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A B S T R A C T   

Accurate predictions of fluid composition and P-T trapping condition of hydrocarbon fluid inclusions (HFIs) is 
crucial to understand complex oil and gas charging history and accumulation mechanism. However, traditional 
P-T prediction methods are not enough powerful to get reliable results because of difficulty in direct composition 
measurement and great uncertainties in indirect composition prediction for single HFI. In this study, we collected 
296 crude oil and 983 gas condensate fluids to develop new composition and trapping pressure (Pt) prediction 
models. Based on the measured fluid composition, saturation pressure (corresponding to homogenization pres
sure, Ph) and volume data, we firstly calibrate the Ph, the degree of bubble filling (Fv, at 20 ◦C) and isochores 
predictions for the measured fluids through matching saturation pressure and volume calibration and then 
established a standard fluid database with fluid composition, Ph, Fv and Pt. For the first time, a new hydrocarbon 
fluid composition prediction model was developed which is only function of Fv and homogenization temperature 
(Th) of HFIs. The new composition model allows directly predicting the entire fluid compositions from methane 
(C1) to heptane plus (C7+) fractions in HFI based on Fv and Th. Furthermore, we developed different Pt prediction 
models for varying fluid compositions and phase states of HFIs. For oil-bearing fluid inclusions which homog
enize into liquid phase (OFIL) methane molar content is the only variable that is needed to predict Pt with a high 
degree of accuracy (8.2–12.3% for average absolute deviation, AAD). However, for gas condensate-bearing fluid 
inclusions (GCFI), more composition (C1–C7+) together with the physical property (molecular weight and spe
cific gravity) of C7+ composition must be incorporated into the prediction model to obtain a better prediction 
accuracy of Pt. The new Pt prediction models give prediction accuracy of 11.2–17.6% (AAD) for GCFIL (ho
mogenizing into liquid phase), and 15.9–22.8% (AAD) for GCFIG (homogenizing into gas phase). Our new 
composition and Pt prediction models can give the best and fastest predictions of hydrocarbon fluid composition 
and trapping condition and are of great significance for petroleum charging history reconstruction in sedi
mentary basins.   

1. Introduction 

Hydrocarbon fluid is one of the most import organic mineral re
sources and widely distributes in sedimentary basins. Reconstructing 
paleo-hydrocarbon composition and pressure-temperature (P-T) condi
tions of source rocks and reservoirs are vital for understanding hydro
carbon fluid generation, migration, accumulation (Hubbert, 1953; 
Schowalter, 1979; England et al., 1987). Tiny hydrocarbon fluids 
including crude oil, gas condensate and natural gas can be trapped in 
rock minerals as hydrocarbon fluid inclusions (HFIs) in a wide range of 
geological processes or events. Fluid inclusions generally represent 

original samples of paleo-fluid and provide the best available methods to 
reconstruct the temperature, pressure and composition of the fluid at the 
time of trapping in conjunction with mineral paragenetic studies 
(Roedder, 1984). Therefore, HFIs have been widely used in oil and gas 
exploration to reconstruct the P-T trapping conditions of the 
paleo-petroleum fluid as well as its source and thermal maturity (see 
Munz, 2001; Volk and George, 2019 for a review). 

One of the important preconditions for P-T reconstruction of HFIs is 
to know the molar composition of trapped hydrocarbons from gas to 
high molecular weight liquid hydrocarbon (Munz et al., 1999b). How
ever, it is usually difficult to measure the detailed composition of HFIs 
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directly because of very small size (micron level) and limited abun
dances of HFIs trapped within minerals. The composition of HFIs can be 
obtained by on-line or off-line crush technology for single generations 
(Ping et al., 2020b) or groups of petroleum inclusions (Karlsen et al., 
1993; George et al., 1997), or by destructive in-situ laser ablation 
coupled with gas chromatograph-mass spectrometric (GC–MS) analysis 
for single petroleum inclusion (Hode et al., 2006; Volk et al., 2010; 
Zhang et al., 2012) or by directly non-destructive fluorescence mea
surement of single petroleum inclusion (Ping et al., 2020a). A direct 
on-line crushing method is suitable for the analysis of C12- hydrocarbons 
especially for the volatile compounds and n-alkanes (Munz et al., 1999b; 
Volk et al., 2002; George et al., 2008), while the C12+ hydrocarbons 
including aromatic hydrocarbons and biomarkers are better obtained by 
an off-line crushing method (George et al., 1998, 2007). Furthermore, it 
may result in hydrocarbon mixing of multiple-generation of HFIs (e.g., 
methane gas mix from varying generations of oil inclusions or/and 
methane-bearing gas inclusions) during conventional crushing (Tseng 
et al., 1999; George et al., 2001; Munz, 2001) which significantly affect 
the PVT property calculation of single HFI. Up to now, current tech
niques are still not enough developed to analyze the composition of 
single HFI by on-line laser ablation coupled with GC-MS or time-of-flight 
secondary ion mass spectrometry (ToF-SIMS), and to constrain the PVT 
calculation models for HFIs (Volk et al., 2010; Zhang et al., 2012; 
Siljeström et al., 2013, 2021). Therefore, an iterative method using 
homogenization temperature (Th) and the degree of bubble filling (Fv) of 
HFIs coupled with PVT phase equilibrium calculation has been proposed 
to indirectly obtain the fluid compositions in HFIs (Aplin et al., 1999; 
Thiéry et al., 2000, 2002). The Fv of HFI can be determined using 
Confocal Laser Scanning Microscopy (CLSM) in reflected-light mode 
(Pironon et al., 1998; Aplin et al., 1999) or using a conventional 
petrographic microscope illuminated by transmitted white light (Bakker 
and Diamond, 2006). However, only the two parameters (Th and Fv) 
cannot uniquely constrain the compositions of HFIs (Thiéry et al., 2002). 
Usually, a reservoir fluid composition (Aplin et al., 1999, 2000; Tseng 
et al., 1999; Tseng and Pottorf, 2002; Liu et al., 2003; Munz et al., 2004) 
or an α-β model composition (Teinturier et al., 2002; Thiéry et al., 2000, 
2002; Bourdet et al., 2012) are used as initial composition for iterative 
computations. The final fluid compositions are obtained once the 
calculated Fv value equals to the measured one under the same tem
perature (usually room temperature). The P-T trapping condition pre
diction largely depends on the selection of reservoir fluid composition 
but usually it is difficult to correlate the compositions of reservoir fluids 
to fluid inclusion oils. Because any post-trapping composition modifi
cations (e.g., biodegradation, oil cracking, gas injection and gas exso
lution) could greatly change the reservoir fluid compositions which 
results in significant difference in compositions between the fluid in
clusion oils and reservoir fluids. Although the α-β model can provide a 
series of various initial compositions for iterative calculations, the final 
fluid composition must be determined through the constraint of a third 
parameter, e.g., petroleum types (Bourdet et al., 2008; Ping et al., 2012), 
API gravity (Tseng and Pottorf, 2002; Ping et al., 2017a, 2019), gas oil 
ratio (Thiéry et al., 2002), methane molar content determined by 
Fourier Transform Infrared (FT-IR) microspectroscopy (Pironon et al., 
2001; Bourdet et al., 2012, 2014) or Fv variation in different tempera
tures (Ferket et al., 2011). Among these parameters the methane molar 
content is the most important one as it directly related to fluid compo
sition and the homogenization pressure (Ph) of HFI (Ping et al., 2011). 
Ping et al. (2013a) evaluated the accuracy of different trapping pressure 
(Pt) prediction methods (Aplin et al., 1999; Thiéry et al., 2002) using 
measured fluid and calculated equivalent fluid derived from petroleum 
type determination (Bourdet et al., 2008; Ping et al., 2012). They 

showed that the average absolute deviation (AAD, 1
N
∑N
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⃒
⃒
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⃒ ×

100%, where N is the number of data points and Pcal and Pexp are 
calculated pressure and experimental pressure, respectively) of Pt 
predication varied from 8 to 14% to about 20% constrained by true fluid 

and equivalent fluid, respectively. In addition, because of complicated 
PVT phase equilibrium calculations these methods largely rely on pro
fessional softwares (e.g., VTFLINC, PVTsim, PIT and FIT-Oil) which 
significantly limit their application and further modifications. 

Ping et al. (2013a, 2013b) systematically improved the prediction 
accuracy of Ph and Fv of HFI and finally proposed a direct prediction 
formula of Pt with only variable of methane molar content, which is very 
easy to use compared to other professional softwares. Furthermore, the 
new method has better prediction accuracy with AAD ranging from 6% 
to 15% (Ping et al., 2013b), if true methane molar content is known or 
methane molar content is indirectly determined from equivalent fluid, 
respectively. However, the Ping et al. (2013b) method is derived from 
crude oil samples and is not applicable for gas condensate and natural 
gas inclusions. Indeed, the PVT phase behavior of gas condensate fluid is 
more complex than that of crude oil. To only know the molar contents of 
methane is sufficient to make good predictions of Ph of crude oils and the 
trapping conditions of oil inclusion (Ping et al., 2011, 2013b). For 
obtaining good predictions of dew point pressures (equivalent to Ph) one 
usually needs more than ten additional variables including molar con
tent of N2, CO2, H2S, C1–C7+, and the specific gravity (SG) and molecular 
weight (MW) of C7+ composition (Nemeth and Kennedy, 1967; Elshar
kawy, 2002b; Shokir, 2008; Al-Dhamen and Al-Marhoun, 2011; Kamari 
et al., 2016; Haji-Savameri et al., 2020). In fact, all these parameters 
during PVT thermodynamic modeling of gas condensate are difficult to 
obtain, which greatly increases the difficulty in predicting P-T trapping 
conditions of gas condensate inclusions. 

In this study, we focus on varying hydrocarbon fluids from crude oil 
to gas condensate and wet gas. To obtain accurate predictions of fluid 
compositions and P-T trapping conditions of HFIs we collected more 
than 1200 published fluid compositions worldwide and established a 
new predictive model of fluid composition which is only related to the Th 
and Fv of HFI. Furthermore, we improved the predictions of Ph and Fv of 
crude oil and gas condensate fluids and proposed new methods to 
directly calculate the P-T trapping conditions of crude oil and gas 
condensate inclusions using only the Th and Fv of HFI. Finally, the pre
diction accuracies of the new methods have been evaluated. Our new 
methods make the prediction of paleo-oil and gas composition and P-T 
conditions of hydrocarbon fluids easier and can obtain a good predictive 
precision of P-T condition to 5–10 km burial depths (equivalently oil-gas 
generating window depending on geothermal gradient) in sedimentary 
basins. 

2. Materials and methods 

2.1. Basic principle and conditions 

The P-T condition reconstruction of HFI is based on the precondition 
of simultaneously trapping of immiscible hydrocarbon and aqueous 
fluids as fluid inclusions in diagenetic minerals. If the hydrocarbon and 
coeval aqueous fluid inclusions meet the “Roedder’s Rules” (Roedder, 
1984), the intersection point of the isochores of the two immiscible 
fluids in single phase zone can constrain the P-T trapping condition of 
HFI (Haszeldine et al., 1984; McLimans, 1987; Munz et al., 1995; Pir
onon, 2020). Fig. 1 shows an example of a normal oil inclusion coeval 
with methane-bearing aqueous fluid inclusions with various methane 
concentration under different trapping conditions. Generally, three 
types of trapping conditions may be encountered under geological 
conditions 1) both the oil inclusion and aqueous inclusion are unsatu
rated with methane which are trapping at point A in Fig. 1 and 2) the oil 
inclusion is unsaturated with methane, but the aqueous inclusion is 
saturated with methane and they are trapped at point B in Fig. 1 and 3) 
both the oil inclusion and aqueous inclusion are saturated with methane, 
and they are trapped at point C in Fig. 1. For the first case, the Ths of oil 
inclusion (Th

C in Fig. 1) and aqueous inclusion (Th
D in Fig. 1) are lower 

than their true trapping temperature (Tt
A in Fig. 1) and only the isochores 

of oil inclusion (line AA’ in Fig. 1) and aqueous inclusion (line AD in 
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Fig. 1) are known, the trapping pressure can be determined by the 
intersection point of the two isochores (point A in Fig. 1). For the second 
case, because the aqueous inclusion is saturated with methane, its Th 
equals to trapping temperature (Tt

B in Fig. 1) and the trapping pressure 
(Pt

B) can be constrained by only the isochore of oil inclusion (BB’ in 
Fig. 1) and the Th of aqueous inclusion. For the last case, both the Ths of 
oil and aqueous inclusions equal to their trapping temperature (point C 
in Fig. 1) and the Ph of oil inclusion is the trapping pressure. This il
lustrates that for obtaining P-T conditions of HFI the saturation degree of 
the oil and coeval aqueous fluid inclusions should be known first. 

