°18’22.8”E

Extensional
Fluvial-

lacustrine

6.72 
(avg.), 
14.37 
(max)

Abbreviations:	FT	=	Fengtai;	NJ	=	Nenjiang;	QSK	=	Qingshankou;	LT	=	Longteng.
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Nong’an	County,	southeast	of	the	basin.	The	oil	yield	of	K2qn1 and K2n
1-2 oil 

shales may reach 9.31 and 12.10 wt%, respectively [1, 22, 23].

2.3. Luozigou Basin

The Luozigou Basin is siuated in Wangqing County, northeast of Jilin Province, 
and covers an area of about 200 km2 (Fig. 1). It is a Mesozoic nonmarine 
extensional	basin	mainly	filled	with	the	Lower	Cretaceous	Dalazi	Formation	
(K1dl) [1, 22, 23]. The regional structure of this basin belongs to the northern 
terminal of the Liangjiang-Antu tectonic belt [26]. K1dl can be further divided 
into two members: the lower member (K1dl1), which comprises conglomerate, 
sandstone and shale, and the upper member (K1dl2),	which	chiefly	consists	
of oil shale interbedded with sandstone. K1dl2 has 7 layers of gray-to-black 
recoverable oil shale, with medium oil yield (average 6.72 wt%, maximum 
14.37 wt%), predominantly deposited during the transgressive systems tract 
(TST) and the highstand systems tract (HST) [1, 26].

3. Samples and methods

3.1. Sampling

The age, unit name and other information on four oil shale samples studied 
in this article are given in Table 1. Sample FT collected from an underground 
mine of the Huadian Basin can be ignited with a lighter. This sample is so tight 
and	rigid	that	it	is	difficult	to	cut	with	a	hammer	or	an	electric	circular	saw.	
Two	of	 the	samples,	NJ	and	QSK,	with	obvious	 lamellation	were	procured	
from	outcrops	 in	Nong’an	County,	and	sample	NJ	contains	a	 large	number	
of macroscopic fossils, e.g., conchostracans, ostracods. Sample LT gathered 
from an underground mine of the Luozigou Basin is combustible, tight and 
rigid as sample FT.

Each sample contains several hand specimens obtained from different oil 
shale-bearing layers at the same sampling location, which not only reduces the 
effect of heterogeneity but also expands the representativeness of the study. 
Each oil shale specimen was subsampled two times. From each specimen (1) 
~1 cm3 × 2 chips for broken surfaces SEM imaging, i.e., conventional SEM 
imaging; and (2) ~1 cm3 × 5 chips for ion-polished surfaces SEM imaging 
were prepared. Both broken and ion-polished surfaces contained cross 
sections perpendicular and parallel to bedding for 2D pore characterization in 
two important orientations.
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3.2. Sample preparation

Sample preparation and SEM imaging in this study were performed at 
the Microstructure Laboratory for Energy Materials, China University of 
Petroleum (Beijing).

To avoid artifact pores (including fractures) produced by hammering, some 
broken surfaces were prepared according to the procedure used by O’Brien 
and Slatt [27]. All of the broken surfaces were then dedusted and dried.

Fig. 2. Common artifacts within ion-polished surfaces of sample LT. Possible shrinkage 
cracks within or along with OM may be formed during desiccation, decompression or sample 
preparation. These organic matters show similar darker grayscale colors without pores:  
(a) noticeable wedge-shaped curtains produced by Ar ion polishing on the bottom right of the 
view; (b)–(c) interP pores (elongated grain-rim pores) on the bottom of the view; (d) enlargement 
of white-framed area in (c) showing possible shrinkage cracks at microscale. Abbreviations: 
HV	–	high	voltage	(accelerating	voltage);	HFW	–	horizontal	frame	width;	mag	–	magnification;	
det – detector; BSED – backscattered electron detector; ETD – Everhart-Thomley detector; 
WD – working distance; CUP – China University of Petroleum.
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We chose damage-free chips for Ar ion polishing. The chips were air dried, 
dry polished to create a smooth surface using abrasive paper, and polished by 
Leica EM RES102 under a 5° incident angle at 5 kV and 2.2 mA for 6 h [5]. 
The ion-polished surface of each chip is approximately 10 mm2.

Lastly, both the broken and ion-polished surfaces of oil shale chips were 
coated with very thin conductive gold by using Leica EM SCD500 at 20 mA 
for 120 s to enhance conductivity during SEM imaging.

