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The reservoir evaluation and classification are restrained by the progress of research on the pore structure and fluid occurrence in
dolomite intercrystalline pores of the Paleogene lacustrine carbonate rock in the western Qaidam Basin. The experimental method
adopted to investigate the fluid occurrence of the lacustrine carbonate rock in the study area can be used as a reference for
studying tight reservoirs. By integrating technical approaches such as the thin-section petrographic analysis, SEM, electron
probe, mercury injection test, and NMR test, this research studies the petrology, pore type and distribution, and pore structure
of the reservoir. Moreover, the pore fluid distribution and threshold pore throat radius for the distribution of movable fluids
are investigated by integrating the centrifuging treatment and NMR characterization. Results show that pores of samples in the
study area are dolomite intercrystalline pores, intercrystalline dissolved pores, framework dissolved pores of algal limestone
(dolostone), dissolved pores of saline minerals, and interlayer fractures, among which dolomite intercrystalline pores and
intercrystalline dissolved pores are found with the highest proportions (60%). The dolomite intercrystalline pores and
intercrystalline dissolved pores are nano-micropore throats with a narrow distribution. Their capillary pressure curve is
characterized by a high plateau and negative skewness, while the NMR relaxation time spectrum is left-skewed and presents
higher bond water saturation (over 65%). For intercrystalline pores and intercrystalline dissolved pores, the main storage space
for movable fluids is provided by small and medium pores (corresponding to the NMR relaxation time of 1–10ms and 10–
100ms, respectively), and the experimentally determined threshold pore throat radius for movable fluids is 47 nm. The
reservoir is hydrophilic and therefore movable fluids mainly occur in the centers of pores. The samples with higher
proportions of coarse pores and pore connectivity are associated with higher proportions of movable fluids. Our analysis shows
the dolomite intercrystalline pore has a certain storage capacity and yet inferior connectivity; the proportion of movable fluids
that can effectively flow is key to evaluating the effectiveness of reservoirs with dolomite intercrystalline pores.

1. Introduction

The lacustrine carbonate rock, often associated with high
capacities of hydrocarbon generation and storage, develops
extensively across continental petroliferous basins. There-
fore, it is considered an important target for exploring tight
oil [1, 2], and numerous lacustrine carbonate oil and gas res-

ervoirs have been discovered globally [3–6]. Lacustrine car-
bonate sediments mainly occur in the shallow-water area
of the lacustrine basin. They are affected not only by the sed-
imentary environment of terrigenous clasts but also that of
evaporate. They are subjected to the control of variations
of the paleo-climate, paleo-hydrodynamics, and paleo-
water condition, and mainly found with the development
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of rock types such as the bioclastic limestone, algal lime-
stone, muddy limestone, and dolostone [7–10]. The pores
of the lacustrine carbonate rock are seen with the predomi-
nance of residual primary intergranular pores (residual
organic-framework pores after cementation and residual
intergranular pores), secondary dissolved pores (dissolved
pores of feldspar, carbonates, and lithics), intercrystalline
pores (occurring among micritic dolomite or other authi-
genic minerals with small pore throat radii and in large
quantities), and fractures (interlayer and structural frac-
tures). The porosity of the lacustrine carbonate rock lies in
a relatively wide range, typically from 3% to 25%, averaging
10%. In most cases, permeability is low, often below 0.1mD,
which represents a typical tight reservoir [11–13].

The study area is the lacustrine carbonate rock of the
Palaeogene Lower Ganchaigou Formation in the western
Qaidam Basin. During the Palaeogene, the West Qaidam is
found with the largest coverage of the lake, and the lacus-
trine carbonate rock peaks in its development. The carbon-
ate rocks, represented by the algal limestone, marlstone,
and grainstone, have been successively discovered in the
Hongliuquan-Yuejin area of the Southwest Qaidam and
the Xiaoliangshan-Nanyishan area of the Northwest Qaidam
[14–16], and the mixed deposition of carbonate rocks with
mudstone, terrigenous clastic particles, and saline minerals
have been identified in the Yingxi area [17]. Ganchaigou,
Qigequan, Honggouzi, Xianshuiquan, Nanyishan, Dawusi,
Mangnai, Jianshegou, Youshashan, etc. are all found with
the distribution of carbonate rocks [18, 19]. Over recent
years, numerous researchers have investigated the sedimen-
tary evolution, lithological association, genesis, and forma-
tion mechanisms of high-quality reservoirs of such
carbonate rocks [20–24]; moreover, for the first time the
nano-scale dolomite intercrystalline pore is discovered and
the pore throat distribution characteristics and control fac-
tors of reservoirs presenting intercrystalline pores are ana-
lyzed [25, 26]. However, the pore structure of the dolomite
intercrystalline pore in the lacustrine carbonate rock and
the effectiveness of fluids contained in such pores are less
studied. In addition, the current research on the pore struc-
ture is mostly carried out in an imaging or fluid injection
approach, which seldom analyzes the fluid distribution in
the pore structure of interest [27–31]. Based on the thin sec-
tion observation, argon ion polishing-assisted scanning elec-
tron microscopy (SEM), high-pressure mercury intrusion,
and nuclear magnetic resonance (NMR) test, this research
experimentally investigates the pore structure characteristics
of the dolomite intercrystalline pore of the lacustrine car-
bonate rock. Furthermore, the NMR test is integrated with
the centrifuge treatment to study the fluid distribution in
the intercrystalline pore and the threshold pore throat radius
for movable fluids is experimentally determined. The find-
ings of this research provide the scientific basis for evaluat-
ing the storage capacity of intercrystalline pores of the
lacustrine carbonate rock. This study combines the fluid
occurrence characteristics with the distribution of pore
throats, and studies the proportion of movable fluids in
pores of different scales, which is of great significance for
the study of microscopic characterization of tight reservoirs,

On the other hand, the determination of threshold pore
throat radius for movable fluids is of great significance to
evaluate the effectiveness of tight reservoirs.

