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Abstract: Gas washing and oil mixing have been widely studied in the Tazhong area of the Tarim
Basin, but their effects on Cambrian subsaltic dolomite reservoirs have not yet been adequately
explored. In this study, the influence of gas washing and oil mixing on light oils from these reservoirs
was investigated. Using n-alkane mass depletion (Q value) analysis, light oils from wells ZS1 and
ZS5 were analyzed to quantify the intensity of gas washing and to identify possible oil mixing in
the Cambrian Awataga (Є2a) and Wusongar (Є1w) reservoirs. Unaltered light oil was recovered and
models of phase behavior were constructed by PVT simulation and basin modeling to compare with
altered light oils. The results show that the light oil in well ZS1 experienced medium-strength gas
washing (Q value = 40.88%), while the gas washing in well ZS5 was weaker (Q value < 40.88%),
providing evidence of oil mixing. Despite these changes, the light oils in the Cambrian reservoirs
maintained a single liquid-phase state over geologic time without transitioning to condensate or gas
phases. These results improve the understanding of gas washing in the Tazhong area and show that
it has significantly altered the Cambrian reservoirs and affected the preservation of hydrocarbons
after oil accumulation.

Keywords: light oil; gas washing; oil mixing; phase behavior; Q value; Tazhong area; oil–gas production

1. Introduction

Gas washing and oil mixing have received considerable attention in recent decades
due to their role in multistage generation and accumulation processes in petroleum-bearing
basins [1–3]. These phenomena have been extensively documented in regions such as the
Gulf of Mexico, offshore Taiwan, the South China Sea, the Qaidam Basin, and the Tarim
Basin [1,2,4,5]. Gas washing typically occurs in oil reservoirs with substantial hydrocarbon
gas charges, leading to initial mixing, physical segregation, and fractionation as lighter
components migrate [3,6]. When gases enter the reservoir, lighter gases (e.g., methane and
ethane) begin to split off light-hydrocarbon components (e.g., C6–C14) and migrate out of
the reservoir. This process leads to changes in the physical and chemical properties in differ-
ent regions of the reservoir [3,6]. Oil mixing, on the other hand, involves the introduction
of multiple oil charges into the reservoirs, forming mixtures in varying proportions and
altering the composition of hydrocarbons and the nature of the reservoir [2,3]. When new
oil charges appear, they mix with the existing oil (e.g., between black and light oil), which
leads to changes in the chemical composition and physical properties (e.g., density and
viscosity) [2,3]. However, the complexity of these processes poses significant challenges
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to phase simulation methods when it comes to reconstructing phase states and physical
properties over evolutionary history, despite extensive research on quantitative assessment
of mass depletion [4,6,7].

The Tazhong area is located in the center of the Tarim Basin in northwestern China and
is a hydrocarbon-rich paleo-uplift region with four major reservoir strata: Carboniferous,
Silurian, Ordovician and Cambrian [2,7–9]. Various factors such as gas washing, oil
mixing, migration fractionation, and biodegradation have contributed to the diversity of
hydrocarbons and phases from the Ordovician to the Carboniferous [2]. The intensity of
gas washing decreases laterally from the margin to the central horst and vertically from
the Ordovician to the Carboniferous [2]. Different oil mixtures have also been observed
in many reservoirs in the Tazhong area [2,9]. However, these phenomena were not well
studied in the Cambrian due to the lack of exploration results until abundant light oil
and gas were discovered in the wells of Zhongshen 1 (ZS1) and Zhongshen (ZS5) in the
Cambrian Awatage Formation (Є2a) and Wusongar Formation (Є1w) at depths of more
than 6400 m [7,10]. The breakthrough in the Cambrian reservoirs in the Tazhong area
marks a significant achievement in the exploration of deep and ultra-deep oil and gas
of the Tarim Basin. It has extended the targeted strata from the Ordovician down to the
Cambrian, indicating potential resources in deeper and older formations than previously
thought [7,10]. The study of gas washing and oil mixing in these reservoirs will fill previous
research gaps that have mainly focused on the Ordovician and upper formations.

Existing studies confirm that geochemical alteration such as thermochemical sulfate
reduction (TSR) and secondary cracking did not occur on a large scale in the Cambrian
subsaltic dolomite reservoirs, so light oils are well preserved and remain in a single liquid
phase over history [7,11]. Understanding how gas washing and oil mixing affect the
evolution of hydrocarbon composition and phase in Cambrian reservoirs is critical for
a comprehensive understanding of petroleum accumulation and preservation and for
guiding further deep and ultra-deep exploration and development in the Tarim Basin [7].
Therefore, we focus here on the Cambrian light oils in the Tazhong Uplift of the Tarim Basin
and attempt to address these challenges using phase simulation techniques that consider
either gas-washing or oil-mixing effects and provide a more comprehensive understanding
of the phases and properties of these oils.