It is worth noting that other artifacts (e.g., shrinkage cracks, curtaining, 
redeposition, ion-beam striations) associated with sample preparation (e.g., 
drying, mechanical polishing, Ar ion polishing) may be mistaken for pores, 
but	 these	 artifacts	 can	 be	 easily	 identified	 based	 on	 close	 observation	 and	
practical experience (Fig. 2) [15, 21, 28].

3.3. SEM imaging

The samples were examined using FEI Quanta 200F, an FE-SEM. The 
detectors used in the study included an ETD, a second electron (SE) detector, 
for observing topographic variation, a BSED for compositional information, 
and an energy-dispersive X-ray spectroscopy (EDS) for identifying minerals 
[15].

Differently from SE images acquired from the broken surfaces of oil shale 
for morphological observation as previously noted, BSE images are often 
acquired from ion-polished surfaces for characterizing composition variation 
[7, 14]. The BSE image contrast (grayscale variation) indicates compositional 
(mean atomic number, Z) differences in the sample [20]. The grayscale value 
in the BSE image is positively correlated with Z. The higher the Z, the higher 
the image contrast, and vice versa. For example, in grayscale digital images, 
pyrite (high Z) will be bright white; quartz and feldspar (mid Z) will be mid-
gray; OM and pore (low Z) will be dark gray to black [18, 19].

All analyses were performed at room temperature of ~23 °C and relative 
humidity of ~35%. The working distances of the system in this investigation 
were	8.4	to	13.4	mm.	Apparatus	magnification	ranged	from	25x	to	200,000x.	
The FE-SEM images of ion-polished surfaces were taken at an accelerating 
voltage of 30 kV with a maximum resolution of ~1.2 nm.

4. Results

Pores within oil shale samples are described in this article using the mudrock 
pore	 classification	 scheme	 by	 Loucks	 et	 al.	 [15].	 This	 scheme	 is	 simple,	
practicable,	and	consistent	with	 the	pore	classification	applied	 in	sandstone	
and	carbonate	reservoir	systems.	The	scheme	defines	three	fundamental	types	
of pores: 1) interparticle (interP) pores between particles (e.g., pores between 
minerals,	between	mineral	 and	OM,	between	OM	and	 fossil,	pores	defined	
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by a framework of mineral particles); 2) intraparticle (intraP) pores within 
particles except for OM (e.g., pores within the fossil, intercrystalline pores 
associated with pyrite framboid, pores caused by partial dissolution, pores 
within	the	cleavage	of	the	particle);	and	3)	OM	pores	defined	as	intraP	pores	
within OM.

4.1. Particles

Pores are void spaces between or within particles, so it is necessary to 
investigate the component and morphological features of particles before 
identifying	pore	types.	Oil	shale	is	a	fine-grained	argillaceous	clastic	rock	and	
its constitutive particles are mainly composed of fossils, minerals and OM. It 
is	difficult	to	distinguish	the	latter	two	only	from	the	morphology	observation,	
especially when determining mineral species. Using the BSE detector with an 
EDS detector can help solve the problem quite easily.

4.1.1. Fossils

The fossil particles are predominantly composed of ostracods, bivalves and 
cyanobacteria	(Fig.	3).	Most	of	these	fossils	range	in	size	from	5	μm	to	5	mm, 
and some even exceed 1 cm. Fossils predominantly do not show obvious 
changes in shape, size and grayscale under SEM, indicating that few of 
them undergo dissolution, but some fossils such as bivalves exhibit signs of 
recrystallization under a polarizing microscope. Fossils are overwhelmingly 
also rigid grains that resist compaction. In the SE images of broken surfaces, 
fossils not only maintain the original textures on shells but also preserve 
the appearance characteristics of a “stack of poker chips” in hormogonia  
(Fig. 3a–c). In the BSE images of ion-polished surfaces, fossil fragments are 
often similar in grayscale but vary in shape (e.g., tulwar, horseshoe), which is 
related to their original shape and cutting angle (Fig. 3d–f). Moreover, fossils 
are	 often	 the	 largest	 particles	 (in	 area)	 in	most	 fields	 of	 the	 view	 (Fig.	 3). 
Therefore,	 these	 remains	 are	 the	 most	 readily	 identified	 among	 the	 three	
particles.