The Th of HFI is generally lower than its trapping temperature 

depending on its gas saturation degree and trapping pressure and could 
vary from more than 100 ◦C to even negative values in inclusions 
trapped under deeply buried conditions (Pironon and Bourdet, 2008; 
Ping et al., 2017a, 2017b). The difference in Th between hydrocarbon 
and cogenetic aqueous inclusions is an important indicator for the 
saturation degree of the hydrocarbon fluids at the time of trapping 
(Munz et al., 1999a; Tseng and Pottorf, 2002; Vityk et al., 2002). For 
examples, if oil is saturated with respect with gas, the Th of oil inclusion 
approaches the Th of the coexisting aqueous inclusions, which is more 
often occurring in the situations of gas charge into oil reservoir or 
trapping conditions where gas-liquid phase separation occurs due to 

Fig. 1. Basic principle of P-T trapping condition reconstruction of HFI based on the isochores intersection of a HFI and cogenetic aqueous fluid inclusions with 
varying methane concentration. The black solid curve is a typical P-T phase diagram of an oil inclusion including bubble point and dew point curves separating by a 
critical point. The gray dash curves within the two-phase region are the volume percentage of gas phase in the whole hydrocarbon phases. The blue solid curves are 
the solubility (ppm) curves of methane in a NaCl–H2O system (150000 ppm NaCl) (Hanor, 1980). Points A, B and C are three assumed P-T trapping conditions of an 
oil inclusion with constant compositions and its coeval aqueous fluid inclusion with varying methane concentration. Point A means that the oil inclusion and an 
aqueous fluid inclusion with methane concentration of 250 ppm were trapped simultaneously at Tt

A and Pt
A. Please note both the oil and aqueous fluid inclusions were 

not saturated with methane at the time of trapping and the red line AA’ and green line AD are the isochores of oil inclusion and aqueous fluid inclusion, respectively. 
The Th

A and Th
A− AQ are the Th of oil inclusion and aqueous fluid inclusion, respectively. Point B (Tt

B, Pt
B) means the oil is not saturated with methane while the aqueous 

fluid inclusion is saturated with methane (methane concentration is 2000 ppm) at the time of trapping. The red line BB’ is the isochore of oil inclusion and the Th of 
oil inclusion is Th

B, while the Th of aqueous fluid inclusion equals to its trapping temperature (Tt
B= Th

B) as it is saturated with methane. Point C (Tt
C, Pt

C) means both the 
oil and aqueous fluid inclusions are saturated with methane (methane concentration is 1000 ppm) at the time trapping and the Th of oil inclusion and aqueous fluid 
inclusion and trapping temperature are equal to each other. The red lines CE, A’F and B’G are the isochores of the oil inclusion in the two-phase region for trapping 
conditions C, A and B, respectively. Points E, F and G indicates the internal pressures (PE, PF and PG) and the corresponding degree of bubble filling (Fv) values (10%, 
15% and 20%) of the inclusion at room temperature (Tr) for trapping conditions C, A and B, respectively. 
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migration into shallower reservoirs. Under this situation, the Th and Ph 
of HFI are equivalent to trapping temperature and pressure (Ping et al., 
2019). The Th of cogenetic aqueous inclusions generally represent the 
minimum temperature of trapping (Roedder, 1984). The difference be
tween the Th of aqueous inclusions and its true trapping temperature (Tt) 
depends on dissolved methane content in aqueous inclusions. If an 
aqueous inclusion is free of dissolved methane, a pressure correction 
should be applied to obtain a more accurate trapping temperature and 
the true trapping temperature could be from several tens to one hundred 
of degrees higher than its Th relying on its trapping pressure in 
NaCl–H2O system (Potter, 1977). For aqueous fluid inclusions contain
ing dissolved methane, a pressure correction can result in an erroneously 
high estimate for trapping temperature without more detailed knowl
edge of aqueous compositions and methane contents (Hanor, 1980). 
Experiments and theoretical calculations indicate that the solubility of 
methane in aqueous solutions at oil window P-T conditions is always 
low, typically below 0.3 mol/kg water in NaCl aqueous solutions (Duan 
et al., 1992). Methane can be generated in sediments from a wide range 
of thermal maturity, from biogenic dry gas, oil-associated gas to wet and 

dry gas stages. Significant amounts of methane can be generated during 
transformation of kerogen into oil and gas (Tissot and Welte, 1984). 
Therefore, methane is expected to be saturated in formation water in 
equilibrium with hydrocarbons, where methane-bearing hydrocarbon 
fluids and aqueous fluids coexist in the same pore space. The methane 
concentration in the aqueous solutions can be determined by Raman 
spectrometry (Dubessy et al., 2001; Guillaume et al., 2003; Caumon 
et al., 2014; Le et al., 2020) or microthermometric measurements (Mao 
et al., 2013; Raimbourg et al., 2014). The Th of aqueous inclusions could 
be approximate to or may be slightly lower (1–4 ◦C) than the trapping 
temperature for trapped aqueous fluid equilibrated with a 
hydrocarbon-rich gas or liquid (Thiéry, 2006). Therefore, the Th of 
cogenetic aqueous fluid inclusion with HFI has been generally inter
preted as an approximation of trapping temperatures (Nedkvitne et al., 
1993; Alderton and Bevins, 1996; Tseng and Pottorf, 2002; Ping et al., 
2017a). In addition, the more methane-unsaturated aqueous inclusions 
are the lower is their Th of aqueous inclusions. From this view, the Th of 
aqueous inclusions could represent varying methane concentration 
throughout inclusions entrapment (Narr and Burruss, 1984). Once the 

Fig. 2. Relationship between mole percent of C7+ cut (x7+) of the measured fluid and the degree of bubble filling, Fv (calculated at 20 ◦C) at varying homogenization 
temperature (Th) of HFI. 
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methane concentration, salinity and fluid composition of aqueous in
clusions are known, the crosscutting isochore technique performed on 
the HFI and coeval aqueous inclusions can be used to obtain the true 
trapping conditions for methane unsaturated aqueous fluids (Pironon 
and Bourdet, 2008; Bourdet et al., 2012; Pironon, 2020). 

To sum up, the P-T trapping conditions of HFIs can be determined by 
the isochores intersection of HFI and coeval methane unsaturated 
aqueous inclusions, or by only the isochore of HFI and Th (Th = Tt) of 
coeval aqueous fluid inclusion if the aqueous fluid inclusions are satu
rated with methane. In this study, we only focus on the HFIs and the P-T 
trapping conditions reconstruction of HFIs is based on the isochore of 
HFI with assumed Tt. Generally, the isochore of HFI can be calculated 
through equation of state (EoS) if the molar composition and Th of HFI 
are known. As discussed in Section 1 the pseudo-compositions of HFI are 
generally obtained by matching the measured Th and Fv of HFI with the 
calculated values with changing of initial compositions from reservoir 
fluid or model fluid (Aplin et al., 1999; Thiéry et al., 2000, 2002). The 
greatest disadvantage of this inverse modeling method is that the ac
curacy of the calculated Ph, Fv and the resultant isochors during iteration 

are unknown. Here we use a forward modeling method which is similar 
with that of Ping et al. (2011, 2013b) to obtain accurate Ph, Fv and 
isochors of HFIs based on a large number of measured hydrocarbon fluid 
compositions and PVT properties (e.g., bubble/dew point pressure, 
molar volume of liquid and gas phase) experimentally. In other words, a 
lot of approximately standard HFI with known composition, Ph, Fv and 
trapping pressure were used. Finally, we apply these data to establish 
the empirical equations for calculation of hydrocarbon fluid composi
tion and P-T trapping conditions from crude oil to natural gas. 

2.2. Data collection 

We collected a total of 1279 measured hydrocarbon fluid composi
tion and saturation pressure (equivalently Ph (T = Th)) data from pub
lications including 296 crude oil and 983 gas condensate and wet gas 
fluids. The ranges of molar content of N2, CO2, H2S, C1–C7+ and mo
lecular weight and density of C7+, and the temperature (equivalently, 
Th) and saturation pressure (equivalently, Ph) from crude oil and natural 
gas fluids are listed in Table 1 and Table 2, respectively. The crude oil 

Fig. 3. Relationship between the absolute deviation (AD) of predicted mole percent of C7+ cut (x7+) based on Eq. (1) and Eq. (2) and the measured x7+ for all the 
crude oil and gas condensate fluids. 
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Table 1 
The range of experimental molar composition (%), temperature, and bubble point pressure of crude oil used in this study. SG7+: specific gravity of C7+ composition; MW7+: molecular weight of C7+ composition (g/mol); T: 
temperature which is equivalent to homogenization temperature (Th); Pb: bubble point pressure which is equivalent to homogenization pressure (Ph); N: number.  

Reference N2 (mol%) CO2 (mol%) H2S (mol%) C1 (mol%) C2 (mol%) C3 (mol%) C4 (mol%) C5 (mol%) C6 (mol%) C7+ (mol%) SG7+ MW7+ (g/mol) T (◦C) Pb (MPa) N 

Agarwal et al. (1990) 0.33 3.03 0 41.33 8.89 5.95 4.12 2.66 0 33.69 0.848 200.0 93.33 22.07 1 
Ahmadi et al. (2014) 0.08–0.15 0.56–1.90 0.01–0.16 3.44–46.57 1.88–8.90 3.45–5.62 4.49–7.00 4.03–9.00 4.07–5.92 24.11–68.67     2 
Ahmed (1989) 0–1.64 0–0.44 0 28.40–42.00 4.64–8.00 2.46–10.48 2.00–8.40 1.00–3.82 4.00–5.46 35.97–48.24 0.82–0.84 225.0–255.0 55.00–82.22 11.78–22.41 3 
Ali and El-Banbi 

(2015) 
0.20–3.95 0.05–0.77 0 37.45–72.09 6.36–10.52 6.23–7.78 4.07–8.43 1.77–5.91 1.28–4.61 7.23–21.30   104.44–109.44 18.39–34.85 2 

Almehaideb et al. 
(2000) 

0.13–0.47 1.82–2.64 0 17.74–28.70 5.04–6.57 5.70–6.70 5.27–7.33 4.51–6.32 4.29–5.49 41.67–51.49  211.8–219.2 123.89–123.89 8.14–12.69 6 

Almehaideb et al. 
(2001) from  
Aghamiri et al. 
(2018) 

3.45–10.86 0.05–2.73 0–3.94 37.45–66.43 6.50–10.72 2.81–7.78 1.55–8.43 0.66–5.91 0.57–4.61 4.30–21.30 0.75–0.81 150.0–168.0 65.56–151.67 18.39–42.00 5 

Almehaideb et al. 
(2004) 

0.11–0.22 2.90–3.87 0.39–7.28 41.43–47.23 4.86–6.13 4.07–5.31 3.95–4.78 2.85–3.56 2.32–3.09 23.88–32.20  209.4–213.8 121.11–121.11 21.02–27.13 3 

Al-Meshari (2004) 0–3.95 0.05–3.78 0–4.99 37.45–72.47 4.57–14.09 2.79–8.79 2.00–8.43 1.51–5.91 1.28–4.61 11.45–24.68 0.80–0.87 168.0–257.6 37.78–157.22 15.12–62.90 22 
Avaullée et al. (2001) 0–1.25 0.77–8.13 0–0.18 32.36–50.01 5.48–9.79 4.20–7.35 3.62–6.53 2.45–5.30 2.45–5.42 17.54–39.79 0.81–0.86 188.9–332.2 104.40–146.10 15.19–27.58 5 
Avaullee et al. (1997) 0.32–0.32 2.80–2.80 1.49–1.49 45.30–45.30 9.11–9.11 5.50–5.50 4.13–4.13 3.06–3.06 2.38–2.38 25.91–25.91 0.85–0.85 220.5–220.5 26.70–121.10 21.24–27.50 7 
Coats and Smart 

(1986) 
0.11–1.64 0.08–60.31 0–0.04 7.05–57.49 1.57–13.45 2.46–10.48 1.66–8.40 1.60–5.23 1.51–5.46 12.20–48.24 0.81–0.90 143.0–252.0 55.00–121.11 11.68–30.76 7 

Danesh et al. (1992) 0 0 0 36.15–74.18 5.32–12.17 4.67–8.05 2.58–5.81 0.97–4.79 1.56–5.24 10.72–27.79 0.77–0.77 158.0–191.0 100–100 15.43–32.78 4 
Dansh from  