In this study, we first quantitatively assessed the intensity of gas washing using a
method that analyzed n-alkanes in tested light oil samples and determined the presence
of oil mixing in the Cambrian reservoirs in wells ZS1 and ZS5. We then reconstructed the
hydrocarbon composition of unaltered light oil to compare it with altered light oils. In
addition, we built phase models with corresponding pressure–volume–temperature (PVT)
properties through PVT simulation to investigate the effects of gas washing and oil mixing
on phase states and physical properties, including density, viscosity, and gas–oil ratio
(GOR). Finally, by combining historical reservoir temperature and pressure data (P-T path)
from basin modeling [7,12], we reconstructed in situ phase states and physical properties to
understand how gas washing and oil mixing have affected their evolution over geological
history. By simulating gas-washing and oil-mixing phases and comparing them to the entire
study area, we gained new insights into the distribution and accumulation of hydrocarbons.
This approach also revealed the effects of various geologic factors on reservoir performance,
including the staged evolution of phases and physical properties due to gas washing and
oil mixing.

2. Geological Setting

The Tazhong Uplift, a major Paleozoic paleo-uplift within the Tarim Basin, is bounded
by a series of thrust faults, including the Tazhong No.1 Fault Belt, the Tazhong No.10
Structural Belt, and the central horst (Figure 1). It developed as an inherited paleo-uplift
due to fault movement in the Early Caledonian (O1–2) and fold deformation in the Late
Caledonian (O3–S), forming a duplex anticline pattern [8]. The uplift underwent reforma-
tion during the Hercynian (D–P) and local adjustments after the Permian. Later, it tilted
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eastward, was denuded, and settled to form the present tectonic framework [13]. The
numerous movements have led to repeated processes of generation, migration, accumula-
tion, and alteration, resulting in the formation of numerous reservoirs, diverse styles, and
various phases in this region.
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Figure 1. Tectonic map and location of the study area within the Tazhong Uplift, Tarim Basin. This
figure is modified from Yang et al. (2009) [2].

Four major reservoirs have been developed in the Tazhong Uplift, comprising Car-
boniferous sandstone–limestone, Silurian sandstone, Ordovician limestone, and Cambrian
subsaltic dolomite strata. Gas and condensates dominate in the Ordovician strata of the
Tazhong No.1 Fault Belt, while black oil and some condensates are found in the Carbonif-
erous strata of the central horst. The Silurian strata of the Tazhong No.10 Structural Belt
contain highly biodegraded oils and some condensates. The ZS1 and ZS5 wells, which
discovered light oil reservoirs in the Cambrian subsaltic dolomite, are located in the eastern
Tazhong Uplift, near the Tazhong No.1 Fault Belt and Manjar Depression (Figure 1). Our
study focuses on the Awatage Formation (Є2a) of well ZS1 and the Wusongar Formation
(Є1w) of well ZS5, where light oils are present. Well ZS1C, a lateral well of ZS1, serves as a
reference as it discovered a dry gas reservoir with some condensates in the Xiaoerbulake
Formation (Є1x).

In the Tazhong area, fault systems play a vital role in the distribution of hydrocarbons.
Figure 1 illustrates that these fault systems include near east–west (EW)-oriented faults
and near north–south (NS)-oriented strike–slip faults. Gas is generated in the deeper
strata of the Tazhong area and even in the Manjar Depression. The vertical migration and
subsequent accumulation of gas are mainly controlled by the deep EW-oriented faults
(e.g., Tazhong No.1 Fault Belt and No.10 Structural Belt), which are directly connected to
the underlying gas sources. In addition, the gas migration process is further facilitated
by the intricate interlacing of the NS strike–slip fault system with the deep EW-oriented
faults. Consequently, the fault systems in the Tazhong area are crucial for regulating the
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occurrence of gas wash fracturing and multiple accumulations. This further study, focusing
on the Cambrian reservoirs, helps to understand the importance of these fault systems for
deep and ultra-deep oil and gas exploration and exploration efforts in the region.

