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a b s t r a c t

Pore-throat size is a very crucial factor controlling the reservoir quality and oiliness of tight sandstones,
which primarily affects rock-properties such as permeability and drainage capillary pressure. However,
the wide range of size makes it difficult to understand their distribution characteristics as well as the
specific controls on reservoir quality and oiliness. In order to better understand about pore-throat size
distribution, petrographic, scanning electron microscopy (SEM), pressure-controlled mercury injection
(PMI), rate-controlled mercury injection (RMI), quantitative grain fluorescence (QGF) and environmental
scanning electron microscopy (ESEM) investigations under laboratory pressure conditions were per-
formed on a suite of tight reservoir from the fourth member of the Lower Cretaceous Quantou Formation
(K1q4) in the southern Songliao Basin, China. The sandstones in this study showed different types of pore
structures: intergranular pores, dissolution pores, pores within clay aggregates and even some pores
related to micro fractures. The pore-throat sizes vary from nano- to micro-scale. The PMI technique views
the pore-throat size ranging from 0.001 mm to 63 mm and revealed that the pore-throats with radius
larger than 1.0 mm are rare and the pore-throat size distribution curves show evident fluctuations. RMI
measurements indicated that the pore size distribution characteristics of the samples with different
porosity and permeability values look similar. The throat size and pore throat radius ratio distribution
curves had however significant differences. The overall pore-throat size distribution of the K1q4 tight
sandstones was obtained with the combination of the PMI and RMI methods. The permeability is mainly
contributed by a small part of larger pore-throats (less than 30%) and the ratio of the smaller pore-throats
in the samples increases with decreasing permeability. Although smaller pore-throats have negligible
contribution on reservoir flow potential, they are very significant for the reservoir storage capacity. The
pore-throats with average radius larger than 1.0 mm mainly exist in reservoirs with permeability higher
than 0.1mD. When the permeability is lower than 0.1mD, the sandstones are mainly dominated by pore-
throats with average radius from 0.1 mm to 1.0 mm. The ratio of different sized pore-throats controls the
permeability of the tight sandstone reservoirs in different ways. We suggest that splitting or organizing
key parameters defining permeability systematically into different classes or functions can enhance the
ability of formulating predictive models about permeability in tight sandstone reservoirs. The PMI
combined with QGF analyses indicate that oil emplacement mainly occurred in the pore-throats with
radius larger than about 0.25e0.3 mm. This result is supported by the remnant oil micro-occurrence
evidence observed by SEM and ESEM.

© 2016 Elsevier Ltd. All rights reserved.
na University of Petroleum, Qingdao, Shandong 266580, China.

, cyc8391680@163.com (Y. Cao).

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpetgeo.2016.05.001&domain=pdf
mailto:kelai06016202@163.com
mailto:cyc8391680@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpetgeo.2016.05.001&domain=pdf
www.sciencedirect.com/science/journal/02648172
http://www.elsevier.com/locate/marpetgeo
http://dx.doi.org/10.1016/j.marpetgeo.2016.05.001
http://dx.doi.org/10.1016/j.marpetgeo.2016.05.001
http://dx.doi.org/10.1016/j.marpetgeo.2016.05.001


K. Xi et al. / Marine and Petroleum Geology 76 (2016) 1e152
1. Introduction

Tight sandstones in Chinese petroliferous basins are defined as
reservoirs with porosity of less than 10%, in situ permeability of less
than 0.1mD or air permeability of less than 1mD (Zou et al., 2012).
The increasing energy demands throughout the world and the
depletion of conventional oil reservoirs have called into question a
sustainable supply of conventional oil. Therefore, assessment of
other alternative supplementary energy sources such as tight
sandstone oils has become increasingly important (Dai et al., 2012;
Jia et al., 2012; Ghanizadeh et al., 2015). Tight sandstone reservoirs
are however characterized by poor reservoir quality and compli-
cated oiliness. Performing exploration and production associated to
these unconventional reservoirs are therefore challenging
(Wimmers and Koehrer, 2014). Due to the complexity and irregu-
larity of the pore-throat geometry, overall porosity and perme-
ability are no longer the critical factors for the hydrocarbons
accumulations in tight sandstones (Zhu et al., 2013; Lai and Wang,
2015). Nonetheless, the reservoir quality in such types of reservoirs
is mainly controlled by pore-throat geometry (Shanley and Cluff,
2015). Pore-throat geometry refers to pore-types, shapes, size and
distribution of pores and throats as well as their connectivity,
which strongly influences the petrophysical properties, the capac-
ity to flow and trap fluids, and furthermore the oil emplacement,
especially the pore-throat size (Lai and Wang, 2015; Anovitz et al.,
2013; Coskun and Wardlaw, 1996; Zhao et al., 2015; Shanley and
Cluff, 2015). Unlike conventional sandstone reservoirs, tight sand-
stones always contain pores and pore-throats from the nano-scale
(pore diameter <1 mm) tomicro-scalewith poor connectivity (Hinai
et al., 2014; Bai et al., 2013; Rezaee et al., 2012; Desbois et al., 2011),
which makes it difficult to characterize the pore-throat size dis-
tribution and evaluate the controls on reservoir quality and oiliness.