Elsharkawy (2003) 
0–0.90 0–3.55 0 36.47–57.53 5.48–10.16 3.70–6.95 2.35–5.37 1.60–2.85 1.33–4.33 19.11–36.12 0.81–0.85 203.0–265.0 90.56–104.44 18.07–34.93 4 

Drohm et al. (1988) 0.24 0.27 0 66.83 8.28 5.15 3.31 2.04 1.85 12.03 0.80 182.0 101.67 33.17 1 
El-Banbi et al. (2006) 0–1.67 0.10–2.40 0 55.59–72.47 4.57–9.21 2.79–5.89 2.00–4.17 1.51–2.97 1.38–1.97 14.80–19.02   87.78–126.67 31.21–62.56 5 
Elsharkawy (2003) 0–0.79 0.07–5.01 0–2.67 5.82–48.79 0.84–11.07 0.43–9.23 1.14–6.07 1.50–4.88 0.99–4.92 24.80–83.20 0.85–0.94 134.0–324.0 54.44–117.22 2.16–25.03 58 
Firoozabadi and Katz 

(1988) 
0.03–0.12 2.02–2.98 0 51.53–66.87 6.86–8.07 3.96–5.04 2.55–2.87 1.86–1.89 1.38–1.40 13.40–27.17 0.89–0.89 164.7–217.0 22.78–82.30 31.65–40.68 2 

Hoffman et al. 
(1953) 

0 0 0 52.00–52.00 3.81–3.81 2.37–2.37 1.72–1.72 1.20–1.20 2.06–2.06 36.84–36.84 0.84–0.84 199.0–199.0 93.33–93.89 26.40–26.48 3 

Hong (1982) 0–1.02 0.01–0.40 0 31.00–54.62 10.41–11.47 7.33–11.87 4.01–7.32 1.96–4.41 1.42–2.55 17.77–32.43 0.74–0.81 199.0–218.0 54.44–73.33 11.17–26.90 2 
Jacopy and Berry 

(1958) 
1.67 2.18 0 60.51 7.52 4.74 4.12 2.97 0 16.29 0.789 181.0 118.89 33.26 1 

Jamaluddin et al. 
(2001) 

0.48–0.80 0.05–0.92 0 43.43–51.02 8.09–11.02 6.02–6.55 3.97–4.49 3.21–3.53 2.67–2.70 24.17–26.88 0.87–0.88 228.1–368.9 88.00–116.00 22.21–29.37 8 

Jamaluddin et al. 
(2002) 

0.49 11.37 3.22 27.36 9.4 6.7 3.98 3.2 2.49 31.79 0.877 248.3 83.20–141.10 17.24–21.10 4 

Jaubert and Neau 
(2002) 

0.497 2.13 0 61.887 9.35 5.792 2.865 1.857 2.316 13.307 0.83 213.7 127.90 37.4 1 

Jaubert et al. (1995) 0.07–0.45 0–5.40 0–1.40 0.64–59.95 0.56–12.72 1.44–6.84 1.78–6.27 1.44–5.72 1.59–5.34 20.21–84.41 0.82–0.91 211.2–290.1 65.00–132.00 0.55–36.63 10 
Jaubert et al. (2002a, 

2002b) 
0–1.25 0.77–3.60 0–2.32 22.92–54.26 5.48–9.74 4.20–7.37 3.21–6.81 1.95–5.85 1.53–4.84 21.27–45.80 0.82–0.87 200.0–247.6 98.90–121.10 9.69–32.02 13 

Jhaveri and 
Youngren (1988) 

0–0 0–9.11 0 45.58–60.88 5.11–7.38 3.03–5.03 2.18–2.78 1.92–1.96 1.54–1.84 20.13–31.53 0.84–0.89 191.0–270.0 87.78–87.78 26.48–34.48 2 

Kokal et al. (2003) 0.18 5.21 1.35 25.67 9.19  7.29 8.8 3.59 38.72 0.873 204.9 99.00 13.1 1 

(continued on next page) 
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Table 1 (continued ) 

Reference N2 (mol%) CO2 (mol%) H2S (mol%) C1 (mol%) C2 (mol%) C3 (mol%) C4 (mol%) C5 (mol%) C6 (mol%) C7+ (mol%) SG7+ MW7+ (g/mol) T (◦C) Pb (MPa) N 

Krejbjerg and 
Pedersen (2006) 

0–0.49 0.31–1.44 0 18.72–44.01 0.14–3.84 0.03–1.12 0.02–1.33 0.28–1.04 0.41–1.04 46.84–78.96 0.89–1.01 244.7–524.5 52.00–74.00 7.15–22.72 2 

Leibovici et al. 
(1993) 

0.3706 0.7512 0 56.309 107 4.8672 2.4814 1.9859 2.1772 21.0499  214.2 145.56 37.38 1 

Li et al. (1985) 1.67 1.38 0 26.68 9.25 10.18 6.4 4.03 0 40.41 0.855 217.0 98.89 13.48 1 
McCain (1990) 0.16 0.91 0 36.47 9.67 6.95 5.37 2.85 4.44 33.29 0.848 215.2 104.44 18.17 1 
Moharam and Fahim 

(1995) 
0.17–0.77 0.34–3.69 0–3.68 12.59–21.55 6.05–8.60 6.51–8.00 4.26–6.77 4.18–5.87 1.14–6.37 43.41–62.18 0.86–0.89 230.0–275.0 87.78–115.00 6.21–10.97 7 

Neau et al. (1993) 0.39–1.81 0.23–3.24 0 45.82–63.00 5.17–10.83 3.46–7.12 2.27–4.25 1.66–3.13 1.27–2.48 12.90–35.56 0.80–0.87 185.6–243.5 85.00–132.50 24.57–39.80 14 
Pedersen (2007) 0.39–0.59 0.30–1.01 0 40.20–45.30 3.90–7.61 1.39–7.95 1.44–5.27 1.10–3.54 1.02–2.84 31.56–44.30 0.84–0.89 211.2–253.9 73.00–97.80 19.97–24.04 3 
Pedersen et al. 

(1985) 
0.34 0.84 0 49.23 6.32 4.46 3.04 2.26 2.06 31.45 0.865 230.3 93.30 27.45 1 

Pedersen et al. 
(1989) 

0.40–0.58 1.00–3.55 0 45.34–53.89 4.20–8.57 0.89–6.05 1.08–3.49 0.94–2.05 1.01–1.45 20.66–45.08 0.85–0.89 203.7–258.1 71.60–141.00 23.90–34.03 3 

Pedersen et al. 
(1992) 

0.69 0.12 0 47.06 5.69 4.39 3.37 2.57 2.26 33.85 0.846 211.5 72.80 23.70 1 

Pedersen from  
Elsharkawy (2003) 

0.33–0.90 0.16–3.55 0 34.93–50.50 3.36–7.74 0.89–8.20 0.95–5.48 0.40–3.80 0.72–3.04 28.00–57.73 0.82–0.92 210.0–291.0 68.89–114.44 15.91–27.46 9 

Pedersen et al. 
(1988) 

0.31 0.69 0 47.69 6.64 4.59 2.59 1.16 1.69 34.64 0.869 234.00 111.11 26.21 1 

Regueira et al. 
(2020) 

1.41 0.14 0 49.3 9.78 4.67 1.94 3.18 1.82 27.76 0.808 189.4 24.91–199.89 20.92–26.34 19 

Remolina and Parra 
(2006) 

1.28–1.58 1.39–5.84 0 46.78–74.18 5.32–9.65 4.10–8.75 2.58–5.89 0.97–4.57 2.29–6.22 9.49–24.20 0.77–0.84 142.7–183.0 55.44–99.87 20.60–32.80 5 

Riemens et al. (1988) 0.71 3.84 1.17 59.49 5.55 4.06 3.06 1.58 1.27 19.27 0.78 297.0 70 47.45 1 
Wu and Rosenegger 

(1999) 
0.03–1.39 0.01–8.39 0–1.41 5.63–53.19 1.11–11.69 1.58–9.60 3.50–7.87 1.86–6.65 1.88–6.65 18.42–72.86 0.81–0.96 176.0–261.0 53.33–156.67 2.39–28.66 25 

Stenby et al. (1996). 0.403 1 0 45.396 4.202 0.887 1.079 0.941 1.011 45.08  250.5 71.11 29.8 1 
Vogel and 

Yarborough (1980) 
0.65 0.02 0 45.02 12.45 8.93 6.03 3.02 1.44 22.44 0.81 184.0 60 20.70 1 

Wang and Gmehling 
(1999) 

0.26–0.34 0.20–0.84 0 40.87–49.23 1.63–9.95 1.18–8.35 1.25–6.42 0.86–2.49 0.59–2.06 30.22–45.38 0.82–0.87 213.0–230.3 65.05–93.35 17.37–27.45 7 

Williams et al. 
(1980) 

0.25 0.24 0 40.91 10.38 9.01 5.13 3.28 2.21 28.58 0.80 182.0 148.89 20.99 1 

Yang et al. (1997) 3.912 0.75 0 70.203 9.22 2.759 1.643 0.824 0.816 9.873 0.803 192.8 40.35–98.45 45.02–46.68 7  
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data covers a wide range of oil composition from heavy oil to volatile oil 
with low content of non-hydrocarbon gas. The Ph of crude oil ranges 
between 0.55 and 62.90 MPa and the saturation temperatures Th (gas 
phase homogenization into liquid phase) are between 22.78 ◦C and 
199.89 ◦C, thus covering the typical ranges of Ph and Th of oil inclusions 
in sedimentary basins. The natural gas data primarily consists of gas 
condensates with minor wet gasses with a variety of non-hydrocarbon 
gas content. For example, the molar content of N2, CO2 and H2S is as 
high as 43.22 mol%, 91.92 mol% and 51.37 mol%, respectively. The Ph 
of gas condensate and wet gas ranges between 4.06 MPa and 81.59 MPa 
and the dew point temperatures Th (liquid phase homogenization into 
gas phase) are between − 30 ◦C and 200 ◦C, which covers nearly all the 
possible ranges of Ph and Th of gas condensate and wet gas inclusions in 
sedimentary basins. In addition, these collected hydrocarbon fluids from 
global sedimentary basins are generated from various hydrocarbon 
source rocks with kerogen types from Type I to Type III, therefore, these 
hydrocarbon fluids can be regarded as the typical representations of 
HFIs and then are used to establish the standard fluids for extrapolating 
the new empirical equations for composition and P-T trapping condition 
prediction of HFIs in this study. 

2.3. Thermodynamic modeling of HFI 

To obtain accurate Ph, Fv and isochore calculations of HFI the satu
ration pressure and molar volume of gas and liquid phases should be 
calculated accurately as a first step. Here we follow the same calculation 
procedures as Ping et al. (2013b). In short, the C7+ composition of each 
hydrocarbon fluid was first split into C7 to C45+ using the method of 
Ahmed et al. (1985), with the critical temperature and pressure and 
acentric factor of extended composition (C7–C45+) calculated by Cavett 
(1962) and Riazi and Al-Sahhaf (1996), respectively. The extended 
composition hydrocarbon fluid compositions were then lumped into six 
group including C7, C8, C9, C10, Cn1 (C11-25) and Cn2 (C26+) which is the 
same as the model with the α-β composition model (Thiéry et al., 2000, 
2002). The calculated saturation pressures were matched to the exper
imental values by tuning the MW and SG of C7+ composition to slightly 
change the fluid composition based on the experimental error of 
approximately ± (5–20%) for molecular weight measurement of C7+
composition (Thomassen et al., 1987; Zurita et al., 2002; Al-Meshari 
et al., 2007a). The final adjusted composition and MW and SG of C7+ are 
regarded as the standard composition for HFI. Furthermore, a total of 
2494 experimental relative volume data from 98 crude oil and gas 
condensate samples (Table 3) was used to calibrate the molar volume 
calculations of gas and liquid phases using a volume translation method 
based on the final adjusted fluid composition (Jhaveri and Youngren, 
1988). The Peng and Robinson EoS (PR-EoS) (Peng and Robinson, 1976) 
was used to perform the PVT phase equilibrium calculations and the 
binary interactions parameters (BIPs) between the hydrocarbon were set 
to zero for simplification, while the BIPs were nonzero for the hydro
carbon to non-hydrocarbon interactions based on Zurita et al. (2002). 
After matching the saturation pressure and calibrating molar volume of 
gas and liquid phases of hydrocarbon fluids, the accuracy of Fv calcu
lation of HFI has been greatly improved as shown by Ping et al. (2013b) 
(see Figs. 3 and 4 therein). Finally, a substantial database with hydro
carbon fluid compositions and calculated Fv and Pt values with varying 
Tt was compiled for the development of new models for P-T trapping 
condition reconstruction of HFI. 