2. Geological Setting

The West Qaidam (the western Qaidam Basin) is structur-
ally located in the Gasikule fault depression sub-zone of
the Western Depression belt. The formations encountered
during drilling are mainly the Upper Youshashan Formation
(N2

2), Lower Youshashan Formation (N2
1), Upper Ganchai-

gou Formation (N1) and the Upper Member of the Lower
Ganchaigou Formation (E3

2), etc. The West Qaidam repre-
sents a typical intermountain-enclosed plateau salinized lake
basin that experiences the Palaeogene maximum flooding
and is underfilled for a prolonged period. The piedmont of
the Northwest Qadiam develops the fan delta, sublacustrine
fan, and lacustrine deposition, while the Southwest Qaidam
is found with the braided river delta and shore-shallow lake
beach bar. The Yingxiongling area of the West Qaidam is the
Palaeogene deposition center, where the carbonate deposi-
tion of the semi-deep lacustrine facies occurs (Figure 1).
The Upper Member of the Palaeogene Lower Ganchaigou
Formation (E3

2) is the key exploration target. This layer fea-
tures a thickness of over 2200m and complicated lithology.
Vertically, it is mainly composed of carbonate rocks, mud-
stone, siltstone, and some gypsum and halite, with carbonate
rocks interbedding with mudstone and siltstone, or banded
or uniform dispersion of fine clastic particles in carbonate
rocks (Figure 1). In a plane view, the lithology also varies
greatly from the delta facies to the semi-deep lake facies.
Specifically, the fan delta mainly consists of sandstone and
mudstone; from the shore-shallow lake to the slope the
lithology is dominated by the mixed deposition of clastic
and carbonate rocks (mostly blocky mixed rock with similar
content of carbonates and clasts that are thoroughly mixed;
besides the mixed rock, the transitional lithology between
carbonate rocks and mudstone is also often identified); the
shallow lake facies is found with the laminar algal limestone
(dolostone) and grainstone; the semi-deep lake is the main
deposition area for lacustrine carbonate rocks. The lacus-
trine deposition is characterized by the relatively shallow
depth and intensive fluctuation of waters. The correspond-
ing carbonate rock is thin and has complex composition.
The lithology of the lacustrine deposition mainly includes
carbonate rocks and mudstone. The turbidite occurs at the
bottom of the lake basin, while the algal limestone (dolos-
tone) and grainstone come into being in the uplift area of
the lake basin; during the late stage of the deposition, lami-
nated halite and gypsum occur.

3. Methodology

The core samples of the E3
2 lacustrine carbonate rock are

collected from the drilled wells in the West Qaidam for tests
and analysis. According to previous studies on the sedimen-
tary facies and reservoir characteristics of the Lower Gan-
chaigou Formation in the study area and also the core
observation, the core samples of 10 wells of the Yuejin,
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Yingxi, and Ganchaigou areas in the West Qaidam are used
for this research. The samples are generally grey and dark
grey mixed carbonate rocks, mostly with blocky and lami-
nated textures. The main rock composition is the micritic
dolomite and micritic calcite, associated with the laminated,
banded, or crumby distribution of silty clastic particles and
breccia and masses of saline minerals. The samples are
mixed of siliciclastic and carbonate, which mainly include
halite, glauberite, anhydrite, dolomite, calcite, pyrite, clastic,
and clay (Table 1).

By the rock fabric and composition, the carbonate rock
in the study area can be divided into the following types.
Clay-bearing limestone (dolostone); gypseous limestone
(dolostone) featuring the snowflake, rhombus, or crumby
distribution of gypsum in carbonate rocks (besides gypsum,
saline minerals also include some halite, mirabilite, and
celestite); algal limestone (dolostone), laminated or crumby;
grainstone (granular dolostone), of which grains are micritic
calcite, micritic dolomite, or argillaceous pellets and the
matrix is mainly of the micritic carbonate rock.

The experimental methods adopted to investigate the
rock mineral composition, pore type, structure, and fluid
distribution are presented below. The rock mineral composi-
tion is analyzed using the thin-section petrographic analysis,
X-ray diffraction mineral composition analysis, and electron
probe. The thin section petrographic analysis is performed
using a Zeiss microscope. The XRD analysis adopts the
Empyrean X-ray diffractometer (PANalytical, Netherlands).
Two grams of the core sample are ground to powder all
smaller than 40μm and subsequently the sample power is
used to prepare the test specimen. The working voltage is

40 kV, the working current is 40mA, and the scan rate is
2° (2θ)/min. The electron probe test is done using the Shi-
madzu 1720 Electron Probe Microanalyzer, of which the
working voltage is 15 kV, the current intensity is 25μA,
and the beam size is less than 5μm.

The pore characteristics are observed via the casting
thin-section microscopy and SEM of argon-ion polished
specimens. The field-emission environmental SEM (FEI
Quanta 450 FEG) is used, with the working voltage of
20 kV and the incident electron beam of 0.3–0.4 nA. Con-
cerning the pore-structure of samples, the physical proper-
ties of reservoirs are determined using the automated
porosimeter-permeameter and the high-pressure mercury
intrusion test is performed to characterize the pore throat
size distribution. The porosity-permeability measurement
under the confining pressure is performed using the CMS-
300 porosimeter-permeameter (Core Laboratories, the US),
which can measure porosity and permeability under the
pressure of 800–12000 psi, with the precision of 10-4. The
high-pressure mercury intrusion test is implemented using
the AutoPore IV 9500 automatic mercury injection porosi-
meter (Micromeritics, the US), which measures pore throats
from 3nm to 1000μm and features the volumetric precision
at 0.0001mL.