Various techniques are used to characterize the pore-throat size
of sandstones, such as petrography, scanning electron microscopy
(SEM), pressure-controlled mercury injection (PMI), rate-
controlled mercury injection (RMI) and X-ray computer tomogra-
phy (CT) (Zhao et al., 2015; Bai et al., 2013; Li et al., 2015; Ziarani and
Aguilera, 2012). Each technique has its own strengths in charac-
terizing pore-throat geometry, but each of the methods has some
limitations. Petrography and SEM inspections can help to directly
view the pores and pore-throats at various scales and they can be
coupled with image analyses. The techniques can however not
provide good quantitative data about the pore-throats size distri-
bution (Loucks et al., 2009). Pressure-controlled mercury injection
can measure the size of nano- to micro-scale pore-throats and is
useful in order to obtain data on various characterization parame-
ters, but it might lose sight of large pores from the investigation
(Pittman, 1992; Yao and Liu, 2012; Clarkson et al., 2013). Rate-
controlled mercury injection can divide pores and throats apart
according to the pressure fluctuations, but cannot measure the
pores and pore-throats smaller than 0.12 mm (Zhao et al., 2015; Gao
et al., 2013). CT can provide not only the pore distributions inside
the sandstones but also a geometrical and topological representa-
tion of the network of pores, however, its application is highly
restricted due to high cost (Romanenko and Balcom, 2013; Mayo
et al., 2015; Verg�es et al., 2011). Using these analytical methods,
many useful studies have been performed in recent years providing
pore-throat sizes characteristics and its implications on the petro-
physical properties of reservoir rocks (Fic and Pedersen, 2013; Kassi
et al., 2015; Henares et al., 2014; Nelson, 2009). According to the
outcomes of these investigations, pore-throat size was key element
that represents both physical rock flow and storage potential
(Wimmers and Koehrer, 2014). Specifically, porosity is primarily a
function of the pore spaces while permeability is a function of pore-
throat sizes found within the tight sandstones, however, little
attention has been given to the relationship between pore-throat
size and reservoir oiliness (Fic and Pedersen, 2013). Unlike Eric-
son tight sandstones with high porosity and permeability at the
time of oil charge (Shanley and Cluff, 2015), the K1q4 tight sand-
stones has already been tight before oil began to enter into the
reservoirs (Xi et al., 2015). Actually, not all types of pore-throats
contribute equally to permeability in this type of tight sand-
stones, the pores and pore-throats with different sizes have
different contributions to porosity and permeability (Zhao et al.,
2015). For instance, small sized pore-throats may have an insig-
nificant contribution to permeability, but make up a large part of
the porosity. Finally, pore-throat size will influence the reservoir
oiliness through its controls on porosity and permeability. There-
fore, it is essential to characterize the pore-throat size distribution
by integrating several types of techniques in order to maximize our
understanding about the specific contributions of different pore-
throat sizes with regard to porosity and permeability. Previous
studies showed that the densification of the K1q4 sandstone res-
ervoirs was prior to the oil charge, and the oil saturation was lower
than other basins (Xi et al., 2015). Furthermore, reservoirs with the
same mineral composition and source rock as well as a similar
hydrocarbon migration system always showed very different oil
saturation (Xi et al., 2015). Thus, it can provide typical samples with
oiliness and oil free for pore-throat size comparison. Although the
quantitative values in this study mainly measured in the laboratory
pressure conditions, the results still can improve our understand-
ing and prediction of reservoir oiliness and performances of tight
reservoir sandstones.

The objectives of this paper were threefold: (1) investigate the
pore-throat size distribution of tight sandstones; (2) elucidate the
specific contributions of different sizes of pore-throats on porosity
and permeability; (3) determine the controls of pore-throat size on
reservoir oiliness.

2. Geological background

Songliao Basin is a Jurassic-Neogene lacustrine basin with dual
structure of fault and depression in the northeastern China (Fig. 1).
The basin is located between 42�250 to 49�230 N and 119�400 to
128�240 E with an area about 26 � 104 km2 (Zhang and Zhang,
2013), which can be further subdivided into seven first class tec-
tonic zones (Zhou et al., 2012) (Fig. 1). The study area, as one of the
most oil rich areas, belongs to the Central Depression Zone and
consists of three secondary class tectonic units (Li et al., 2013),
namely the Changling Sag, Huazijing Terrace and Fuxin Uplift
(Fig. 1). Sediments filled in the basin comprise the Lower Creta-
ceous Huoshiling (K1h), Shahezi (K1sh), Yingcheng (K1yc), Dou-
louku (K1d) and Quantou (K1q) formations, the Upper Cretaceous
Qingshankou (K2qn), Yaojia (K2y), Nenjiang (K2n), Sifangtai (K2s)
and Mingshui (K2m) formations, the Palaeogene Yian (Ny) forma-
tion, the Neogene Daan (Nd) and Kangtai (Nt) formations, and the
Quaternary Pingyuan (Q) formation (Fig. 2). The Cretaceous stra-
tigraphy contains many source rocks and reservoir rocks, which can
form different oil and gas accumulations vertically (Fig. 2).

The studied interval is the fourth member of the lower Creta-
ceous Quantou formation (K1q4). This formation consisted of deltaic
sandstones with some interbeddedmudstones. The tight sandstone
reservoirs mainly distributed in front subaqueous distributary
channel of meandering stream delta. The main source rock for K1q4
reservoirs is the overlaying first member of Qingshankou formation
(K2qn1) (Li et al., 2013; Zou et al., 2005). The oil generation
(Ro ¼ 0.5%) in the K2qn1 began at the depth of about 1350e1450 m
(Dong et al., 2014). Oil exploration practices indicated that the K1q4
sandstone reservoirs are tight and have a continuous oil-charging
in the later stage of the burial process (after Nenjiang formation



Fig. 1. (A) Location map of the study area and sub-tectonic units of the Songliao Basin (Ⅰ) Western Slope Zone, (Ⅱ) Northern Pitching Zone, (Ⅲ) Central Depression Zone, (Ⅳ)
Northeastern Uplift Zone, (Ⅴ) Southeastern Uplift Zone, (Ⅵ) Southwestern Uplift Zone, (Ⅶ) Kailu Depression Zone; (B) The sub-tectonic units of the study area and well locations
(From Xi et al., 2015).
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deposited), and that the reservoirs have already been tight due to
the compaction and quartz cementation when the oil began to
charge (Xi et al., 2015), which can be regarded as a typical
demonstration area for basin-centered tight sandstone oils in China
(Li et al., 2013; Zou et al., 2005, 2009).

3. Databases and methods

This study focus on the fourth member of the Quantou forma-
tion in the southern Songliao basinwheremost of the producing oil
fields occur and consequently most drilling activities have taken
place and thereby core materials, petrophysical properties data,
mercury injection data, oil saturation data and many other types of
data related to exploration and production wells were available for
doing this research.

Reservoir porosity and permeability with corresponding oil
saturation of 8529 data points, 237 pressure-controlled mercury
injection testing data and nine rate-controlled mercury injection
testing data were collected from Research Institute of Petroleum
Exploration & Development of Jilin Oilfield Company, PetroChina.