3. Results and discussion 

3.1. Composition prediction of HFI 

The C7+ composition in reservoir fluid usually correlates well with 
gas oil ratio which is defined as the ratio of the respective volumes of 
liberated gas and residual oil at standard temperature and pressure 
(STP) and therefore it can also be used as an indicator of the reservoir 

fluid type (Danesh, 1998; Marruffo et al., 2002). Although the Fv is 
measured under laboratory conditions with unknown internal pressure 
in fluid inclusions, the gas oil ratio of reservoir fluid is generally 
correlated to the Fv of HFI and it is expected that there is a good rela
tionship between the Fv and molar percentage of C7+ composition (x7+) 
for HFI (Ping et al., 2011). Ping et al. (2013b) calculated the Fv under 
different Th for 160 crude oils with x7+ ranging from 13% to 84% and 
found that the x7+ correlates well with the Fv for the same Th. Although 
Ping et al. (2013b) established the correlation between the Fv and x7+ of 
HFI for the first time, two problems limit its wide application including 
the relatively small amounts of data and absence of gas condensate 
fluids. Therefore, the correlation is not appliable for HFI which ho
mogenize into the gas phase. 

In this study we extend the crude oil samples from previous 160 to 
292 reservoir fluid (Table 1) and integrate abundant gas condensate 
fluid (Table 2). Fig. 2 shows that the x7+ is strongly correlated to the Fv 
under the same Th from crude oil to gas condensate fluids. It is inter
esting that there are three types of variation patterns between the Fv and 
x7+ separating by 20% and 12.5% of C7+ composition. Usually, the 
petroleum type can be divided into black oil (>20%), volatile oil 
(12.5–20%) and gas condensate (<12.5%) based on the x7+ (Danesh, 
1998). It clear that the relationship between the Fv and x7+ is strongly 
controlled by the type of fluid. The Fv increases relatively slowly with 
decreasing of x7+ for black oils while the Fv increases faster for volatile 
oil at the same Th. For gas condensates Fv increases rapidly for 
decreasing x7+ (Fig. 2). Furthermore, with increase of Fv for the gas 
condensate, the effect of Th on the Fv is relatively weak especially for the 
Fv > 50–60%. It indicates that the Fv is the most important factor for 
determining the x7+ of gas condensate inclusion which homogenizes 
liquid phase into gas phase. In contrast, the x7+ of oil inclusion is 
intensely controlled by the Th. It means that the Th may be not important 
to determine the x7+ for gas condensate fluid. 

A mathematical relationship between x7+ and Fv and Th has been 
obtained based on multivariate regression analysis (Eq. (1)) for Th from 
30 ◦C to 170 ◦C: 

x7+ = ae
− 1

2

[(

lnTh − b
c

)2

+

(

lnFv − d
e

)2
]

(20%≤ x7+ < 85%) (1)  

where a, b, c, d and e are the coefficients given in Table 4. The coefficient 
of determination (R2) for Eq. (1) is as high as 0.98. Eq. (1) can give a very 
good prediction of x7+ with average absolute deviation (AAD) of ~8.3% 
if the x7+ is high than ~20%. However, we found the prediction error of 
x7+ is relatively big with AAD of ~79% if the x7+ is lower than ~20%, 
and the absolute deviation (AD) rapidly increases with decrease of x7+
for x7+<3% as shown in Fig. 3 and the maximal AD of predicted x7+ can 
exceed 2000%. To improve the prediction accuracy of the HFI with x7+
<20% we obtained another equation (Eq. (2)) by refitting the data with 
x7+ <20%: 

x7+ =
a + bTh + cFv

1 + dTh + eFv
（x7+ < 20%） (2)  

where the coefficients a, b, c, d and e are shown in Table 4. Fig. 3 shows 
the predictive accuracy for x7+ <20% using Eq. (2) has been greatly 
improved and the AAD is as low as ~31% compared with the 79% using 
Eq. (1). Eq. (2) gives a better prediction accuracy with AAD of 9.7% and 
17.8% for x7+ ranging from 12.5 to 20% and 1.5–12.5%, respectively 
(Table 5). Please note that the HFI with x7+ <1.5% is nearly pure gas 
phase (>99%) under room temperature and thus it is difficult to mea
sure the Th and Fv. Therefore, even if the predictive accuracy of x7+ for 
these HFI is very low, but it does not affect the application of Eq. (2) to 
obtain the x7+ of gas condensate inclusions. 

The x7+ is primarily controlled by Fv and Th of HFI based on this 
study and previous studies (Ping et al., 2011, 2013b), which indicates 
that petroleum fluid type can be directly determined if the Th and Fv of 
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Table 2 
The range of experimental molar composition (%), temperature, and dew point pressure of gas condensate used in this study. SG7+: specific gravity of C7+ composition; MW7+: molecular weight of C7+ composition (g/ 
mol); T: temperature which is equivalent to homogenization temperature (Th); Pd: dew point pressure which is equivalent to homogenization pressure (Ph); N: number.  

Reference N2 (mol%) CO2 (mol%) H2S (mol 
%) 

C1 (mol%) C2 (mol%) C3 (mol%) C4 (mol%) C5 (mol%) C6 (mol 
%) 

C7+ (mol%) SG7+ MW7+ (g/mol) T (◦C) Pd (MPa) N 

Akpabio et al. (2014) 0.10 0.62 0 80.99 6.64 3.41 1.87 0.88 0.85 4.64 0.83 163.30 103.89 47.10 1 
Alarouj et al. (2020) 0.17–1.12 0.36–7.44 0–0 69.05–87.10 6.36–10.85 2.02–6.22 1.09–4.41 0.48–2.96 0.46–4.81 1.23–8.32 0.76–0.77 118.61–147.55 80–154.00 13.90–42.90 6 
Almehaideb et al. (2001) from  

Aghamiri et al. (2018) 
0.14–10.86 0.19–4.35 0–3.94 50.47–69.76 4.49–11.56 2.67–7.62 1.55–5.00 0.66–2.60 0.57–2.03 4.30–20.53 0.75–0.85 149.96–250 65.56–152.78 27.45–42.75 15 

Almehaideb et al. (2004) 0.27 4.35 2.35 73.10 6.00 3.48 2.57 1.65 1.21 5.08  140 121.11 27.57 1 
Al-Meshari et al. (2007a, 

2007b) 
2.94–7.21 0.51–2.10 0–0.40 68.32–72.08 7.75–10.22 3.97–4.09 2.12–2.49 1.00–1.37 0.71–1.03 4.74–6.95 0 128.00–131.00 120–131.11 38.33–43.11 2 

Al-Meshari (2004) 0.11–10.86 0.01–4.35 0–3.94 57.71–72.09 4.49–10.72 2.67–6.23 1.55–4.07 0.66–1.96 0.57–2.03 4.30–12.39 0.79–0.83 145.19–173.00 109.44–151.67 33.94–42.85 10 
Arabloo and Rafiee-Taghanaki 

(2014) 
0.34-0.12 1.62-2.45 0-29.1 41.93-70.64 3.9-11.72 2.24-5.46 2.6-3.86 1.36-1.75 0.9-1.75 5.88-13.05 0.80-0.81 153-180 87.22-160.00 27.64-38.26 4 

Assareh et al. (2011) 1.48 0.70 0 94.02 1.40 0.45 0.48 0.31 0.21 0.96 0.82 137.73 118.89 23.44 1 
Bonyadi and Esmaeilzadeh 

(2007) 
0–5.67 0–2.44 0 45.74–91.35 3.49–13.90 1.40–7.59 0.82–6.38 0.34–4.31 0–5.92 1.34–10.66 0.77–0.80 129.81–177.90 32.22–162.78 20.86–47.04 17 

Coats (1985) 5.62–5.67 2.01–2.26 0 45.74–46.79 11.47–12.65 5.87–7.59 6.04–6.38 3.92–4.31 4.78–5.92 10.66–12.32 0.80–0.80 148.00–148.00 162.78–162.78 20.86–21.48 2 
Coats and Smart (1986) 0–1.14 0.69–3.50 0–18.19 57.62–70.64 7.39–13.55 3.02–7.61 2.31–4.03 1.29–2.41 0.90–5.54 5.88–11.45 0.77–0.81 117.00–193.00 87.78–130.56 30.68–33.38 3 
Donohoe and Buchanan (1981) 0.37–0.46 0.57–0.61 0 59.39–68.64 13.78–13.90 6.89–7.58 3.32–4.07 1.56–2.15 1.14–1.80 3.48–10.29 0.78–0.80 152.30–177.10 89.85–90 23.53–30.16 6 
El-Banbi et al. (2006) 0.11–1.62 0.01–6.98 0 59.96–81.23 5.54–14.10 2.66–8.37 1.68–4.93 0.99–2.99 0.83–2.38 6.39–12.69     85.56–155.56 27.58–79.12 8 
Elsharkawy (2002b) 0.15–0.87 0.18–3.47 0 64.04–86.57 3.55–10.57 1.44–5.75 0.89–3.72 0.46–4.36 0.35–3.08 2.63–11.18 0.73–0.85 106.00–253.00 15.56–148.89 18.28–81.57 5 
Elsharkawy (2002c) 0–10.19 0.17–63.52 0–51.37 19.37–86.16 0.24–11.65 0.07–4.18 0.05–2.81 0.03–1.72 0.02–1.24 0.04–9.91 0.70–0.85 103.00–253.00 48.89–162.78 16.18–81.56 15 
Elsharkawy (2003) 0–11.71 0–8.64 0 59.80–95.22 1.62–14.15 0.35–6.89 0.18–4.64 0.08–4.36 0.06–3.08 0.39–11.18 0.72–0.85 106.00–253.00 4.44–169.44 18.28–81.59 14 
Firoozabadi et al. (1978) 0.08–0.08 2.44–2.44 0 82.10–82.10 5.78–5.78 2.87–2.87 1.79–1.79 1.12–1.12 0.72–0.72 3.10–3.10 0.77–0.77 132.00–132.00 82.45–82.50 28.10–28.10 3 
Folsta et al. (2010) 0.22–4.14 0.19–7.81 0 71.05–97.35 0.49–10.57 0.18–4.82 0.21–2.27 0.10–0.98 0.05–0.55 0.20–1.95 0.77–0.81 128.25–160.15 58.00–100.80 25.00–36.54 4 
Guo et al. (2020) 0.57–4.17 0.72–4.22 0 75.55–76.73 2.92–8.80 1.88–3.86 1.12–1.45 0.70–0.75 0.56–1.10 5.23–8.76 0.80–0.81 159.24–194.74 129.00–152.10 42.80–49.89 3 
Haghtalab et al. (2011) 0.34–0.75 2.17–3.91 0 70.20–70.64 9.22–10.76 2.76–4.94 1.64–3.02 0.82–1.35 0.82–0.90 5.88–9.87 0.80–0.81 153.00–192.80 117.50–135.70 33.47–46.07 2 
Hassan et al. (2018) 3.35 1.76 0.53 83.27 5.16 1.91 1.11 0.56 0.39 1.98 0.77 138.70 104.44 35.40 1 
Hoffman et al. (1953) 0 0 0 91.35 4.03 1.53 0.82 0.34 0.39 1.54 0.79 141.10 93.89 26.35 1 
Hou et al. (2016) 0.64 5.23 0 57.07 11.73 6.22 2.83 2.29 2.58 11.41 0.75 114.40 132.40 24.48 1 
Hou et al. (2020) 0.96–1.28 24.01–51.61 0 35.79–54.78 3.00–4.70 2.11–3.25 1.37–2.19 0.70–1.26 0.29–0.68 4.17–7.84 0.79–0.81 147.23–157.60 113.60–113.60 29.77–31.46 3 
Huang et al. (1985) 4.61–5.62 2.01–3.24 0 40.92–46.87 10.86–12.65 5.87–6.86 6.04–6.30 3.53–3.92 2.92–4.78 10.66–16.81 0.79–0.80 132.00–148.00     5 
Ibeh and Chubueze (2016) 0.10 0.62 0 80.99 6.64 3.41 1.87 0.88 0.85 4.64   103.94 47.10 1 
Imo-Jack (2010) 0.34 1.24 0 79.67 5.47 3.96 2.62 1.42 1.13 4.15 0.77 130 109.44 28.34 1 
Jaubert et al. (2000) 0.32–3.71 1.78–2.91 0–1.41 76.62–82.83 4.38–7.40 1.37–3.48 0.94–1.75 0.52–1.07 0.37–0.94 1.55–6.49 0.79–0.81 146.28–170.91 95.00–125.00 36.00–51.00 5 
Jia and Wu (2017) 5.58 0.59 0 70.53 9.31  1.42  2.49 10.08   136.50 52.30 1 
Joiner and Long (1978) 0.20–0.81 0.20–0.81 0.20–0.81 68.89–89.91 3.70–13.78 1.59–5.84 1.01–2.95 0.64–1.72 0.33–1.35 1.00–7.49   60–131.67 16.82–47.62 12 
Kaydani et al. (2016) 0.15–11.71 0.06–8.64 0–0.75 59.80–86.57 1.62–14.15 0.35–6.89 0.18–3.92 0.08–4.36 0.06–3.08 0.39–11.18 0.73–0.85 106.00–253.00 15.56–169.44 18.28–81.56 12 
Khodapanah and 

