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1. Introduction

China is rich in low-permeability and ultra-low-permeability oil and gas resources, and the proven geological reserves of low-
permeability oil fields account for about 35% of all proven geological reserves [1-3]. In recent years, the oilfields discovered and 
not put into development in China are also mainly low-permeability and ultra-low-permeability oilfields represented by Changqing 
oilfield [4-6]. With China’s increasing demand for oil, the recoverable reserves of easy-to-exploit medium- and high-permeability 
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The development of tight oil sandstones in the Extension Formation in the southwestern Ordos Basin and the mode of crude oil migration is 

a hotspot. A large number of geochemical experiments and computational methods were used to systematically study the crude oil transport 

characteristics of the Yanchang Formation in the Huaqing area. The results show that four typical types of inclusions are developed in 

the Yanchang Formation: inclusions in quartz fissures, inclusions in quartz colluvium and large rims, inclusions in calcareous colluvium, 

and inclusions in sodium feldspar. There are two peaks in the homogenization temperature of the inclusions: 80-100°C and 120-130°C. 

The Chang 6 and Chang 8 reservoirs in the Huaqing area have experienced the process of densification while forming reservoirs, and 

the physical properties of the sand body reservoirs during the maximum hydrocarbon discharge period are good, which is an effective 

channel for oil and gas transportation. The minimum oil column heights for oil and gas transportation in Chang 6 and Chang 8 Members 

are 7.48m and 15.68m, respectively. Proximity vertical transportation is an important mode of crude oil transportation and aggregation 

in the Yanchang oil group in the Huaqing area. The physical properties of crude oil in Huaqing area are good, showing low density, 

low viscosity, low freezing point and good fluidity. The hydrocarbon source rocks of the Chang 7 Member were transported under excess 
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lithologic reservoirs were formed in the Chang 6 and Chang 8 Members.
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oilfields are gradually declining, and low- and ultra-low-permeability oilfields, including tight oilfields, will contribute more and 
more to oil and gas production [7, 8].

The Chang 8-Chang 6 reservoir of Yanchang Formation in the Ordos Basin Basin is generally a low-permeability reservoir, 
but in the planar distribution, the reservoirs on different sedimentary zones have different reservoir physical properties and 
pore structures. Delta front edge due to the proximity of the littoral zone, the lake wave scouring, elution effect is strong, the 
heterogeneous base content is low, so the delta front edge of the phase zone primary intergranular pore preservation is better, the 
local existence of high permeability zones, that is, high-quality reservoirs [9-11]. Turbiditic sandstones in the Semi-Deep Lake-
Deep Lake area have fine grain size, high filler content, poor physical properties, and relatively low crude oil yields because they 
are the product of redeposition from the delta front [12, 13]. 

Huaqing area is located in the central area of the lake basin of the Ordos Basin, and the main sparing system of low-permeability 
reservoirs and the mechanism and mode of hydrocarbon formation in this area are not well understood [14]. The existence of 
these problems restricts the effect of prediction and affects the effectiveness of crude oil exploration. In order to recognize the 
petroleum distribution pattern of Yanchang Formation in this area, it is urgent to study the petroleum channeling system and 
reservoir formation mechanism [15-17]. In this paper, a large number of geochemical experiments and computational methods 
were used to systematically study the crude oil transport characteristics of the Yanchang Formation in the Huaqing area. This 
study can provide a reference for efficient exploration of tight oil in the Yanchang Formation.

2. Geological background and methods

2.1. Geological background 

The Huaqing area of the Ordos Basin is located in the sedimentary center of the lake basin. The Yanchang Formation in this 
area develops deep-water sandstone with large thickness and stable distribution, and the continuous thickness can reach hundreds 
of meters in local areas. Gravity flow deposits are predominantly developed in the central part of the lake basin in this region, 
which can be further classified into turbidity currents and debris flows. Turbidity is a kind of density flow mixed by sediment and 
water, which is a turbid fluid with high speed and turbulence at the bottom of the water body [18, 19]. Its density is greater than 
that of the surrounding liquid, and it takes advantage of this difference in density to move in a monolithic block along the slope 
under the force of gravity. The support mechanism for turbidity currents is provided by the upward partial force of turbulence 
within the fluid and keeps the sediment particles continuously suspended in the fluid. The turbidites in the study area are mainly 
composed of thin- to medium-thickly bedded pink-fine sandstones interbedded with gray-green and dark-gray mudstones and 
silty mudstones, with orthogranularity and multi-phase rhyolitic cyclones [20-22].