According to the study objectives and constraints of the
collected data, more than 300 samples were selected from K1q4
drill cores of 26 wells. About 210 blue or red epoxy resin-
impregnated thin sections were prepared for analysis of visual
pores and pore-throat characteristics. 40 representative core sam-
ples and polished thin sections were viewed under a Quanta FEG
450 scanning electron microscope (SEM) to examine pore
morphology. A Quanta400 environmental scanning electron mi-
croscope (ESEM) equipped with an energy dispersive X-ray spec-
trometer (EDX) was used to investigate the micro-occurrence of
tight sandstone oil for two freshly broken core samples and three
polished thin sections. Nano- to micro-scale pore-throats and the
internal fluid properties were examined by ESEM in low-vacuum
mode, and the carbon content of hydrocarbons were identified by
using EDX coupled to ESEM.

Pressure-controlled Mercury Injection (PMI) was used to study
pore-throat geometry in reservoir rocks. A mercury porosimeter is
used to generate pressure high enough to force mercury into all
accessible pore-throats and measure the volume of mercury
entering to the pores and pore-throats (Ziarani and Aguilera, 2012).
Except for the 237 pressure-controlled mercury injection testing
data from the Jilin oil field, 52 cylindrical samples 2.54 cm in
diameter and about 4 cm in length were tested using an AutoPore
IV9505 mercury porosimeter following the standard SY/T 5346-
2005 of China (SY/T 5346, 2005). Maximum intrusion pressure was
101.32 MPa, corresponding to a pore-throat size of 1.0 nm. After
reaching the highest pressure, the pressure was then gradually
decreased and the mercury extruded from the samples. Thus,



Fig. 2. Generalized Mesozoic-quaternary stratigraphy of the Songliao Basin, showing major oil and gas combinations (From Xi et al., 2015).
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intrusion and extrusion curves as well as various characterization
parameters were obtained, such as average pore-throat radius
(Rave), maximum pore-throat radius (Rmax), maximum mercury
intrusion saturation (Smax), residual mercury saturation (Sr),
displacement pressure (Pd), medium saturation pressure (P50) and
so on. Among the 52 samples, quantitative grain fluorescence (QGF)
analyses were done for 29 sister samples by PetroChina Research
Institute of Petroleum Exploration & Development to identify
whether the reservoirs have subjected to oil emplacement.

Rate-controlledMercury Injection (RMI) testing is a relative new
technique in pore-throat geometry characterization. This method,
based on pressure fluctuations, can be used to identify and classify
the pores and throats in sandstones and may provide much more
information compared to PMI testing. In the RMI experimental
method, mercury is injected into the reservoirs at an extremely low
constant rate and the mercury pressure and volume are accurately
measured (Zhao et al., 2015; Gao et al., 2013). Except for the nine
pressure-controlled mercury injection testing data from the Jilin oil
field, six cylindrical samples with 2.54 cm in diameter and about
4 cm in length were tested on an ASPE-730 rate-controlledmercury
porosimeter following the standard Q/SY DQ1531-2012 of Daqing
oil filed, Petrochina (Q/SY DQ1531, 2012). Mercury injection rate
was done at a quasi-static constant value of 5� 10�5 mLmin�1, and
maximum intrusion pressure of 6.2 MPa, corresponding to a pore-
throat size of 0.12 mm. Using this method, mercury intrusion curves
of the pore, throat and total were obtained respectively as well as
various characterization parameters, such as pore radius, throat
radius and pore throat radius ratio.

Among all the analysis methods used in this study, the petro-
graphic observations were done in the Key Laboratory of Basin
Analysis and Reservoir Geology of China University of Petroleum.
SEM and ESEM investigations were done in the Key Laboratory of
Oil and Gas Reservoir of PetroChina whereas PMI and RMI in the
Research Institute of Petroleum Exploration & Development of
Daqing oil field, Petrochina.
4. Results

4.1. Petrophysical properties and pore types

As a whole, the reservoir properties in the K1q4 sandstones are
quite poor (Fig. 3). Under laboratory pressure conditions, helium
porosity of core samples ranges from 1.7% to 20% (mainly 2%e14%)
with an average of 8.54% (Fig. 3A). Horizontal permeability ranges
from 0.01mD to 44.5mD (mainly <1mD) with an average of
0.493mD (Fig. 3B). Moreover, samples with the same porosity and
permeability may have significantly different in oil saturation
(Fig. 3C). From the plot it is evident that the oil saturation of this
Fig. 3. The reservoir property characteristics of K1q4 sandstones: A, porosity distribution; B,
different oil saturations.
tight sandstones is not controlled by porosity and permeability
(Fig. 3C), but probably by pore-throat size and other factors instead.

Petrographic and SEM observations reveal the existence of four
major types of pores in the K1q4 tight sandstone reservoirs: inter-
granular pores, dissolution pores, pores within clay aggregates and
even some pores related to micro fractures (Fig. 4). Intergranular
pores show triangular or polygonal shape and are relatively larger
in size (Fig. 4AeD). Intergranular pores have been modified by
mechanical compaction and cementation with little modification
due to dissolution process. The longer dimensions of these pores
range between about 20 mm and 300 mm. Dissolution pores mainly
occurred within partly dissolved feldspars with rather irregular
geometry (Fig. 4A, E, F). The size of feldspar dissolution pores was
typically from about 5.0 mm to 50 mm with relative poor connec-
tivity between pores (Fig. 4E, F), however, some pores are formed as
a result of complete feldspar dissolutionwere more than 100 mm in
size (Fig. 4A). Pores within clay aggregates are common in the K1q4
samples. Typical clay minerals found in these reservoirs were
kaolinite (Fig. 4G), mixed-layer illite/smectite, illite (Fig. 4H) and
chlorite. This pore type was extremely small in size with nano-
scale, mainly ranging from about 0.05 mm to 3 mm (Fig. 4G, H).
Pores related to micro fractures mainly associated with brittle
detrital grains were rare and nano-scaled in width (Fig. 4I).
4.2. Pore-throat size distribution

4.2.1. Pressure-controlled mercury injection results
The intrusion and extrusion curve patterns of typical samples

changed with the increasing of Pd (Fig. 5). For the samples with Pd
(the point on the curve where the mercury first injects into the
rock) lower than 3 MPa, the mercury intrusion curves have a hor-
izontal stage at the early period of the mercury intrusion, and the
lower Pd resulted in the wider horizontal stage (Fig. 5). However,
the horizontal stages are not readily noticeable for the samples
with Pd higher than 3 MPa, in which the pressure increases from
beginning to the end of the mercury intrusion process (Fig. 5). This
indicates that the pore-throat sorting was better in the samples
with Pd lower than 3 MPa. Furthermore, the samples with Pd lower
than 3 MPa also have the lager Smax and Sr (Fig. 5).

