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Abstract: This study aims to investigate the impact of changes in the Tmax  and Ro% on the assessed parameters (S1, S2, 
S1+S2, HI, QI, BI, PI, TOC) of petroleum potential of organic materials. The samples studied include coals and coaly shales of 
Mushan Formation, Shihti Formation  and Nanchuang Formation in NW Taiwan, coals and an oil shale from Mainland China, 
the well-drilled chip samples from NW Australia, in addition to the data of samples were included from literatures. This work 
will get on the detecting data of 10 parameters (S1, S2, S1+S2, TOC, HI, QI, BI, PI, Ro%, Tmax) and progressing statistical 
analysis, and focus the study on comparison between grey forecast of grey relational grade and regression model forecast. The 
results from statistical analysis (include temperature-treated samples were individually subjected to Rock-Eval analysis) of the 
all parameters data for all samples in this research project, not only be executed a linear regression, curve regression between any 
two parameters, and multivariate regression, but also be carried on the forecast of grey correlation grade of grey theory (include 
grey relational generating (Nominal-the-better-:Ro%; Larger-the-better-: Tmax, HI, QI, BI, S2, S1+ S2, S1; smaller-the-better-: 
TOC, PI) and globalization grey relational grade). So far, obtain roughly the consistency of results from two type predictive 
analysis. The constructed HI, QI and BI bands were broad at low maturities and gradually narrowed with increasing thermal 
maturity. The petroleum generation potential is completely exhausted at a vitrinite reflectance of 2.0-2.2% or a Tmax of 
510-520°C. An increase in HI and QI suggests extra petroleum potential related to changes in the structure of the organic material. 
A decline in BI signifies the start of the oil expulsion window and occurs within the vitrinite reflectance range 0.75-1.05 % or a 
Tmax of 440-455 oC. Furthermore, petroleum potential can be divided into four different parts based on the cross-plot of HI 
vs. %Ro. The area with the highest petroleum potential is located in sectionⅡ with %Ro=0.6-1.0%, and HI>100. Oil 
generation potential is rapidly exhausted at section Ⅲ with %Ro >1.0%. This result is in accordance with the regression curve 
of HI and QI with %Ro based on 97 samples with %Ro=1.0~5.6%. 

Keywords: Vitrinite Reflectance (Ro %), Grey Relational Analysis, Grey Model, Rock-Eval Pyrolysis, Petroleum Potential, 
Statistical Analysis 

 

1. Introduction 

Petroleum potential of source rocks is described in terms 
of quantity, quality and level of thermal maturity of organic 
material (Bordenave et al., 1993; Lee, 2011). Rock-Eval 
pyrolysis (Espitalie’ et al., 1977, 1985; Lee, 2011; Lee and 
Sun, 2013) is an effective method for the assessment of 
petroleum potential in source rocks as well as for the 
geochemical characterization of organic material.Rock-Eval 
pyrolysis is rapid, inexpensive, requires only small amounts of 
material, and can generate reliable data. Teichmüller (1973) 
and Vassoevich et al. (1974) proposed a vitrinite reflectance 

range from 0.5–0.55%Ro to 1.3%Ro for the oil window, 
although it is expanded from 0.5–0.6%Ro to 1.3–1.35%Ro by 
authors such as Hunt (1996), Petersen (2002), Peters and 
Cassa (1994), Taylor et al. (1998), and Tissot et 
al.(1987).Furthermore, Vassoevich et al. (1974) determined 
that oil generation occurs at a vitrinite reflectance of 0.5%Ro, 
whereas oil cracking starts to occur at a vitrinite reflectance 
of approximately 1.3%Ro. The temperature at the peak of S2 
is referred to as Tmax. The total genetic potential of the 
sample is defined as S1+S2. The total genetic potential of 
organic matter in the synthetic assessment of the petroleum 
potential is described using the hydrogen index (HI, S2/TOC), 
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the bitumen index (BI, S1/TOC) (Killops et al., 1998) and the 
quality index (QI, [S1+S2]/TOC) (Pepper and Corvi, 1995). 
The commencement of the effective oil window corresponds 
to the maturity at which BI begins to decrease during 
maturation, leading to efficient oil expulsion. 