The samples are saturated with the simulated formation
water and put through the NMR test to study the overall
fluid distribution and pore structure of the samples. The
NMR test is based on the fact that hydrogen nuclei of fluids
are polarized in a magnetic field; the nuclear magnetic reso-
nance occurs when the sample is subjected to a stable exter-
nal magnetic field, and the NMR signal attenuates
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Figure 1: Sedimentary environment and the location of Yingxi area, western Qaidam Basin.
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exponentially after the magnetic field is revoked. The signal
attenuation process can be mathematically converted into
the NMR relaxation time spectrum for expression. The
NMR signal attenuation is the superimposition of signal
attenuation of fluids in pores, and the attenuation time pro-
longs with a larger pore throat [32–35]. In addition, as the
NMR relaxation mechanism suggests, the transverse relaxa-
tion time approximately equals the surface relaxation time
and the surface relaxation time is positively correlated with
the specific surface area of the sample [36–38], which is
related to the pore radius. Hence, a linear correlation exists
between the T2 relaxation time and the pore radius r and
the NMR T2 relaxation time can be converted to the pore
throat radius as soon as the conversion coefficient C is deter-
mined (r = C∗T2). Different values of C are reported in dif-
ferent studies. In a mathematical approach based on the
maximum correlation principle, the C value of mudstone

and sandstone with different degrees of weathering is deter-
mined to be 0.31–0.35μm/ms [39]. By fitting the cumulative
pore radius distribution based on the NMR T2 spectrum
with that measured by the low-temperature low-pressure
nitrogen adsorption test, Gong et al. determine that the C
value of the shale of the Longmaxi Formation in Sichuan,
China, shall be 0.02μm/ms [40]. The tight lacustrine car-
bonate rock is similar to the Longmaxi Formation shale, in
terms of the rock composition (they both consists of three
components, namely, carbonate rocks, clays, and clastic par-
ticles) and pore size distribution (a unimodal-bimodal pore
throat distribution with pore throat radii mostly below
100 nm). Accordingly, the value of the conversion coefficient
C is set as 0.02μm/ms in this research.

The difficulty in effective migration for fluids contained
in pores is evaluated via the repeated centrifuging-NMR test,
which measures the relative proportion of movable fluids

Table 1: XRD analysis results of mineral compositions.

Well Depth(m)
Percentage content (%)

Halite Anhydrite Glauberite Calcite Dolomite Pyrite Clastic Clay

S32X 4055.8 0 5.4 0 8.2 50.6 6.3 6.4 5.1

S32X 4062.5 0 25.7 0 14 36.1 5.1 6.3 9.3

S32X 4072.74 0.4 2.2 0 21.3 56.2 0 11.5 5.2

S32X 4090.9 0 31.8 0 4.4 43.9 0 12.1 7.7

S32X 4091.6 0 11.2 4.7 9.3 52.6 0 7.3 7.9

S32X 4093.1 0 10.4 0 12.4 46.6 0 13.4 17.2

S32X 4096.86 0 0.6 0 18.4 45.4 4.7 13.5 13.6

S32X 4097.87 0 13 0 7 64.5 0 6.2 4.1

S32X 4098.57 0 34.2 0 2.8 49.6 0 8.2 5.2

S32X 4123.35 0 12.8 0 33.4 36.7 3.3 7.5 6.3

S32X 4125.99 0 6.7 0 7.2 65.7 0 3.9 7.8

S32X 4126.49 0 7.1 0 9.6 47 5.1 7.3 13.3

S32X 4127.93 0 1.1 0 11.6 64.4 0 10 12.8

S32X 4129.03 0 0.9 0 14.9 49.2 2.8 12.3 14.7

S32X 4135.48 0 0.7 0 12.6 68.1 0 6.3 5.7

S32X 4136.08 0 0.9 0 9 61.6 6.8 11.5 9.7

S32X 4139.63 0 11.7 0 16.1 55.6 0 6.2 4.9

S32X 4140.25 0 10.4 0 15.1 50.2 0 6.8 13.2

S32X 4141.7 0 5.6 0 12.5 47.5 0 7.8 10.2

S32X 4142.3 0.6 7 0 9.9 64.3 0 4.9 4.4

S32X 4143.8 0 1 0 9.4 56.4 0 10 16.7

S38 3146.49 1.6 0 11.3 6.4 52.5 0 6.9 21.3

S38 3147.01 1.7 1.1 0 9 39.1 8 13.5 27.8

S43 3914.43 0 1 0 26.1 50.5 6.4 16 0

S43 3925.95 0 0 0 20.3 53.4 5.4 18.4 0

S43 3926.12 0 0 0 24.5 57.4 0 9.2 0

S43 3926.35 0 0.9 0 30.4 51.3 0 14.3 0

S43 3926.5 0 0.8 0 30.2 42.8 0 19.9 0

S43 3926.66 0 0.9 0 20.8 43.5 5.3 29.5 0

S43 3927.1 0 1 0 9 53.2 4.1 17.5 15.3

S43 3927.18 0 0.8 0 22.9 56.1 0 20.3 0

S43 3927.68 0 0 0 34.1 43.4 3.8 18.7 0
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and determines the threshold pore throat radius of movable
fluids [40–42]. First, the saturated core sample is put through
the high-speed centrifuge, which resembles a gas flooding pro-
cess. As the rotation speed of centrifuging grows, the pore
throat radius, corresponding to movable fluids displaced by
air, declines. Ultimately, the pores are associated with only
bond fluids after the centrifuging treatment. The T2 relaxation
spectra before and after each centrifuging are compared to
investigate the movable fluid variation in the T2 relaxation
time spectrum. If the area enclosed by the movable fluid enve-
lope and the horizontal axis shrinks after centrifuging, it
means that there are still movable fluids after this centrifuging,
and then, one shall increase the centrifuging rotation speed for
the centrifuging-NMR test. The test is repeated until the enve-
lope area of movable fluids remains the same after centrifug-
ing, and it is considered that only bond fluids exist in the
sample at this moment.

The difference of the T2 relaxation time cumulative curves
between the initial saturated sample (representing movable
and bond fluids) and the ultimate postcentrifuging sample
(representing bond fluids) versus the relaxation time is
triple-segmented. The segments on the two sides present slow
slopes, while the central curve segment is steep (Figures 2(a)
and 2(b)). The left segment of lower relaxation time corre-
sponds to smaller pore throat radii, which indicates that no
movable fluids are present in micropore throats (the curve dif-
ference is zero or an extremely low positive value). The curve
difference grows with the increasing relaxation time in the
central segment, which demonstrates that movable fluids start
to separate in small-medium pores. The right segment pre-
sents relatively stable high values, implying that in large pores
movable fluids have already been separated from bond fluids.
The inflection point between the left and central segments of
the T2 relaxation time difference versus relaxation time repre-
sents the separation point of movable and bond fluids

(Figures 2(a) and 2(b)). The horizontal axis value at the sepa-
ration point is the relaxation time value for the separation of
movable and bond fluids, which can be converted to the corre-
sponding pore throat radius at the separation point via the
conversion equation (r = C∗T2). The computed radius is con-
sidered the threshold pore throat radius for the movable fluid
distribution (in other words, the minimal pore throat radius
below which fluids cannot migrate).