3. Methods and Data
3.1. Samples and Experiments

Through oil and gas separators at wellheads, two light oil samples were collected from
the Є2a reservoir (depth 6439–6458 m and temperature 160 ◦C) of well ZS1 and the Є1w
reservoir (depth 6562–6671 m and temperature 156 ◦C) of well ZS5 in the Tazhong area.
The samples were sealed in glass cell bottles immediately after collection and kept at low
temperatures during transportation and storage to minimize the loss of light components as
much as possible. The chromatographic analysis of the hydrocarbons was then conducted in
our laboratory using a Thermo Scientific Trace GC Ultra gas chromatograph and a Thermo
Scientific Trace DSQ II mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
The gas chromatograph (GC) is used to separate and analyze the different components of a
hydrocarbon mixture based on their chemical properties and retention times. The mass
spectrometer (MS), on the other hand, is used to identify and quantify these components
by measuring their mass-to-charge ratio and generating a mass spectrum. Samples were
prepared with full deuterium nC24D50 and dichloromethane and then preserved in vials.
Samples were frozen with liquid nitrogen to minimize the loss of light hydrocarbons. GC
analysis provided the mole fraction of n-alkanes, which was plotted against the carbon
number to obtain the distribution curve (Figure 2a,b).
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Figure 2. Gas chromatograms of light oils from wells (a) ZS1 and (b) ZS5 and their relationship
between the molar concentration of n-alkanes and the carbon number (c,d) (R2 is the fitting coefficient;
black and red triangles correspond to different fitting curves in Figure 2d).

3.2. Quantitative Assessment of Gas Washing and Oil Mixing

We used a quantification method in which the Q value defines the mass loss of n-
alkanes from an analyzed oil compared to its unaltered oil. The calculation of the Q value
is based on the principle that gas washing typically dissolves and removes low-carbon
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alkanes in the gas phase but does not change the distribution of high-carbon n-alkanes.
The exponential relationship between the molar concentration of n-alkanes and the carbon
number in unaltered oil is as follows:

lg[MC(n)] = a × n + lg(A) (1)

where MC(n) is the molar concentration of the n-alkane; A is the normalization factor; and
a is the distribution parameter, also known as the slope factor [5,6,14].

Based on this equation, the slope factor and breakpoint of carbon numbers were used
to identify and evaluate the gas-washing effect in real reservoirs [5,6]. In addition, the
n-alkane mass loss caused by gas washing was calculated using the following function [6]:

Q = 1 −
[
∑ Wn(reality oil)/ ∑ Wn(reality oil)

]
(2)

where the Q value defines the n-alkane mass depletion from an analyzed oil relative to
its unaltered oil. Wn is the mass percent of the n-alkane, which can be derived from the
following equation:

Wn = WC(n) = M(n)×10lg[MC(n)] (3)

where WC(n) is the weight concentration of each component, and M(n) is the mass number
of the corresponding component (Table 1).

Table 1. Data of n-alkanes of oil components in wells ZS1 and ZS5, and recovered n-alkanes (µg/g).

Carbon Number nC7 nC8 nC9 nC10 nC11 nC12 nC13 nC14 nC15 nC16 nC17 nC18

n-alkanes in well
ZS1 a 1.73 2.24 2.54 2.64 2.41 2.26 2.02 1.8 1.58 1.32 1.15 0.90

n-alkanes in well
ZS5 a 2.87 2.82 2.74 2.62 2.29 2.1 1.83 1.6 1.38 1.18 1.02 0.82

recovered n-alkanes 7.40 6.42 5.48 4.63 3.87 3.21 2.64 2.16 1.76 1.43 1.16 0.93

Carbon Number nC19 nC20 nC21 nC22 nC23 nC24 nC25 nC26 nC27 nC28 nC29 nC30

n-alkanes in well
ZS1 a 0.81 0.62 0.51 0.42 0.38 0.29 0.21 0.16 0.13 0.09 0.07 0.04

n-alkanes in well
ZS5 a 0.75 0.57 0.49 0.39 0.35 0.27 0.18 0.13 0.09 0.06 0.06 0.03

recovered n-alkanes 0.75 0.6 0.48 0.38 0.30 0.24 0.19 0.15 0.12 0.09 0.07 0.06
a Data cited from Chen et al. (2019) [7].