The maturity of organic matter is one of the most important 
parametersin the evaluation of oil-gas (Tissot and Welte, 1984; 
Lee, 2011). In assessing maturity of organic matter, vitrinite 
reflectance (%Ro) is the most commonly examined parameter. 
Three major characters need to be studied in order to 
determine the petroleum potential of source rock: properties of 
organic material, process of thermal maturation, and 
abundance of hydrocarbon. However, high pressures during 
hydrocarbon formation increase the activation energies of 
organic matter in chemical reactions, which may lead to the 
suppression of vitrinite reflectance. In addition, vitrinite 
reflectance is strongly influenced by oxidation, so care must 
be taken to avoid over or under estimating the maturity. 
Therefore, the maturity parameters of hydrocarbon must be 
explored in order to construct effective indices for the 
assessment of petroleum potential. Vitrinite reflectance is a 
widely used parameter as a geothermometer for the estimation 
of the thermal maturity. But problems such as human mistakes 
in measurement, technical problems, and problems associated 
with the structural and compositional heterogeneity of organic 
matter. In most cases, the first two types of uncertainties can 
be handled by standardization (ASTM, ISO). The third 
problem needs to be solved by statistical analysis. 

The anomalously high HI values of coal samples can lead 
to an overestimation of the hydrocarbon potential. 
Peters(1986) suggested that the hydrocarbon potential of coal 
is best determined by using elemental and petrographic 
analysis. Several succeeding studies evaluated HI and S2 as 
predictors of the hydrocarbon potential by correlating them 
with the atomic H/C. However, the results were not 
satisfactory. Powell et al (1991) found a relationship between 
HI and atomic H/C for Australian coals with atomic H/C in 
the range of 0.8-1.0. Petersen and Rosenberg (2000) studied 
the relationship between HI and %Ro but only found a weak 
and negative correlation. Other researches exhibited that the 
HI value displays a strong correlations to volatile matter, 
which can also be considered as a substitute for petroleum 
generation potential (Suggate and Boudou, 1993; Newman et 
al., 1999; Lee, 2011; Lee and Sun, 2013). 

After performing the vitrinite reflectance measurement and 
pyrolysis analysis of organic material, ten parameters %Ro, 
Tmax, HI(S2/TOC), QI([S1+ S2]/TOC), BI(S1/TOC), 
PI(S1/[S1+ S2]), S2, S1+ S2, TOC, and S1 can be obtained. 
They will show the characteristics of the organic material in 
evaluating their petroleum potential. In avoiding overestimate 
or underestimate of the generation potential of organic 
material, we will investigate the correlation among above 
respective parameter with the datasets of 608 and 506 
samples in this research. On the other hand, maturity and 
types of organic material are related to %Ro and all 
parameters, so we can estimate petroleum potential of 
organic material by the statistical analysis to evaluate 

correlativity among all aforementioned parameters. For the 
majority of organic material, present a more complex 
correlation between Rock-Eval parameters and maturity 
(rank). So we can also assess the evolution and petroleum 
potential of organic material by using cross-plots of maturity 
(%Ro) and Rock-Eval parameters. 

Meanwhile, the purpose of this study is to establish reliable 
indices for the synthetic assessment of organic matter in the 
evaluation of petroleum potential. The scope of this study will 
be focused on Rock-Eval pyrolysis, vitrinite reflectance 
measurement, TOC measurement, maceral composition 
analysis, regression model forecast, gray relational grade, 
multivariate statistical analysis and cross-plots of %Ro and 
Tmax vs. above parameters according to data obtained from 
vitrinite reflectance measurements, TOC, and Rock-Eval 
pyrolysis. This study presents new guidelines for improved 
assessment of generative potential and thermal maturity. 

2. Methods of Experiment and Analysis 

Maceral analysis and vitrinite reflectance measurements 
were performed on polished pellets under a Leitz MPV 
Compact Microscope (light source 12V, 100W; wavelength 
546 nm; refractive index of soak oil, Ne=1.5180). 
Opticalmicroscope was used to identify three main maceral 
groups (exinite, vitrinite and inertinite), as well as inorganic 
minerals (pyrite and clay minerals) through point counting. At 
least 100 measurements were made for each sample. 
Elemental Analysis and Rock-Eval Pyrolysis were performed 
in the Precise Instrument Center of National Science Council 
and EDRI of Chinese Petroleum Corp. respectively. All 
analytical works were carried out according to ISO or ASTM 
standards procedures. This study was performed by using the 
following procedures. The dataset of study starts from the 
collection of sample data including from literature and our 
own historical archives. The total number of samples is 1140 
(1020 from literature and 120were analyzed for this study; 
database cf. Table1). Out of the1140 samples, only 
608(Table1) have all 10 parameters (%Ro, Tmax, HI, QI, BI, 
PI, S2, S1+ S2, TOC, and S1). The 120 samples include 
TW1-48 (from NW Taiwan), ML1-59 (from China), and 
AU1-13(from Australia). 

