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a b s t r a c t

As a secondary alteration process in oil reservoirs and a critical mechanism for light oil and condensate 
formation, gas washing is predominantly governed by temperature and pressure. However, the dynamic 
effects of these two factors on the light hydrocarbon composition of residual oil remain unclear. This 
study developed a methane-pressurized gas washing simulation apparatus that can maintain pre
determined pressure and temperature conditions throughout the experiment. The aim of this study is to 
investigate the variation patterns of light hydrocarbons under different temperature and pressure 
conditions, and to further evaluate their potential influences  in identifying the type and depositional 
environments of source organic matter, quantifying thermal maturity, and identifying secondary 
alteration processes. By establishing the relationship between the remaining mass fraction of light 
hydrocarbons and time, the loss rate constants for individual components were obtained. Comparative 
analysis revealed that the loss rates of light hydrocarbons increased significantly with rising tempera
ture during gas washing, but were suppressed with increasing pressure. Among the parameters 
indicative of source rock type and depositional environment, the Mango parameter K1 and the C7 

ternary diagram were less affected by gas washing and changes in temperature and pressure. In 
contrast, parameter K2 and Halpern's oil-gas correlation parameters (C7-OCSD star diagram) underwent 
considerable alterations. Gas washing resulted in an increase in both MCH/(MCH + nC7) and Tol/ 
(Tol + MCH) ratios, a trend opposite to that induced by increasing maturity. Furthermore, elevated 
temperature significantly promoted an increase in the MCH/(MCH + nC7) ratio, whereas increased 
pressure exerted an inhibitory effect on this ratio. The variation in secondary alteration parameters (Tol/ 
nC7 and nC7/MCH) is consistent with classical theory: gas washing leads to an increase in Tol/nC7 and a 
decrease in nC7/MCH. Furthermore, higher temperatures result in a smaller increase in Tol/nC7, while 
greater pressure leads to a more pronounced increase. These findings  enhance the understanding of 
how temperature and pressure govern gas washing mechanisms, providing critical insights for more 
accurately identifying hydrocarbon origin, maturity, and secondary alteration processes in complex 
geological contexts.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

As global oil and gas exploration moves toward deep and ultra- 
deep reservoirs, light oil and condensate have become key targets 
(Tuo, 2002; Wu et al., 2025; Zhang et al., 2015). These fluids usually 
exist under high-temperature and high-pressure conditions and 
have complex origins (Zhu et al., 2020, 2022). Their formation is 
often linked to high thermal maturity, oil cracking, or gas washing. 
Light hydrocarbons (LHs, C5–C12) constitute the major components 
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of light oil and condensates (Halpern, 1995; Mango, 1987, 1997, 
2000; Philippi, 1975; Thompson, 1988). Owing to their high vola
tility and sensitive geochemical responses, LHs act as crucial in
dicators for tracing oil origin, determining thermal maturity (Deng 
et al., 2023; Rabbani et al., 2023), and identifying post-generation 
alterations (e.g., gas washing, evaporative fractionation, and 
biodegradation; Hu et al., 2014; Huang et al., 2023; Thompson, 
1987).

Evaporative fractionation alters the LH composition of oil 
(Thompson, 1987) and further affects the characteristics of LH 
parameters. Simulation experiments reveal that loss rates of C5–C8 
hydrocarbons are controlled by molecular weight and structure: n- 
alkanes’ volatility decreases with increasing carbon number. 
Among C7 compounds, volatility follows branched alkanes > n- 
heptane > methylcyclohexane > toluene (Bouchard et al., 2008; 
Liu et al., 2024; Xiao et al., 2012). This fractionation can system
atically bias volatility-sensitive parameters and lead to mis
interpretations of oil's formation conditions. Notably, while 
Mango's (1987) steady-state catalytic parameters (e.g., K1 = (2- 
methylheptane+2,3-dimethylpentane)/(3-methylheptane+2,4- 
dimethylpentane), K2 retain strong correlation (R2 > 0.9) during 
volatilization, the 2,4-dimethylpentane/2,3-dimethylpentane 
(2,4-DMP/2,3-DMP) ratio thermometer exhibits a systematic un
derestimation of 5–15 ◦C due to evaporative fractionation effects 
(Ca~nipa-Morales et al., 2003). For identifying secondary alter
ations, the two-parameter discrimination system proposed by 
Thompson (1987), which combines the toluene/n-heptane (Tol/ 
nC7) and n-heptane/methylcyclohexane (nC7/MCH) ratios, exhibits 
distinct responses to volatilization: aromatic (Tol) and cycloalkane 
(MCH) compounds become enriched in the residual liquid, 
whereas n-alkanes are preferentially partitioned into the vapor 
phase. This process alters the original molecular composition in a 
systematic manner, producing characteristic directional trends in 
Tol/nC7 and nC7/MCH ratios in affected reservoirs. These shifts thus 
serve as reliable diagnostic markers for evaporative fractionation. 
Furthermore, Halpern's (1995) star diagram, used for oil classifi
cation, shows consistent shapes for oils of common origin. How
ever, volatilization decreases parameters C1, C3, C4 and increases 
C2, C5, potentially causing misclassification (Ca~nipa-Morales et al., 
2003).

In addition to evaporative fractionation, thermal maturity and 
thermochemical sulfate reduction (TSR) are also key secondary 
processes that regulate the composition of LHs. With increasing 
maturity, n-alkanes tend to become relatively enriched due to 
their higher thermal stability, while cycloalkanes gradually 
decrease as ring cleavage generates low-molecular-weight al
kanes. This is typically manifested by a synchronous increase in 
heptane value and iso-heptane value (Huang et al., 2023; Xiao 
et al., 2011). TSR occurs in high-temperature reservoirs and re
shapes the composition of LHs through redox reactions between 
sulfate and hydrocarbons (Cai et al., 2022; Goldstein and 
Aizenshtat, 1994; Machel, 2001). Experimental simulations have 
demonstrated that TSR promotes the cracking of long-chain al
kanes into C6–C7 n-alkanes, accelerates the isomerization of 
cycloalkanes, and leads to an increase in the concentration of ar
omatic hydrocarbons such as Tol. These changes can render some 
LH parameters ineffective. For example, in the Thompson param
eter, the paraffinicity (nC7/MCH) increases due to the enrichment 
of n-alkanes. The Mango parameter (e.g., K1) significantly  in
creases, and parameters such as N2 (is equal 1,1- 
dimethylcyclopentane (DMCP) +1,3-DMCP (cis + trans)) and P2 
(is equal 2-MH+3-MH) are no longer suitable for oil-source cor
relation (Sun et al., 2025).