3.3. Quantitative Calculations and Numerical Simulations

The key steps here include qualitative assessments of gas washing and oil mixing,
reconstruction and analysis of unaltered light oil, PVT simulation, and analysis with basin
modeling. Since oil mixing leads to a relative enrichment of medium-molecular-weight
n-alkanes and a relative decrease in high-molecular-weight n-alkanes, the carbon number
breakpoint of mixed samples is significantly lower than that of gas washing, indicating
obvious oil mixing [2]. Therefore, the method based on n-alkane distributions cannot
reconstruct unaltered oils for mixed oils, but it can qualitatively evaluate the oil mixing
process. Since the light oil in well ZS1 is mainly composed of saturated hydrocarbons (n-
alkanes) [7,10,11], the unaltered light oil was assumed to follow an exponential distribution
from C1 to C30. Therefore, Equation (3) could also be used to calculate the hydrocarbon
composition of unaltered light oil and then compare it with altered light oils, where we
discriminated the fluid properties by different empirical statistical methods [15]. In addition,
the PVTsim software (PVTsim v10.0) developed by Calsep A/S (Copenhagen, Denmark)
was used to build phase models and calculate the corresponding physical properties such
as density, viscosity, and GOR. PetroMod2016, developed by Schlumberger (Houston, TX,
USA), was used for basin modeling and data extraction for reservoir temperature and
pressure. Detailed workflows can be found in a published article [7].
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4. Results
4.1. Relationship Between Molar Concentration and Carbon Number of n-Alkanes

Quantitative analysis of the light oils by gas chromatography (GC) showed that
biodegradation and dilution were negligible in both oil samples, and the influences of other
alterations could be excluded (Figure 2a,b). Therefore, the relationship between the molar
concentration of n-alkanes and their carbon number in the light oils from wells ZS1 and
ZS5 can be used to recover the original pattern. Plotting shows the relationship between
the molar concentration of n-alkanes and their carbon number for the light oil samples
from wells ZS1 and ZS5 (Figure 2c,d). The simulation lines were calculated based on the
highest R2 values, which reached 0.99, as reported by Meulbroek et al. (1998) [5].

In well ZS1, the break number for n-alkanes is 14, which indicates that the light carbon
numbers of n-alkanes (nC7–nC14) have undergone mass depletion due to gas washing
(Figure 2c). The higher-carbon n-alkanes (nC15+) were not affected by either gas washing or
oil mixing (Figure 2c). This indicates that the light oil sample from ZS1 did not change by
oil mixing and was primarily affected by gas washing, which allowed for the calculation of
the mass degradation of n-alkanes (Q value). In contrast, the simulation line for well ZS5
shows a break number of n-alkanes at 23 (Figure 2d), nine carbon points higher than for ZS1
(Figure 2c). This indicates a slight mass depletion in the light n-alkanes and a significant
alteration in the higher-carbon n-alkanes, probably due to oil mixing. Consequently, the
light oil from ZS5 showed characteristics of oil mixing, and its Q value could not be
accurately determined using the same method as ZS1. Further GC analyses of wells ZS1
and ZS5 confirmed this: the former showed a continuous decrease in n-alkanes from nC10
to nC7 (Figure 2a), while the latter showed a bimodal distribution with an upward trend
(Figure 2b).

4.2. Gas-Washing Intensity (Q Value)

Using the simulation equation for well ZS1 (lg[MC(n)] = − 0.1186n − 0.3017, R2 = 0.99;
Figure 2a), the distribution of n-alkanes before gas washing was calculated. The n-alkanes
in unaltered light oil from ZS1 followed an exponential distribution from nC7 to nC30
(Table 1; Figure 3a). The Q value for light oil from the Awatage Formation (Є2a) in well ZS1
was determined to be 40.88%, indicating an intermediate intensity of gas washing with a
significant mass depletion of light components (Figure 3a). In comparison, the Q value for
well ZS5 was lower than 40.88%, suggesting a weaker gas-washing effect or the occurrence
of oil mixing (Figure 3a).

4.3. Hydrocarbon Composition of Unaltered and Altered Light Oils

Since the light oil in well ZS1 was mainly composed of saturated hydrocarbons (n-
alkanes) [7,10,11], it was assumed that the unaltered light oil in the Cambrian subsaltic
dolomite reservoir followed an exponential distribution from C1 to C30. The hydrocarbon
composition of the unaltered light oil was calculated using the same exponential equation
and normalized for comparison (Figure 3b,c; Table 2). Given the negligible effects of
oil mixing, the unaltered light oil from well ZS1 can be considered representative of the
Cambrian light oil, which was compared with the actual light oils from wells ZS1 and ZS5.