Debris flow is a mixture of water and clay and debris, with sand and gravel being carried by a matrix of water and clay support 
[23]. The mixture of clay and water is dense for normal water and thus more buoyant to debris particles, and the denser it is, the coarser 
the particles it supports and carries. The debris flow deposits found in the Huaqing area are associated with submarine landslide 
events, with high variability in thickness, sand and mud mixing and intense deformation. The sand body is mainly dominated by 
thick-bedded fine sandstone. Among them, the blocky fine sandstone sections are generally above 1m, and finally up to about 
10m; parallel laminated sections are locally developed, and the thickness is generally below 0.1m [24, 25]. The siltstone and 
mudstone interbedding are rare and is characterized by the development of floating mud gravels, muddy debris and irregularly 
distributed slaty mudstone riprap.

2.2. Methods 

Inclusions experiment. Homogenized temperature tests were carried out on 213 inclusions of the Yanchang Formation 
in the study area. The petrography of the inclusions was carried out using a Leica M165C stereomicroscope (magnification 
7.3-120 times) and a Zeiss Imager A2m polarizing/fluorescence microscope (magnification 50-500 times). To determine 
the homogeneous temperature of the inclusions, a microscopic temperature measurement system consisting of a MDSG600 
geological hot and cold stage produced by Linkam (UK) and a polarizing/fluorescence microscope Axioskop40 produced by 
Zeiss (Germany) was used.
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Geochemical experiment. Geochemical experiments include testing of carbon isotopes and chemical components of crude oil. 
The EA-IRMS analysis system consists of the MAT 253Plus Gas Stable Isotope Mass Spectrometer, the Flash 2000 HT Elemental 
Analyzer, and the ConFlo IV interface. We carried out chloroform extracts of crude oil feeds, and separation of family fractions. 
Saturated and aromatic hydrocarbons were analyzed by chromatography-mass spectrometry on a Finnigan MAT TSQ-45 GC/MS 
system. Chromatographic conditions: SE-54 elastomeric fused silica capillary column (25 m long, 0.25 mm inner diameter) was 
used to increase the temperature from 100°C to 300°C at a ramp rate of 4°C/min, and the carrier gas was helium. Chromatography 
and mass spectrometry: An Agilent 6890 flexible fused-silica capillary column (25m long, inner diameter 0.25 mm) equipped with 
an Agilent 5975 mass spectrometry selective detector was used to analyze the saturated hydrocarbon and aromatic hydrocarbon 
fractions using an HP-5MS fused-silica column and an HP-5MS fused-silica column. Mass spectrometry: ionization energy of 70 V. 

Calculation of resistance to oil and gas transportation. For the resistance to prevent the transport of oil and gas are capillary 
resistance, intermolecular adsorption force and oil and gas downward or downward direction to overcome the buoyancy of the oil 
and gas, and the most important resistance for the capillary force [26-27]. The capillary force depends on the interfacial tension 
between the two fluids, the capillary radius and the wettability of the medium, which can be expressed by the equation [28-30]:

 Pc = 2δcosθ/r,  (1)

where Pc is capillary pressure, MPa; δ – interfacial tension, N/m; θ – wetting angle; r – capillary radius, m. 
Under reservoir conditions, the capillary pressure is as Equation (2):

 PcR = 2δowcosθow/r.  (2)

The capillary forces obtained from the piezomercury analysis were:

 PcHg = 2δHgcosθHg/r.  (3)

Using Equation (2)/(3), we get PcR / PcHg= δowcosθow /δHgcosθHg 
That is:

 PcR = PcHgδowcosθow /δHgcosθHg,  (4)

where, PcR – capillary pressure in reservoir condition, MPa; PcHg – capillary pressure obtained by mercury compression analysis, 
MPa; δHg – interfacial tension of mercury-mercury vapor, 480 mN/m; δow – interfacial tension of oil-water surface in reservoir 
condition, taking the value of 30 mN/m; qow – oil-water wetting contact angle, 0°; qHg – mercury-rock wetting contact angle, 140°.