Tabatabaei-Nejad(2014) 
0.10–3.32 1.43–4.00 0–2.69 79.85–82.78 5.24–8.40 1.96–3.19 1.15–1.46 0.56–0.82 0.39–0.57 1.91–3.88   76.67–133.30 23.22–38.99 3 

Khoshnamvand et al. (2017) 0.08 2.44 0 82.10 5.78 2.87 3.43 1.12 0.72 3.10 0.77 132.00 82.50 28.10 1 
Kilgren (1966) 0.19 1.02 0 86.73 2.48 1.27 1.08 0.34 0.19 6.70 0.88 295.00 127.00 85.80 1 
Lagache et al. (2004) 0 0.21 0 80.74 4.90 4.77 3.23 1.89 1.85 2.41   189.85 33.00 1 
Leibovici et al. (1993) 0.32 1.95 0 76.15 7.74 3.62 1.89 1.12 1.19 6.02  187.50 30.72–150.17 54.13–74.61 5 
Liu et al. (2013) 0.52–0.84 0.44–0.75 0 95.79–96.00 2.10–2.31 0.20–0.21 0.11–0.13 0.04–0.05 0.03–0.04 0.21–0.23 0.80–0.81 151.99–156.08 74.55–146.05 33.24–43.02 8 
Louli et al. (2012) from  

Aghamiri et al. (2018) 
0.08–5.56 0.44–2.44 0 82.10–85.48 3.50–5.78 1.46–2.87 0.94–1.79 0.50–1.12 0–0.72 2.10–3.10 0.77–0.79 129.81–143.60 32.22–113.33 28.11–41.48 12 

Al-Mahroos and Tjoa (1985) 11.71–11.71 6.50–6.50 0.05–0.05 79.06–79.06 1.62–1.62 0.35–0.35 0.18–0.18 0.08–0.08 0.06–0.06 0.39–0.39 0.80–0.80 161.87–161.87 32.20–169.40 22.96–46.28 4 
Majidi et al. (2014) 0–43.22 0–91.92 0–29.86 3.49–96.68 0.37–12.88 0.18–8.58 0.22–20.30 0.06–2.21 0.05–1.52 0.19–10.01 0.76–0.87 126.00–235.00 53.89–142.22 9.69–74.39 20 
Maleki et al. (2012) from  

Aghamiri et al. (2018) 
0.34–0.75 2.17–3.91 0 70.20–70.64 9.22–10.76 2.76–4.94 1.64–3.02 0.82–1.35 0.82–0.90 5.88–9.87 0.80–0.81 153.00–192.80 135.55–177.15 33.49–45.33 4 

Mazloom et al. (2004) from  
Aghamiri et al. (2018) 

0.52–0.84 0.44–0.75 0 95.79–96.00 2.10–2.31 0.20–0.21 0.11–0.13 0.04–0.05 0.03–0.04 0.21–0.23 0.80–0.81 151.99–156.08 74.55–146.05 33.26–43.04 8 

Mehrabian and Crespo (2011) 2.91–3.49 1.99–2.29 0.13–0.34 81.42–82.86 5.01–5.39 1.79–2.07 1.13–1.30 0.66–0.88 0.39–0.88 2.64–3.09   97.28–105.00 34.13–36.75 5 
Nasrifar et al. (2005) 0–0.87 0–8.64 0 64.04–91.35 3.76–13.90 1.44–6.89 0.82–3.72 0.34–4.36 0.39–3.08 1.54–11.18 0.73–0.83 106.00–200 15.70–171.00 18.28–60.33 7 

(continued on next page) 
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Table 2 (continued ) 

Reference N2 (mol%) CO2 (mol%) H2S (mol 
%) 

C1 (mol%) C2 (mol%) C3 (mol%) C4 (mol%) C5 (mol%) C6 (mol 
%) 

C7+ (mol%) SG7+ MW7+ (g/mol) T (◦C) Pd (MPa) N 

Nemeth and Kennedy (1967) 0–43.22 0–91.92 0–29.86 3.49–96.68 0.37–15.13 0.18–10.90 0.15–8.01 0.06–12.30 0.04–8.71 0.19–13.56 0.73–0.87 106.00–235.00 4.44–160 9.69–74.39 543 
Ng and Robinson (1986) 0 0 0 74.13 7.21 4.50 0.87 1.76 2.59 7.10   − 17.75–37.85 16.59–23.00 4 
Nowroozi et al. (2009) from  

Aghamiri et al. (2018) 
0–0.87 0–8.64 0–0.75 59.80–86.57 3.83–14.15 1.97–6.89 1.21–4.64 0.74–2.70 0.46–1.77 2.92–11.18 0.74–0.83 125.00–200 4.44–159.44 21.34–60.33 9 

Nowroozi et al. (2009) from  
Haji-Savameri et al. (2020) 

0–9.36 0–91.40 0–3.94 3.52–95.28 0.10–11.89 0.06–6.34 0.04–3.13 0.02–1.85 0.01–1.44 0.03–10.82 0.74–0.84 104.50–208.07 62.22–145.00 14.72–54.47 59 

Pedersen (2007) 0.64 3.53 0 70.78 8.94 5.05 2.53 1.41 0.83 6.29 0.81 165.10 150.50 38.15 1 
0.65–0.65 11.58–11.58 0 85.07–85.07 1.83–1.83 0.48–0.48 0.21–0.21 0.07–0.07 0.03–0.03 0.08–0.08 0.82–0.82 87.04–87.04 − 30–8.50 4.06–7.22 4 

Pedersen et al. (1985) 0.12–0.64 2.49–9.16 0 68.80–76.43 7.46–8.43 3.12–5.11 1.80–2.26 1.05–1.09 0.63–0.79 3.92–6.70 0.81–0.82 158.83–174.33 129.00–129.00 46.40–46.40 2 
Pedersen et al. (1988) 0.71 8.64 0 70.85 8.53 4.95 2.01 0.81 0.46 3.04 0.83 155.30 118.89 39.85 1 
Pedersen et al. (1989) 0.60 3.34 0 74.16 7.90 4.15 2.15 1.19 0.81 0.63 0.81 151.06 155.00 38.80 1 
Qi et al. (2007) 0.33 2.37 0 79.26 8.81 4.75 2.36 0.87 0.28 0.98   115.00–135.00 42.76–43.55 3 
Raffie and Tennyson (2003) 0.05–0.13 0.37–0.78 0 87.71–91.85 3.73–3.87 1.29–1.95 0.58–1.21 0.25–0.55 0.16–0.38 1.58–3.64 0.79–0.80 142.00–159.00     3 
Reamer and Sage (1950) 0 0.10 0 95.22 1.68 0.91 0.59 0.27 0.25 0.98 0.72 122.60 104.44 23.06 1 
Regueira et al. (2020) 0.10 2.40 0 82.70 6.43 2.34 1.03 0.45 0.35 4.20 0.80 162.40 25.00–200 45.60–69.55 11 
Remolina and Parra (2006) 0.31–24.41 0.91–3.67 0 68.70–81.80 3.33–7.80 1.44–3.55 0.70–2.16 0.26–1.32 0.11–1.09 0.14–8.21 0.71–0.82 108.22–184.00 − 84.43- 

137.78 
6.70–46.60 3 

Sage and Olds (1947) 0 0 0 82.38 4.28 3.51 4.64 1.28 0.99 2.92 0.74 125.00 4.44 21.34 1 
Silverman and Hill (1997) 1.92 43.89 2.35 11.62 3.03 4.84 4.45 3.45 2.29 22.16   21.50–44.00 8.71–11.45 3 
Sportisse et al. (1997) 0.16–3.71 0.69–3.97 0.26–2.28 64.18–88.86 3.38–9.77 1.18–6.87 0.48–2.82 0.19–1.80 0.02–1.68 0.23–12.41 0.77–0.83 121.68–206.30 30–182.90 17.06–71.50 20 
Standing (1979) from Aghamiri 

et al. (2018) 
1.72 0.30 0 79.17 7.48 3.29 1.77 0.91 0.62 4.74 0.77 169.92 120.85 47.06 1 

Sun et al. (2012) 0.61–0.85 0.31–0.59 0 87.50–96.68 1.64–7.53 0.22–1.49 0.11–0.61 0.05–0.21 0.02–0.14 0.20–1.31 0.78–0.80 122.78–139.46 30.05–145.45 22.03–46.55 16 
Thomas et al. (2006) 0.24 2.01 0 82.36 5.08 3.46 1.74 0.62 0.17 4.30 0.83 172.23 119.00 73.08 1 
Vega and Barrufet (2005) from  

Aghamiri et al. (2018) 
0.68–0.98 8.02–8.35 0 67.61–68.74 8.17–8.44 4.70–4.89 2.02–2.32 0.94–1.15 0.59–0.72 5.36–6.87 0.73–0.74 161.72–179.11 120–120 36.11–39.11 7 

Vega and Barrufet (2005) 0.25 4.61 0 61.71 9.44 5.14 3.16 1.72 1.27 12.70   140.56 36.70 1 
Vogel and Yarborough (1980) 0.20–2.20 0.06–2.12 0 67.50–74.17 9.31–11.27 4.86–5.75 2.80–3.53 0.99–1.48 0.58–1.51 2.00–9.05 0.74–0.80 116.00–162.00 59.85–107.85 20.70–35.90 3 
Wang and Gmehling (1999) 0.08–1.94 1.21–2.44 0 65.99–82.10 5.78–10.76 2.87–5.91 0–1.57 0.75–2.69 0.46–1.81 3.10–6.59 0.77–0.81 132.00–153.00 82.55–140.05 23.73–41.94 4 
Yan et al. (2001) 2.89–3.11 0.51–0.55 0 70.93–75.57 8.85–9.10 2.78–2.83 1.14–1.20 0.63–0.91 0.46–0.73 6.67–11.15 0.81–0.81 193.50–193.50 29.95–151.95 42.50–58.16 32 
Yang et al. (2020) 0 0 0 78.58 8.34 7.96 0.82 0.24 1.24 2.82   110.40 26.30 1 
Yang et al. (1997) 3.91 0.75 0 70.20 9.22 2.76 1.64 0.82 0.82 9.87 0.80 192.80 117.75–177.15 42.88–46.07 4 
Yushchenko and Brusilovsky 

(2015) 
0.01–0.26 0.14–13.34 0–25.77 52.34–92.08 2.19–7.68 0.98–4.06 0.67–2.25 0.26–0.89 0.19–0.53 1.16–4.99  119.53–185.60 55.45–110 23.02–50.50 3 

Zhang et al. (2020) 2.13 1.22 0 65.80 8.51 5.86 9.89 0 0 6.59   93.35 28.00 1  
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HFI are known (e.g., Bourdet et al., 2008). The Th can be accurately 
measured within ±0.1 ◦C and the Fv measurement of HFI has been re
ported to an accuracy better than 95% (Pironon et al., 1998). Therefore, 
the x7+ of HFI from heavy oil to gas condensate can be predicted with 
relatively high accuracy. In order to simply characterize the composition 
of HFI using Eq. (1) and Eq. (2), we establish a Th vs. Fv diagram with 
varying iso-x7+ which separates the hydrocarbon fluid into black oil, 
volatile oil and gas condensate (Fig. 4). Both the petroleum type and x7+
of HFI can be directly constrained by Fig. 4 with measured Th and Fv. To 
calculate the x7+ of HFI we suggest plot the measured Th and Fv in Fig. 4 
firstly and if the data points are within the zone with iso-x7+ ≥20% then 
calculate the x7+ using Eq. (1), otherwise, using Eq. (2). In addition, the 
co-variation of Th vs. Fv in Fig. 4 is good indicator of multiple petroleum 
populations (Bourdet et al., 2008; Ping et al., 2012) and can be used to 
recognize possible post-trapping modifications including stretching and 
leakage (Bourdet et al., 2008). 