The unaltered light oil had a gas-to-oil mass ratio (GORwt, gas–oil ratio by weight) of
0.81 kg/kg, with gas accounting for 45% of the total hydrocarbon. Of the gas components,
the heavy-hydrocarbon gases (C2–C5) constituted 86%, while the methane content was
only 14%. The oil component, which accounted for 55% of the total hydrocarbon, was
enriched in light hydrocarbons (C6–C14, 83.5%), whereas it was in a lower proportion in
heavy hydrocarbons (C14+, 16.5%). After gas washing, the GORwt of the unaltered light
oil decreased to 0.5 kg/kg in well ZS1 and 0.26 kg/kg in well ZS5. At the same time,
the dryness coefficient increased from 0.14 to 0.55 in ZS1 and to 0.41 in ZS5, reflecting
the loss of light components during gas washing. These changes are due to the fact that
dry gases, especially methane, used for gas washing can dissolve and remove heavy-
hydrocarbon gases (C2–C5) and light-hydrocarbon components (C6–C14) that are easily
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dissolved in methane. Compared to well ZS5, well ZS1 had a significantly higher GORwt

(0.5 kg/kg) and a higher dryness coefficient (0.55), indicating that a greater gas-washing
effect occurred in well ZS1 (Figure 3c). In short, the changes in GORwt and dryness
coefficient indicate that gas washing certainly altered the hydrocarbon composition in the
wells. Well ZS1 with a higher GORwt and dryness coefficient showed a stronger effect of
gas-washing effect compared to well ZS5. This indicates that dry gases, especially methane,
effectively dissolved and removed the heavier hydrocarbons, resulting in a lighter and
drier gas mixture.
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Figure 3. Distribution and composition analysis of hydrocarbons in unaltered and altered light oils
from wells ZS1 and ZS5: (a) the n-alkane concentrations and distribution in unaltered and altered
light oils from wells ZS1 and ZS5, highlighting the variations in hydrocarbons for understanding the
compositional modifications due to gas washing and oil mixing; (b) the percentages of combined oil
and gas components in unaltered and altered light oils from wells ZS1 and ZS5, illustrating the relative
abundance of hydrocarbons and the impact of gas washing and oil mixing on their distribution;
(c) pie charts for composition comparison of recovered hydrocarbons, including unaltered and altered
light oils from wells ZS1 and ZS5, facilitating an easy comparison of the changes caused by gas
washing and oil mixing in each well.
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Table 2. Recovered data on the hydrocarbon composition of light oils from wells ZS1 and ZS5 and
unaltered light oil.

Components
Light Oil in Well ZS1 Light Oil in Well ZS5 Unaltered Light Oil

Reference Data a Normalized Reference Data a Normalized Recovered Data Normalized

C1 16.34 18.42 7.77 8.45 6.08 6.32
C2 5.22 5.89 3.32 3.61 8.67 9.02
C3 4.41 4.98 3.58 3.89 9.68 10.06
C4 2.73 3.08 2.84 3.09 9.71 10.10
C5 0.84 0.95 1.51 1.64 9.18 9.54
C6 0.32 0.36 1.51 1.64 8.34 8.67
C7 3.87 4.36 7.69 8.36 7.40 7.69
C8 5.01 5.65 7.55 8.21 6.42 6.67
C9 5.67 6.39 7.35 7.99 5.48 5.70
C10 5.90 6.66 7.03 7.65 4.63 4.81
C11 5.38 6.07 6.14 6.68 3.87 4.02
C12 5.06 5.70 5.64 6.13 3.21 3.34
C13 4.52 5.09 4.90 5.33 2.64 2.75
C14 4.03 4.54 4.29 4.67 2.16 2.25
C15 3.52 3.97 3.70 4.03 1.76 1.83
C16 2.96 3.33 3.15 3.43 1.43 1.49
C17 2.57 2.89 2.74 2.98 1.16 1.20
C18 2.01 2.27 2.20 2.40 0.93 0.97
C19 1.80 2.03 2.00 2.17 0.75 0.78
C20 1.38 1.55 1.54 1.67 0.60 0.62
C21 1.15 1.29 1.31 1.42 0.48 0.50
C22 0.95 1.07 1.06 1.15 0.38 0.40
C23 0.85 0.96 0.95 1.03 0.30 0.32
C24 0.64 0.73 0.71 0.77 0.24 0.25
C25 0.48 0.54 0.48 0.52 0.19 0.20
C26 0.37 0.41 0.35 0.38 0.15 0.16
C27 0.28 0.32 0.24 0.26 0.12 0.12
C28 0.20 0.22 0.17 0.18 0.09 0.10
C29 0.16 0.18 0.16 0.17 0.07 0.08
C30 0.09 0.10 0.08 0.09 0.06 0.06

Total hydrocarbon 88.69 100 92 100 96 100
a Data cited from Chen et al. (2019) [7].