The Rave (weighted average of the pore-throat radius according
to mercury intrusion saturation) ranges from 0.009 mm to 2.08 mm
and the most frequent ones are populated mainly between 0.1 mm
and 0.35 mm (Fig. 6A), while the Rmax ranges from 0.03 mm to
5.32 mm with non-uniform frequency distribution (Fig. 6B). The
Smax mainly ranges from 65% to 95% (Fig. 6C), while the Sr mainly
populates between 40% and 70% (Fig. 6D). The Pd mainly centers on
0.6e3.0 MPa and only small parts of samples are higher than
3.0 MPa (Fig. 6E), while the P50 (the point on the curve where the
permeability distribution; C, the correlation between porosity and permeability under



Fig. 4. Typical pore types in the K1q4 tight sandstone reservoirs: (A) micrograph of thin section showing the intergranular pores and dissolution pores; (B) and (C) micrograph of
SEM showing compaction residual intergranular pore; (D) micrograph of SEM showing quartz cementation residual intergranular pore; (E) and (F) micrograph of SEM showing
feldspar dissolution pores; (G) micrograph of SEM showing the pores within kaolinite aggregates; (H) micrograph of SEM showing the pores within illite aggregates; (I) micrograph
of SEM showing the micro-fracture on feldspar grains and compaction residual intergranular pore. QD e detrital quartz; QA e anthigenic quartz; F e feldspar; K e kaolinite; I e
illite.
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mercury intrusion saturation is 50%) mainly varies from 1.0 to
14.0 MPa with few samples higher than 20 MPa (Fig. 6F). These
relative scattered distributions illustrate the complex and hetero-
geneous pore-throat size. Also, the higher amount of residual
mercury saturation indicates that mercury was trapped in the
pores, implying larger discrepancy between pores and throats.

Pore-throat size distribution curves can be calculated from
pressure-controlled mercury injection results (Washburn, 1921). In
order to study the pore-throat size distribution characteristics of
the K1q4 sandstones, five typical samples with different porosity
and permeability values were selected, among which two samples
were from conventional sandstone reservoirs (porosity >10% and
air permeability >1 mD) and the other three samples were from
tight sandstones. The results showed that pore-throat radii of the
conventional sandstone reservoirs distribute in a wide size range,
but with only one distinct peak characterized by right-skewed
distribution (Fig. 7A, B). The pore throat radius as a function of
mercury saturation distribution curve for conventional sandstone
reservoirs possesses high peakedness between 1.0 mm and 10 mm
while it tails for the rests of pore throat radius smaller than 1.0 mm
and besides that the curve resonates in a very narrow range for a
mercury saturation ratio that is approximately between 1% and 3%
(Fig. 7A, B). This might be an indication that the pore throat sizewill
be having limited influence on the rock properties of conventional
reservoirs compared to unconventional ones. However, the pore-
throats with radius larger than 1.0 mm are rare in the tight sand-
stones and the pore-throat size distribution curves show evident
fluctuations (Fig. 7CeE). Quantitative statistics performed on 47
tight sandstone samples indicates that for samples with perme-
ability between 0.1 and 1.0mD, the pore-throat size distribution
curves show an approximate Gaussian distribution with the main
pore-throat radius from 0.1 mm to 1.0 mm (Fig. 7C). When the
permeability decreases to between 0.05 and 0.1mD, the pore-throat
size distributions narrow the range and show a main peak
accompanied by several minor peaks (Fig. 7D), then the curves are
characterized by a left-skewed distribution but with very few pore-
throats larger than 1.0 mm in radius. Further, when the permeability
is lower than 0.05mD, the pore-throat size distribution curves show
a very left-skewed distribution with most of the pore-throat radii
smaller than 0.1 mm (Fig. 7E). This indicates that with decreasing of
the permeability, the pore-throat size become smaller and the
distribution curves become more fluctuant, showing that the pore-



Fig. 5. Intrusion and extrusion curves of pressure-controlled mercury injection. The
Smax is seen as the corresponding mercury saturation points where the injection
capillary pressure reached to the maximum value. The Sr is seen as the corresponding
mercury saturation points where the ejection capillary pressure reached to the mini-
mum value.

Fig. 6. Illustrates the parameters derived from pressure-controlled mercury injection experiments which are characterizing pore throat distribution. The “frequency” on the y-axis
represents for the sample ratio of each value intervals.

Fig. 7. Pore-throat size distributions by pressure-controlled mercury injection of the
samples with different porosity and permeability.
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throat size is more complicated and heterogeneous in the tight
sandstones. Petrographic and SEM examinations indicated that the
tight sandstones under investigations also contained pore-throats
lager than 63 mm (Fig. 4). Thus, the PMI might have missed the
larger pores, although it seems reasonable to characterize pore-
throats smaller than 63 mm, which shows the methods inability
to characterize the whole range of pore structures present in tight
sandstone reservoirs (Zhao et al., 2015).