4.1.2. Minerals

Quartz, pyrite, clays (e.g., illite, kaolinite, chlorite, mixed-layer clays) and 
feldspars (e.g., albite, orthoclase) are the common mineral components of oil 
shale, and the origin of these minerals is partly authigenic and partly detrital. 
It should be noted that minerals such as quartz and feldspars may have both 
origins, especially the authigenic overgrowth and replacement. 

Authigenic minerals (e.g., pyrite, clays) usually exhibit an appreciable 
degree of crystal habit with straight margins (Figs. 4, 5b–c). For example, 
in Figure 4, in the SE images of broken surfaces, pyrite mostly appears as a 
spherical framboid (clusters of crystals), and a single euhedral pyrite crystal 
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Fig. 3. Examples of fossil particles and pores within oil shales: a) cross section oriented parallel to bedding 
plane	 showing	 a	 fossil	 fragment	with	 conchoidal	 features	 and	 lamellar	 laminae	 (low-magnification	 SE	
image	of	sample	NJ);	(b)	hormogonia	of	cyanobacteria	surrounded	by	cylindrical	interP	pores	in	the	center	
of	the	view;	intrafossil	pores	(dash)	circling	the	hormogonia	parallel	to	each	other;	notice	the	clay	flakes	
wrapping around the bottom edge of the hormogonia (SE image of the broken surface of sample FT);  
(c) enlargement of white-framed area in (b) showing details of concave and body-cavity pores within the 
hormogonia; see the interP pores between hormogonia and other particles also present; (d) fossil fragments 
in the center and bottom right of the view showing a tulwar shape; notice the many dissolution-rim pores 
having a variety of shapes from irregular to rounded; (e)–(f) similar to (d); (f) nearly a full of the view 
showing a piece of fossil fragment with intrafossil fracture. Images (d)–(f) are BSE images of the ion-
polished surfaces of sample FT.
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Fig. 4. SEM images of pyrite and pores within oil shales, with most pyrite crystals being euhedral: (a) strawberry-
like pyrite framboid in the center of the view; notice the clays draped over the pyrite framboid like strawberry 
sepals	(SE	image	of	the	broken	surface	of	sample	NJ);	(b)	close-up	view	of	gray-framed	area	in	(a)	showing	details	
of plentiful intraP pores between pyrite crystals within pyrite framboid; see the grain-rim pores around mineral 
particles on the left of view; (c) clays wrapping around the edge of loosely packed pyrite framboid (SE image of the 
broken	surface	of	sample	NJ);	(d)	close-up	view	of	black-framed	area	in	(c)	showing	no	cement	filling	intraP	pores	
within pyrite framboid; (e) two pyrite framboids (bright white) in the center of the view with lots of pores partly 
filled	with	OM	between	pyrite	crystals;	notice	the	grain-rim	pores	along	mineral	particles	boundaries	(bottom	right)	
and triangular framework pores (center) between clays also shown in this BSE image of the ion-polished surface of 
sample	NJ;	(f)	OM	with	a	smooth	surface	(dark	gray)	around	three	euhedral	pyrite	crystals	(bright	white);	see	the	
grain-rim pores along with angular mineral particles (left) also present (BSE image of the ion-polished surface of 
sample FT).
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usually presents a pyritohedron shape. In the BSE images of ion-polished 
surfaces, pyrite framboids appear with a rounded shape and bright white 
color, and the single euhedral pyrite crystal mostly presents a nearly hexagonal 
shape.	Authigenic	minerals	range	in	size	from	less	than	a	micrometer	to	30	μm.

Detrital minerals such as quartz and feldspars often appear as discrete 
crystals, not clusters. For example, in Figures 5 and 6, in the SE images of 
broken surfaces, the orthoclase crystal appears with well-developed cleavages 
surrounded by clays. In the BSE images of ion-polished surfaces, detrital 
minerals occur with similar gray-white to mid-gray color adjoined with other 
particles. These minerals are seldom euhedral and often occur with irregular 
shape. The substantial edges of detrital minerals are often rounded but a few 
remain straight in BSE images. The grain size of detrital minerals ranges from 
2	μm	to	100	μm	and	is	generally	larger	than	that	of	authigenic	minerals.	