Gas washing is a common geological process in the secondary 
alteration of oil reservoirs and is also an important mechanism for 

the formation of light oil and condensate (Chen et al., 2017; 
Thompson, 1987; Zhang and Huang, 2005; Zhang et al., 2022). 
When natural gas invades an oil reservoir, it extracts the LH 
components from the oil. This process occurs under the high- 
temperature and high-pressure conditions, and generally follows 
the basic principles of evaporative fractionation (Li et al., 2025; Su 
et al., 2004). This process significantly affects the properties and 
compositions of oil and gas (Cai et al., 2024; Losh et al., 2002). For 
example, after gas washing, the relative content of nC7 in residual 
oil decreases, while the relative contents of Tol increase (Su et al., 
2000; Thompson, 1988), and the content of cycloalkane also 
relatively increases (Zhang et al., 2011). In recent years, the impact 
of temperature and pressure conditions on the oil has increasingly 
attracted attention. Based on PVT phase experiments, previous 
studies have extensively investigated gas washing in typical oil 
basins, providing crucial qualitative descriptions (Chen et al., 2019; 
Liang et al., 2010). However, conventional experimental methods 
typically operate under constant temperature and pressure con
ditions, failing to fully simulate the effects of continuously 
changing pressure gradients on the molecular composition of oil. 
Furthermore, while these methods analyze LHs by capturing 
gaseous products, gas washing is a multi-stage process in which 
characterizing the residual oil phase is equally critical.

In this study, we designed an experimental apparatus to 
simulate gas washing processes. This apparatus can systematically 
investigate the effects of variable temperature and pressure on LH 
geochemical parameters, focusing on two core categories: (1) pa
rameters indicative of source organic matter and depositional 
environment; (2) parameters reflecting  thermal maturity and 
secondary alteration intensity. It should be noted that the exper
imental pressure range utilized in this study (0.2–0.8 MPa) is 
constrained by the available equipment and is substantially lower 
than the pore fluid pressures in deep reservoirs (on the order of 
tens of MPa). Nevertheless, elucidating the mechanistic behavior 
and evolutionary trends under these low-pressure conditions of
fers valuable foundational insights into molecular-scale processes 
and provides critical input parameters for numerical modeling and 
theoretical extrapolation to higher-pressure environments.

2. Experiments

2.1. Experimental set-up

The setup for simulating gas washing comprises four principal 
components (Fig. 1): (1) a gas supply system, (2) a sample 

45 °C
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Fig. 1. Schematic diagram of the experimental setup for simulating gas washing 
processes.
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container, (3) a temperature control unit, and (4) a flow regulation 
module. The gas supply system employs a 40-L high-pressure steel 
cylinder (a) charged with methane (CH4) at a maximum pressure 
of 15 MPa. A precise pressure regulator (b) was installed at the 
cylinder outlet to maintain stable gas delivery. The sample 
container consists of a dual-chamber configuration: an inner 
quartz reactor tube (c) (20 cm length × 6 mm inner 
diameter × 3 mm wall thickness) for housing oil samples, enclosed 
within a stainless-steel protective sleeve to ensure safety. A high- 
precision pressure gauge (e) is installed at the container outlet to 
monitor the reaction pressure in real-time, showing good consis
tency with the output pressure from the pressure regulator (b). For 
temperature control, a water-bath heating device with a temper
ature controller (d) is used to achieve precise temperature stabi
lization of the sample container. The gas flow rate is adjusted by a 
flow control valve (f) mounted at the end of the system, with real- 
time monitoring enabled by a digital flow meter at the outlet (g). 
All components were interconnected using 316-grade stainless 
steel tubing (3 mm OD, 0.5 mm wall thickness).

2.2. Simulation experiments

The research sample, a condensate oil from the Tarim Basin, 
was sourced from the Early Cretaceous lacustrine hydrocarbon 
source rocks in the Kuqa Depression (Wang et al., 2024). In this 
study, three sets of experimental conditions were designed using 
this sample to systematically evaluate the effects of temperature 
and pressure on LH behavior during gas washing:

Series I (ambient pressure evaporation): Approximately 4 mL 
of light oil was placed in a sample vial and subjected to controlled 
evaporation at 35, 45, 60, and 80 ◦C under ambient pressure. 
Sampling time intervals were carefully selected to ensure a pro
gressive reduction in residual oil volume, with ≥6 time points (see 
table in Supplementary Information) per temperature. At each 
interval, 50 ± 2 μL of sample was collected into a 2-mL vial and 
immediately diluted with n-pentane to minimize LH volatilization.

Series II (constant-pressure (0.2 MPa) gas washing): The 
container was pressurized (0.2 MPa) with methane (CH4) at a 
constant flow rate of 6.5 ± 0.5 mL/min. Light oil samples (filling 
~20% of the tube length to ensure consistent gas-liquid contact) 
were exposed to 45, 60, and 80 ◦C for varying durations (≥6 time 
points per temperature, see Supplementary Information), with 
independent samples for each time interval). Residual samples 
were transferred to 2-mL vials, and stored at low temperature to 
prevent further evaporation.

Series III (constant-temperature (45 ◦C) gas washing): Under 
isothermal conditions (45 ◦C), the CH4 flow rate was also main
tained at 6.5 ± 0.5 mL/min under three pressure conditions (0.2, 
0.4, and 0.8 MPa). The container was loaded with oil (filling ~20% of 
the tube length to ensure consistent gas-liquid contact). After 
exposure (≥6 time points per pressure, see Supplementary 
Information), samples were stored at low temperature in 2-mL 
vials for subsequent analysis.

2.3. Gas chromatography

Gas chromatography (GC) analysis was performed using an 
Agilent 7980A gas chromatograph equipped with a HP-PONA 
capillary column (50 m × 0.20 mm i.d. × 0.50 μm film thickness) 
and a flame  ionization detector (FID). The injector and detector 
temperatures were set at 300 ◦C. Nitrogen was used as the carrier 
gas with a flow rate of 0.8 mL/min and a split ratio of 10:1. The 
temperature program was set as follows: isothermal at 35 ◦C for 
20 min, followed by a temperature ramp of 2 ◦C/min to 70 ◦C, and 
then 4 ◦C/min to 300 ◦C, held for 20 min. This experiment 

exhibited negligible impact on the long-chain n-alkanes within the 
sample. Consequently, high-molecular-weight n-alkanes were 
selected as standards for determining residual compound con
centrations. For this purpose, n-tetracosane (nC24) was employed 
as an internal standard compound to determine the residual mass 
fraction of LHs in the remaining sample (Fig. 2). The specific 
methodology is detailed in our previously published work (Liu 
et al., 2024).

2.4. Light hydrocarbon loss rate

To compare loss rates of different compounds during gas 
washing, the time-dependent residual mass fraction curves from 
all experiments were modeled with optimal fitting equations (Eq. 
(1)). This empirical model not only effectively characterizes the 
loss behavior of volatile organic compounds (VOCs), but also 
demonstrates an exponential decay pattern consistent with typical 
volatile substance dissipation behavior described in the ASTM 
(2001) standard. 

y= a + b⋅e− kx (1) 

where a and b are empirical constants, e denotes the base of the 
natural logarithm, and k represents the rate constant whose 
magnitude directly correlates with volatilization kinetics. The 
model demonstrated excellent goodness-of-fit  (R2 > 0.99) across 
all experiments (Fig. 3(a)), confirming its validity in characterizing 
kinetic behavior during gas washing processes. Comparative 
analysis revealed that larger k values correspond to faster loss 
rates.