The NMR test is performed using the MesoMR23-60H-I
NMR imaging analysis system. The test echo spacing is
0.1ms; the waiting time is 5000ms; the echo number, 6000;
the scan times is 64. The test procedure is summarized below.
First, the core cylinder with a diameter of 25mm is treated to
remove oil and dried, after which it is placed in a vacuum-
pressurization saturation instrument at 20MPa for 72 hours
for saturation with the simulated formation water. The simu-
lated formation water (45000mg/L CaCl2 solutions) is pre-
pared, according to the salinity of the actual formation
water. Subsequently, the NMR T2 spectrum measurement
and imaging are performed for the saturated sample. Then,
the saturated sample is centrifuged using the high-speed cen-
trifuge for 120min, after which the NMR fluid imaging and
relaxation time measurement are performed. The centrifuging
treatment is done four times and the rotation speed grows for
each time (the rotation speed at 800 rpm corresponds to the
centrifugal force of 0.144MPa; 1600 rpm, to 0.288MPa;
4000 rpm, to 0.576MPa; 8000 rpm, to 1.44MPa).

4. Experiment Results

4.1. Pore Structure Characteristics of Intercrystalline Pores

4.1.1. Pore Throat Types. The pore types analyzed in this
research are nano-microintercrystalline pores and intercrys-
talline dissolved pores (accounting for 60% of total pores) of
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Figure 2: The separation point of the moveable fluid and the irreducible fluids.
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micritic and microcrystalline dolostone (Figures 3(a) and
3(b)). In addition, the lacustrine carbonate rock also
develops grainstone (granular dolostone) intergranular
pores at the micron-millimeter scale, dissolved pores of
saline minerals of the carbonate rock, algal limestone (dolos-
tone) framework pores at the millimeter scale, and fractures
mainly of interlayer fractures and structural fractures. The
dolostone intercrystalline pores are mainly intercrystalline
pores of micritic and microcrystalline dolomite. The SEM
shows that the dolomite crystal has a diameter of 1–5μm
and the casting thin-section microscopy reveals that inter-
crystalline pores are filled by the blue organic dye and pres-
ent the diffused distribution, which fails to effectively
measure the pore diameter. The cross-section of the inter-
crystalline pore is often observed as the regular polygon or
a zigzag form, as shown in the SEM, and the SEM statistics

of the intercrystalline pore size show a majority from several
ten nanometers to more than ten microns (Figures 3(c)–
3(e)). With the help of the image area calculation software,
it is summarized that the pore throat radius of 32 typical
intercrystalline pores is 50–300nm, with an average of
145.87 nm. Dolomite intercrystalline pores extensively occur
in the lacustrine carbonate rock of the West Qaidam, with
the porosity of intercrystalline pores ranging from 2% to
9% and concentrated within 3%–6%, and the permeability
concentrated within 0.02–0.4mD and mostly below
0.1mD. The porosity and permeability of such intercrystal-
line pores are both lower than those of the other pore types.
The SEM reveals the presence of oil in intercrystalline pores
and also the inferior connectivity of such pores. The inter-
crystalline dissolved pore of dolomite is derived from the
dolomite intercrystalline pore dissolved by acid fluids. It
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Figure 3: Images of intercrystalline pores and intercrystalline dissolve pores. (a) 3294.2m, image of intercrystalline dissolve pores of
dolomite, casting thin-section image. (b) 3145.86m, image of intercrystalline pores of dolomite, casting thin-section image. (c)
3780.90m, image of intercrystalline pores of dolomite, SEM image. (d) 4081.74m, image of intercrystalline pores of dolomite, SEM
image. (e) 4552.35m, image of intercrystalline pores of dolomite, SEM image. (f) 4181.96m, image of intercrystalline dissolve pores of
dolomite, SEM image.
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presents the banded or crumby distribution and a bay-like
shape under the microscope. Association of multiple inter-
crystalline dissolve pores is observed, and in some local areas,
the zigzag cross-section of the original intercrystalline pore is
maintained (Figure 3(f)). The inferior connectivity of inter-
crystalline pores hinders the migration of acid fluids, and thus,
intercrystalline dissolved pores mainly occur on the two sides
of a fracture, or around the saline mineral dissolved pore.
Compared with the porosity and permeability of dolomite
intercrystalline pores, those of such dissolved pores are greatly
improved—the porosity is mainly 8%–14%, and the perme-
ability is concentrated within 0.05–0.5mD.

4.1.2. Pore Throat Size Distribution. The high-pressure mer-
cury intrusion test results of 22 samples show that the pore
throat size distribution of the samples associated with dolomite
intercrystalline pores is relatively concentrated and mostly
unimodal. The statistics of 5 samples demonstrate that the pore
throat distribution range is mainly 0.004–0.152μm, with the
peaks occurring between 0.005μm and 0.049μm and averaging
0.014μm. As revealed by the mercury intrusion statistics, the
maximum pore throat radius of connected pores is 0.016–
0.075μm, with an average of 0.034μm. The radius of pore
throats contributing to 99.5% of permeability is 0.004–
0.034μm, averaging 0.012μm. Such pores present a homogene-
ity coefficient of 0.602 and a structural coefficient of 0.095. The
larger coefficient and lower structural coefficient imply that
these pores are even in sizes with low tortuosity and close to
the ideal tube bundle model of capillary tubes with identical
lengths and cross-sections; hence, these pores are less modified.