4.2.2. Rate-controlled mercury injection results
The characteristic properties extracted using this method on 15

samples with corresponding values is listed in Table 1. The curves
from typical samples show that the trend of the total mercury
intrusion curve is more in accordance with the pore mercury
intrusion curve when the permeability is less than 0.1mD (Fig. 8A
and B), while it is more in accordance with throat mercury
intrusion curve when the permeability is more than 0.1mD
(Fig. 8C). Furthermore, the throat mercury intrusion saturation
ratio increases with increasing permeability (Fig. 8AeC and
Table 1). Similarly with the PMI curves, for samples with Pd values
less than 1.0MPa, the total mercury intrusion curve has a horizontal
stage at the early stage of mercury intrusion (Fig. 8C). In addition,
the final total mercury intrusion saturation increases with
increasing permeability (Fig. 8AeC and Table 1). Unlike pressure-
controlled mercury injection, rate-controlled mercury injection
can measure the pores and throats separately. So, here we use pore
radius and throat radius respectively instead of pore-throat radius
in pressure-controlled mercury injection. The throat radius (Rt)
ranges from 0.197 mm to 0.869 mmwith an average of 0.389 mm and
the pore radius (Rp) from 128.97 mm to 152.31 mmwith an average
of 143.85 mm (Table 1). Pore throat radius ratio (h), that is the ratio
of pore radius and throat radius under the same capillary entry
pressure, can also calculated from rate-controlled mercury injec-
tion, which ranges from 190.73 to 783.74 with an average of 464.71
in the studied tight sandstones (Table 1).



Table 1
The characterization parameters of rate-controlled mercury injection. F e porosity; K e permeability; Rt e average throat radius; Rp e average pore radius; h e Pore throat
radius ratio; Sf e final total mercury saturation; Sp e pore mercury saturation; St e throat mercury saturation; Pd e displacement pressure; P50 emedium saturation pressure.

Well Depth,m F, % K, mD Rt, mm Rp, mm h Sf, % Sp, % St, % Pd, Mpa P50, Mpa

Rang24 1875.12 9.29 0.055 0.499 148.13 425.32 57.96 24.34 33.62 1.382 4.348
Gu27 1226.4 10.21 0.079 0.492 149.74 416.29 47.95 16.01 31.95 1.435 e

Rang59 2101.09 6.3 0.038 0.371 140.28 431.59 38.8 4.483 34.32 1.894 e

Rang59 2102.51 6.17 0.035 0.366 143.13 459.1 59.47 9.413 50.05 1.775 4.181
Rang59 2106.61 5.54 0.026 0.35 131.77 400 26.55 0.272 26.28 2.397 e

Rang59 2108.42 6.69 0.189 0.869 151.48 190.73 79.39 37.46 41.93 0.677 1.29
Rang53-2* 2169.12 7.69 0.041 0.234 144.9 663.15 36.94 2.753 34.19 2.808 e

Rang53-2* 2169.22 6.75 0.061 0.298 135.94 496.23 49.57 2.191 47.38 2.2 e

RAng53-2* 2169.32 6.08 0.02 0.197 128.97 783.74 31.73 1.133 30.6 3.466 e

Cha45* 2108.2 4.79 0.043 0.454 150.55 373.02 65.06 23.57 41.49 1.395 2.826
Cha45* 2108.3 4.18 0.035 0.385 146.72 428.7 57.71 10.31 47.4 1.625 4.305
Cha45* 2108.4 4.14 0.02 0.28 152.31 568.7 42.53 4.725 37.8 2.366 e

Chaping2* 2179.35 7.49 0.047 0.364 140.77 406.87 49.21 6.692 42.51 1.868 e

Chaping2* 2179.45 7.93 0.101 0.341 145.4 463.24 53.44 10.66 42.79 1.716 5.331
Chaping2* 2179.55 8.9 0.045 0.328 147.62 464.04 46.5 8.203 38.3 1.731 e

*: The data collected from Jilin Oil Field Company, Petrochina. e no data.

Fig. 8. Rate-controlled mercury intrusion curves of the total, pore and throat.
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The rate-controlled mercury injection experiment, unlike the
PMI method, mainly measures lager pores due to low intrusion
pressure. The RMI method fills the testing gaps encountered with
regard to PMI derived pore-throat size distribution of tight sand-
stones. The pore and throat size as well as pore throat radius ratio
distribution curves of typical samples derived from the rate-
controlled mercury injection testing is shown in Fig. 9. The pore
size distribution characteristics of the samples with different
porosity and permeability values look similar, however, the throat
size and pore throat radius ratio distribution curves show signifi-
cant differences (Fig. 9AeC). The pore size shows an approximate
Gaussian distributionwith themain pore radius from about 100 mm
Fig. 9. Pore size, throat size and pore throat radius ratio distribution by rate-controlled me
distribution; (B) throat size distribution; (C) pore throat radius ratio distribution.
to 250 mm and the peaks center with a value of about 110 mm
(Fig. 9A), which agrees with the SEM and petrographic results. This
implies that the pore body structure might not constrain the vari-
ables controlling the flow properties of the tight sandstones like
throat radius. The throat size distribution ranging from 0.12 mm to
1.0 mm showed a different Gaussian distribution based on variation
in the permeability (Fig. 9B). Although the throat radius peak values
increase with increasing permeability, it looks like two classes of
throat size distribution exist: distribution with high kurtosis
(�0.038mD permeability) and low kurtosis relative to the bell
shaped Gaussian distribution (�0.055mD) (Fig. 9B). Moreover, the
lower the permeability values are, the narrower the pore throat
rcury injection of the samples with different porosity and permeability: (A) pore size
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radius distributions are. This fact might be helpful in selecting the
type of density function tomodel pore-throat size distributions and
associated petrophysical properties of the reservoirs analytically.
The pore throat radius ratio distribution curves looks a little more
complex showing bimodal distribution with larger spread related
to throat radius (Fig. 9C). Nevertheless, using such distribution
curves might not be helpful to model and constrain the parameters
controlling the permeability of the reservoirs very well. Therefore,
information that can be derived from throat radius distributions
appears to be better in order to constrain permeability variations in
tight sandstones. This study suggests that splitting pore throat
radius distributions may make them more suitable for predicting
the controlling parameters that constrain the permeability of tight
sandstone reservoirs.
4.3. Comparison of PMI results and RMI results

As it has been shown above, it seems that investigating the pore-
throat size distribution by a single method is inadequate due to the
wide pore-throat size distribution found in the studied tight
sandstone reservoirs. PMI can characterize pore-throats with
smaller sizes, but fail to measure the larger pore throat sizes
(mainly larger than 63 mm). RMI is able to characterize the larger
pores, but cannot identify the pores and throats smaller than
0.12 mm. Therefore, we can maximize the likelihood of extracting
essential data about the entire pore-throat size distribution from
smaller to larger pore sizes by integrating PMI and RMI methods.