3. Results

Light hydrocarbons (LHs) with low initial concentrations in the 
oil—including 2,2-dimethylpentane (2,2-DMP), 2,4-dimethyl- 
pentane (2,4-DMP), 3,3-dimethylpentane (3,3-DMP), 2- 
methylhexane + 2,3-dimethylpentane (2-MH+2,3-DMP), 1,1- 
dimethylcyclopentane (1,1-DMCP), 1,3-dimethylcyclopentane 
(1,3-DMCP), and 3-ethylpentane + 1,2-dimethylcyclopentane (3- 
EP+1,2-DMCP)—exhibited faster depletion rates (Fig. 2). As antic
ipated, the complete loss of these highly volatile compounds 
resulted in a significant relative enrichment of less volatile com
ponents, namely n-heptane (nC7), methylcyclohexane (MCH), and 
toluene (Tol).

3.1. Light hydrocarbon loss rates under different temperature 
conditions

The experimental data indicated that the loss rates of LHs in
crease remarkably with rising temperature. For instance, in the 
ambient-pressure evaporation system (Series I), the loss rate 
constant (k) of nC7 increased significantly from 0.02 to 0.17 as the 
temperature rose from 35 ◦C to 80 ◦C (Table 1). Similarly, under 
pressurized condition (Series II, 0.2 MPa), the k value of nC7 
reached 0.39 at 80 ◦C, compared to 0.17 at 60 ◦C and 0.09 at 45 ◦C 
(Table 1, Fig. 3(a)).

Furthermore, for structurally similar compounds, the temper
ature effect becomes weakened with increasing carbon number. 
Take nC6 and nC7 as examples (Fig. 3(b), Table 1), at ambient 
pressure (Series I), when the temperature rises from 45 to 80 ◦C, 
the k of nC6 increases from 0.20 to 0.53 (Δk/ΔT = 9.5 × 10− 3 ◦C− 1), 
and that of nC7 rises from 0.03 to 0.17 (Δk/ΔT = 3.9 × 10− 3 ◦C− 1). 
Under 0.2 MPa, with the same temperature increase (45 to 80 ◦C), 
the k value of nC6 goes from 0.25 to 0.93 (Δk/ 
ΔT = 19.6 × 10− 3 ◦C− 1), while that of nC7 increases from 0.09 to 
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0.39 (Δk/ΔT = 8.5 × 10− 3 ◦C− 1). A similar trend is observed for 
cycloalkanes (Table 1). For cycloalkanes, at ambient pressure, 
when the temperature increases from 45 to 80 ◦C, the k value of CH 
rises from 0.10 to 0.32 (Δk/ΔT = 6.3 × 10− 3 ◦C− 1), and that of MCH 
increases from 0.03 to 0.14 (Δk/ΔT = 3.1 × 10− 3 ◦C− 1). Under 
0.2 MPa, within the same temperature range, the k value of CH 
increases from 0.16 to 0.60 (Δk/ΔT = 12.6 × 10− 3 ◦C− 1), and that of 
MCH rises from 0.08 to 0.34 (Δk/ΔT = 7.4 × 10− 3 ◦C− 1).

Analysis of compounds with identical carbon numbers further 
revealed distinct patterns in temperature sensitivity, with cyclo
alkanes consistently exhibiting the smallest response to increasing 
temperature (Fig. 3(b), Table 1). For C6 compounds (3-MP, nC6, Ben 
and CH), during ambient pressure (Series I), as the temperature 
increases from 45 to 80 ◦C, the order of their rate constant tem
perature coefficients  is 3-MP (Δk/ΔT = 10.3 × 10− 3 ◦C− 1) > nC6 
(9.5 × 10− 3 ◦C− 1) > Ben (7.7 × 10− 3 ◦C− 1) > CH (6.3 × 10− 3 ◦C− 1). 
For C7 compounds (3-MH, nC7 and MCH), the order of temperature 
sensitivity is 3-MH (4.9 × 10− 3 ◦C− 1) > nC7 (3.9 × 10− 3 ◦C− 1) > MCH 
(3.1 ×10− 3 ◦C− 1). Notably, the CH (C6) and MCH (C7) demonstrated 
the lowest coefficients within their respective groups, confirming 

their reduced thermal sensitivity. Furthermore, an interesting 
structural comparison emerged: toluene (Tol), characterized by a 
methyl group attached directly to a benzene ring, exhibited a 
smaller variation in loss rate with temperature compared to MCH, 
despite both being C7 species. This observation underscores the 
significant influence of molecular structure. The pattern of influ
ence of temperature and pressure conditions on LH loss rates is 
closely aligned with the results of our research team's previous 
study on ambient temperature evaporation (Liu et al., 2024).

3.2. Light hydrocarbon loss rates under different pressure 
conditions

Unlike the effect of temperature, increasing pressure had an 
inhibitory effect on the loss rates of LHs. For example, in the case of 
nC7, under constant temperature conditions (Series III), the loss 
rate constant (k) of nC7 decreased from 0.09 to 0.08 (a reduction of 
13.9%) as the pressure increased from 0.2 to 0.8 MPa (Fig. 3(b); 
Table 1). Notably, no significant  difference was observed be
tween the groups at 0.4 and 0.2 MPa (Δk < 3%), which may be 
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attributed to the insufficient pressure gradient in the experimental 
design. Compared to ambient pressure at the same temperature, 
the loss rate of the same compound is faster at an applied pressure 
of 0.2 MPa due to methane purging. For instance, nC6 at 0.2 MPa 
(60 ◦C) has a rate constant k of 0.72, higher than at atmospheric 
pressure (60 ◦C, 0.27).

Similar to Series I and II experiments, the effect of pressure on 
the reaction rate diminishes for compounds with high carbon 
numbers. For branched chain alkanes, 3-MP (C6) exhibits a greater 
change in the loss rate constant k than 3-MH (C7). As the pressure 
increases from 0.2 to 0.8 MPa, the k value of 3-MP decreases from 
0.32 to 0.20 (Δk/ΔP = 0.20 MPa− 1), while the k of 3-MH decreases 
from 0.11 to 0.09 (Δk/ΔP = 0.03 MPa− 1). The change in the loss rate 
constant k of nC6 is more pronounced than that of nC7: when the 
pressure increases from 0.2 to 0.8 MPa, the k value of nC6 decreases 
from 0.25 to 0.16 (Δk/ΔP = 0.15 MPa− 1), whereas the k value of nC7 
decreases from 0.09 to 0.08 (Δk/ΔP = 0.02 MPa− 1) (Fig. 3(b); 
Table 1). Hence, when the pressure change gradient is small, 
low-molecular - weight compounds, compared to high - molecular 
- weight light alkanes, tend to exhibit clearer variation. For com
pounds with the same carbon number, the effect of pressure on 
cycloalkanes is minimal. For the C6 compounds (3-MP, nC6, Ben, 
and CH), as the pressure increases from 0.2 to 0.8 MPa, their rate 
constant pressure coefficients are ordered as follows: 3-MP (Δk/ 
ΔP = 0.20 MPa− 1) > nC6 (0.15 MPa− 1) > Ben (0.13 MPa− 1) > CH 
(0.08 MPa− 1) (Fig. 3(b), Table 1).