For samples associated with intercrystalline dissolved
pores, the pore throat size distribution is unimodal and rel-
atively concentrated. The statistics of measured pore throats
of 8 samples show that the pore throat size is mainly 0.004–
0.472μm and peaks at 0.034–0.151μm, with an average peak
pore throat radius of 0.08μm. Compared with intercrystal-
line pores, intercrystalline dissolved pores are characterized
by a narrower pore throat size peak range, more concen-
trated pore throat distribution, and a higher pore throat
radius at the peak. The maximum pore throat radius of con-
nected pores, measured by the mercury intrusion test, ranges
from 0.120μm to 0.364μm, averaging 0.201μm. The
median pore radius (mercury saturation) is 0.036–
0.187μm, with an average of 0.088μm. The radius range of
pore throats contributing 99.5% of permeability is 0.012–
0.104μm, with an average of 0.040μm. The homogeneity
coefficient of such pores is 0.509, while the structural coeffi-
cient is 2.185. Compared with intercrystalline pores, these
pores have a larger structural coefficient, suggesting higher
tortuosity.

4.1.3. Pore Structure. The pore structure and pore connectiv-
ity of samples are investigated using the NMR T2 spectrum
and mercury intrusion curve, respectively [34, 43–45]. The
NMR T2 relaxation time spectrum of the samples with
well-developed intercrystalline pores is found with a narrow
unimodal distribution with a left-sided peak. The relaxation
time at the peak ranges from 2.23 to 13.89ms, with an aver-
age of 6.03ms, and the signal intensity at the peak is 204.34–
323.43 n/a, averaging 246.42 n/a (Figure 4(a1)). This pore
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Figure 4: Pore structure of lacustrine carbonate.
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type shows high bond water saturations, ranging from 89.5%
to 95.53% and averaging 93.08%. The mercury intrusion
curve of the samples associated with intercrystalline pores
is characterized by the left-skewed shape, long curve plateau,
and good sorting (Figure 4(a2)). In terms of the pore struc-
ture parameters, the maximum mercury saturation is
76.14%–91.02%, averaging 83.38%; the mercury withdrawal
efficiency is 0–18.38%, averaging 9.42%; the displacement
pressure is 29.05–46.90MPa, averaging 29.05MPa; the sort-
ing efficient is 0.63–1.25, averaging 0.93; the skewness ranges
from -3.40 to 0.29, with an average of -1.32.

For the samples associated with intercrystalline dis-
solved pores, the NMR T2 spectrum presents the unimo-
dal distribution with a left-sided peak. The relaxation time
at the peak ranges from 5.76ms to 28.86ms, averaging
16.77ms, and the signal intensity at the peak is 149.44–
242.7 n/a, with an average of 204.48 n/a. Such pores are
associated with relatively higher bond water saturations
(67.81%–96.32%, averaging 75.93%) (Figure 4(b1)). The
mercury injection curve of these samples is characterized
by the left-skewed shape, no notable plateau, and medium
sorting (Figure 4(b2)). In terms of the pore structure
parameters, the maximum mercury saturation is 83.50%–
93.50%, averaging 86.20%; the mercury withdrawal effi-
ciency, 4.82%؎45.16%, with an average of 28.6%; the dis-
placement pressure, 2.02–6.10MPa, averaging 4.19MPa;
the sorting coefficient, 0.47–1.65, average 0.82; the skew-
ness from -0.55 to 1.67, with an average of 0.43.

4.2. Occurrence Characteristics of Pore Fluids and the
Threshold Pore Throat Size for Movable Fluids

4.2.1. Overall Occurrence Characteristics of Pore Fluids. The
NMR imaging of the saturated sample that develops inter-
crystalline pores illustrates the areal distribution of fluids.
The saturation fluid in the pseudocolor image appears to
be green. The amount of the saturation fluid is relatively
low, and yet, the fluid still presents the areal distribution
after the centrifuging at the highest rotation speed—the
removed fluids are small (Figure 5(a1)). The NMR relaxa-
tion time spectrum is found with only a minor shape varia-
tion during the repeated centrifuging—the relaxation time at
the peak remains almost the same and the shrinkage of the
relaxation time spectrum envelope is close for each
centrifuging (Figure 5(a2)). For the sample associated with
intercrystalline dissolved pores, it also features the overall
areal distribution of fluids after saturation, as illustrated by
the NMR imaging. Some local positions with higher fluid
content appear to the orange red-orange in the pseudocolor
image and these fluids are displaced out during centrifuging,
as the postcentrifuging NMR image appears to be blue-green
on an overall basis (Figure 5(b1)). The NMR relaxation time
spectrum is found with considerable variation after
centrifuging. The peak of the relaxation time spectrum shifts
from 1 to 10ms before centrifuging to about 1ms after
centrifuging, and the envelope area of the relaxation time
spectrum changes greatly during the centrifuging treatment
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corresponding to the centrifugal forces of 0.288MPa and
1.44MPa, respectively (Figure 5(b2)).

4.2.2. Variation Characteristics of the NMR Fluid Porosity
Component during Centrifuging. The NMR porosity compo-
nents of each relaxation time range after fluid saturation and
during the centrifuging treatment are summarized. The
NMR porosity component stands for the volumetric fraction
of pores occupied by the formation water. Hence, the varia-
tion of the NMR porosity component during the centrifug-
ing treatment implies the relative proportions of fluids
stored in pore throats of varied sizes and the main storage
pore throat range of movable fluids during the displacing
migration. The relaxation time is positively correlated with
the pore throat radius. Specifically, the relaxation time
smaller than 1ms represents micropores; that between 1ms
and 10ms corresponds to small pores; that of 10–100ms
stands for medium pores; and that above 100ms suggests
large pores.

The porosity component variation of the samples during
the centrifuging treatment is summarized and analyzed. As
for the samples associated with intercrystalline pores, the
precentrifuging fluid distribution mainly lies between
0.1ms and 10ms (the porosity component of this interval
accounts for 83.5% of the total). As the centrifuging intensity
grows during the treatment, fluids are continuously dis-
placed out from pores, and yet, the NMR porosity variation
magnitude for each centrifuging is consistent. The 1–10ms
interval is associated with the highest NMR porosity varia-
tion after centrifuging, followed by that of the 10–100ms
interval. Regarding the variation rate of the NMR porosity
component before and after centrifuging, the highest rate is
found at the relaxation time interval of 1–100ms (up to
46.359%). The porosity component of the samples with
intercrystalline pores presents a variation of 2.80% after
centrifuging, corresponding to a porosity component varia-
tion rate of 28.49%, compared with that before centrifuging
(Table 1).