Substituting the above parameters into Eq. (4), the capillary pressure under reservoir conditions is obtained as equation

 PcR = 0.3195PcHg.  (5)

Using the above equation and the capillary pressure obtained by laboratory pressure mercury analysis, the capillary pressure 
can be derived under reservoir conditions.

Calculation of the dynamics of oil and gas transportation. Buoyancy is the primary motive force in secondary transport, but 
is only a secondary motive force in primary transport. This is partly due to the fact that the buoyancy force is small in the tiny 
microcapillary pores of the hydrocarbon source rock relative to the intermolecular forces between the hydrocarbons and the rock 
and the capillary resistance [31]; on the other hand, in the complex pore structure of hydrocarbon source rocks, it is also difficult 
for oil and gas to be connected to a sufficient length (height) to generate enough buoyancy for initial transportation. Therefore, in 
the initial transport generally less consideration of buoyancy, but in the hydrocarbon source rock localized larger capillary pores 
or tectonic pores in the role of buoyancy still exists, is still oil and gas in the free phase to the upward or upward direction of the 
direction of hydrocarbon drainage of a driving force [32-33].

The formula for buoyancy can be expressed in the equation

 FcR = (ρw–ρo)gZo.  (6)

where, FcR – buoyancy force, N; Zo – height of oil column, m; g-acceleration of gravity, g/m2; ρw – density of formation water 
(subsurface); ρo – density of oil under formation conditions.
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If hydrodynamic factors are not taken into account, in the secondary transportation of oil and gas, the buoyancy force is greater 
than the capillary resistance in order to contribute to the flow of oil and gas in the conduit layer. That is, there is as equation

 FcR > PcR = 0.3195PcHg.  (7)

From equations (6) and (7), the equation for the height of the oil column in the critical state can be obtained as equation 

 Zo = 0.3195PcHg/(ρw –ρo)g.  (8)

3. Results

3.1. Characterization of inclusions development

 Inclusion thermometry analysis shows that four types of inclusions are developed in the Yanchang Formation in the study area: 
inclusions in quartz fissures (Figure 1), inclusions in quartz colluvium (Fig. 1b) and large rims (Fig. 1c), inclusions in calcareous 
colluvium, and inclusions in sodic feldspars (Fig. 1d). The colors of the inclusions were mainly colorless, gray-brown, and light 
yellow, and there were two peaks in the homogeneous temperature of the inclusions: 80-100°C and 120-130°C (Figure 2).

The homogeneous temperature of inclusions in quartz fissures and solution holes is 120 to 125°C, and there are even many 
inclusions with temperatures exceeding 150°C. Inclusions in quartz fissures and solution holes are produced in beads and isolates 
and generally do not show fluorescence. Weakly fluorescent inclusions in quartz fissures and their dissolution pores, fissures 
without cut-through plus large edges. The mean temperature of inclusions in quartz colluvium and large rims averages 104°C. 
The inclusions are fluorescent. These inclusions are fluorescent, and the various features indicate that the inclusions in the quartz 
fissures are inherited inclusions. Hydrocarbon inclusions were captured in the quartz plus size margin, suggesting that there was 
hydrocarbon transport during the formation of the plus size margin.

The homogeneous temperature distribution of the secondary inclusions in the calcareous collodion is from 91 to 117°C, with 
an average of 98.1°C. The secondary inclusions in the calcareous collodion fluoresce strongly. In order to further analyze the 
diagenetic evolution and diagenetic stage of Yanchang Formation, electron microprobe analysis was performed on the carbonate 
cement, which is mainly composed of calcium oxide and contains a small amount of iron oxide. Thus, the carbonate cements are 
mainly iron calcite and iron dolomite cements. 

Fig. 1. Types and developmental characteristics of inclusions in the Yanchang Formation, Huaqing area
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The homogeneous temperature distribution of inclusions in sodium feldspar ranges from 91 to 117°C, with an average of 
98.1°C, and the inclusions show strong fluorescence.