4. Discussion

4.1. Temperature-pressure controlled light hydrocarbon loss rates

Experimental results demonstrate that elevated temperatures 
significantly accelerate the loss of LHs. The essence of evaporation 
is the process by which liquid-phase molecules overcome surface 
tension and intermolecular forces to escape into the gas phase. The 
rate constant (K) of this process adheres to the Arrhenius equation 
(Eq. (2)): 

K = A⋅e− (Ea=RT) (2) 

where Ea represents the activation energy for evaporation, A is 
the pre-exponential factor, R is the universal gas constant 
(8.314 J⋅mol− 1⋅K− 1), and T is the absolute temperature (K). This 
equation indicates that the evaporation rate constant increases 
exponentially with rising temperature. From a thermodynamic 
perspective, an increase in temperature enhances the average ki
netic energy of liquid-phase molecules, thereby intensifying mo
lecular motion and collision frequency. Concurrently, the 
saturation vapor pressure of LHs increases considerably, promot
ing the transfer of molecules from the liquid to the vapor phase 
(Logan, 1982). The Clausius–Clapeyron equation (ln psat ∝ 1/T) 
explicitly describes the exponential relationship between satura
tion vapor pressure and temperature (Rykov et al., 2023). It is 
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Fig. 3. (a) The relationship between the residual mass fraction (F) and time (t) of n-heptane (nC7) under different experimental conditions. (b) The loss rates constant (k) of light 
hydrocarbons obtained using different experimental schemes.

Table 1 
Loss rate constant k of light hydrocarbons in the three series of simulation experiments.

Compounds Series I Series II Series III

35 ◦C 45 ◦C 60 ◦C 80 ◦C 45 ◦C 60 ◦C 80 ◦C 0.2 MPa 0.4 MPa 0.8 MPa

3-MP 0.13 0.29 0.31 0.65 0.32 0.88 1.05 0.32 0.30 0.20
nC6 0.12 0.20 0.27 0.53 0.25 0.72 0.93 0.25 0.23 0.16
Ben 0.10 0.16 0.22 0.43 0.21 0.49 0.76 0.21 0.19 0.13
CH 0.07 0.10 0.15 0.32 0.16 0.33 0.60 0.16 0.15 0.11
3-MH 0.04 0.05 0.10 0.22 0.11 0.23 0.49 0.11 0.11 0.09
nC7 0.02 0.03 0.08 0.17 0.09 0.17 0.39 0.09 0.09 0.08
MCH 0.02 0.03 0.07 0.14 0.08 0.15 0.34 0.08 0.09 0.08
Tol 0.01 0.02 0.06 0.11 0.07 0.13 0.30 0.07 0.08 0.07
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empirically observed that a 10 ◦C increase in temperature can lead 
to a several-fold rise in the saturation vapor pressure of LHs. This 
serves as the fundamental thermodynamic basis for temperature- 
driven evaporation loss (R€atzsch and Kehlen, 1983).

In open systems, the overall loss rate is often controlled by the 
mass transfer rate at the gas-liquid interface. The mass transfer 
coefficient is also positively correlated with temperature. Elevated 
temperatures reduce liquid viscosity and surface tension while 
increasing gas-phase diffusivity. These combined physicochemical 
changes enhance interphase transport efficiency, enabling hydro
carbon vapors to be removed more rapidly from the liquid surface. 
This continual displacement sustains and amplifies  the evapora
tion process.

Contrary to the effect of temperature, a decrease in pressure 
enhances the loss rate of LHs. This result might be explained by 
Henry's Law regarding the solubility of gases in liquids. This law 
states that, at a constant temperature, the solubility of a gas in a 
liquid (expressed as a mole fraction) is directly proportional to the 
gas's partial pressure above the solution (Eq. (3)). In the context of 
this study, when the total system pressure increases, the partial 
pressure of LHs also rises, leading to an increase in their solubility 
in the liquid phase. Experiments have confirmed that pressuriza
tion shifts the phase equilibrium towards dissolution. Under low- 
pressure conditions, the solubility of LHs in the liquid phase de
creases, which in turn promotes more molecules to escape into the 
gas phase. 

H= P=x (3) 

where H is Henry's constant, x is the mole fraction of the vol
atile solute in the solution, and P is the partial pressure of the 
volatile solute at equilibrium above the liquid.

4.2. Variation of light hydrocarbon parameters with temperature 
and pressure

4.2.1. Parameters related to source type and depositional 
environments

Mango (1987) proposed a steady-state catalytic kinetics cau
sality model. Based on the generation kinetic characteristics of C7 
isomers, including 2-methylheptane (2-MH), 3-methylheptane (3- 
MH), 2,3-dimethylpentane (2,3-DMP), and 2,4-dimethylpentane 
(2,4-DMP), he established two key parameter ratios: K1=(2- 
MH+2,3-DMP)/(3-MH+2,4-DMP) and K2 = P3/(P2 + N2), where 
P2 = 2-MH + 3-MH, P3 = 2,2-DMP + 2,4-DMP + 3,3-DMP, and 
N2 = 1,1-dimethylcyclopentane (DMCP) + 1,3-DMCP (cis + trans). 
Studies have shown that K1 and K2 values differ significantly 
among oils of different origins. In this study, the K1 value of the 
samples remained stable around 1.06 throughout the experiments 
(Fig. 4), even when the experimental conditions changed signifi
cantly (temperature increased from 35 to 80 ◦C, and pressure 
increased from 0.2 to 0.8 MPa). The maximum relative change in 
K1, calculated as 100% × (experimental value− initial value)/initial 
value, was only 5%, indicating high stability of this parameter. In 
contrast, the K2 value exhibited greater sensitivity to evaporation 
and gas washing processes. It decreased from an initial value of 
0.14 to 0.06, corresponding to a relative change of 50% (Fig. 4). This 
difference may be attributed to the following mechanisms: Firstly, 
the compounds 3-MH and 2,4-DMP, as well as 2-MH and 2,3-DMP, 
achieved dynamic compensation through differing evaporation 
rates. Methylhexanes were relatively less affected in the early 
stages of evaporation, whereas dimethylpentanes experienced 
significant concentration changes even during short-term evapo
ration. This disparity in evaporation behavior resulted in a com
plementary effect between these compounds. Additionally, the K2 

parameter includes the N2 (dimethylcyclopentane) component, 
with 1,1-DMCP being the most volatile. This compound was 
completely lost in the early stages of the experiment, further 
amplifying the observed changes in K2 values. These findings are 
consistent with those reported in previous studies. In particular, 
Ca~nipa-Morales et al. (2003) demonstrated that the K1 param
eter remains stable for discriminating homologous oils, as it con
tinues to effectively indicate reservoir source identity even in cases 
of partial evaporation, suggesting a relatively minor influence of 
evaporative effects on this metric.