Methane molar percentage (x1) in HFI is another import parameter 
for determining PVT phase behavior and hydrocarbon fluid evolution. 
However, it is relatively difficult to measure directly. Because of the 
fluorescence interference conventional Raman spectrum cannot be used 
to detect the methane in the fluorescent HFI especially the crude oil and 
gas condensate inclusions (Burruss, 2003). Three-dimensional multi
modal coherent anti-Stokes Raman scattering (CARS) microscopy supply 
the possibility for identifying and mapping methane in the oil inclusions, 
but quantitative estimation of methane mole fraction cannot be ach
ieved up to now (Burruss et al., 2012). Currently, quantitative FT-IR 
analysis is the only effective method to directly estimate the methane 

concentration in petroleum inclusions based on the measurement of 
CH2/CH3 ratio and CH4/alkane area ratio, while the presence of 
branched alkanes and CH aromatic groups significantly influence the 
methane content estimation (Pironon et al., 2001). In fact, the methane 
content in hydrocarbon fluid is usually inversely proportional to the 
heavy hydrocarbon content with increasing of thermal maturity due to 
kerogen cracking in source rocks and oil cracking in reservoirs (Behar 
et al., 2008; Stainforth, 2009). Therefore, it is likely to obtain an 
empirical correlation between the x1 and the x7+ in hydrocarbon fluid. 
In order to limit the effect of non-hydrocarbon gas (N2, CO2 and H2S) we 
divide our collected crude oil and natural gas samples into two groups 1) 
samples with relatively high non-hydrocarbon gas content (single gas 
molar percentage >10%) and 2) samples with relatively low 
non-hydrocarbon gas content (single gas molar percentage <10%). In 
addition, several oil samples with abnormal high C2/C3 molar content 
ratio could undergo obvious biodegradation which preferentially 
consume propane in natural gas (Boreham et al., 2008). As a result, the 
methane molar content of these oil samples is significantly higher than 
that of the normal crude oils and therefore these oil samples were 
eliminated for linear fitting between the x1 and x7+. 

A total of 922 composition data of crude oil and gas condensate fluids 
was used to obtain the empirical equation (Eq. (3)) between the x1 and 
x7+ (Fig. 5): 

x1 = e

(
a+b ln x7+

1+cln x7++dln x7+2

)

(3)  

where the coefficients a, b, c and d are shown in Table 4. Please note Eq. 

Table 3 
The range of experimental molar composition (%), temperature and pressure of crude oil and gas condensate used for relative volume measurement. T: temperature; P: 
pressure; N: number of measured relative volume.  

Reference Fluid type N2 (mol%) CO2 (mol%) H2S (mol 
%) 

C1 (mol%) C7+ (mol%) T (◦C) P (MPa) N 

Al-Meshari (2004) Oil 0–3.95 0.05–3.78 0–4.99 37.45–72.47 11.45–24.68 80–157.22 1.38–96.63 298 
Avaullée et al. (2001) Oil 0–1.252 0.774–8.13 0–0.184 32.357–50.009 17.538–39.791 104.4–146.1 11.15–40.1 58 
Bonyadi and Esmaeilzadeh 

(2007) 
Oil 0.72 0.3 0 79.17 5.74 120.85 17.99–49.53 14 

Coats and Smart (1986) Oil 0–1.64 0.08–60.31 0–0.04 7.05–58.32 11.45–48.24 43.3–121.1 1.78–41.37 250 
Jaubert et al. (2002a, 2002b) Oil 0–1.252 0.774–3.601 0–2.32 22.92–54.26 21.27–45.8 26.7–144.7 5–50.05 196 
McCain (1990) Oil 0.16 0.91 0 36.47 33.29 104.44 3.26–34.48 23 
Pedersen (2007) Oil 0.39 0.3 0 40.2 31.95 97.5 5.56–35.14 16 
Regueira et al. (2020) Oil 1.41 0.14 0 49.3 27.76 24.91–200 5.69–53.71 186 
Yang et al. (1997) Oil 3.912 0.75 0 70.203 9.873 40.35–98.45 4.49–46.68 53 
Yan et al. (2001) Oil 2.89–2.96 0.51–0.52 0 70.93–72.46 9.67–11.15 29.95–127.95 6.03–49.58 117 
Akpabio et al. (2014) Gas 

condensate 
0.1 0.62 0 80.99 4.64 103.89 9.59–66.04 17 

Al-Meshari (2004) Gas 
condensate 

0.11–10.86 0.01–4.35 0–3.94 57.71–72.09 4.3–12.39 37.78–151.67 5.62–62.16 448 

Bonyadi and Esmaeilzadeh 
(2007) 

Gas 
condensate 

0.72–5.67 0.3–2.26 0 45.74–86.003 1.34–10.66 106.67–162.78 8.02–63.81 59 

Coats (1985) Gas 
condensate 

2.01–2.26 5.62–5.67 0 45.74–46.79 10.66–12.32 162.78 8.03–63.81 38 

Coats and Smart (1986) Gas 
condensate 

0.34–0.42 0.61–2.17 0–0.04 57.49–70.64 5.88–12.2 87.78–130.56 7.17–48.26 45 

Guo et al. (2020) Gas 
condensate 

0.569–4.166 0.722–4.22 0 75.55–76.73 5.232–8.761 129–152.1 6–49.89 22 

Hou et al. (2016) Gas 
condensate 

0.636 5.228 0 57.067 11.411 132.4 7–25.53 13 

Imo-Jack (2010) Gas 
condensate 

0.34 1.24 0 79.67 4.15 109.449 12.62–41.37 17 

Kilgren (1966) Gas 
condensate 

0.19 1.02 0 86.73 6.7 26.67–77.78 6.54–88.35 18 

Pedersen et al. (1989) Gas 
condensate 

0.6 3.34 0 74.16 5.69 155 14.62–59.71 26 

Regueira et al. (2020) Gas 
condensate 

0.1 2.4 0 82.7 4.2 25–200 6.83–73.43 279 

Yan et al. (2001) Gas 
condensate 

2.89–3.11 0.51–0.55 0 70.93–75.57 6.67–11.15 39.35–151.95 5.93–58.16 252 

Yang et al. (1997) Gas 
condensate 

3.912 0.75 0 70.203 9.873 117.75–177.15 4.48–46.07 49  
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(3) is suitable for the hydrocarbon fluids if the molar percentage of 
single non-hydrocarbon gas is lower than 10%. Actually, the molar 
content of non-hydrocarbon gas in crude oil (e.g., x7+ >12.5%) is very 
low. According to our statistics, 98% samples in the collected crude oil 
samples have molar content of non-hydrocarbon gas lower than 10% 
and the average value for N2, CO2 and H2S is 0.9%, 1.4% and 0.2%, 
respectively. Nearly 95% gas condensate fluids have molar content of 
non-hydrocarbon gas lower than 10%, but for the other 5% samples the 
molar content of non-hydrocarbon gas is as high as 43% for N2 (aver
aging 8%), 92% for CO2 (averaging 12%) and 53% for H2S (averaging 
11%). Therefore, it is not necessary to consider the content of non- 
hydrocarbon gas for most of the HFI when predicting the x1 using Eq. 
(3) and the AAD of predicted x1 is ~13.1% and ~6.3% for crude oil and 
gas condensate, respectively, with an AAD of ~7.9% for all the samples 
(Table 5). However, if the molar content of single non-hydrocarbon gas 
is higher than 10%, the predictive error using Eq. (3) could be great. 
Under this situation the molar content of non-hydrocarbon gas in HFI 
should be known to obtain a more accurate prediction of x1 using the 
fitting Eq. (4) based on 57 crude oil and gas condensate samples: 

x1 = a+ bxN2 + cxCO2 + dxH2S

+ ex7+ (xN2 > 10%, or xCO2 > 10%, or xH2S > 10%) (4)  

where the coefficients a, b, c, d and e are shown in Table 4. The AAD of 
predicted x1 is as low as 14.2%. Please note that gas condensate samples 
for extrapolating Eq (4) are relatively few and the predicted accuracy of 
x1 cannot be adequately evaluated and the result is only for reference. In 
addition, it is very difficult to obtain the molar content of non- 
hydrocarbon gas in HFI, and no analytical technique can currently 
quantitatively measure compositions of all non-hydrocarbon gases in 
fluid inclusions. In this case, it is best to use the approximate non- 
hydrocarbon composition data of oil or gas reservoirs. 

3.2. Homogenization pressure (Ph) prediction 

The homogenization condition (Th, Ph) connects the trapping con
dition (Tt, Pt) through the isochores in the P-T phase diagram of HFI 
(Fig. 1). Therefore, Ph is very important for Pt reconstruction. Tradi
tional Ph prediction is primarily based on the iterative calculations to 
obtain final fluid compositions by inputting Th, Fv and an assumed initial 
composition from either a reservoir fluid or an α-β composition model 
(Aplin et al., 1999; Thiéry et al., 2002). However, the iterative fluid 
composition is largely dependent upon the selection of initial fluid 
composition and thus results in great uncertainty in Ph calculations (Ping 
et al., 2013a). Ping et al. (2011) found that the Ph is primarily deter
mined by the methane molar percentage for crude oil. They developed a 
mathematical correlation of Ph between Th and the x1 based on 160 
crude oil samples (Ping et al., 2013b). Compared with the traditional Ph 
prediction, the Ping et al. (2013b) correlation does not need to iterative 
calculation to obtain pseudo-composition and thus greatly decreases the 
unknown parameters for Ph calculation. HFI can be divided into two 
types 1) HFI homogenizing into liquid phase and 2) HFI homogenizing 
into gas phase. The former HFI indicates that the hydrocarbon fluid is 
liquid phase during trapping, including crude oil and parts of gas 
condensate while the later HFI is homogenizing into gas phase during 
trapping primarily including gas condensate. In this study we still follow 
the method of Ping et al. (2013b) and try to establish a new correlation 
between Ph and Th and x1 based on more crude oil and gas condensate 
samples (Tables 1–2), which extends Ph calculation from crude oil to gas 
condensate fluids. 

As stated in the method section, we firstly create a standard fluid 
database where their homogenization pressures have been matched and 
then we calculate Ph for each fluid at Th ranging from 30 ◦C to 170 ◦C 
with 10 ◦C interval. Finally, a total of 4511 Th ~ x1~Ph data pairs are 
used to extrapolate the correlation of Ph for HFI which homogenizes into 
liquid phase. The new Ph calculation equation is shown in Eq. (5): Ta
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Ph = a + bTh + cx1 + dTh
2 + ex1

2 + fTh
3 + gx1

3 + hx1Th + iTh
2x1 + jThx1

2

(5)  

where the coefficients a, b, c, d, e, f, g, h, i and j are listed in Table 4. Eq. 
(5) is applicable to the HFI with methane molar content ranging from 
0.66% to 80.93% and single non-hydrocarbon gas content <10%. 
Therefore, this equation can not only calculate the Ph of heavy oil and 
volatile oil, but also the Ph of gas condensate fluid if the inclusion ho
mogenizes into liquid phase. Essentially, all the HFI that homogenize 
into liquid phase can use Eq. (5) to predict Ph. Eq. (5) can be used to 
calculate Ph of HFI homogenizing into liquid phase with a wide range of 
Th (22–200 ◦C) and x1 (0.66–80.9 mol%) and an AAD of 8.6% for a total 
of 4795 data will be obtained (Table 5). The model (Eq. (5)) has been 
tested for measured Ph data from 285 crude oils and the AAD of pre
dicted Ph is 8.7% (Table 5), which is better than that from the Ping et al. 
(2013b) (AAD = 9.5%), Elsharkawy (2003) (AAD = 11.5%) and Jarra
hian et al. (2015) (AAD = 34.6%) correlations. Please note that the 
Elsharkawy (2003) and Jarrahian et al. (2015) models used 10 compo
sitions (N2, CO2, H2S, C1, C2, C3, C4, C5, C6, C7+) together with the SG7+
and MW7+ of the C7+ composition, while our model only needs x1 and 
has better predictive accuracy. However, we found that the predictive 
accuracy of our model slightly depends on the types of hydrocarbon 
fluid. For crude oil with x7+ >12.5% and x1<62% Eq (5) can obtain a 
better accuracy (AAD = 7.3%), while the Ph prediction accuracy for gas 
condensate fluid (x7+ <12.5%) an AAD of 12.7% can be obtained 
(Table 5). 