3.2. Effective corridors for oil and gas transportation 

The Yanchang Formation undergoes feldspar dissolution and cementation during the middle diagenetic stage, and the mean 
temperature of inclusions captured during this stage averages 94°C. The inclusions in the Yanchang Formation are characterized 
by a high degree of feldspar dissolution and cementation. Dissolution of feldspars provides a source of material for siliceous 
cementation in the mesolithic stage, and the mean temperature of inclusions captured in the siliceous cementation stage averages 
104°C. The iron-bearing carbonate cementation phase of the middle-late diagenetic stage changes from the preceding acidic 
environment to a weakly alkaline environment, and the mean temperature of inclusions captured during this period averages 98°C. 
The temperature of inclusions is the highest during the siliceous cementation period of the mesomorphic stage, and this period 
is in the stage of the maximum hydrocarbon discharge period, which is also generally recognized as the peak of hydrocarbon 
production and discharge. The quartz accretion is the diagenetic event of the period of maximum burial depth, and the porosity 
of that period can be approximated as equal to the present-day porosity plus the porosity converted by the diagenetic minerals 
from that period onward, i.e., the present-day porosity plus the porosity of the loss of Fe-dolomite and Fe-calcite Since illite is 
transformed from other clay minerals, the gain or loss of pore space during the transformation of illite is ignored here.

At present, the porosity of the Chang 6 and Chang 8 Formations is generally 10-13% and 7-11%, and the porosity of the late 
carbonate cementation losses is 5.5% and 5.2%. As a result, the porosity of the Chang 6 and Chang 8 Members of the maximum 
hydrocarbon generation and drainage stage is 16-20% and 12-16%, respectively. There is a good correlation between porosity 
and permeability in the Chang 6 and Chang 8 Members in the middle of the lake basin (Figure 3). A corresponding permeability 
value can be obtained for each recovered porosity value. Therefore, the paleo-permeability of the Chang 6 and Chang 8 Members 
during the maximum hydrocarbon discharge period is 2.5-13 mD and 2-10 mD, respectively.

From the above, it can be seen that the physical properties of the reservoir are relatively good during the maximum hydrocarbon 
discharge period, and the cementation of iron-containing carbonates is the decisive factor for the densification of the reservoir. 
The Chang 6 and Chang 8 reservoirs in the Huaqing area have experienced the process of densification while formation, and the 
physical properties of the sand reservoir during the maximum hydrocarbon discharge period are good, which can be used as an 
effective channel for oil and gas transportation.

3.3. Minimum column height for oil and gas transportation 

The process of oil and gas aggregation and formation is the process of selecting the most favorable geological reservoir space 
under the action of driving force, and the nature of driving force determines the direction and intensity of oil and gas transportation. 

Fig. 2. Histogram of the distribution of the homogeneous temperature of the inclusions
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Therefore, analyzing the dynamics of oil and gas transport is an effective way to study oil and gas transport, aggregation and 
reservoir formation. In the secondary transportation of oil and gas, it is mostly carried out in the free phase state, and the main 
resistance of free-phase oil in the transportation process is capillary force.

Analysis of piezomercury data from 47 wells and 157 samples of different stratigraphic positions in the central part of the lake 
basin shows a double logarithmic linear relationship between discharge pressure and permeability (Figure 4). By recovering the 
physical properties of Chang 6-Chang 8 Members during the maximum hydrocarbon discharge period, the paleopermeability of 
Chang 6 Member during the maximum hydrocarbon discharge period ranged from 2.5 to 13 mD, the paleopermeability of Chang 
7 Member ranged from 0.2 to 3 mD, and the paleopermeability of Chang 8 Member ranged from 2 to 10 mD. We take the upper 
limit value of permeability and substitute it into the equation of the fitting relationship between permeability and displacement 
pressure, we can derive the corresponding value of displacement pressure. Substituting the displacement pressure into Eq. (8), 
we can derive the minimum height of the oil column for buoyancy-driven oil and gas transportation in the state of the paleo-oil 
reservoirs, which is 7.48m in the Chang 6 Member and 15.68m in the Chang 8 Member.