The scope of this study will be focused on Rock-Eval 
pyrolysis, vitrinite reflectance measurement, TOC 
measurement, maceral composition analysis, elements 
analysis, regression model forecast, gray relational grade, and 
relative mathematical model. In addition, process new 
guidelines for improved assessment of the kerogen type, 
generative potential and thermal maturity using Rock-Eval 
parameters. Grey relational Analysis include grey generating, 
grey relational generating operation (Deng, 1988; Wen, 2004).  
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Vitrinite reflectance measurement and pyrolysis analysis 
were performed to evaluate the relationship between the 
petroleum potential and the maturity for the aforementioned 
120 samples. And then go on statistical analysis and drawing 
cross-plot of the parameters (%Ro, Tmax, HI, QI, BI, PI, S2, 
S1+ S2, TOC, and S1) in the datasets of 1140, 608, and 506 
samples. In order to get the correlation between the 
aforementioned parameters and to evaluate synthetically the 
petroleum potential of organic material, can perform 
statistical analysis methods. Furthermore, the statistical 
analysis are performed with descriptive, correlation, 
independent samples T-test, linear and curve regression, 
factor, principal component, nonparametric tests by Excel 
and SPSS 16.0 (Keller, 2001; Zhang et al., 2007). All of the 
analyses were carried out on10 parameters for the datasets of 

608and 506 samples, and 3 parameters (%Ro, Tmax, HI) for 
the dataset of 1140 samples. The total genetic potential of 
organic matter in the synthetic assessment of petroleum 
potential is evaluated by hydrogen index (HI, S2/TOC), 
bitumen index (BI, S1/TOC), and quality index (QI, 
(S1+S2)/TOC). 

Statistical methods used on this study include: descriptive, 
multiple discriminant analyses, Pearson’s correlation, 
K-Independence and 2-independent samples T-tests, linear 
and curve regression, Q and R mode hierarchical cluster 
analysis, and principal component analysis (PCA). The first 
step in the multivariate analyses was the construction of a 
Pearson correlation coefficient matrix using all of the 
geochemical parameters contained in the datasets. The most 
statistically significant variables in the datasets were thus 
identified. 

Table 1. List of sample database (the dataset of 1140 samples). 

Period Region collected Number Notes 

Cenozoic Poland, Australia, Indonesia, USA, New Zealand, Taiwan, China 251 b, c, d, f, h, j, o, p, q, r, t, u, s 

Cretaceous Poland, Australia, Nigeria, China 99 b, c, h, i, m, p, t, u 

Jurassic China, Poland, Australia, NW China, New Zealand 106 a, b, c, e, h, l, m, p, t, u 

Triassic China, NW China 97 a, c, e, n 

Permian China, Poland, Australia, New Zealand, USA, Indonesia 90 a, b, c, h, l, m, p, q, t, u 

Carboniferous China, Ukraine, NW China, Netherland 497 a, e, g, k, t 

 

Notes Sample numbers Parameters detected References 

a CJ 1~38 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 Chen, et al., 2003 

b KM 1~17 
%Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 
2004 

Kotarba and Lewan, 

c PT 1~82 %Ro, Tmax(oC), HI, TOC, QI, BI, S1+S2, S1, S2, QI Powell et al., 1991 

d AH 1~19 
%Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 
2006 

Amijaya and Littke, 

e XM 1~48 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 Xiao et al., 2005 

f CU 1~47 
%Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 
2004 

Canonico et al., 

g PA 1~71 
%Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 
2003 

Sachsenhofer et al., 

h KJ 1~80 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 Kotarba et al., 2002 

i AS 1~35 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 Akande et al., 1998 

j NC 1~22 %Ro, Tmax(oC), HI, QI, BI, S1+S2, S1, S2, QI, TOC Norgate et al., 1999 

k VH 1~403 %Ro, Tmax(oC), HI, QI, BI, S1+S2, S1, S2, QI, TOC Veld et al., 1993 

l MG 1~27 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 Wang , 1998 

m MS 1~24 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 Xiao et al., 1996 