In BSE images, minerals and OM can be quickly distinguished mainly 
by backscatter signal contrast (Figs. 2, 4e–f, 5f, 6d–f). However, in the 
SEM	observation	of	both	broken	and	ion-polished	surfaces,	it	 is	difficult	to	
accurately identify minerals except for euhedral and framboidal pyrites by 
examining morphology (e.g., grain boundary, crystal habit, cleavage plane) 
and grayscale. So it is necessary to use EDS data to distinguish different 
minerals (Figs. 5–6). A typical x-ray spectrum obtained by the EDS detector 
is shown on the bottom left of Figure 6f. The characteristic x-ray peaks of Si, 
Al, K and O imply the presence of orthoclase.

4.1.3. Organic matter

Oil shale is a solid combustible sedimentary rock with high OM content 
[23]. The oil yield values of the four samples are all above 3.50 wt%, which 
indicates that OM is an ordinary particle in SEM images. OM occupies a space 
between the other two particles and has a variety of shapes from irregular to 
triangular to ellipsoidal to elongated by compaction (Figs. 2, 4e–f, 6d–f, 7a–b). 
Its	 particle	 size	 ranges	 from	 micrometer	 to	 sub-millimeter.	 No	 matter	 its	
appearance in the broken or ion-polished surface images, OM always occurs 
as a homogeneous and smooth material with a similar darker grayscale value 
(Figs. 2, 4e–f, 5f, 6d–f, 7a–b).

4.2. Pore types

Pores commonly exhibit darker to black grayscale value in both SE and BSE 
images,	being	even	lower	than	that	of	OM	in	the	same	field	of	the	view,	so	
they are relatively easy to identify in photomicrographs.

4.2.1. InterP pores

InterP pores are voids between particles such as clay platelets, quartz, feldspars, 
fossils	and	OM.	The	size	of	most	interP	pores	ranges	from	100	nm	to	2	μm,	
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but	values	exceeding	5	μm	are	also	common.	InterP	pores	generally	appear	
between mineral and mineral particles or between mineral and OM particles. 
Many pores are elongated along the boundaries surrounding particles (Figs. 
2b–c, 4b, 4f, 5e–f, 6d–e, 7a). At the same time, other pores (i.e., framework 
pores) are sharply irregular to polyhedral to triangular inside frameworks 
formed by the stacking of particles (Fig. 4e). Some are cemented by OM or 
minerals (e.g., pyrite, clays), resulting in multiple grayscale values in BSE 
images of ion-polished surfaces (Fig. 6f). InterP pores also occur between 
fossils and other particles. Figures 3b–c reveal that in sample FT barrel-like 
pores surround the cyanobacteria.

It	must	be	pointed	out	that	ion	polishing	may	produce	a	significant	heating	
effect on the non-conductive particles (e.g., OM) together with other sample 
preparation processes (e.g., drying, mechanical polishing), causing these 
particles	to	shrink	and	form	artificial	interP	pores	(artifacts),	especially	pores	
along the rims of minerals related to OM may represent shrinkage cracks  
(Fig. 2) [29, 30].

4.2.2. IntraP pores

IntraP pores are voids inside particles such as pyrite, clays, feldspars, and 
fossils, except OM. We found four common subtypes of intraP pores within 
oil shale samples: 1) intrafossil pores, 2) pyrite intercrystalline pores,  
3) dissolution pores, and 4) cleavage pores (e.g., within clays) [15]. The size of 
intraP pores varies with subtype, but is generally at the micro- to nano-scales.

The intercellular pores within cyanobacteria shown in Figure 3b–c are 
generally annular and perpendicular to the long axis direction of hormogonia. In 
addition, there are concave pores at the top and bottom of every hormogonium 
and body-cavity pores within cyanobacteria.

Because oil shale contains a large number of pyrite framboids, inter-
crystalline pores between crystals within pyrite framboids are the most 
common	subtype	of	intraP	pores	(Fig.	4a–d).	Many	of	these	pores	are	filled	
with clays and OM (Fig. 4e).

Chemically unstable particles such as feldspars (e.g., anorthite) and a small 
number of fossils can occur in numerous pores during the dissolution process 
(Fig. 3d–f). Dissolution pores often appear at the rims of particles, resulting 
in the grayscale value of the dissolved area becoming darker in the BSE 
images of ion-polished surfaces (Fig. 6a–b). Due to the observation angle and 
strong topographic variations within the broken surfaces, dissolution pores 
were rarely found in the SE images. For accurate pore characterization, it is 
necessary	to	carefully	identify	the	artificial	dissolution	pores	generated	by	the	
differential Ar ion polishing.