Oil-oil correlation is a crucial aspect of petroleum geochemical 
research, and the star diagram analysis based on LH composition 
has been widely applied due to its intuitiveness and effectiveness 
(Lerch et al., 2016; Wever, 2000). Among these methods, the C7 oil 
correlation star diagram (C7-OCSD) established by Halpern (1995)
has proven to be an effective tool for identifying the homogeneity 
of crude oils. The core principle is that oil from the same source 
exhibits highly similar contour characteristics on star plots. In this 
study, light oil samples treated under different temperature and 
pressure conditions were analyzed using the Halpern diagram. The 
results showed that compared with the original samples, the star 
diagram parameters of the light oils treated under temperature 
and pressure conditions underwent systematic changes: the 
values of the C1 and C3 parameters significantly decreased, while 
the C2, C4, and C5 parameters increased markedly (Fig. 5). Further 
analysis of the data indicates that under the same gas washing 
duration, an increase in temperature accelerates the rate of 
parameter change, whereas an increase in pressure decelerates it. 
Taking the 4-h experiment as an example, under 0.2 MPa and at 
45 ◦C, the value of parameter C2 increased from 0.8 to 1.0, with a 
rate of change of 0.05/h. At 80 ◦C, it increased from 0.8 to 1.1, with a 
rate of change of 0.08/h. In contrast, under 0.8 MPa and at 45 ◦C, 
the value of C2 increased by only 0.02, with a rate of change of 
0.004/h, which is significantly  lower than that under 0.2 MPa 
(0.05/h). This parameter differentiation clearly reveals that 
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different LH compounds constituting the star diagram have 
significantly  different sensitivities to secondary alteration pro
cesses (such as evaporation fractionation and gas washing). The 
original oil samples typically exhibited a distinct C1–C3 dominant 
distribution on the star diagram. However, after experimental 
treatment, the star diagram morphology of the samples under
went a fundamental transformation, presenting a more balanced 
five-wing  symmetric distribution pattern. The significant  differ
ences in the star diagram morphology between the original and 
treated samples strongly confirm  that evaporation fractionation 
(Ca~nipa-Morales et al., 2003) and gas washing have a strong 
modifying effect on the LH composition, especially on the key 
parameters selected for the star diagram.

The ternary diagram based on C7 LHs—specifically, the relative 
contents of methylcyclohexane (MCH), the sum of dimethylcy
clopentanes (ΣDMCP), and n-heptane (nC7)—is widely used to 
infer the type (e.g., sapropelic vs. humic) and sedimentary envi
ronment (e.g., marine or lacustrine) of the source organic matter 
associated with oils (Hu et al., 2014; Liu et al., 2015; Wever, 2000). 
The biological foundations of this method are well established. 
MCH primarily stems from the thermal transformation of terres
trial organic matter, including compounds such as lignin, cellulose, 

and alcohols derived from higher plants. Its molecular structure 
imparts significant thermodynamic stability. As a result, elevated 
levels of MCH in oil generally signify a substantial contribution of 
terrestrial organic matter to the source rock. DMCPs predomi
nantly inherit their cyclic structure from lipids associated with 
aquatic organisms, such as algae and plankton, and are widely 
recognized as characteristic indicators of sapropelic organic mat
ter input and the corresponding petroleum (Han et al., 2017). nC7 
mainly originates from straight-chain biogenic precursors found in 
algae and bacteria (Chung et al., 1998). An elevated abundance of 
nC7 typically reflects a significant proportion of sapropelic (lipid- 
rich) organic matter within the source rock (Leythaeuser et al., 
1979).

The projection of the original sample on the C7 LH ternary di
agram clearly falls within the typical region of lacustrine humic oil, 
which is highly consistent with the conclusion drawn by Wang 
et al., 2024 that the oil in this region is of lacustrine humic 
origin, based on geochemical evidence. The key finding is that even 
after experiencing secondary alteration processes (simulating 
evaporation fractionation and gas washing) of varying durations 
and intensities (temperature and pressure), all altered samples' 
projection points on the ternary diagram remain within the 
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lacustrine humic region defined  by the original sample (Fig. 6). 
Notably, regardless of whether the samples were treated under 
different temperatures (Fig. 6(a)) or different pressures (Fig. 6(b)), 
their projection points are highly clustered around the original 
sample point, without any systematic offset trend. This high 
consistency of results under various alteration conditions strongly 
indicates that changes in temperature and pressure during 
evaporation fractionation and gas washing have extremely 
limited. This finding  has significant  practical implications, as it 
confirms  that the C7 ternary diagram method can reliably and 
stably indicate the original source type and sedimentary facies 
information of oil samples subjected to secondary alterations 
(particularly evaporative fractionation and gas washing). This 
significantly  enhances the method's applicability and credibility 
in oil-source correlation and depositional environment identifi
cation within complex reservoirs affected by secondary alteration 
processes.

4.2.2. Parameters related to maturity
The cross-plot of the ratios MCH/(MCH + nC7) and Tol/ 

(Tol + MCH) has been demonstrated to be an effective tool for 
determining the thermal maturity of oil (Zhang et al., 2020). With 
progressive thermal maturation, the relative concentration of nC7 
exhibits a marked increase. In contrast, MCH, as a typical cyclo
alkane, undergoes progressive ring-opening reactions at elevated 
temperatures, yielding either linear alkanes or aromatic com
pounds (Brown and King, 1989; Lobo-Lapidus et al., 2008). This 
transformation results in a negative correlation between the value 
of MCH/(MCH + nC7) and thermal maturity. On characteristic 
cross-plots, the maturation pathway is clearly reflected in sys
tematic variations in molecular ratios: samples evolve from do
mains characterized by high MCH/(MCH + nC7) and low Tol/ 
(Tol + MCH) values toward regions exhibiting the inverse rela
tionship (Fig. 7(a)). This consistent trend effectively illustrates the 
progressive molecular transition from cycloalkane-dominated to 
aromatic-enriched hydrocarbon assemblages during thermal 
maturation. Notably, an opposite evolutionary trend was observed 
under specific  physicochemical conditions in this study. With 
increasing evaporation and gas washing, the directions of change 
for both MCH/(MCH + nC7) and Tol/(Tol + MCH) ratios were the 