4. Discussion

4.1. Carbon isotope analysis 

Differences in fluid properties are determined by the different conditions of hydrocarbon formation and later changes in the 
reservoir. The density of crude oil in the Mesozoic Jurassic and Yanchang Formation Long 3 sections in the southern part of 
Tianhuan Depression is less than 0.88 g/cm3, and the viscosity of crude oil is less than 100 mPa·s. The density of crude oil in 
the southern part of Tianhuan Depression is less than 0.88 g/cm3. According to the crude oil evaluation standard, the physical 

Fig. 3. Relationship between porosity and permeability in Chang 6 (a) and Chang 8 (b) Members of the study area

Fig. 4. Relationship between permeability and exhumation of samples from the Yanchang Formation
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properties of crude oil in Huaqing area are good, showing the characteristics of low density, low viscosity, low freezing point, 
with good fluidity, and belongs to light oil.

The isotopic composition of petroleum depends on the nature of the original organic matter, the environment in which it 
was produced, and the degree of evolution. The stable carbon isotope compositions of petroleum of different genesis have large 
differences, but there are some compounds in crude oil and sedimentary organic matter that have large similarities in the basic 
carbon skeleton, and the carbon isotope composition characterization of crude oil is also an important means of studying the origin 
of hydrocarbons. W2 well saturated hydrocarbons: -32.16‰, aromatic hydrocarbons: -30.90‰; W3 well saturated hydrocarbons: 
-32.41‰, aromatic hydrocarbons: -30.85 ‰. Carbon isotopes become lighter from Chang 7 upward (Chang 6) to downward 
(Chang 8); saturated and aromatic hydrocarbon carbon isotopes have a similar pattern of change with depth (Figure 5).

4.2. Crude oil transport analysis based on nitrogenous compounds 

The composition of these nitrogen-containing compounds in hydrocarbons changes regularly during oil and gas transportation. 
Shielded carbazoles continue to be relatively enriched, and exposed carbazoles continue to decrease. Based on the above pattern 
of change, the possible transportation path of oil and gas can be predicted in turn. With the increase of transportation distance, 
the content of such polar compounds in crude oil is decreasing, due to the different polarity of each compound, through the 
transportation fractionation, it will form a special form of distribution of polar compounds in oil after transportation.

Nitrogen in crude oil exists mainly in the form of aromatic heterocyclic compounds and amines, which are categorized into basic 
and non-basic nitrogen-containing compounds. Aromatic heterocyclic compounds are characterized by polarity: Non-basic nitrogen-
containing compounds form hydrogen bonds through the nitrogen atoms on them, and basic nitrogen-containing compounds 
adsorb to the surrounding medium through ionic or hydrogen bonds. In the process of oil transportation, polar nitrogen-containing 
compounds interact with the surface of surrounding rocks (pores, cracks, etc.), and as the transportation distance increases, the 
content of such polar compounds in crude oil decreases, and the special distribution pattern of polar heterocyclic compounds in 

Fig. 5. Characteristics of longitudinal carbon isotope variations in typical wells in the Huaqing area
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crude oil after transportation is formed through fractionation. The reactivity of nitrogen-containing compounds will be attenuated 
if the nitrogen atom in carbazoles is partially or completely obscured by the alkyl group (Figure 6).

The two main types of nitrogen-containing compounds in crude oil are neutral pyrroles (including carbazoles, benzo carbazoles, 
etc.) and basic pyridines. An important property of nitrogen-containing heterocycles is their ability to interact with the formation 
surface or formation water through hydrogen bonding (pyrroles) and ionic or hydrogen bonding (pyridines). Different types of 
carbazole compounds in crude oil will undergo transport fractionation effect with the increase of crude oil transportation distance, 
so that the content of bare type compounds in crude oil will gradually decrease due to easy adsorption by the surrounding medium. 
The shielded type, on the other hand, has a gradually increasing content due to the small interaction with the surrounding medium. 
a) Carbazoles are more polar and decreasingly present in the extract as the distance traveled increases. b) Carbazoles have a slower 
rate of transport for the more polar molecules and a faster rate of transport for the less polar molecules: G3 (exposed) is more 
polar than G1 (shielded); C2-carbazole is more polar than C3-carbazole; trimethylcarbazole (C) [exposed] is more polar than 
trimethylcarbazole (A) [shielded]. c. compounds with small molecular scales are transported faster and compounds with large 
molecular scales are transported slower: Benzocarbazole has a larger molecular volume than alkylcarbazole; Benzocarbazole 
[c] (hemispherical) has a larger molecular volume than benzocarbazole [a] (linear). In summary, the transport effect on the 
composition of carbazole-containing nitrogen compounds is manifested in three main ways: the relative magnitude of the content 
of alkylcarbazoles versus alkylbenzocarbazoles, the relative magnitude of the content of nitrogen-shielded isomers versus 
nitrogen-exposed isomers, and the relative magnitude of the content of higher carbon-numbered homologs versus those of lower 
carbon-numbered homologs.