n MT 1~16 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 Xiao, 1997 

o TU 1~12 %Ro, Tmax(oC), HI, S2, TOC, S1+S2, S1, QI, BI, PI Wu, et al.2003 

p MU 1~13 %Ro, Tmax(oC), HI, S1, S1+S2, S1, QI, BI, PI, TOC Liu, et al., 2000 

q TK 1~25 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 Chiu et al., 1993 

r TC 1~41 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1 Chiu et al., 1996 

s TW 1~48 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1  

t ML 1~59 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1  

u AU 1~13 %Ro, Tmax(oC), HI, QI, BI, PI, S2, TOC, S1+S2, S1  

※1. Sample data of a ~ r from the literature(Notes) 
2. Sample data of s ~ u were detected in this study 
3. HI(S1/TOC), QI([S1+S2]/TOC), BI(S1/TOC), PI(S1/[S1+S2]) 
4. The dataset of 1140 samples contain 3 parameters (%Ro, Tmax, HI) 
5. The dataset of 608 samples contain 10 parameters (%Ro, Tmax, HI, QI, BI, PI, S2, TOC, S1+S2, S1) 
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where R  represents mean rank, ni represents the observation 
number of i group, k represents the number of groups, and N 

represent the total observation number of all groups. 
If p (probability)>α(0.05, significance level), accept null 

hypothesis (Ho). 

2.2. 2-Independent T-Test 

The 2-independentT-tests used here evaluates the 
probability that the mean value of a particular parameter 

exhibited by two data sets ( 1x and 2x ). -The t-statistic is 
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where n1、n2 represent the number of measurements and 1S 、

2S  represent the standard deviation.  

If p (probability)>α(0.05, significance level), accept null 
hypothesis (Ho). 

Chi-squared (
2

x ) statistics were used to assess the 

normality of the distribution of values in the data setfor a 

particular parameter. 
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Where r is the number of categories, 
in  are the observed 

frequencies and 
ie are the theoretical frequencies. 

2.3. K-Independence Samples Test 
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where ijO  represents observation number, i is number of 

row , j is number of column, and ijE  represents expectation 

number, i is number of row , j is number of column. 
If p(probability) > α(0.05, significance level), accept null 

hypothesis (Ho). 

3. Results and Discussion 

3.1. Grey Relational Analysis 

The results from statistical analysis of the all parameters 
data for all samples in this research project, not only be 
executed a linear regression, curve regression between any 
two parameters, and multivariate regression, but also be 
carried on the forecast of grey correlation grade of grey theory 
(include grey relational generating of Chang’s, Effect, Hsia’s, 
and Lin's (Nominal-the-better-:Ro%; Larger-the-better-: 
Tmax, HI, QI, BI, S2, S1+ S2, S1; smaller-the-better-: TOC, 
PI; Tables 2-5) and globalization grey relational grade; Table 
6). So far, achieve approximately consistent results from two 
modes predictive analysis. Petroleum potential can be divided 
into four different parts based on the cross-plot of HI 
vs. %Ro. The highest petroleum potential is located in the 
second part with %Ro=0.6-1.0%, Tmax=430-450°C, HI>100, 
and QI>120. Oil generation potential is rapidly exhausted in 
the third part with %Ro >1.0%. This result is in accordance 
with the regression curve of HI and QI with %Ro based on 
97 samples with %Ro=1.0~5.6%. The exponential equation 

of regression can thus be achieved: 1.7994.8 Ro
HI e

−= and 
2.01646.2 RoQI e−=  (R2=0.72). 

Table 2.  The results of Chang’s grey relational generating for the data of all parameters (focus the data from Ro%=1.0 to Ro%=5.6) 

Ro% Tmax HI QI BI S2 S1+S2 S1 TOC 

0.933 0.926 0.193 0.207 0.126 0.009 0.010 0.016 -28.583 

0.933 0.930 0.177 0.187 0.082 0.002 0.002 0.002 -4.917 

0.933 0.915 0.125 0.135 0.078 0.003 0.003 0.004 -11.167 

0.933 0.926 0.154 0.168 0.128 0.001 0.001 0.001 -0.667 

0.933 0.911 0.381 0.392 0.087 0.044 0.045 0.026 -72.417 

0.933 0.922 0.041 0.041 0.000 0.000 0.000 0.000 -2.500 

0.933 0.937 0.305 0.322 0.155 0.028 0.029 0.037 -56.333 

0.933 0.930 0.061 0.125 0.664 0.000 0.001 0.010 -1.583 

0.933 0.932 0.085 0.110 0.260 0.001 0.001 0.006 -3.667 
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Table 3. The results of Effect grey relational generating for the data of all parameters (focus the data from Ro%=0.55 to Ro%=1.02) 