In comparison with the crude oil, the Ph prediction of gas condensate 
has always been a difficult problem, as it is not only the function of x1 
but also strongly related to other parameters including non- 
hydrocarbon, C2+ composition and physical properties of the C7+
composition (Fig. 6). Therefore, more detailed compositions together 
with SG7+ and MW7+ are necessary to obtain a better Ph prediction 
through empirical models (Nemeth and Kennedy, 1967; Elsharkawy, 
2002b; Godwin, 2012; Kamari et al., 2016), EoS (Valiollahi et al., 2016; 
Novak et al., 2018) and artificial neural networks in conjunction with 
genetic algorithm (Najafi-Marghmaleki et al., 2016; Zhong et al., 2018; 
Haji-Savameri et al., 2020). In this study, we firstly tried to obtain an 
acceptable Ph prediction accuracy only using the molar composition of 
gas condensate like crude oil, while we found that the predictive error of 
Ph could be very large without the incorporation of other parameters 
such as SG7+ and MW7+. However, it is impossible to directly obtain the 
SG7+ and MW7+ of the C7+ composition for natural HFI. Here we 
establish simple linear correlations between x7+ and SG7+ and MW7+
and then the Ph predictive equation was obtained through a nonlinear 
fitting method based on 13 variables including (N2, CO2, H2S, C1, C2, C3, 
C4, C5, C6, C7+, SG7+ and MW7, Th). Although we have collected more 
than 900 gas condensate data, the measured Ph of these fluids are still 
too few to represent all the range of Ph with wide variation of Th. Thus, 
we matched the measured Ph of the collected samples (see method 
section and Ping et al. (2013b)) and then calculated the Ph at Th from 
30 ◦C to 170 ◦C with 10 ◦C interval. Finally, a total of 5720 Ph data of gas 
condensate was used to develop the Ph prediction model in this study. 
For most of the gas condensate samples, the molar content of single 
non-hydrocarbon gas is lower than 10% which do not have apparent 
effect on the Ph prediction. Therefore, the Ph of HFI which homogenizes 
into gas phase (30 ◦C < Th < 170 ◦C) can be calculated using the 
following equation: 

Ph = ax1 + bx2 + cx3 + dx4 + ex5 + fx6 + gx7+ + hSG7+ + i
x1

x7+
+ jTh

+ kx7+MW7+ + l(x7+MW7+)
2
+m(x7+MW7+)

3
+ n

MW7+

SG7+

+ o
(

MW7+

SG7+

)2

+ p
(

MW7+

SG7+

)3

+ q

(6)  

where the coefficients a, b, c, d, e, f, g, h, i, j, k, l, m, n, o, p and q are 
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Fig. 4. Th vs. Fv (calculated at 20 ◦C) diagram (Bourdet et al., 2008) for varying hydrocarbon fluid compositions which is indicated by the x7+. The Fv is calculated 
using Eq. (1) and Eq. (2) and the petroleum types are divided into black oil, volatile oil, gas condensate by x7+ (Danesh, 1998). OFIL is oil-bearing fluid inclusion 
which homogenizes into liquid phase, GCFIL is gas condensate-bearing fluid inclusion which homogenizes into liquid phase, HFIG is hydrocarbon fluid inclusion 
which homogenizes into gas phase. Please note the GCFIL and HFIG are separated by the iso-Fv line with approximate 50%. The data points are from collected samples 
in this study. The dark blue solid circles are from gas condensate samples and the green solid circles are from crude oil samples. 
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listed in Table 4. The x2-x6 are the molar percentage of C2–C6 compo
sition. The SG7+ and MW7+ are calculated from the following equations: 

SG7+ = 0.0045 ∗ x7+ + 0.761 (7)  

MW7+ = 6234 ∗ SG7+
2 − 8975 ∗ SG7+ + 3354 (8) 

The AAD of Eq. (6) for 5718 data is around 18.9% and the AAD of 
predicted Ph for 787 measured dew point pressures of gas condensate 
fluids with molar content of single non-hydrocarbon gas <10% is around 
15.8% (Table 5), which is comparable to other empirical models, e.g., 
Nemeth and Kennedy (1967)’s (AAD = 13.3%) and Elsharkawy (2002)’s 
(AAD = 15.2%) correlations (Haji-Savameri et al., 2020). Please note 
other models used the measured SG7+ and MW7+ while our model 
calculated them only based on the x7+ which can be obtained by Th and 
Fv (Eqs. (1) and (2)). Therefore, the developed model (Eq. (6)) in this 
study can be easily used for fluid inclusion study while others cannot. In 
addition, we found the new model can also be used to calculate the Ph of 
gas condensate with high content of non-hydrocarbon gas (>10 mol%) 
by assuming the molar content of non-hydrocarbon is lower than 10% 
and an AAD of ~25.9% is obtained for 38 samples. Because of the 
scarcity of high non-hydrocarbon-content gas condensate samples the Ph 

Fig. 5. Relationship between the lnx1 and lnx7+ for measured petroleum 
compositions. 

Fig. 6. Relationship between the experimentally measured saturation pressure (Ps-exp) and x1 for crude oil and gas condensate fluids.  
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prediction equation for this type of fluid is not separately fitted in this 
study. For most HFIs we can assume that the non-hydrocarbon gas 
content is lower than 10 mol% and only the molar content of C1–C7+
needs to be known to calculate the Ph of HFIs. Moreover, we calculated 
the Ph using the PR EoS with the same composition and SG7+ and MW7+
used in Eq. (6) and an AAD of 21.6% is obtained, indicating the highest 
Ph prediction accuracy of our new model for fluid inclusion application. 

3.3. Trapping pressure predictions 

Traditional trapping pressure prediction needs the calculation of 
isochore using EoS with known detailed fluid composition and Ph (T =
Th) of HFI (Aplin et al., 1999; Thiéry et al., 2002), which significantly 
increase the difficulty for accurate prediction of trapping pressure. As 
discussed in the previous sections the Ph of HFI homogenizing into liquid 
phase can be well correlated to x1 and Th (Eq. (5)). Therefore, it is 
possible to establish a Pt prediction equation similar with Eq. (5). Based 
on the previously obtained standard fluid database with measured Ph 
(Th) we calculated the Pt of HFI using PR-EoS assuming that the HFI was 
trapped at Tt = Th+ΔTh (ΔTh is the difference between Th and Tt). Please 
note the Ph and fluid compositions are from measured values and the 
isochore was calculated after volume calibration. Thus, the calculated Pt 
can be regarded as the true value, which can be used to develop and test 
the Pt prediction models. Because an isochore can be constrained by any 
two P-T conditions along an isochore pathway, the isochore at homog
enization condition (Ph, Th) of HFI can be obtained if another P-T 
trapping condition is known. Here we firstly calculated Ph at varying Th 
ranging from 30 ◦C to 170 ◦C based on the previous fluid composition 
database and then a ΔTh of 15 ◦C was artificially selected to calculate the 
PTh+15 (Tt = Th+15 ◦C). Finally, the PTh+15 prediction model fitted by a 
total of 4444 x1-Th-PTh+15 data pairs is shown in the following: 

PTh+15 = a + bx1 + cTh + dx1
2 + eTh

2 + fx1
3 + gTh

3 + hx1Th + ix1
2Th

+ jx1Th
2 (9)  

where the coefficients a, b, c, d, e, f, g, h, i and j are listed in Table 4. Eq. 
(9) can be used to calculate the Pt of HFI which homogenizes into liquid 
phase at Tt = Th+15 ◦C, with an AAD of ~8.6% for 4444 data (Table 5). 
Like Eq. (5) Eq. (9) has a better predictive accuracy for hydrocarbon 
fluid with x7+ >12.5% and x1 <62% (AAD = 7.1%) and has a relatively 
low predictive accuracy for gas condensate fluids (x7+ <12.5%) (AAD =
12.6%). Therefore, the isochore slope k at Th can be calculated by Eq. 
(10) and any Pt at the isochore can be obtained by Eq. (11), 

k =
(
PTh+15 − PTh

)/
15 (10)  

Pt =PTh + k(Tt − Th) (11)  

where the PTh is the homogenization pressure at Th which can be 
calculated through Eq. (5) and Tt is the trapping temperature of the HFI 
which is usually constrained by the Th of cogenetic aqueous fluid in
clusions with HFI. 

The trapping pressure prediction using Eq. (11) only needs the x1 in 
HFI, which is superior to the traditional methods (Aplin et al., 2000; 
Thiéry et al., 2002) because the latter still need other compositions (e.g., 
C2–C7+ hydrocarbons) to perform PVT modeling. Furthermore, the x1 in 
HFI can be predicted using Eqs. (1)–(4) which are only related to the Fv 
and Th of HFI. This means that once the Fv and Th of HFI are measured 
the molar contents of C7+ and C1, Ph (T = Th) and Pt (T = Tt) all are 
available. However, we noticed that the calculated isochore slope k 
could have a negative value because of relatively low predictive accu
racy of Eq. (5) and Eq. (9) for the gas condensate fluids (Table 5), which 
would result in greater deviation of Pt prediction with increasing of 
difference between the Th of HFI and cogenetic aqueous fluid inclusion. 
After calculating the isochore at bubble point pressure of gas condensate 
(equivalent to HFI homogenizing into liquid phase) using the PR EoS, we 

found the isochore k can be well correlated to MW of C7+ and the Th 
(homogenizing into liquid phase) of gas condensate. The equation for 
calculating k is shown as following, 

k= a + bMW7+ + cTh + dMW7+
2 + eTh

2 + fMW7+
3 + gTh

3 + hMW7+Th

+ iMW7+
2Th + jMW7+Th

2

(12)  

where the coefficients a, b, c, d, e, f, g, h, i and j are listed in Table 4. The 
AAD of k prediction is ~4.9% (Table 5). Finally, the trapping pressure 
can be predicted based on Eq. (11). 

Following the method of crude oil we calculated the trapping pres
sure at Tt = Th+15 ◦C (Th = 30–170 ◦C) for gas condensate fluids after 
dew point pressure matching and volume calibration. Similar to Eq. (6), 
a total of 5710 data pairs including molar content of C1 to C7+ and MW 
and SG of C7+ composition are used to extrapolate the trapping pressure 
prediction equation at Tt = Th+15 ◦C (PTh+15), which is shown in Eq. 
(13): 

PTh+15 = ax1 + bx2 + cx3 + dx4 + ex1 + fx2 + gx3 + hx4 + i
x1

x7+
+ jTh

+ kx7+MW7+ + l(x7+MW7+)
2
+m(x7+MW7+)

3
+ n

MW7+

SG7+

+ o
(

MW7+

SG7+

)2

+ p
(

MW7+

SG7+

)3

+ q

(13)  

where the coefficients a, b, c, d, e, f, g, h, i, j, k, l, m, n, o, p and q are 
listed in Table 4. The SG7+ and MW7+ are calculated by Eqs. (7) and (8). 
In contrast with crude oil, Eq. (13) need all the molar composition from 
C1 to C7+. The x7+ and x1 content can be predicted based on Eqs. (1)–(4), 
while other composition (x2 - x6) can be obtained using the α-β 
composition model (Thiéry et al., 2002). The AAD of Eq. (13) is ~19.3% 
which is slightly higher that Ph prediction from Eq. (6) (AAD = 18.9) 
(Table 5). Therefore, the trapping pressure of gas condensate inclusions 
(homogenizing into gas phase) at any trapping temperature can be 
calculated using Eqs. (10-11). In addition, the isochore slope k for gas 
condensate inclusions homogenizing into gas phase can also be calcu
lated by the following equation, 

k= a + bMW7+ + cTh + dMW7+
2 + eTh

2 + fMW7+
3 + gTh

3 + hMW7+Th

+ iMW7+
2Th + jMW7+Th

2

(14)  

where the coefficients a, b, c, d, e, f, g, h, i and j are listed in Table 4. For 
HFI which homogenizing into gas phase the isochore k is relatively low 
with average of ~0.21. The AAD of k prediction using Eq. (14) is 
~21.6% (Table 5) for 1547 data. The advantage of k calculation using 
Eq. (12) and Eq. (14) is that the predictive isochore k is reasonable and 
avoids negative slopes which is possible to occur using Eq. (10). This is 
specifically important for Pt prediction if there is a great difference be
tween the Th and Tt of HFI. 