same, with both ratios increasing (Fig. 7(a)). Further controlled 
experiments revealed the effects of temperature and pressure on 
the slope of the evolutionary trajectory: under constant pressure 
(atmospheric pressure), when the temperature increased from 35 
to 80 ◦C, the slope of the linear evolutionary trajectory connecting 
the two ratios increased significantly  from 0.8 to 2.0 (Fig. 7(b)). 
This indicates that an increase in temperature amplified  the 
growth of the MCH/(MCH + nC7) ratio while relatively weakening 
the growth of the Tol/(Tol + MCH) ratio. Under constant pressure 
(0.2 MPa), heating from 45 ◦C to 80 ◦C also resulted in a significant 
increase in the slope of the evolutionary trajectory (Fig. 7(c)). 
However, constant temperature conditions (45 ◦C), an increase in 
pressure (Fig. 7(d)) led to a slight decrease in the slope of the 
evolutionary trajectory, suggesting that an increase in pressure 
may more significantly  promote the increase in the Tol/ 
(Tol + MCH) ratio. Compared to the evaporation process at at
mospheric pressure (~0.1 MPa) and 45 ◦C (which exhibits an 
evolutionary trajectory slope of 1.1) (Fig. 7(b)), the rate of change in 
the MCH/(MCH + nC7) ratio increases to a slope of 1.2 during gas 
washing under slightly elevated pressure (0.2 MPa). However, 
when pressure increases beyond a certain threshold (e.g., 0.8 MPa), 
its inhibitory effect becomes dominant, reducing the correspond
ing slope to 1.0. This phenomenon indicates the existence of a 
critical pressure threshold governing the impact of pressure on LH 
fractionation. Below this threshold, increasing pressure may 
enhance molecular fractionation, potentially by increasing gas 
solubility in the oil phase or altering vapor-liquid equilibrium. 
Conversely, above this threshold, high-pressure conditions tend to 
suppress selective molecular migration, leading to diminished or 
even stagnant fractionation effects.

In summary, the cross plot of MCH/(MCH + nC7) versus Tol/ 
(Tol + MCH) serves as a classical indicator of thermal maturity, 
whose geochemical significance  is established in high- 
temperature thermal evolution processes. However, this study 
demonstrates that even under low-temperature conditions, sec
ondary phase fractionation processes (such as evaporative frac
tionation and gas washing), as physical partitioning mechanisms, 
can significantly alter the distribution of these ratios and induce 
evolutionary patterns contrary to or more complex than those 
driven solely by thermal maturation.
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The ratio of 2,4-dimethylpentane (2,4-DMP) to 2,3- 
dimethylpentane (2,3-DMP) serves as a temperature-sensitive 
indicator, thus reflecting  the thermal maturity of genetically 
related oils (Hu et al., 1990; Mango, 1987). The calculation formula 
is Ctemp (◦C) = 140 + 15 × ln (2,4DMP/2,3DMP) (BeMent et al., 
1994). The ratio depends on the generation temperature and is 
influenced  by heating rates or the source of organic matter 
(Mango, 1997). This study reveals the high sensitivity of this 
temperature indicator to secondary alteration processes. The 
original samples, which were not experimentally treated, yielded 
an inferred oil expulsion temperature of 132.0 ◦C (Fig. 8), while the 
experimentally treated samples showed calculated temperatures 
that decreased to 113.0 ◦C (Fig. 8(b)), with a maximum reduction of 
19 ◦C. This significant systematic underestimation of temperature 
is primarily attributed to systematic shifts in the ratio of 2,4-DMP 
to 2,3-DMP during vapor-liquid partitioning processes (e.g., 

evaporative fractionation or gas washing), resulting from their 
inherent volatility disparity. This finding  corroborates previous 
experimental observations. Ca~nipa-Morales et al. (2003) demon
strated in isothermal evaporation experiments at 20 ◦C that the 
DMP thermometer-derived estimates for processed oil samples 
could be reduced by 5–15 ◦C compared to the original sample as 
evaporation progressed. The inhibitory effect of pressure on frac
tionation behavior, as discussed above, is further corroborated by 
changes in the LH maturity parameter, Ctemp (◦C). Through linear 
regression of Ctemp (◦C) against time, this study reveals the crit
ical influence of pressure variation on the fractionation rate: Under 
evaporation conditions at atmospheric pressure (~0.1 MPa) and 
45 ◦C, the rate of Ctemp (◦C) change is 0.59 ◦C/h (Fig. 8(a)). During 
gas washing at the same temperature (45 ◦C) but under slightly 
elevated pressure (0.2 MPa), this rate increases slightly to 0.79 ◦C/h 
(Fig. 8(b)). However, when pressure is further increased to 0.8 MPa, 
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the rate of Ctemp change decreases significantly  to 0.39 ◦C/h 
(Fig. 8(c)). This attenuation in rate clearly confirms the suppression 
of LH fractionation under high-pressure conditions. These findings 
hold significant  implications for utilizing LH parameters to esti
mate geological temperatures. As previously noted, in geological 
environments reaching a certain pressure threshold (e.g., tens of 
MPa), the “preservation effect” of high pressure would signifi
cantly inhibit or essentially halt fractionation processes. Conse
quently, parameters resistant to such secondary alteration may 
prove reliable indicators for estimating petroleum expulsion 
temperatures under geological conditions.

Traditional DMP thermometer models are based on a critical 
assumption: hydrocarbon generation and evolution take place in 
relatively closed thermodynamic systems. However, actual 
geological processes in petroleum reservoirs (e.g., migration, 
accumulation, and particularly phase fractionation within the 
reservoir) often operate under open or semi-open system condi
tions. This study, in conjunction with prior work, demonstrates 
that phase fractionation processes (e.g., evaporative fractionation, 
gas washing) in open systems can significantly alter the original 
compositional characteristics of LHs, especially the relative pro
portions of isomers with differing volatilities. This alteration leads 
to deviations in temperature inversion results based on the 2,4- 
DMP/2,3-DMP ratio from the true hydrocarbon generation tem
perature. Therefore, when utilizing LH parameters (such as DMP 
isomer ratios) to reconstruct basin thermal history or source rock 
expulsion temperatures, it is imperative to recognize the poten
tially substantial superimposed influence of secondary alteration 
processes within the reservoir—particularly phase fractiona
tion—on LH signatures. A holistic assessment of these secondary 
effects is crucial for accurately interpreting the temperature signal 
and avoiding misleading interpretations of thermal maturity 
history.

4.2.3. Parameters related to secondary alteration
The distribution patterns of monocyclic aromatic hydrocarbons 

(e.g., benzene and toluene) in petroleum systems are governed by 
the interplay between primary geochemical controls and second
ary alteration processes. Regarding primary factors, the type of 
original organic matter is key to determining their initial abun
dance. Terrestrial higher plant-derived organic matter, character
ized by lignin and cellulose inputs, undergoes pronounced 
demethylation and aromatization during thermal maturation, 

yielding substantially enriched aromatic compounds (Leythaeuser 
et al., 1979). Consequently, such systems exhibit markedly higher 
aromatic-to-alkane ratios compared to lacustrine shale systems 
dominated by aquatic organic matter. Regarding secondary pro
cesses, post-generation physical fractionation mechanisms pro
foundly modify original hydrocarbon compositions. Phase 
separation phenomena during migration or reservoir emplace
ment (e.g., gas washing and evaporative fractionation) preferen
tially deplete volatile components, resulting in relative 
enrichment of monocyclic aromatic hydrocarbons (Thompson, 
1987). Application of Thompson's (1987) paraffinicity- 
aromaticity framework to our experimental oils reveals substan
tial compositional deviations attributable to these fractionation 
processes (Fig. 9(a)), reflecting the differential volatility between 
Tol, MCH, and nC7.