Cleavage pores are voids mainly inside the cleavage planes of clay particles 
(e.g., chlorite, illite, smectite, mixed-layer clays) (Fig. 5c). These pores are 
frequently parallel to one another, some are distorted by compaction, and 
some are cemented by authigenic minerals (Figs. 5e, 6c).
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Fig.	 5.	 Examples	 of	 mineral	 particles	 and	 related	 pores	 within	 oil	 shales	 identified	 by	 EDS	 analysis:	 
(a) orthoclase with well-developed cleavages; (b) mineral particle with bright color illite in the center of 
the view; (c) mixed-layer chlorite/smectite with well-developed cleavages; (images (a)–(c) are SE images 
of the broken surfaces of sample LT); (d) orthoclase with gray color in the center of the view present in the 
BSE image of the ion-polished surface of sample LT; (e) inside and around illite the deformed intraP pores 
located	between	clay	flakes	and	elongated	grain-rim	pores,	respectively	(BSE	image	of	the	ion-polished	
surface of sample FT); (f) elongated grain-rim pores around the angular quartz and a facture stretch across 
the body of the mineral; note the possible formation of OM pores during sample preparation (BSE image 
of	the	ion-polished	surface	of	sample	NJ).
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Fig. 6. Examples of pores within oil shales: (a) irregular to rounded shape dissolution pores scattered 
throughout the cross section, mainly on the right of the view; pyrite crystals and framboids (bright white) 
disseminated throughout the matrix of oil shale present (BSE image of the ion-polished surface of sample 
FT); (b) close-up view of white-framed area in (a) showing details of dissolution voids in or around the 
body of anorthite without cement; (c) pyrite crystals present between clay sheets like peasecod; note some 
cleavage	pores	being	voids	without	pyrite	cement	(BSE	image	of	the	ion-polished	surface	of	sample	NJ);	
(d) straight grain-rim pores scattered throughout the cross section; (e) fracture extended across the body of 
albite and other particles; notice the grain-rim pores and OM without pores present; (f) fractures cut through 
the orthoclase and intersect (chemical analysis (EDS line graph) of the mineral particle in the red-framed 
area); see the interP pores cemented by minerals and OM without OM pores present. Images (d)–(f) are 
BSE images of the ion-polished surfaces of sample LT.
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4.2.3. Organic matter pores

Pores in OM are voids present in it. These pores are rare within oil shale 
samples, and mostly OM is tight and pore-free (Figs. 2, 4e–f, 5f, 6d–f, 
7a–b). As pointed out by Loucks et al. [15], in mudstones with the vitrinite 
reflectance	 (Ro) value less than 0.6%, OM pores rarely appear. Due to the 
low thermal maturity of four oil shale-bearing formations, we only found a 
small number of OM pores in sample QSK with the highest level of maturity  
(~0.76% Ro) (Fig. 7c–f) [23]. The size of these pores observed in BSE images 
ranges from 10 nm to a micrometer and should increase during Ar ion polishing. 
The shape of OM pores varies widely, from irregular to rounded to bubble-
like to elliptical. Some OM pores tend to appear in clusters and generally are 
of sponge shape. We often observe isolated and irregular voids within OM in 
the BSE images of ion-polished surfaces, especially at the edge of OM, which 
may be artifacts associated with sample preparation (Figs. 4e–f, 5f).

4.2.4. Fracture pores

Fracture	 pores	 are	 rarely	 included	 in	 the	 well-known	 pore	 classification	
schemes of mudrocks in earlier researches [15–17]. Even the scheme of 
Loucks et al. [15] contains no information on fracture pores. Fractures are 
occasionally observed in images, and these pores can be very vital in oil 
shale evaluation and in-situ conversion. Although some fractures may be 
formed during desiccation, decompression, or sample preparation, we picked 
out several SEM images of submicron fractures considered to be originated 
from sedimentation. Some fractures occur within a single rigid particle (e.g., 
fossil, feldspar, quartz), and some fractures can penetrate particles of different 
hardness and form an effective pore network with interP pores (Figs. 3f, 6e–f).

4.3. Cross section orientation

The laminations within the oil shale do not show linear features due to 
compaction, but curved surfaces with unevenness (Fig. 8). Therefore, the cross 
section	parallel	 to	bedding	 is	difficult	 to	characterize.	However,	 the	broken	
surface SEM imaging of a section that is parallel to the bedding (e.g., Fig. 3a) 
can sometimes reveal textural characteristics of particles such as microfossils.