PMI and RMI testing were done for the sister samples fromWell
Rang 59 at a depth of 2108.42m and the results show the combined
methods capability of viewing the entire range of pore-throat size
distributions (0.001e630 mm), moreover, they also overlap in the
middle part (about 0.12e40 mm) of the scale ranges (Fig. 10A). Ac-
cording to two experiments, the Well Rang 59 samples porosity is
6.69% and the permeability is 0.189mD in the PMI testing while
they are 10.07% and 0.2mD respectively in the RMI testing. By
comparison, the permeabilities are similar in value for both
methods, probably indicating that the permeability is mainly
contributed by the pore-throats with relative larger size (larger
than 0.12 mm) measurable by both methods. However, the poros-
ities obtained from the PMI and RMI methods are significantly
different. This is because the smaller pore-throats (smaller than
0.12 mm) have evident contribution to the pore-throat total volume,
although they are insignificant to the permeability. The maximum
mercury intrusion saturation of PMI is 91.80%, but the maximum
Fig. 10. Comparison of PMI results and RMI results: (A) the overall pore size distribution by a
and rate-controlled mercury injection.
total mercury intrusion saturation of RMI is 79.39%, having a dif-
ference of 12.41% (Fig. 10B). This supports that the pore-throats less
than 0.12 mm may have contributions to the pore-throat total vol-
ume significantly. The displacement pressures of both methods are
equal, but the mercury intrusion saturation of PMI is always lower
than the total mercury intrusion saturation of RMI at the same
intrusion pressure when the intrusion pressure is lower than
6.2 MPa (Fig. 10B). This may be caused by two reasons: 1) the high
intrusion pressure of the PMI method can compress the detrital
grains and make the curves to shift (Clarkson et al., 2013); and 2)
the high intrusion velocity can cause the contact angle to change,
resulting in discrepancies between the datasets (Favvas et al.,
2009). The RMI testing is mainly accomplished under the condi-
tions of constant contact angle and interfacial tension due to the
quasi-static constant intrusion velocity, resulting in more accurate
and reliable results. Therefore, RMI testing may be used to revise
the PMI results obtained in previous studies to constrain the pa-
rameters controlling the permeability in much better ways.
5. Discussion

5.1. Pore-throat size controls on the reservoir quality

Pore-throat size is regarded as one of the key factors in con-
trolling parameters affecting reservoir quality. The PMI derived
properties such as the cumulative mercury intrusion saturation
curve, cumulative permeability contribution curve and perme-
ability contribution curve as a function of pore throat sizes are
shows in Fig. 10. The permeability contribution curves show an
approximate Gaussian distribution, in which the pore-throat size is
narrow in range and the pore-throat radius peak value shows a
positive correlation with permeability (Fig. 11AeD). Typical sam-
ples with different porosity and permeability analyses indicated
that the permeability is mainly controlled by a small part of rela-
tively lager pore-throats (larger than the pore-throat radius peak
value) in each tight sandstone samples (Fig. 11AeD), for example,
this pore-throat size is larger than about 0.9 mm from Fig. 10A. The
pore-throat radius peak value decreases with decreasing perme-
ability (Fig. 11AeD). When the mercury began to enter into these
pore-throats, the cumulative permeability contribution increased
rapidly and formed a very steep curve configuration (Fig. 11AeD).
After these pore-throat radii have been entered, however, the cu-
mulative permeability contribution increases slowly and shows a
gentle curve configuration (Fig.11AeD). By contrast, the cumulative
combination of PMI and RMI; (B) Comparison of pressure-controlled mercury injection



Fig. 11. The specific contributions of different sized pore-throats on porosity and permeability.

Fig. 12. The relationships between permeability and mercury intrusion saturation
component under different sized pore-throat intervals.
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intrusion mercury saturation curve varies in a different way. At the
early stage of the mercury injection (corresponding to injection of
lager pore-throats), the cumulative mercury intrusion saturation
increases slowly and the curve shows a gentle trend. However,
when the pore-throat radius is smaller than the pore-throat radius
peak value shown in the permeability contribution curve are
injected, the cumulative intrusion mercury saturation increases
rapidly and form a relative steep curve configuration until the
maximum mercury intrusion saturation is reached (Fig. 11AeD).
This indicates that the pore-throat total volume is mainly domi-
nated by smaller pore-throats (smaller than pore-throat radius
peak value), while the lager pore-throats only account for a very
small proportion of the pore-throat total volume in the studied
tight sandstone. For example, when the cumulative permeability
contribution reached to 98%, the cumulative mercury intrusion
saturations were only 18%e31%, depending on the permeability
(Fig. 11AeD). Generally, the lower the permeability, the smaller
amount of larger pore-throats existed in the samples (Fig. 10AeD).
Thus, the permeability is mainly controlled by a small part of larger
pore-throats (less than 30%). Although the large amount of smaller
pore-throats (smaller than the pore-throat radius peak value) have
negligible contribution on reservoir flow potential, they are very
significant for the reservoir storage capability. Moreover, the ratio
of the smaller pore-throats (smaller than the pore-throat radius
peak value) increases with the decreasing of permeability
(Fig. 11AeD).