4.4. Phase Behavior of Light Oils Under Gas Washing and Oil Mixing

Phase diagrams for the unaltered light oil and the light oils from wells ZS1 and ZS5
were built using the PVTsim software. The critical points for all three oils lie between
the maximum condensate pressure (Pm) and temperature (Tm), indicating that these oils
remain in a single liquid-phase state under deep reservoir conditions (Figure 4). Compared
to the unaltered light oil, the phase envelope for ZS1 expanded both vertically and hori-
zontally, showing the effects of intensive gas washing (Figure 4a). The phase envelope for
ZS5 showed a smaller vertical expansion but a more pronounced horizontal broadening,
due to oil mixing (Figure 4b). The calculated produced gas-to-oil ratios (GORvol, gas–oil
ratio by volume; 1 bar, 20 ◦C) for the unaltered light oil, ZS1, and ZS5 were 344 m3/m3,
434 m3/m3, and 181 m3/m3, respectively. The increase in GORvol in ZS1 was due to strong
gas washing, while the lower GORvol in ZS5 was probably due to oil mixing and weaker
gas washing (Figure 4).

Based on fluid composition, the phase-state type can be discriminated using several
empirical statistical methods to support the phase behavior in gas washing and oil mixing
(Figure 5). The ternary diagram (C1 + N2, C2–C6 + CO2, and C7+) shows that the phase
states of the three fluids in the reservoirs are normal oil phases (Figure 5a). The diagram
for distinguishing C5+ and C1/C5+ shows that all fluids are condensate gas reservoirs with
oil rings (Figure 5b). The diagram for identifying the block-fluid phase state confirms
that all fluids are oil reservoirs (Figure 5c). Finally, integrating the Z value and the Z1–Z2
factor [15], the diagram shows that all the fluids in the reservoirs are normal oil (Figure 5d).
All of these observations are therefore consistent with the results of phase simulations and
support the assumption that these are oil reservoirs with a single liquid phase.
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+ N2, C2–C6 + CO2, and C7+; (b) C5+ versus C1/C5+ discrimination diagram; (c) block discrimination
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factor discrimination. Z = (C1 + C2 + C3)/C5+ + C2/C3; Z1 = (0.88 × C5+ + 0.99 × C1/C5+ + 0.97 ×
C2/C3 + 0.99 × F)/C5+, Z2 = (0.88 × C5+ + 0.99 × C1/C5+ + 0.97 × C2/C3 + 0.99 × F)/C5+, where
F = (C2 + C3 + C4)/C5+. Here, hydrocarbons are considered, and non-hydrocarbon gases are excluded.
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4.5. Historical Evolution of Phase and Physical Properties

Despite gas washing and oil mixing, the light oils in the Cambrian subsaltic dolomite
reservoirs consistently maintained a single liquid-phase state without significant phase
changes over geologic history [7]. However, the density, viscosity, and GOR of these light
oils changed due to the alteration in hydrocarbon composition (Figure 6). In well ZS1,
the density and viscosity of light oil were relatively low after the initial oil fill in the Late
Caledonian and Early Hercynian periods. After gas washing, these values increased and
remained at a higher level until the present (Figure 6a,c). In well ZS5, light oil was mixed
with earlier normal oils during its accumulation, leading to a slight increase in density
and viscosity. Subsequent gas washing further increased these values (Figure 6b,d). These
changes occurred without significant secondary cracking or TSR, as previous studies have
shown minimal TSR activity in the Cambrian subsaltic dolomite reservoirs due to the low
sulfur content and non-hydrocarbon components [10,11].
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Figure 6. Evolution history of hydrocarbon density and viscosity under reservoirs considering gas
washing and oil mixing in the Є1w reservoir of well ZS1 and the Є2a reservoir of well ZS5 in the
Tazhong area: (a) density changes in hydrocarbon fluids in the Є2a reservoir of well ZS1; (b) density
changes in hydrocarbon fluids in the Є1w reservoir of well ZS5; (c) viscosity changes in hydrocarbon
fluids in the Є2a reservoir of well ZS1; (d) viscosity changes in hydrocarbon fluids in the Є1w reservoir
of well ZS5.