Series I: With prolonged evaporation time under atmospheric 
pressure, the Tol/nC7 value in the residual light oil systematically 
increased from 2.27 to 3.17–3.82, reflecting enrichment of the ar
omatic compound (Tol) relative to the n-alkane (nC7). Concur
rently, the nC7/MCH value decreased systematically from 0.68 to 
0.49–0.57, indicating depletion of n-alkanes relative to the cyclo
alkanes (methylcyclohexane) (Fig. 9(b)). A strong negative corre
lation (R2 > 0.9) was observed between Tol/nC7 and nC7/MCH. 
These trends align with Thompson's (1987) evaporative fraction
ation kinetic model, confirming the effectiveness of these ratios as 
sensitive indicators of phase fractionation (Fig. 9(a)). Elevated 
temperatures partially suppressed the magnitude of increase in 
Tol/nC7 while amplifying the decrease in nC7/MCH. As temperature 
rose from 35 ◦C to 80 ◦C, the slope of the linear increase rate in Tol/ 
nC7 declined from 9.6 to 6.9 (Fig. 9(b)), suggesting that heating 
inhibits aromatic-alkane fractionation. Conversely, the rate of 
decrease in nC7/MCH accelerated correspondingly (Fig. 9(b)). This 
divergence arises because heating reduces liquid viscosity, 
enhancing the evaporation of lighter components like nC7. How
ever, high-boiling-point aromatics (Tol bp = 110.6 ◦C) are less 
affected by temperature than medium-boiling-point cycloalkanes 
(MCH bp = 100.9 ◦C), leading to differentiated fractionation 
behavior.

Series II: Under constant pressure, gas washing produced re
sidual oil LH trends similar to Series I experiments: Tol/nC7 
increased to 3.22–6.10 (exceeding the maximum of Series I: 3.82), 
while nC7/MCH decreased to 0.38–0.27 (below the minimum of 
Series I: 0.49). Pressure significantly  attenuated the regulatory 
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impact of temperature on fractionation: when temperature 
increased from 45 ◦C to 80 ◦C, the rate of increase in Tol/nC7 only 
declined slightly from 7.9 to 7.2 (a reduction of 8.9%, markedly 
lower than the 28% decrease observed under atmospheric condi
tions, Fig. 9(c)).

Series III: The residual oil exhibited an evolutionary trend 
similar to that of the isothermal evaporation experiments: the Tol/ 
nC7 ratio increased from 2.27 to 3.0–3.4, and the nC7/MCH ratio 
decreased from 0.68 to 0.54–0.57. As the experimental pressure 
increased from 0.2 MPa to 0.8 MPa (Fig. 9(d)), the slope of the line 
formed by the Tol/nC7 and nC7/MCH ratios decreased slightly from 
7.9 to 7.5. The small magnitude of this change suggests that the 
influence of pressure on fractionation behavior is relatively limited 
within this low-pressure range.

The observed reduction in the variation of Tol/nC7 ratios with 
increasing pressure suggests that diffusive transport is already 

being suppressed within the experimental pressure window. 
Although the maximum pressure applied here falls far short of 
realistic reservoir conditions, the directional trend aligns with 
mechanisms identified  through molecular simulation. For 
example, molecular dynamics simulations of shale nanoporous 
systems demonstrate that elevated pressure markedly reorganizes 
the spatial distribution and diffusion kinetics of hydrocarbon 
molecules. Under high pressure, lighter hydrocarbons are prefer
entially expelled toward mineral surfaces, while their diffusion 
coefficients decrease nonlinearly (Ren et al., 2025). In recent years, 
molecular dynamics simulations have emerged as a powerful tool 
for probing the behavior of light hydrocarbons in confined pores 
under high pressure, offering a reliable bridge for extrapolating 
low-pressure experimental trends. Ren et al. (2025), in their 
simulation of multicomponent hydrocarbons within kerogen–illite 
composite pores, reported that increasing pressure from 11 to 
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35 MPa drove a progressive migration of light hydrocarbons from 
organic matter surfaces toward clay mineral interfaces, accom
panied by significantly  hindered diffusion. This trend is mecha
nistically consistent with the attenuation of fractionation observed 
in our study as pressure rises, further supporting the inference that 
light hydrocarbon mobility declines and fractionation may 
approach stagnation under high-pressure reservoir conditions. 
Molecular responses, including diffusive capacity, represent 
continuous functions of pressure and temperature; thus, trends 
discerned at low pressure are expected to be accentuated under 
more extreme conditions (Gautam et al., 2019; Parage et al., 2024). 
According to the Stokes–Einstein relation and high-pressure fluid 
theory, the diffusion coefficient generally decreases exponentially 
with increasing pressure. Due to the more flexible molecular 
structure and higher compressibility of n-alkanes (such as nC7) 
under high pressure compared to aromatic compounds (such as 
Tol), their diffusion capacity is likely to be inhibited more strongly. 
Therefore, we infer that under high geological pressures of tens of 
MPa, the variation in the Tol/nC7 ratio is expected to be signifi
cantly enhanced, as the relative migration efficiency  of nC7 de
creases more markedly.

On the other hand, the behavior of the nC7/MCH ratio differs. As 
a cycloalkane, methylcyclohexane (MCH) possesses a relatively 
rigid molecular structure, and the mechanism by which pressure 
influences its diffusion differs from that of n-alkanes. In shallow or 
normal-pressure reservoirs, the fractionation effect of gas washing 
(such as the decrease in nC7/MCH) is primarily controlled by dif
ferences in the solubility of hydrocarbon components in the gas. 
However, as pressure increases to geological conditions of tens of 
MPa, molecular diffusion is significantly suppressed, leading to a 
general decline in the efficiency of oil and gas mass transfer (Chen 
et al., 2019; Thompson, 1987). Under such circumstances, the se
lective extraction mechanism based on solubility differences may 
become ineffective due to restricted molecular movement, 

ultimately causing changes in ratios such as nC7/MCH to tend to
ward stagnation.

Thus, although the slope change observed in the current low- 
pressure experiments is subtle, it provides important clues for 
understanding fractionation behavior under higher pressures. 
Future work should prioritize conducting simulation experiments 
under higher-pressure conditions to quantitatively characterize 
the response of Tol/nC7 and nC7/MCH ratios, thereby enabling 
more accurate assessment of hydrocarbon composition behavior 
in deep reservoirs and the applicability of maturity evaluation 
indicators.