In recent studies, the most commonly used cross section orientation in the 
ion-polished surface SEM imaging of shale is perpendicular to bedding [15, 
17, 19, 21, 31, 32]. Besides facilitating the observation of pore characteristics, 
this section also provides the distribution and content of OM in shale, as well 
as other sedimentary information for further study (Fig. 8).

In addition, through high-resolution SEM observation, we found that 
particle	stratification	is	common	in	the	cross	section	perpendicular	to	bedding,	
especially	 the	 banded	 distribution	 of	 OM	 (Fig.	 8).	 This	 finding,	 while	
preliminary,	may	help	us	understand	the	significant	anisotropy	of	mechanical	
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Fig. 7. Examples of OM and pores within oil shales: (a) banded OM having a smooth surface 
texture and similar darker grayscale color without pores in the center and on the bottom of the 
view; see the elongated grain-rim pores between different mineral particles on the bottom right 
of the view; (b) similar to (a); (images (a)–(b) are SE images of the broken surfaces of sample 
LT); (c)–(f) OM with mainly irregular- to elliptical-shaped nanoscale pores. Images (c)–(f) are 
BSE images of the ion-polished surfaces of sample QSK.
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properties (e.g., elastic modulus (E)) and thermal properties (e.g., thermal 
conductivity (TC)) within oil shale [33–35]. 

5. Discussion

5.1. Comparison between broken and ion-polished surface SEM imaging

With the advantages of quickness, convenience and cost-saving, the broken 
surface SEM imaging has been used in previous studies on oil shale reservoir 
characterization for a long time [23, 36, 37]. Although in recent years the use of 
this technique in unconventional oil and gas studies has gradually decreased, 
it can provide more abundant topographic information about primary fabric 
without disruption by polishing (i.e., mechanic polishing and Ar ion polishing) 
(Figs. 3a–c, 4a–d, 5a–c) [4].

Considering the relatively high costs of some other techniques, ion-polished 
imaging has gained popularity in unconventional oil and gas studies. The 
obtained ultrasmooth surfaces applicable for high-resolution SEM imaging 
are	beneficial	to	the	observation	of	pores,	minerals,	and	OM,	and	also	enable	
a further quantitative characterization of porosity and OM content by using 
different image analysis software such as ImageJ and JMicroVision [18].

However, it is worth mentioning that due to heating, vacuum, and 
differential polishing during the Ar ion polishing process, a large number of 
artifacts	(e.g.,	shrinkage	cracks,	artificial	dissolution	pores)	can	be	produced,	

Fig. 8. BSE images of ion-polished cross section oriented perpendicular to bedding of sample 
LT:	 (a)	 low-magnification	 view	 showing	 the	 laminated	microtexture	 of	 oil	 shale	 to	 consist	
of OM (black) interbedded with numerous mineral particles (gray), these laminations being 
roughly parallel to bedding plane; (note the two grooves during sample preparation on the upper 
right of the view and a piece of lenticular OM on the center bottom of the view); (b) enlargement 
of white-framed area in (a) showing details of distorted OM and mineral laminations partly due 
to differential compaction.
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the	 size	 of	 some	 pores	 enlarged	 and	 even	 the	 reflectance	 of	 OM	 on	 the	
polished surface changed, which, however, needs to be carefully recognized 
and distinguished [38, 39]. To reduce artifacts during Ar ion polishing, future 
investigations using liquid nitrogen cooling, shallow beam angles, and lower 
acceleration voltages are therefore suggested [39, 40].

5.2. Pore types distribution

All four oil shale samples from formations in Jilin Province contain interP 
and intraP pores, except for OM pores, which are only moderately distributed 
in sample QSK. There are also small differences in the amount of OM pores 
between the samples. In Table 2 the distribution of different pore types in oil 
shale samples is presented. Sample LT has more debris particles (feldspars, 
quartz), resulting in the most developed intercrystalline (interP) pores among 
the	four	samples	(Fig.	6d–f).	Sample	NJ	has	the	highest	pyrite	content,	and	
pyrite intercrystalline (intraP) pores are widely spread, while sample QSK 
has the lowest pyrite content and pores of this type are rare (Fig. 4a–e). A 
large number of millimeter-scale fossils scatter along the bedding planes of 
sample	NJ,	and	the	high	content	of	microfossils	(cyanobacteria)	in	sample	FT	
leads to the frequent occurrence in intrafossil (intraP) pores in it (Fig. 3). Due 
to the partial dissolution of chemically unstable particles (feldspars, fossils), 
dissolution (intraP) pores are common in sample FT, while these pores are rare 
in the remaining three samples (Figs. 3d–f, 6a–b). Sample FT has the highest 
OM content (showing lenses and bands) but no OM pores, while sample QSK 
has	a	medium	content	of	OM	with	minor	pores	(Fig.	8c–f).	These	findings	will	
help	us	choose	a	more	efficient	in-situ	conversion	method	for	oil	shales	in	Jilin	
Province with less underground environmental pollution [5, 6].