5. Discussion
5.1. Source and Preservation of Light Oil

No large-scale Cambrian source rocks have been discovered in the Tazhong area during
the explorations to date. The Lower Cambrian source rocks, which are widespread in the
Northern Depression (Figure 1), are considered to be the main source of oil and gas in the
Paleozoic Tazhong [9,16–18]. The hydrocarbon generation history of the Lower Cambrian
source rock can be divided into four stages: Middle to Late Caledonian (Ordovician) normal
oil, Late Caledonian, and Early Hercynian (Silurian–Devonian) light oil; Late Hercynian and
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Indosinian (Permian–Jurassic) dry gas; and Yanshan and Himalayan (Cretaceous–Quaternary)
dry gas. Zhu et al. (2015) [11] pointed out that the light oil in well ZS1 originated from the
cracking of highly mature kerogen and not from the secondary cracking of pre-oil reservoirs.
The oil mixing observed in well ZS5 also confirmed that normal oil was probably charging
into the Paleozoic Tazhong before light oil. Therefore, the Cambrian subsaltic dolomite light
oil reservoirs can be summarized into three stages: normal oil accumulation in the Middle
to Late Caledonian, light oil accumulation in the Late Caledonian and Early Hercynian,
and extensive gas washing in the Post-Indosinian.

The relatively low content of non-hydrocarbons (<2.6 wt) and sulfur (0.11–0.14 wt) in
the Cambrian subsaltic dolomite reservoirs and the long-term low reservoir temperatures
(<180 ◦C) indicate that secondary cracking and TSR reactions were not widespread [7].
Furthermore, the small amounts of H2S in these reservoirs likely originate from deeper
formations and not from in situ TSR. This is supported by the carbon isotope analysis
of CO2, which points to kerogen as the primary source and not TSR [11,19,20]. Thus,
gas washing was the predominant alteration process in the Cambrian subsaltic dolomite
reservoirs after the accumulation of hydrocarbons.

Therefore, our study models can be based on two assumptions: first, secondary
cracking of hydrocarbons and TSR were not considered due to their weak reactions; second,
the processes of charging and gas washing were completed in a short time. In fact, gas
washing probably occurred in two stages during the Indosinian and the Yanshanian–
Himalayan periods, with contributions that are still indistinguishable. In summary, the
light oils in the Cambrian subsaltic dolomite were subject to some gas washing and oil
mixing, but as long as the intensity is not very high, the light oil in the reservoirs may
maintain a single liquid phase and not transition into condensate or gas reservoirs. This
was confirmed by the deeper dry gas reservoir of the Xiaoerbulake Formation (Є1x) in
well ZS1C, a sidetracked well of ZS1 [10,18]. The hydrocarbons in well ZS1C were mainly
dry gas with a small amount of condensate oil, indicating that a large-scale gas washing
(Q ≈ 100%) occurred in this reservoir, resulting in a change from an oil reservoir to a dry
gas reservoir. In terms of developing strategies, this could mean that the area of well
ZS1 is better suited for gas production, while the area of well ZS5 is better suited for
oil development.

5.2. Geochemical Evidence of Gas Washing and Oil Mixing

The carbon isotope signatures of the gas components provide further evidence of gas
washing and oil mixing in wells ZS1 and ZS5 (Figure 7). In well ZS5, the overall lighter
carbon isotopes of the gas components suggest a low maturity characteristic, which could
be related to the mixing of earlier normal oil with later light oil. The weak effect of gas
washing also influenced this lightness. In contrast, well ZS1 has heavier carbon isotopes,
reflecting the high maturity of the light oil and the stronger influence of gas washing.
The heaviest carbon isotope values found in well ZS1C correspond to the formation of
a dry gas reservoir in which intensive gas washing occurred through a strong influx of
methane (Figure 7). These isotopic patterns indicate that the dry gas responsible for gas
washing originates from the same source as the methane in well ZS1C. As the intensity of
gas washing increased, the carbon isotope values of the gas components shifted from light
to heavy, further supporting the effect of gas washing on the composition of the reservoir.
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In addition, the mechanism of gas washing can reasonably explain geochemical phe-
nomena such as the depletion of n-alkanes, the enrichment of diamondoids, isotopic
anomalies, and the increased fluorescence lifetime of inclusions in light oil reservoirs. For
example, the gas–oil ratio indicated by the fluorescence lifetimes of oil and gas inclusions
is significantly higher than that of actual light oil reservoirs, suggesting that the reservoir
may have undergone intense phase separation and gas-phase-component dissipation pro-
cesses [22,23]. During gas washing and phase separation, diamondoids tend to accumulate
in the liquid phase, which eventually leads to the enrichment of diamondoids in light oil
reservoirs [24], while the dissipation of light components leads to the depletion of n-alkanes
and heavier oil isotopes [11,13].