For the samples found with the development of inter-
crystalline dissolved pores, the precentrifuging NMR fluid
porosity component mainly lies between 0.1ms and 10ms
and the NMR porosity component of the 1–10ms interval
possesses the highest proportions (50.81%). The NMR
porosity component variation is the highest in the case of
centrifuging with the centrifugal force of 0.144 MP and the
largest NMR fluid porosity decline through the whole
centrifuging treatment is found in the 1–10ms interval
(accounting for 75.2% of the total decline). Concerning the
NMR porosity component variation rate after centrifuging,
the relaxation time interval with the highest variation rate
(87.87%) is 10–100ms. The porosity component of the sam-
ple with intercrystalline dissolved pores changes by 4.33%,
corresponding to a variable rate of 57.81%, compared with
the precentrifuging value (Table 2).

4.2.3. The Threshold Pore Throat Radius for the Occurrence
of Movable Fluids. The threshold pore throat radius range
for movable fluids of 9 samples is determined using the
method presented above. The computed threshold pore

throat radius is 47–510nm, with an average of 117nm
(Table 3), which is consistent with the pore throat radius
range measured by the mercury intrusion test and SEM
imaging statistics. Furthermore, the threshold pore throat
radius of movable fluids is concentrated within 47–68 nm,
which complies with the observations of the thin-section
analysis and SEM. The samples with the threshold pore
throat radius within this range mainly develop dolomite
intercrystalline pores and the samples with the development
of isolated intercrystalline pores feature smaller threshold
pore throat radii, while those developing assembled inter-
crystalline pores have larger threshold pore throat radii.
The other samples with threshold pore throat radii
approaching or above 100nm are seen with gypsum salt dis-
solved pores and fractures coexisting with dolomite, in addi-
tion to intercrystalline pores.

5. Discussion

5.1. Evaluation of Storage Capacity of Dolomite
Intercrystalline Pores. Intercrystalline pores and intercrystal-
line dissolved pores are nano-micropore throats with unim-
odal distribution and negative skewness. The NMR T2
spectrum of the saturated core sample is converted into the
pore throat radius distribution using the conversion equa-
tion (r = C∗T2). The results show that the pore size of the
tight lacustrine carbonate of the lower Ganchaigou Forma-
tion lies between 50nm and 1000nm, mostly within 50–
300 nm. Pores are found mainly with a radius of ≤100 nm,
which account for 84% of total pores on an average basis.
The NMR T2 spectra of the samples associated with inter-
crystalline pores and intercrystalline dissolved pores are
both left-skewed and represent the narrow unimodal distri-
bution. The capillary pressure curves of such samples are
characterized by a high plateau and negative skewness. The
displacement pressure of two types of the pore is mostly
above 3MPa, with mercury withdrawal efficiency often
below 20%. The sample with intercrystalline dissolved pores
present slightly higher mercury saturations than those of the
samples with intercrystalline pores, and yet, their sorting
coefficients are similar. Moreover, compared with the sam-
ples associated with intercrystalline pores, those with well-
developed intercrystalline dissolved pores present consider-
ably lower displacement pressure and greatly higher with-
drawal efficiency. Therefore, it is summarized that
compared with intercrystalline pores, intercrystalline dis-
solved pores have more large pores and higher storage
capacity and connectivity. The NMR porosity of the two
sample types is like each other. Nonetheless, the sample with
intercrystalline dissolved pores is found with higher NMR
permeability and lower bond fluid saturations.

The NMR test results of fluid saturations of saturated
samples are presented in Table 4. The tested samples gener-
ally have high bond fluid saturations (averaging 83.6%).
Commonly, it is believed that a negative correlation exists
between porosity and bond fluid saturations, and the poros-
ity corresponding to the bond fluid saturation of 80% is used
as the threshold porosity to determine reservoir effective-
ness. Nevertheless, our tests suggest no considerable
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correlation between the bond fluid saturation and porosity.
This can be explained below. Porosity represents the overall
storage capacity of samples, while the bond fluid saturation
stands for the proportions of bond fluids. The bond fluid sat-
uration grows with the increasing proportions of isolated
pore throats. Furthermore, a high positive correlation is
identified in this research between the ratio of the postcen-
trifuging NMR porosity to the postsaturation NMR porosity
and bond fluid saturation. Therefore, this ratio can be used

to evaluate the pore effectiveness and pores are considered
effective with the postcentrifuging/postsaturation NMR
porosity ratio below 0.55, which corresponds to the bond
fluid saturation lower than 80%. The lacustrine carbonate
rock with the development of dolomite intercrystalline pores
is generally found with a certain storage capacity. Its pore
distribution is relatively concentrated, while the pore con-
nectivity is low. Analyzing the proportions of movable fluids
that can effectively flow in pores is key to evaluating the
effectiveness of dolomite intercrystalline pores.

5.2. Occurrence Characteristics of Movable Fluids and
Corresponding Influential Factors. Fluids in samples associ-
ated with intercrystalline pores mostly occur in micros (with
a relaxation time < 1ms) and small pores (with a relaxation
time of 1–10ms), which account for 94.7% of the NMR fluid
porosity component. Moreover, movable fluids (that can be
displaced by centrifuging) are primarily stored in small (with
a relaxation time of 1–10ms) and medium pores (with a
relaxation time of 10–100ms). For samples with develop-
ment of intercrystalline dissolved pores, fluids mainly occur
in micro and small pores (accounting for 84.23% of the
NMR fluid porosity). Small pores provide the main accom-
modation for fluids, while compared with intercrystalline
pores, intercrystalline dissolved pores present higher

Table 2: Variation of porosity component during NMR centrifugal process.