3.4. Strategy and recommendations for P-T reconstructions of HFIs 

In the previous sections we have developed several empirical equa
tions to predict hydrocarbon fluid composition including x1 and x7+, Ph 
(T = Th), Pt (T = Th+15 ◦C), and isochore k for varying HFIs. As the Ph 
prediction is significantly related to fluid composition (black oil, volatile 
oil and gas condensate) and phase state (homogenizing into liquid phase 
or gas phase) when the HFI is trapped, the Pt prediction should consider 
the types of HFI and phase behavior. Here we divide the HFI into two 
types based on the phase state after homogenization including oil in
clusion (homogenizing into liquid phase, HFIL) and gas condensate in
clusion (homogenizing into gas phase, HFIG), while the oil inclusions 
can be further divided into two types based on the composition 
including normal oil (black oil and volatile oil, x7+ >12.5%), OFIL and 
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gas condensate (x7+≤12.5%), GCFIL. Therefore, different HFI should 
have different strategy for P-T conditions reconstruction. Fig. 7 sum
marizes the procedure for Pt and composition reconstruction with only 
three measured parameters (Fv, Th of HFI and coeval aqueous fluid in
clusion if the aqueous fluid is saturated with methane). For any HFI of 
interest, the Th and Fv at 20 ◦C should be measured first. If the HFI ho
mogenizes into gas phase then the x7+ is directly calculated using Eq. 
(2). If the HFI homogenizes into liquid phase the Th vs Fv diagram 
(Fig. 4) is applied to roughly determine x7+. If the x7+ is higher than 20% 
then Eq. (1) is used to calculate the x7+. If not Eq. (2) is used. The x1 for 
any HFI can be predicted by Eq. (3). For HFIG the whole hydrocarbon 
composition can be calculated based on the α-β composition model and 
the MW and SG of C7+ composition are calculated using Eqs. (7) and (8). 
The strategy of Pt prediction for different types HFI is elaborated in the 

following. 
The Ph (T = Th) and Pt at T = Th+15 ◦C for OFIL with x7+>12.5% can 

be predicted with a good accuracy (Table 5), therefore, the best method 
is to directly calculate the isochore slope k using Eq. (10) from Eq. (5) 
and Eq. (9) and then calculate the Pt using Eq. (11). If the true x7+ and x1 
are used the AAD of Pt prediction is ~8.2% based on 1190 standard Pt 
data, which is better than that from PR-EoS (AAD = 12.1%) (Table 6). In 
fact, for natural fluid inclusions we do not exactly know the molar 
content of C1 and C7+ and just estimate them using the empirical 
equations based on the only measured Fv. To evaluate the predictive 
accuracy for natural HFI, we assume that the C7+ can be determined 
accurately and then the x1 is calculated using the empirical equation Eq. 
(3) and other composition are calculated using the α-β composition 
model. Finally, an AAD of 12.3% is obtained using the empirical 

Fig. 7. Procedures for composition prediction and Pt reconstruction of HFI. AFI is the coeval aqueous fluid inclusion with HFI during trapping. OFIL is oil-bearing 
fluid inclusion which homogenizes into liquid phase, GCFIL is gas condensate-bearing fluid inclusion which homogenizes into liquid phase, HFIG is hydrocarbon fluid 
inclusion which homogenizes into gas phase. k is the isochore slope of HFI. PR is Peng and Robinson (1976) EoS. Ph is homogenization pressure at T = Th, PTh+15 is 
trapping pressure at Tt = Th+15. All the equations and figures shown in Fig. 7 are from this study. 
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equations (Eq. (5), Eq. (9) and Eqs. (10-11)) in this study. It is interesting 
that the PR-EoS has a slightly lower predictive accuracy (AAD = 14.2%) 
than that from empirical equations (Table 6), which indicates that 1) the 
P-T characteristics are mainly controlled by x1 for normal crude oil in
clusions, 2) our x1 prediction model is highly effective. 

For the GCFIL with x7+ ≤12.5%, the PVT phase behaviors are 
controlled by many other factors and therefore several parameters have 
been incorporated in the equations, which results in relatively low 
predictive accuracy (Table 6). As a result, we do not recommend to 
predict the Pt using Eqs. (9-11), but we suggest obtaining the isochore 
slope k using Eq. (12) and the calculate the Pt using Eq. (11), or directly 
calculate the Pt using PR-EoS. The predictive accuracy using empirical 
equations (AAD = 17.6%) is a little superior to that from EoS (AAD =
19.0%) for predictive fluid compositions (Table 6). 

Three methods can be used to calculate the Pt of HFIG with 
x7+≤12.5% including Ph-Pt (T = Th+15 ◦C) empirical equations, Ph-k 
empirical equations, and pure EoS method. For true fluid composition, 
Ph-Pt (T = Th+15 ◦C) method gives a best predictive accuracy with AAD 
= 15.9% and other two methods have relatively low predictive accuracy 
with AAD 25.6% and 21.2%, respectively (Table 6). However, for the 
calculated fluid compositions, the Ph-Pt (T = Th+15 ◦C) has the best 
predictive accuracy with AAD of 22.8% which is slightly higher than the 
Ph-k methods (AAD = 24.6%). The EoS method has the lowest predictive 
ability (AAD = 30.2%). 

Generally, the P-T predictive accuracy of HFI have been greatly 
improved by a large number of measured fluid composition and pressure 
data. To our knowledge, our models could give the best predictive ac
curacy for fluid composition and Pt prediction relative to the traditional 
methods. Furthermore, our models are easy to use. Please note our Pt 
prediction models are suitable for the HFI which single non- 
hydrocarbon gas (N2, CO2 and H2S) content is lower than 10 mol%. 
The presence of water in HFI has been proved by FT-IR measurements 
(Pironon et al., 2000), however, it seems that the dissolved water in 
petroleum does not drastically modify P-T properties of the HFI in oil 
window temperature range (typically <150–160 ◦C) (Pironon et al., 
2000; Thiéry et al., 2002). For gas condensate, the presence of brine 
could slightly increase the dew point pressure by around 2% or has no 
impact on it relative to the system without brine (Yushchenko and 
Brusilovsky, 2016). If the gas condensate contains a large amounts of 
high water-soluble hydrogen sulfide or carbon dioxide, the effect of 
brine on the PVT phase behaviors could not be neglected (Yushchenko 
and Brusilovsky, 2016). Moreover, the dissolved water in petroleum is 
too low to be observed microscopically. Therefore, for ordinary petro
leum coexisting with aqueous fluid, trapping pressure and temperature 
are generally obtained by intersection between petroleum and aqueous 
inclusions isochores without considering the effect of water (Bourdet 
et al., 2012; Bourdet et al., 2010; Guillaume et al., 2003; Narr and 
Burruss, 1984). 

Our models can also be used to calculate the P-T trapping condition 
of HFIs if the coeval aqueous fluid inclusions are not saturated with 
methane. Under this situation the isochore of aqueous fluid inclusion 
must be determined and then the trapping conditions can be determined 
by the intersection of isochores of HFI and coeval aqueous fluid inclu
sion (Bourdet et al., 2014; Pironon, 2020), where the isochore of HFI can 
be calculated based on our new methods following the recommenda
tions in Fig. 7. For the methane saturated HFI, the trapping condition of 
HFI is equivalent to its homogenization condition (Tt = Th and Pt=Ph), 
thus the best prediction accuracy of Pt can be obtained for oil inclusions 
and gas condensate inclusions with AAD 7.3% and 12.7%, respectively 
(Table 5). An Excel program attached in the supplementary data which 
has been developed to allow calculating the fluid compositions (C1, C2, 
C3, C4, C5, C6, C7+), homogenization pressure (Ph), single-phase isochore 
slope k and trapping condition (Pt) of HFI based on the procedures in 
Fig. 7, and it can be applied routinely on different case studies. 
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4. Conclusions 

Based on a large number of measured composition, pressure and 
volume data of crude oil and gas condensate, new fluid composition (x1 
and x7+) prediction models have been developed. The new composition 
prediction models only need the Fv and Th of HFI, which makes quan
titative comparation of different generations of HFI composition 
possible in a Fv vs. Th diagram. Through matching measured saturation 
pressure and volume calibration standard database are established 
including fluid composition, homogenization pressure, trapping pres
sure. The database covers a wide range of composition and pressure and 
therefore can represent HIFs in varying origin and source. For HFIs 
homogenizing into liquid phase with x7+ >12.5% only x1 is enough to 
obtain a good prediction accuracy of Pt reconstruction (AAD =

8.2–12.3%). For the gas condensate fluid inclusions, more compositional 
detail (x1-x7+) together with the physical property (MW and SG) of C7+
composition must be incorporated into the prediction model to obtain a 
better prediction accuracy of Pt. This is the case regardless of whether 
the gas condensate inclusions homogenize into the liquid or the vapor 
phase. Although many parameters are used to developed the new Pt 
prediction model, only the Fv of HFI is a measured value and others are 
derived from empirical equations, an advantage to previous methods. 
The new models give prediction accuracy of 11.2–17.6% (AAD) for gas 
condensate fluid inclusions which homogenize into liquid phase, and 
15.9–22.8% (AAD) for gas condensate fluid inclusions which 

homogenize into gas phase. Our new composition and Pt prediction 
models can give the best and fastest prediction of hydrocarbon fluid 
composition and trapping conditions and are of great significance for 
petroleum charging history reconstruction in sedimentary basins. 
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Nomenclature 

T Temperature (◦C) 
P Pressure (MPa) 
Th Homogenization temperature (◦C) 
Ph Homogenization pressure (MPa) 
Fv Degree of bubble filling (%) 
Pt Trapping pressure (MPa) 
PTh+15 Trapping pressure at Th +15 ◦C (MPa) 
Ps Saturation pressure (MPa) 
Pb Bubble point pressure (MPa) 
Pd Dew point pressure (MPa) 
Tt Trapping temperature (◦C) 
k Isochore slope 
xi Mole percentage of single component (or pseudo-component) i (%) 
MW Molar weight (g/mol) 
SG Specific gravity 

AD Absolute deviation (%) defined by AD =
⃒
⃒
⃒X

cal − Xexp

Xexp

⃒
⃒
⃒× 100%, where Xcal represents calculated molar content or pressure and the Xexp is the 

experimentally measured molar content or pressure 

AAD Average absolute deviation (%) defined by AAD =
∑N

1
AD

N , where, N is samples number 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.marpetgeo.2023.106403. 
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2013. Analysis of single oil-bearing fluid inclusions in mid-Proterozoic sandstones 
(Roper Group, Australia). Geochem. Cosmochim. Acta 122 (0), 448–463. 

Silverman, R.W., Hill, C.R., Gas Processors, A., 1997. The Conversion of Natural Gas to 
Liquid Fuels Using the SASOL Slurry Phase Distillate Process. Gas Processors 
Association - Seventy-Sixth Annual Convention, Proceedings, pp. 239–241. 

Sportisse, M., Barreau, A., Ungerer, P., 1997. Modeling of gas condensates properties 
using continuous distribution functions for the characterisation of the heavy 
fraction. Fluid Phase Equil. 139 (1–2), 255–276. 

Stainforth, J.G., 2009. Practical kinetic modeling of petroleum generation and expulsion. 
Mar. Petrol. Geol. 26 (4), 552–572. 

Standing, M.B., 1979. A Set of equations for computing equilibrium ratios of a crude oil/ 
natural gas system at pressures below 1,000 psia. J. Petrol. Technol. 31 (9), 
1193–1195. 

Stenby, E.H., Christensen, J.R., Knudsen, K., Leibovici, C., 1996. Application of a 
Delumping Procedure to Compositional Reservoir Simulations. SPE Annual 
Technical Conference and Exhibition. 

Sun, C.-Y., et al., 2012. Experiments and modeling of volumetric properties and phase 
behavior for condensate gas under ultra-high-pressure conditions. Ind. Eng. Chem. 
Res. 51 (19), 6916–6925. 

Teinturier, S., Pironon, J., Walgenwitz, F., 2002. Fluid inclusions and PVTX modelling: 
examples from the garn formation in well 6507/2-2, haltenbanken, mid-Norway. 
Mar. Petrol. Geol. 19 (6), 755–765. 
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Thiéry, R., Pironon, J., Walgenwitz, F., Montel, F., 2000. PIT (Petroleum Inclusion 
Thermodynamic): a new modeling tool for the characterization of hydrocarbon fluid 
inclusions from volumetric and microthermometric measurements. J. Geochem. 
Explor. 69–70, 701–704. 
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