5.3. Controlling Factors of Gas Washing Fractionation

Yang et al. (2009) [2] pointed out that gas washing in the Tazhong area becomes
progressively weaker from Fault Belt No. 1 to the central horst laterally (Figure 8a) and
from the Ordovician to the Carboniferous vertically (Figure 8b). The study area of wells
ZS1 and ZS5, which is located in Fault Belt No. 1 and covers the Middle to Lower Cambrian
(Figure 1), provides the necessary supplements to the gas-washing characteristics of the
Tazhong area. It can be concluded that gas washing is also widespread in the Cambrian
dolomite reservoirs in the Lower Cambrian of the Tazhong area, although the intensity
varies considerably depending on location and depth (Figure 8). For example, well ZS1
had the lowest intensity of gas washing (Q < 40.88%); well ZS5 showed an intermediate
intensity (Q = 40.88%); and well ZS1C, which was dominated by dry gas, had the highest
intensity with a Q value close to 100% (Figures 3a and 8). This indicates that the gas
washing in the Tazhong area is more extensive than previously thought. This is likely due
to deep, large faults that penetrate the Paleozoic and are associated with deep oil and gas
wells [2,25].

Furthermore, simulation experiments on gas-washing mechanisms show that when
reservoir conditions change from high-temperature pressure to medium-temperature pres-
sure, the efficiency of gas-washing fractionation decreases significantly, and the amount of
hydrocarbon gas decreases rapidly with increasing upward migration distance [3,5]. This
implies that the efficiency of gas-washing fractionation within a single system is much
higher in deep reservoirs than in shallow reservoirs and that it is higher at short distances
to the source than at long distances. In our study, the depth of the reservoir decreased from
well ZS1C (Є1x: 6861–6944 m) to well ZS1 (Є2a: 6439–6458 m), resulting in a corresponding
attenuation of gas-washing intensity. This showed a decreasing trend of gas-washing
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intensity from deep to shallow due to the reduced temperature and pressure conditions.
The lowest intensity of gas washing in well ZS5 (Є1w: 6562–6671 m) could be related to the
greater distance to the gas source compared to well ZS1 (Figure 1).
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6. Conclusions

This study quantitatively investigated the effects of gas washing and oil mixing on
light oils from the Cambrian subsaltic dolomite reservoirs in the Tazhong area of the
Tarim Basin. By applying n-alkane mass depletion (Q value) analysis and phase behavior
simulations, several important insights were obtained:

1. The gas washing in well ZS1 was more intensive than in well ZS5. Gas washing
strongly altered the light oils in the Cambrian subsaltic dolomite reservoirs, although
the intensity varied in the different wells. The Q value in well ZS1 (Є2a) was calculated
to be 40.88%, indicating an intermediate intensity of gas washing. This intensity was
lower in well ZS5 (Є1w) (Q value < 40.88%) and highest in well ZS1C (Є1x), where
the gas washing approached 100%. These results confirm that gas washing is more
widespread in the Cambrian reservoirs than previously thought.

2. Oil was mixed in well ZS5. Obvious oil mixing was identified in well ZS5, where
the presence of light oils and remnants of normal oils indicates historical mixing.
This observation suggests that normal oils may have accumulated sporadically in the
Cambrian reservoirs prior to the accumulation of light oil.

3. The hydrocarbon composition was changed by gas washing and oil mixing. Gas wash-
ing and oil mixing significantly influenced the hydrocarbon composition, physical
properties, and phase behavior of light oils. Compared to the unaltered light oil, the
GOR, dryness coefficient, and hydrocarbon composition of wells ZS1 and ZS5 were
altered by gas washing and oil mixing. However, despite these changes, the light oils
in the Cambrian reservoirs remained in a single liquid-phase state throughout their
history, without transitioning to condensate or gas phases.

4. The phase behavior and physical properties fluctuated by gas washing and mixing.
While the gas washing and mixing of the oil changed the hydrocarbon composition,
light oils retained their liquid-phase state under deep reservoir conditions. This
consistency of phase behavior supports the long-term preservation of these oils in
Cambrian reservoirs, which is confirmed by the dry gas reservoir in well ZS1C.

5. The intensity of gas washing was controlled by several factors, including the depth of
the reservoir, proximity to deep faults, and distance from the gas source. Wells closer
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to the gas source or at greater depth, such as ZS1 and ZS1C, experienced stronger gas
washing than wells like ZS5, which was further away from the source.

In summary, this study improves the understanding of gas washing and oil mixing in
Cambrian reservoirs and provides valuable insights for future exploration and development
in the Tazhong area. The results suggest that gas washing is more widespread in this
region than previously thought and that it plays a critical role in altering the hydrocarbon
composition and phase behavior of deep subsaltic reservoirs.
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