Sample Pore type Centrifugal force (MPa)
NMR porosity component (%)

0.01ms-0.1ms 0.1ms-1ms 1ms-10ms 10ms-100ms >100ms

24

Intercrystalline pore

Before centrifugation 0.179 1.089 4.191 0.857 0.008

24 0.144 0.179 1.089 3.743 0.833 0.008

24 0.288 0.171 1.087 3.651 0.673 0.008

24 0.576 0.166 1.055 3.567 0.529 0.007

24 1.44 0.165 1.054 3.413 0.460 0.007

Variation of porosity component 0.014 0.035 0.779 0.397 0.001

26

Intercrystalline pore

Before centrifugation 0.005 1.825 11.479 0.000 0.000

26 0.144 0.001 1.727 10.407 0.000 0.000

26 0.288 0.000 1.550 9.812 0.000 0.000

26 0.576 0.000 1.439 8.538 0.000 0.000

26 1.44 0.000 1.421 7.504 0.000 0.000

Variation of porosity component 0.005 0.405 3.975 0.000 0.000

S12

Intercrystalline dissolved pore

Before centrifugation 0.267 1.739 4.336 0.477 0.061

S12 0.144 0.262 1.738 2.207 0.062 0.034

S12 0.288 0.261 1.655 1.403 0.084 0.034

S12 0.576 0.259 1.589 1.030 0.080 0.032

S12 1.44 0.256 1.560 0.893 0.079 0.032

Variation of porosity component 0.011 0.179 3.443 0.398 0.029

27

Intercrystalline dissolved pore

Before centrifugation 0.244 2.433 4.102 1.312 0.000

27 0.144 0.244 2.407 3.151 1.183 0.000

27 0.288 0.239 2.367 2.626 0.275 0.000

27 0.576 0.231 2.290 2.230 0.141 0.000

27 1.44 0.225 2.139 1.056 0.101 0.000

Variation of porosity component 0.019 0.295 3.047 1.211 0.000

Table 3: The threshold pore throat radius of movable fluids.

Sample Well
Median

radius (nm)
The threshold pore throat radius

of movable fluids (nm)

T5 S38-2 24 47

T9 S38-2 21 68

T17 S41-6-1 22 54

T19 S41-6-1 39 103

T20 S43 10 58

TS7 S52-1 89 96

TS12 S52-1 51 64

TS19 S52-1 14 52

TS21 S52-1 110 510
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proportions of fluids stored in medium pores. Movable
fluids (that can be displaced out by centrifuging) mostly
occur in small and medium pores. During the centrifuging
treatment, gentle centrifuging can result in a large variation
of the porosity component. The connectivity of intercrystal-
line dissolved pores is higher than that of intercrystalline
pores and the movable fluid proportions are also higher
(Table 4). The distribution ranges of the NMR relaxation
time are consistent between the intercrystalline pores and
intercrystalline dissolved pores. However, a higher variable
rate of the porosity component after centrifuging is pre-
sented by intercrystalline dissolved pores, compared with
that of intercrystalline pores—the pore connectivity of the
sample with intercrystalline dissolved pores is considerably
higher.

The proportions of stored movable fluids in samples are
dependent on the pore type, pore throat distribution, pore
structure, and contact surface property [46–48]. The tested
samples are observed with extensive development of dolo-
mite intercrystalline pores and intercrystalline dissolved
pores. In addition, some samples also present dissolved
pores of saline minerals and fractures and such samples are
observed with higher pore connectivity and larger propor-
tions of movable fluids, compared with samples with dolo-
mite intercrystalline pores. The samples associated with
dolomite intercrystalline pores are all ultralow porosity and
ultralow permeability. The fluid seepage through such sam-
ples does not comply with Darcy’s law, and the nonlinear
flow and threshold flow pressure are present. The threshold
pressure for flow is negatively correlated with movable fluid
proportions and is also closely related to the surface property
and pore structure. The rock composition of samples is
dominated by micritic carbonates and clay minerals, and
the pore surface is hydrophilic (with contact angles of 40°–
60°). With the hydrophilic pore surface, movable fluids typ-
ically occur in larger pores and centers of tiny pores, and the
proportions of surface bond fluids are high. Besides, the pore
structure differentiation also greatly affects the occurrence of
movable fluids. For example, samples T19 and TS7 tested in
our research are found with greatly varied movable fluid sat-
urations (the movable fluid saturation of T19 amounts to
2.3%, while that of TS7 is 10.6%). The capillary pressure
curves and pore throat radius distribution curve were mea-

sured in the mercury intrusion test of two samples, and it
is revealed that compared with Sample T19, Sample TS7 pre-
sents the positive skewness of pore throats, low displacement
pressure, high mercury saturation, and high mercury with-
drawal efficiency (Figure 6). Therefore, it is safe to say that
samples with coarser pore throats and higher proportions
of connected pore throats are associated with higher propor-
tions of movable fluids.

The type and content of minerals are important factors
affecting fluid occurrence characteristics and movable fluid
saturation. The vertical variation characteristics of mineral
content, gas porosity, NMR porosity, and movable fluid sat-
uration reflect the influence of mineral content on the stor-
age space and fluid saturation. The longitudinal variation
rule of terrigenous debris (quartz+feldspar) contents is con-
sistent with the variation rule of clay mineral contents. The
longitudinal variation rule of carbonate is opposite to that
of terrigenous debris (Figure 7).

The gas porosity and the NMR porosity have the same
changing laws, both of which reflect the storage capacity of
the samples, and the NMR porosity reflects the relative con-
tent of the saturated fluids. Movable fluids saturation reflects
the proportion of movable fluids and the connectivity of
pore throats; the higher the movable fluid saturation, the
better the connectivity of the pores. The geometric mean of
the NMR relaxation time reflects the concentration of the
pore throat distribution of the sample. The larger the geo-
metric mean, the more concentrated the pore throat distri-
bution. Longitudinal NMR porosity is mainly distributed
in 3-9%, up to 15%.

The variation law of longitudinal NMR porosity is con-
sistent with the change of carbonate. The higher NMR
porosity corresponds to the higher carbonate and the lower
terrigenous debris and clay. The samples with higher car-
bonate have more dolomite intercrystalline pores, and the
fluid saturation is higher. The dolomite intercrystalline pores
are the main space for fluid occurrence.