Table 2. Distribution of pore types in oil shale samples

Sample ID InterP pores IntraP pores OM pores

FT Minor
Dominant with largest 

intrafossil and dissolution 
pores

Undiscovered

NJ
Common with 

intercrystalline pores and 
minor framework pores

Dominant with largest 
pyrite intercrystalline pores Undiscovered

QSK Dominant Minor with rare pyrite
intercrystalline pores Minor

LT Dominant with largest 
intercrystalline pores Minor Undiscovered
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5.3. Comparison with North American gas shales SEM imaging

The	 microstructure	 of	 gas	 shales	 in	 North	 America,	 e.g.,	 Barnett	 shale,	
Eagle Ford shale, Woodford shale, Haynesville shale, Marcellus shale, has 
been	 thoroughly	 studied	 and	 some	well-known	pore	 classification	 schemes	
of mudrocks have been derived from the respective investigations [15–17, 
30]. Although both being mudrocks, comparison has revealed three main 
differences in microstructure between gas shale and oil shales:

1. Carbonate content. According to Liu et al. (Table 2, [1]), the four oil 
shale-bearing formations in Jilin Province contain almost no carbonate except 
for the Huadian Formation, which contains abundant carbonate (~25%). 
However, as pointed out by Erdman and Drenzek (Table 2, [41]), all the four 
North	American	shale	gas	producing	formations,	i.e.,	Marcellus,	Haynesville,	
Woodford, and Barnett, contain carbonates up to 38%. The higher carbonate 
content implies the presence of more compaction-resistant minerals, which 
can form framework (interP) pores, as well as the presence of more chemically 
unstable minerals (e.g., calcite, dolomite), which can form dissolution (intraP) 
pores [21].

2.	Fossils.	North	American	gas	shales	have	more	types	and	a	higher	amount	
of fossils than oil shales in Jilin Province observed under SEM, which can 
result in a higher quantity of intrafossil (intraP) pores [15, 19, 31, 32]. In 
addition, the increase in the number of chemically unstable calcareous fossils 
(e.g., foraminifera, coccoliths) may also increase the amount of dissolution 
(intraP) pores [19].

3. OM and OM pores. Comparison of the SEM images reveals that oil 
shales in Jilin Province have a higher content of OM, which appears as patches, 
lenticles or continuous bands up to a few millimeters in size, differently from 
gas	 shales	 in	North	America,	whose	OM	content	 corresponds	 to	 their	 total	
organic carbon (TOC) content, while at the same time, their OM has fewer 
pores	(Fig.	8)	[1,	41].	In	addition,	more	ductile	OM	may	fill	some	interP	and	
intraP pores, which possibly reduces the total porosity of oil shales [42].

These	 differences	 between	 Chinese	 oil	 shales	 and	 North	American	 gas	
shales may be due to their diverse sedimentary environments and levels 
of maturity [1, 5, 15, 18–20, 31, 32, 41]. The continental sedimentary 
environment provides an abundant supply of siliciclastic sediments such as 
quartz and feldspars for oil shales in Jilin Province [1, 22–24, 26]. The marine 
sedimentary	environment	not	only	allows	North	American	gas	shales	to	have	
significant	 carbonate	 contents	 but	 also	 provides	 enhanced	 nutrient	 supply	
for marine organisms [19]. The shallowly buried oil shales in Jilin Province 
deposited since the Early Cretaceous have low maturity (Ro(max.)	≤	0.76%)	
[1,	23].	The	gas	shales	in	North	America,	represented	by	the	reservoir	systems	
of Barnett, Woodford and Marcellus, were formed at earlier ages and deep 
burial with higher maturities [41].
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5.4. Effect of oil shale diagenesis

High-resolution SEM imaging can not only characterize the nanoscale pore 
structure within oil shale but also provide much solid evidence left by the 
diagenetic processes of this sedimentary rock.