Ro% Tmax HI QI BI S2 S1+S2 S1 TOC 

0.933 0.945 0.428 0.467 0.368 0.010 0.011 0.023 0.065 

0.933 0.926 0.193 0.207 0.126 0.009 0.010 0.016 0.033 

0.933 0.930 0.177 0.187 0.082 0.002 0.002 0.002 0.145 

0.933 0.930 0.291 0.305 0.128 0.088 0.092 0.101 0.005 

0.933 0.915 0.125 0.135 0.078 0.003 0.003 0.004 0.076 

0.933 0.926 0.154 0.168 0.128 0.001 0.001 0.001 0.375 

0.938 0.922 0.041 0.041 0.000 0.000 0.000 0.000 0.222 

0.938 0.937 0.305 0.322 0.155 0.028 0.029 0.037 0.017 

0.938 0.930 0.061 0.125 0.664 0.000 0.001 0.010 0.279 

Table 4. The results of Hsia' grey relational generating for the data of all parameters (focus the data from Ro%=0.17 to Ro%=5.6) 

Ro% Tmax HI QI BI S2 S1+S2 S1 TOC PI 

0.920 0.507 0.353 0.370 0.097 0.295 0.302 0.207 0.258 0.952 

0.920 0.452 0.299 0.322 0.164 0.312 0.327 0.435 0.078 0.921 

0.920 0.438 0.347 0.360 0.057 0.328 0.332 0.138 0.163 0.968 

0.920 0.438 0.353 0.375 0.147 0.243 0.252 0.258 0.390 0.937 

0.920 0.480 0.314 0.325 0.032 0.334 0.336 0.088 0.060 0.984 

0.920 0.521 0.216 0.235 0.098 0.020 0.021 0.023 0.921 0.937 

0.920 0.562 0.202 0.213 0.029 0.175 0.177 0.062 0.246 0.984 

0.920 0.575 0.086 0.141 0.479 0.001 0.001 0.012 0.993 0.492 

0.920 0.616 0.343 0.371 0.207 0.036 0.038 0.056 0.908 0.921 

Table 5. The results of Lin's grey relational generating for the data of all parameters (focus the data from Ro%=0.17 to Ro%=0.6) 

Ro% Tmax HI QI BI S2 S1+S2 S1 TOC PI 

0.922 0.300 0.149 0.187 0.156 0.140 0.167 0.960 0.020 0.735 

0.922 0.415 0.061 0.074 0.032 0.069 0.078 0.229 0.005 0.819 

0.922 0.397 0.084 0.099 0.027 0.009 0.009 0.018 0.520 0.848 

0.929 0.331 0.003 0.004 0.005 0.000 0.000 0.000 0.990 0.681 

0.929 0.271 0.046 0.072 0.223 0.001 0.002 0.043 0.722 0.533 

0.929 0.192 0.278 0.319 0.100 0.014 0.015 0.032 0.645 0.848 

0.929 0.204 0.311 0.363 0.156 0.299 0.339 1.000 0.015 0.819 

0.929 0.204 0.138 0.150 0.007 0.092 0.096 0.032 0.075 0.938 

0.929 0.331 0.098 0.111 0.019 0.092 0.100 0.116 0.020 0.877 

Table 6. The results of Globalization grey relational grade for the data of all parameters (focus the data“ from Ro%=0.5 to Ro%=2.2”) 

 Hsia's Nagai's Wen's Wu's 

Eigenvector 

0.0984 0.1148 0.0983 0.0916 
0.0909 0.1134 0.0922 0.0855 
0.0948 0.1148 0.0953 0.0861 
0.0958 0.1172 0.0962 0.0962 
0.0954 0.1062 0.0959 0.0959 
0.0998 0.1040 0.0993 0.1006 
0.0982 0.1114 0.0981 0.1000 
0.0998 0.1169 0.0993 0.1006 
0.0933 0.1104 0.0943 0.0931 
0.0999 0.1084 0.0995 0.1008 
0.0989 0.1017 0.0987 0.0996 
0.0985 0.1045 0.0983 0.0994 
0.0999 0.0963 0.0994 0.1001 
0.0997 0.1115 0.0993 0.1006 
0.0958 0.1115 0.0962 0.0959 
0.0977 0.1176 0.0977 0.0996 
0.0988 0.1152 0.0985 0.0994 
0.0969 0.1097 0.097 0.0982 
0.0967 0.1081 0.0968 0.0986 
0.0937 0.1127 0.0944 0.0863 