Comparing the NMR relaxation spectra of S1 and S2
samples, the NMR porosity and movable fluid saturation of
S2 are higher than those of S1. The NMR porosity of the
S2 sample is 14.91%, and the movable fluid saturation is
44.22%. The NMR porosity of the S1 sample is 10.71%,
and the movable fluid saturation is 30.72%. Comparing the

Table 4: The NMR test results of samples.

Sample Well
Depth
(m)

NMR
porosity
(%)

NMR
permeability
(10-3 μm2)

T2 cutoff
value (ms)

Bound water
saturation (%)

NMR porosity after
centrifuged by 1.44MPa
centrifugal force (%)

Porosity after
saturated/porosity
after centrifugation

T5 S38-2 3504.0 9.39 0.04 2.60 85.10 6.15 0.65

T9 S38-2 3510.9 7.18 0.02 3.70 93.60 5.50 0.77

T17 S41-6-1 3855.4 8.41 0.16 2.80 91.80 5.35 0.64

T19 S41-6-1 3867.9 8.96 0.06 8.40 97.70 6.88 0.77

T20 S43-1 3920.6 5.70 0.06 1.80 66.10 3.15 0.55

TS7 S52-1 4543.6 10.35 0.46 13.60 89.40 6.12 0.59

TS12 S52-1 4550.1 6.85 0.38 6.40 83.20 2.85 0.42

TS19 S52-1 4553.9 8.20 0.08 6.90 88.30 5.63 0.69

TS21 S52-1 4554.4 10.49 2.39 25.50 56.86 4.35 0.41
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NMR relaxation spectra of the two samples, it is found that
the relaxation spectra of the two samples are unimodal dis-
tribution, and the pore types of the two samples are dolomite
intercrystalline pores, but the NMR spectrum of the S2 sam-
ple has a higher peak. The distribution is more concentrated,
and the change in the cumulative value of NMR porosity

before and after centrifugation of the S2 sample is also
larger, which all reflect that the fluid saturation and pore
connectivity of the S2 sample are better (Figure 8). The rea-
son for the above difference is that the carbonate of the S2 is
relatively high, and the dolomite intercrystalline pores are
more developed in S2.
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Mineral content is an important factor affecting the fluid
occurrence characteristics in microscopic pores. Differences
in mineral morphology and physical properties result in dif-
ferences in the degree of pore development and wettability,
as well as differences in fluid saturation.

In this study, the correlation between the mineral con-
tent of the sample and the NMR porosity and movable fluid
saturation was analyzed. The analysis shows that there is a
negative correlation between the content of terrigenous
debris and the nuclear magnetic porosity, which is because
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Figure 8: NMR relaxation spectrum. (a) NMR relaxation spectrum of sample S1. (b) NMR relaxation spectrum of sample S2.
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the particle size of clasts in the samples is finer than that of
silt, and the intergranular pores of silt-grade particles are
not developed. The higher the content of clastic particles,
the denser the sample, and the lower the NMR porosity.
The content of dolomite has an obvious positive correlation
with NMR porosity. The higher the content of dolomite, the
more developed the intercrystalline pores, the better the
storage capacity of the sample, and the higher the relative
proportion of saturated fluid. The calcite content is nega-
tively correlated with the nuclear magnetic porosity. The cal-
cite does not develop intercrystalline pores. The higher the
calcite, the denser the sample. There is a negative correlation
between the clay minerals in the sample and the movable
fluid saturation. On the one hand, the clay minerals have
the effect of blocking the pores, resulting in the reduction
of the pore space and the decrease of the movable fluid.
On the other hand, clay minerals are easily combined with
fluids to become bound fluids, resulting in a decrease in
the saturation of movable fluids (Figure 9).

6. Conclusions

(1) For the lacustrine carbonate reservoir of the lower
Ganchaigou Formation in the West Qaidam, which
features the development of dolomite intercrystalline
pores, the gas porosity is 2%–14% and the perme-
ability is 0.02–0.5mD, representing the ultralow-
porosity and ultralow-permeability reservoir. Dolo-
mite intercrystalline pores are the main pore type
of reservoir. These pores are nano-micropores,
mostly presenting triangle, zigzag, and regular poly-
gon cross-section shapes. The pore throat radius dis-
tribution range measured by the SEM is 50–300nm.
Intercrystalline dissolved pores are formed by acid
erosion of intercrystalline pores

(2) Intercrystalline pores and intercrystalline dissolved
pores are found with the left-skewed unimodal size
distribution. Their capillary pressure curves are
characterized by a high plateau and negative skew-
ness. The NMR relaxation time spectra are left-
skewed and imply higher bond water saturations.
Compared with intercrystalline pores, intercrystal-
line dissolved pores have more large pores, and lower
bond water saturations, associated with higher stor-
age capacity and connectivity

(3) For samples with intercrystalline pores, the relaxa-
tion time interval found with higher variation rates
of the NMR porosity component of movable fluids
is 1–10ms; for samples with intercrystalline dis-
solved pores, that is, 1–100ms. During the centrifug-
ing treatment, the largest porosity component
variation occurs in small and medium pores, which
are the main distribution space of movable fluids

(4) The pore throat fluid distribution is investigated via
the NMR tests of samples that are first saturated
and then put through multiple centrifuging treat-
ments. Moreover, the threshold pore throat radius

for movable fluids is determined according to the
separation point between movable and bond fluids.
The movable fluid threshold pore throat radius of
the tested samples is 47 nm

(5) The relative proportion of movable fluids stored in
samples is dependent on the pore type, pore throat
size distribution, pore structure, and contact surface
property. In samples that develop dolomite inter-
crystalline pores, the fluid seepage does not comply
with Darcy’s law, due to the lower permeability.
The threshold pressure of fluid flow grows, with the
decreasing proportions of movable fluids. The sam-
ple is hydrophilic and movable fluids mainly occur
in the centers of pores. The samples with higher pro-
portions of coarse pores and connectivity have
higher proportions of movable fluids
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