The total mercury intrusion saturation can be divided into
several parts as a function of pore-throat radius intervals. The pore-
throats with average radius larger than 1.0 mm mainly exist in
samples with permeability higher than 0.1mD, whose mercury
intrusion saturation component, that is the total mercury intrusion
saturation of each divided pore-throat radius interval, can be more
than 50% (Fig. 12). When the permeability is lower than 0.1mD, the
samples mainly are dominated by the pore-throats with average
radius from 0.1 mm to 1.0 mm (Fig. 12). The permeability increases
with increasing of the pore-throat fraction with average radius
larger than 1.0 mm (Fig. 12, curve A). For pore-throats with average
radius from 0.1 mm to 1.0 mm, their ratios increase with decreasing
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permeability, when it is higher than 0.05mD (Fig. 12, curve B);
however, the ratio shows not a good trend with the permeability,
when it is lower than 0.05mD (Fig. 12, plot area C). For the pore-
throats with average radius from 0.01 mm to 0.1 mm, their ratios
show negative correlation with permeability, showing good trends
between the data points and the curve (Fig. 12, curves D, E). As
indicated in the curves, for samples associated to the very small
pore throats (smaller than 0.1 mm), the drop in permeability is very
large compared to the small changes in mercury intrusion satura-
tion ratio. The importance of the plot shown in Fig. 12 where the
key parameter mercury intrusion saturation component is orga-
nized in intervals is that it reveals the systematics responsible for
resulting permeability. This is done by delineating permeability
classes or functions. This enhances strongly our ability to formulate
predictive permeability models for such types of reservoirs.
5.2. Pore-throat size controls on the reservoir oiliness

The controlling effects of the pore-throat size on reservoir
quality will be reflected in the reservoir oiliness too. As shown
above, the mercury intrusion saturation were grouped into four
parts as functions of the pore-throat size distribution intervals. The
relationship between oil saturation and the mercury intrusion
saturation component of each divided pore-throat size interval can
be seen in Fig. 13. The relationships between oil saturation and
mercury intrusion saturation component are extremely poor for
the pore-throats distributions with average radius from 0.001 mm
to 0.01 mm, 0.01 mme0.1 mm and larger than 1.0 mm (Fig. 13A, B, D).
However, there is a positive relationship between them under the
pore-throat size interval with average radius from 0.1 mm to 1.0 mm
(Fig. 13C). This means that the interconnected pore-throats in the
Fig. 13. The relationships between oil saturation and mercury intrusion
K1q4 tight sandstone reservoirs are mainly with average radius
from 0.1 mm to 1.0 mm and they dominate the effectiveness of oil
emplacement. Although many pore-throats with average radius
larger than 1.0 mm exist in some tight sandstone reservoir, they
generally represent residual intergranular pores and dissolution
pores with poor connectivity. Thus, the oil emplacement was
difficult to occur in these pore-throats. In addition, wettability
testing results showed that contact angle ranges from 22.83� to
38.32� with an average of 27.97� (38 samples in total), indicating
that the reservoirs are mainly water-wet. Generally, capillary entry
pressures for the oil emplacement increase with decreasing pore-
throat radius in a water-wet system. Previous studies revealed
that in order to displace the oil into the water-wet reservoirs in this
area, about 300 m oil column height is needed to provide the
capillary entry pressure (Lin, 2004; Li, 1989). In the studied area,
however, the oil column height is not enough (Li et al., 2013).
Hence, the pore-throats with average radius smaller than 0.1 mm
are probably too small for the oil to enter into the water-wet res-
ervoirs under the original geological conditions of this area. In this
paper, the original geological conditions refer to the conditions
with the actual capillary entry pressure, strata temperature,
wettability and crude oil properties when oil began to charge into
the K1q4 tight sandstone reservoirs. The reservoirs are water-wet
and the crude oil contains less asphaltene (about 9.8%e19.5%)
with well mobility, whereas the actual capillary entry pressure,
strata temperature are mainly controlled by burial depth.
Compared to the Erison tight sandstones, the K1q4 sandstones are
even tighter when the oil began to charge (Xi et al., 2015; Shanley
and Cluff, 2015). So, the pore-throat size controls are even more
significant on reservoir oiliness.

Only understanding the pore-throat size interval dominating
saturation component under different sized pore-throat intervals.
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the reservoir oiliness is not enough for efficient exploration and
production of tight sandstone oil. It is essential to determine the
pore-throat radius threshold for oil charging in the oil-bearing
reservoirs. In general, this threshold is mainly obtained by oil
testing and production information and theoretical calculations
(Cui et al., 2013; Zhang et al., 2014; Liu et al., 2006). Actually, oil
testing and production data mainly represent the reservoir oiliness
at present and cannot reflect whether the reservoirs have subjected
to the oil emplacement during the geological time. For example,
paleo-oil zones may not contain oil at present because of the hy-
drocarbon secondary migration. Furthermore, oil testing and pro-
duction data are not accurate enough to obtain the oil-bearing
threshold, and the theoretical calculation may not reflect actual
geological conditions as well.

Quantitative grain fluorescence (QGF) can accurately detect both
current day and paleo oils in petroleum reservoirs in a single
analytical procedure using a highly sensitive spectrophotometer
(Liu et al., 2003; Liu and Eadington, 2005). The QGF index can be
regarded as a quantitative indication determining whether the
reservoirs have been subjected to oil emplacement under the actual
geological conditions (Liu et al., 2007). Previous studies indicated
that the QGF index for both the current and the paleo oil zone is
higher than for the water zone (Liu et al., 2003, 2007; Liu and
Eadington, 2005). In most of the Chinese petroliferous basins, res-
ervoirs subjected to the oil emplacement would have a QGF index
higher than 4. On the contrary, the reservoirs were neither paleo
nor current oil zones if the QGF index is equal or lower than 4,
reflecting that oil emplacement have not occurred in these reser-
voirs ever (Li et al., 2012; Lu et al., 2012; Xing et al., 2012; Ma et al.,
2014; Chen et al., 2007).

In this study, five samples with different pore-throat sizes and
QGF indexes were chosen from the 29 PMI and QGF analyzed
samples (Table 2). These chosen samples had the same mineral
composition and source rock as well as a similar hydrocarbon
migration system, but encountered different diagenetic processes
modifying the pore-throat sizes. According to the QGF index, two
samples have not experienced oil emplacement, while the other
three samples are from current or paleo oil zones. The relationships
between the QGF index and the reservoir porosity (R2 ¼ 0.5859) as
well as permeability (R2¼ 0.6552) are poorer than the relationships
between the QGF index and maximum pore-throat radius
(R2 ¼ 0.7033) as well as average pore-throat radius (R2 ¼ 0.8535)
(Table 2), indicating that the pore-throat size may be more signif-
icant to the reservoir oil-charging, particularly the average pore-
throat radius.