Crude oil carbazoles from various oil-bearing formations in the Huaqing area of the Ordos Basin are mainly composed of 
carbazole, C1-C3-carbazole, alkylcarbazole and benzocarbazole. And the content is dominated by dimethylcarbazole series 
compounds, followed by trimethylcarbazole series compounds, carbazole and benzocarbazole series compounds are relatively 
low. The relative abundance of carbazole isomers among themselves, especially the dimethylcarbazole shielded, partially 
shielded, and exposed compounds, changed as crude oil transport intensified. With the increase of 1,8-/2,7-dimethylcarbazole, the 
individual compound ratio parameters of C2- and C3-carbazoles characterizing shielded/exposed and shielded/partially shielded 
types increased accordingly, whereas the values of benzo[a]carbazole/benzo[c]carbazole decreased. The analysis also showed 
that the absolute concentration of nitrogen-containing compounds in crude oil had a good synergistic relationship with the ratio 
of shielded and exposed compounds, i.e., the absolute concentration of nitrogen-containing compounds decreased significantly 
with the increase of the 1,8-dimethylcarbazole/2,7-dimethylcarbazole value. Vertically, oil from the Triassic Yanchang Formation 
in the Huaqing area exhibits a bottom-to-top transport trend (Figure 7).

4.3. Analysis of crude oil transportation paths 

In the process of oil transportation, pressure reduction is a prerequisite. The decrease of pressure inevitably makes the gas-oil 
ratio decrease gradually with the increase of transportation distance. The methane content remaining in the oil increases during 
lateral transportation due to the small adsorption force between the methane and the surrounding rock. During vertical transport, 
the low molecular hydrocarbon methane, which has a small molecular weight and is the most permeable, will escape preferentially, 
and both the gas-oil ratio and methane content will decrease.

Fig. 6. Molecular structures of different polar carbazole endocompounds
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According to the analysis of Kasimov’s transport coefficient, the transport of petroleum in the Huaqing area shows that close 
vertical transport is an important way of oil and gas transportation and reservoir formation in this area (Figure 8). The Chang 
7 Member hydrocarbon source rocks were transported under excess pressure and buoyancy along channels such as cheese root 
networks, connected sands and microfractures, and large composite lithologic reservoirs were formed in the Chang 6 and Chang 
8 Members.

Fig. 7. Abundance characterization of nitrogenous compounds in well W61

Fig. 8. Kasimov’s line solving diagram for the Huaqing area
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5. Conclusions

A large number of geochemical experiments and computational methods were used to systematically study the crude oil transport 
characteristics of the Yanchang Formation in the Huaqing area. Four typical types of inclusions are developed in the Yanchang 
Formation: inclusions in quartz fissures, inclusions in quartz colluvium and large rims, inclusions in calcareous colluvium, and 
inclusions in sodium feldspar. There are 2 peaks in the homogenization temperature of the inclusions: 80-100°C and 120-130°C. 

The Chang 6 and Chang 8 reservoirs in the Huaqing area have experienced the process of densification while forming reservoirs, 
and the physical properties of the sand body reservoirs during the maximum hydrocarbon discharge period are good, which is an 
effective channel for oil and gas transportation. The minimum oil column heights for oil and gas transportation in Chang 6 and 
Chang 8 Members are 7.48m and 15.68m, respectively. 

Proximity vertical transportation is an important mode of crude oil transportation and aggregation in the Yanchang oil group 
in the Huaqing area. The physical properties of crude oil in Huaqing area are good, showing low density, low viscosity, low 
freezing point and good fluidity. The hydrocarbon source rocks of the Chang 7 Member were transported under excess pressure and 
buoyancy along channels such as cheese root networks, connected sands and microfractures, and thus large composite lithologic 
reservoirs were formed in the Chang 6 and Chang 8 Members.
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