4.3. Quantitative evaluation of gas washing

The logarithm of the molar concentration of n-alkanes in crude 
oil that has not undergone any fractionation or alteration exhibits 
a linear relationship with the carbon number (Kissin, 1987), which 
can be expressed as: 

lg[MC(n)] = a⋅n + lg(A) (4) 

Here, MC(n) represents the mass molar concentration of n-al
kanes (the ratio of the mass percent concentration of normal al
kanes in crude oil to their molecular weight), n is the carbon 
number of the n-alkane, A is a normalization factor, and a is the 
distribution slope parameter. Crude oil subjected to gas washing 
will experience systematic shifts in the distribution characteristics 
of n-alkanes. High-carbon-number n-alkanes (C20+) typically 
remain unaffected by gas-phase extraction due to their low vola
tility and solubility, and their distribution continues to follow the 
linear law described by Eq. (4). However, low-carbon-number n- 
alkanes (C10–C18) preferentially dissolve in the invading gas phase 
(e.g., methane) and are removed, resulting in a significant decrease 
in their concentration in the residual oil phase. This selective 

5 10 15 20 25 30
-3.0

-2.4

-1.8

-1.2

-0.6

5 10 15 20 25 30
-2.4

-2.0

-1.6

-1.2

-0.8

-0.4

lg
[M

C
(n

)]

nC19

Altered oil
Reconstructed oil

(a)

Carbon number of n-alkanes

Retention shift of altered oil

0 h

2 h

4 h

6 h

9 h

16 h

20 h

lg
[M

C
(n

)]

Carbon number of n-alkanes

(b)

Fig. 10. (a) Schematic diagram of the calculation method for n-alkane loss rate in untreated samples, (b) the calculation of n-alkane loss rate under different methane gas washing 
durations at 0.2 MPa (45 ◦C) conditions in this study.
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removal disrupts the original linear relationship, primarily man
ifested as deviations of data points in the low-carbon-number 
range from the regression line determined by the high-carbon- 
number range (Fig. 10(a)). In crude oil affected by gas washing, 
high-carbon-number n-alkanes remain essentially unaffected, 
while low-carbon-number n-alkanes are dissolved and carried 
away by the gas phase, causing a deviation from the linear rela
tionship described by Eq. (4). By establishing a linear regression 
equation for the high-carbon-number range, the original distri
bution of low-carbon-number n-alkanes before gas washing can 
be reconstructed, thereby quantitatively assessing the intensity of 
gas washing effects (Fig. 10(a)). Based on this principle, this study 
quantitatively calculated the loss of each carbon-number alkane 
and the overall gas washing intensity by comparing the measured 
concentrations in the original oil samples and the residual oil after 
gas washing. The results of continuous methane gas washing ex
periments provided strong validation for the above model and 
revealed a significant  time effect. With increasing gas washing 
time, the molar concentration of low-carbon-number normal al
kanes (C10–C18) in the residual light oil systematically decreased. 
The shaded areas in Fig. 9(b) intuitively quantify the cumulative 
loss of each carbon-number alkane component over different gas 
washing periods. Crucially, the high-carbon-number range (C20+) 
maintained an excellent linear distribution throughout the entire 
gas washing process (Fig. 10(b)), which is fully consistent with the 
assumptions of the Kissin model and strongly confirms  the reli
ability of the model and its inversion algorithm in studying gas 
washing effects.

Furthermore, this study quantitatively evaluated the effects of 
temperature and pressure conditions on gas washing efficiency. 
Experiments revealed that light oil samples treated under different 
temperatures (45–80 ◦C) and pressures (0.2–0.4 MPa) exhibited a 
significant linear negative correlation between (1-Q) (relative re
sidual mass fraction of n-alkanes) and gas washing time (t) 
(Fig. 11). The absolute value of the slope of this linear relationship 
(|k'|, h− 1) quantitatively characterizes the overall loss rate of light 
components (represented by the sum of n-alkanes) within the 
experimental system. Sensitivity analysis indicated that within the 
temperature range of 45–80 ◦C, increasing temperature resulted in 
an elevated loss rate, with a temperature sensitivity coefficient 
calculated as ≈0.0007 ◦C− 1 (i.e., Δ|k'|/ΔT = (0.0348 − 0.0095)/ 
(80 − 45) ≈ 0.0007 ◦C− 1; see Table 2). Pressure sensitivity was 
significantly higher: within the range of 0.2 to 0.4 MPa, increasing 
pressure also led to an increase in the loss rate, with a pressure 

sensitivity coefficient calculated as ≈ 0.01 MPa− 1 (i.e., Δ|k'|/ΔP =
(0.0077 − 0.095)/(0.4 − 0.2) = 0.009 MPa− 1 ≈ 0.01 MPa− 1; see 
Table 2). Comparison of the sensitivity coefficients demonstrates 
that a unit pressure change (1 MPa) induces a greater increase in 
the loss rate than a unit temperature change (1 ◦C). This clearly 
indicates that, within the simulated reservoir temperature and 
pressure conditions, pressure exerts a more dominant control than 
temperature over gas invasion efficiency (i.e., the loss rate of light 
components).

5. Conclusion

(1) Employing a gas-washing simulation apparatus, this study 
investigated temperature and pressure effects on light hy
drocarbon loss rates. Elevated temperature significantly 
accelerated light hydrocarbon loss rates, while increased 
pressure suppressed it. The sensitivity to temperature and 
pressure variations was determined by carbon number and 
molecular structure: for similar structures, lower molecular 
weight compounds exhibited greater sensitivity; for the 
same carbon numbers, cycloalkanes showed the least tem
perature and pressure sensitivity.

(2) Among source and depositional environment indicators, 
Mango parameter K1 and the C7 light hydrocarbons ternary 
diagram remained persistently stable post-gas-washing and 
were minimally affected by temperature and pressure 
changes, confirming  their reliability for tracing original 
organic matter sources and depositional environments. In 
contrast, parameter K2 and the C7-OCSD star diagram were 
significantly  altered by phase fractionation, requiring 
cautious application.

(3) While maturity increase typically yields a negative corre
lation between MCH/(MCH + nC7) and Tol/(Tol + MCH), gas 
washing induced a positive correlation between them. 
Consequently, gas-washing significantly  distorts maturity 
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Fig. 11. Relationship between the remaining mass percentage of n-alkanes and gas washing time ((a), (b), and (c) correspond to experimental conditions of 0.2 MPa (45 ◦C), 
0.4 MPa (45 ◦C), and 0.2 MPa (80 ◦C), respectively).

Table 2 
Quantitative results of gas washing after different experimental durations (Q rep
resents the loss compared to untreated samples after a certain processing time).

Q1 Q2 Q3 Q4 Q5 Q6 Q7 k’

0.2 MPa (45 ◦C) 7.6 12.5 15.0 17.1 20.1 23.1 26.0 0.0095
0.4 MPa (45 ◦C) 10.3 12.3 15.4 17.0 18.7 21.9 22.0 0.0077
0.2 MPa (80 ◦C) 18.1 20.8 29.3 34.9 0.0348
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assessment using these ratios. Higher temperature ampli
fied  the increase in MCH/(MCH + nC7) while relatively 
weakening the increase in Tol/(Tol + MCH). The maturity 
parameter 2,4-DMP/2,3-DMP proved highly sensitive to gas 
washing; significant  overprinting by secondary reservoir 
processes (especially phase fractionation) must be 
acknowledged when using it.

(4) A significant negative correlation between Tol/nC7 and nC7/ 
MCH ratios in our experiments validated Thompson's 
Paraffinicity-Aromaticity diagram as an effective indicator 
of phase fractionation. Elevated temperatures partially 
suppressed the magnitude of increase in Tol/nC7 while 
amplifying the decrease in nC7/MCH.
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