Depending on the pressure-controlled mercury injection re-
sults, the cumulative mercury intrusion saturation, cumulative
permeability contribution, mercury intrusion ratio and perme-
ability contribution curves respectively are plotted against the
pore-throat radius of the five samples described in Table 2 (Fig. 14).
The results show that the pore-throat radius distribution charac-
teristics of the oil-bearing reservoirs are significantly different from
the reservoirs without oil emplacement (Fig. 14). By comparison,
the samples with QGF index equal to 4 contain few pore-throats
Table 2
The characterization parameters of pressure-controlledmercury injection and QGF results
radius; Rave e average pore-throat radius; R50 emedium saturation pore-throat radius; Sm
displacement pressure; P50 e medium saturation pressure.

Well Depth, m F, % K, mD Rmax, mm Rave, mm

Rang59 2110.27 4.697 0.009 0.18 0.05
Rang59 2119.78 9.506 0.166 1.08 0.29
Rang59 2120.23 9.365 0.16 1.09 0.33
Rang59 2121.62 7.883 0.088 0.72 0.22
Rang59 2040.2 7.058 0.039 0.11 0.04
with radius larger than 0.25e0.3 mm, while the permeability and
the pore-throat mercury intrusion saturation mainly are contrib-
uted by pore-throats with radius larger than about 0.25e0.3 mm in
the samples with QGF index higher than 4 (Fig. 14). Therefore, the
pore-throat radius threshold for oil charging under the original
geological conditions can be regarded as about 0.25e0.3 mm in the
K1q4 tight sandstone reservoirs.

In order to verify whether the pore-throat radius threshold for
the oil-charging of the tight sandstones of K1q4 was reasonable, the
SEM and ESEM equippedwith EDXwere used to observe themicro-
occurrence of tight sandstone remnant oil (Fig. 15). The results
show that the pores with diameter from 0.5 mm to 0.6 mm (Fig. 15A)
and the throats with width from 0.5 mm to 0.8 mm contain oil films
(Fig. 15B). This is also reflected in the energy spectra showing car-
bon peaks (Fig.15C, D). Moreover, in oil-bearing areas, the thickness
of the oil films increase with increasing of pore-throat size
(Fig. 15B). However, oil films are not observed in the throats with
width smaller than 0.5 mm (Fig. 15B). This means that the oil
emplacement mainly occurred in pore-throats with radius larger
than about 0.25 mm and preferred to the larger pore-throats in the
reservoirs, which is similar to the oil injection simulation experi-
ment result of 0.245 mm for the Well Cha45 from Key laboratory of
Oil and Gas Reservoir of PetroChina (unpublished results).

6. Conclusions

(1) The K1q4 sandstones are characterized by low porosities and
extremely low permeability. Pore types include intergranular
pores, dissolution pores, pores within clay aggregates and
some pores associated with micro fractures. The pore-throat
sizes are significantly different for these four pore types
basically varying from nano- to micro-scale.

(2) Pressure-controlled mercury injection (PMI) mainly
measured pore-throat sizes between 0.001 mm and 63 mm in
this study. The pore-throats with radius larger than 1.0 mm
were rare and the pore-throat size distribution curves
showed evident fluctuations in the tight sandstones. The
rate-controlled mercury injection (RMI) measured the pore-
throat sizes from 0.12 mm to several hundred micro meters
and separated the pores and throats from each other,
showing that the pore size distribution characteristics of the
samples with different porosities and permeabilities were
similar, but that the throat size and pore throat radius ratio
distribution curves were significant different.

(3) The integration of the pressure-controlled and rate-
controlled mercury injection methods used in this study
have helped to obtain the total spectrum of pore-throat size
distributions found within the K1q4 tight sandstone
reservoirs.

(4) The permeability in the tight sandstone reservoirs was
mainly controlled by a small part (less than 30%) of relatively
larger pore-throats (larger than the pore-throat radius peak
value). Although the large amount of smaller pore-throats
have negligible contribution on reservoir flow potential,
of the typical samples.Fe porosity; Ke permeability; Rmaxemaximumpore-throat
ax emaximummercury intrusion saturation; Sr e residual mercury saturation; Pd e

R50, mm Smax, % Sr, % Pd, MPa, P50, MPa QGF index

0.03 84.13 52.30 4.11 23.89 4.0
0.21 90.40 61.18 0.68 3.62 5.2
0.27 92.09 64.09 0.67 2.72 7.2
0.14 87.99 59.98 1.02 5.32 5.8
0.03 75.63 50.19 6.89 27.02 4.0



Fig. 14. The cumulative mercury intrusion saturation, cumulative permeability contribution, mercury intrusion ratio and permeability contribution curves versus the pore-throat
radius of the five samples with different QGF index.

Fig. 15. The oil micro-occurrence of K1q4 tight sandstone reservoirs: (A) micrograph of SEM showing the oil film in pores with diameter from 0.5 mm to 0.6 mm; (B) micrograph of
ESEM showing the oil film in pore-throat with width from 0.5 mm to 0.8 mm, however, no oil film existed in the pore-throats where the width smaller than 0.5 mm; (C) and (D) the
energy spectrums of oil film showing carbon peaks.
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they are very significant for the reservoir storage capability.
Moreover, the ratio of the smaller pore-throats in the sam-
ples increased with decreasing permeability.

(5) The pore-throats with average radius larger than 1.0 mm
mainly existed in the samples with permeability higher than
0.1mD. When the permeability was lower than 0.1mD, the
samples were mainly dominated by pore-throats with
average radius from 0.1 mm to 1.0 mm. The ratio of the
different sized pore-throats controlled the permeability of
the tight sandstone reservoirs in different ways. Splitting or
organizing key parameters defining permeability systemat-
ically into different classes or functions can enhance our
ability of formulating predictive models about permeability
in tight sandstone reservoirs.

(6) The interconnected pore-throats found in the K1q4 tight
sandstones have average radii from 0.1 mm to 1.0 mm. These
pore-throats mainly contribute to oil emplacement. The
pore-throat radius threshold for oil-charging under the
original geological conditions was found to be about
0.25e0.3 mm in the K1q4 tight sandstone reservoirs. This
result is supported by the remnant oil micro-occurrence
evidence observed by SEM and ESEM.
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