The deformed bedding planes and fractured rigid particles (e.g., fossils, 
feldspars) in photomicrographs are imprints of mechanical compaction on oil 
shales in Jilin Province (Figs. 5f, 6a, 6e–f, 8). In addition, compaction largely 
decreases the original volume and porosity (interP and intraP pores) of these 
oil shales. During this time, the ductile OM and other particles may enter 
these pores and also reduce porosity [15]. But there is still a small amount of 
interP pores (e.g., framework pores) that are preserved in pressure shadows 
and compaction protected spaces adjacent to rigid particles (Fig. 4e) [17, 21].

Sedimentary pyrite, including single euhedral crystals, clustered euhedral 
crystals and framboids widely distributed in oil shale, may be formed due 
to the supply of decomposable OM during shallow burial (Figs. 4, 6c) [15, 
43, 44]. Also, the smectite-to-illite conversion occurred during the shallow 
to intermediate burial of oil shale (Fig. 5c) [15, 17, 21]. Furthermore, some 
particles, especially feldspars in the studied oil shales, dissolved possibly 
due to the carboxylic and phenolic acids produced by the decarboxylation 
of OM (Figs. 3d, 3f, 6a–b) [15, 17, 21, 44]. The dissolution seldom removes 
all particles, and only partially corrodes the margins of the particles. With 
increasing burial depth, oil shale becomes thermally more mature and can 
develop OM pores (Fig. 7c–f). Therefore, it is possible to preliminarily judge 
whether oil shale has reached thermal maturity by observing the existence of 
OM pores.

6. Conclusions

Pores within oil shale samples from four formations in Jilin Province, 
Northeastern	China	have	been	 imaged,	 decribed	 and	 classified	using	 argon	
ion	polishing	and	field	emission-electron	scanning	microsopy	techniques.	The	
results of this study lead to the following conclusions:
1. Argon ion polishing can effectively reduce the relief on the observed 

surface for SEM imaging, but it is necessary to identify the accompanying 
artifacts (e.g., curtaining, redeposition, shrinkage cracks) and enlarge-
ment of pore sizes. While ion-polished surfaces and cross sections per-
pendicular to bedding are commonly used in shale systems studies, 
observation together with broken surfaces and cross sections parallel to 
bedding can more comprehensively characterize the microstructure of 
oil shale.

2. The particles within the studied oil shales are composed of fossils, minerals 
and organic matter. Pores within oil shale are void spaces between or 
inside	particles	 and	 three	 fundamental	 types	 are	 defined:	 interparticle,	
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intraparticle and OM pores. InterP pores are the most common, these are 
generally larger than the latter two with various shapes; intraP pores are 
prevalent and their shape changes with subtype; OM pores are rare with 
pore sizes mainly at the nanoscale.

3. Pores of the four oil shale samples studied consist of interP pores and 
intraP pores, but only sample QSK contains trace amounts of OM pores. 
Sample FT has a large number of intrafossil and dissolution (intraP) 
pores due to the abundance of microfossils and the dissolution most 
likely	related	to	OM	decarboxylation.	Sample	NJ	contains	a	lot	of	pyrite	
minerals and has the largest number of pyrite intercrystalline (intraP) 
pores in contrast to sample QSK, whose amount of such pores is the 
lowest. Sample LT enriched with clastic particles such as quartz and 
feldspars contains a great amount of intercrystalline (interP) pores.

4. A comparative study revealed that the contents of particles and OM pores 
within	oil	shales	in	Jilin	Province	of	Northeastern	China	and	gas	shales	
in	North	America	are	very	different,	which	may	be	due	to	their	dissimilar	
sedimentary environments and levels of maturity. In the continental 
sedimentary environment, the four studied oil shale-bearing formations 
in	Jilin	Province	are	rich	in	terrigenous	detrital	supply,	and	it	is	difficult	
to form abundant OM pores because of their low maturity probably 
due	to	shallow	burial.	In	contrast,	the	North	American	gas	shales,	e.g.,	
Haynesville, Woodford, Barnett, deposited in the marine sedimentary 
environment contain a large number of carbonates and fossils, and some 
of the shales are buried deeply with high maturity, which can form 
plentiful OM pores.
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