Maximum Eigenvalue 96.7423 59.8616 97.6133 91.8172 
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3.2. Hierarchical Cluster Analysis of HI, QI 

A vitrinite reflectance (%Ro) ranged from 0.5-0.55 to 1.3, 
0.5-0.7 to 1.3 or 0.5-0.6 to 1.3-1.35 for the conventional “oil 
window” was proposed by Petersen (2002), Teichmuller 
(1993),Vassoevich et al. (1974), Tissot and Welte (1984), and 
Hunt (1996). Q mode hierarchical cluster analysis for the 
dataset of 608 samples confirmed that 61 data samples with 
all ten parameters belong to the same cluster, numbering 
from 2 ~ 14 with 0.5≦%Ro≦1.0, S2<2, and HI<80. In 
addition, the others 41 data samples with ten parameters are 
in a different group with HI>380. They show higher 
dispersion than those with lower HI values. Peters and Cassa 
(1994) stated that the source rock has poor petroleum 
potential if the organic material has 0.5≦%Ro≦1.0, S2<2, 
and HI<80. Therefore, the 102 data were removed from the 
cross-plots (HI vs. %Ro, QI vs. %Ro, BI vs. %Ro, HI vs. 
Tmax, QI vs. Tmax, BI vs. Tmax) for dataset of 608 samples, 
after deleting 102 data from dataset of 608 samples, another 
dataset of 506 samples could be obtained. Nonparametric 
tests (2 and k independent samples) between the datasets of 
608 and 506 samples confirm that the distribution of values 
from respective parameters except TOC exhibit no significant 
difference (p>0.05, Table 7a, 7b). Nonparametric tests (k 
independent samples) among the datasets of 1140, 608, and 
506 samples, showed that there was no significant difference 
(p>0.05, Table 7c) in the distribution of HI values. The 
distribution of the HI value for all of the datasets remains 
constant with increasing thermal maturity.  

After conducting a Pearson’s correlation analysis for 
datasets of 608 and 506 samples, exhibited same results and 
they had high correlation about the couple of parameters (%Ro 
vs. Tmax, HI vs. QI, TOC vs. [S1+S2], S2vs. [S1+S2], S2 vs. 
TOC; cf. Table 8a). So they were obtained again the evolution 
in the HI with increasing thermal maturity for a large 
worldwide datasets of 608, and 506 samples (Figures 1 and 2), 
and the evolution in the total generation (QI) with increasing 
maturity for the worldwide datasets of 608 and 506 samples 
(Figures3 and 4). From the results of Pearson’s correlation 
analysis (Table 8b), during Ro=0.17~0.6% rise up 
to %Ro=0.61~1.0, declining the correlativity for HI and QI 
with BI from medium to low while BI increase with thermal 
maturity until the %Ro up to ~0.75%Ro (Figures 5-7). On the 
other hand, during Ro=0.17~1.0% rise up to 1.0~5.6%, the 
correlation for HI and QI with %Ro increased, with correlative 
coefficient up to r = -0.72 (Table 8c). They show clearly the 
apex of the upper and lower limit of the HI and QI band from 
the cross-plots (HI vs. %Ro, QI vs. %Ro, HI vs. T max, QI vs. 
T max) for the dataset of 506 samples. From these cross-plots, 
we can define more definitely to the lines of maximum HI and 
QI from ~ 0.6 to ~1.0%Ro or from ~ 430 to ~450oC, which in 
accordance with the results of descriptive analysis for the mean 
value of respective parameter in the interval of %Ro span. The 
parameters (HI, QI) have the highest mean value with 
increasing thermal maturity at the ~0.6 %Ro (within 
0.5-0.7%Ro) and ~1.0%Ro (within 0.9-1.1%Ro), ~430oC Tmax 
(within 425-435oC Tmax) and ~450 oC Tmax (within 442-460oC 
Tmax) (Table 9). 

 

 

Fig. 1. The evolution in the HI with increasing thermal maturity for a large 

worldwide dataset of 608 samples: (a) HI vs. %Ro; (b)HI vs. Tmax. The 

sample data define an HI band that narrows with increasing maturity. A line 

of maximum HI can be confirmed from ~ 0.6 to 1.0%Ro or from ~ 430 to 

450oC. 
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Fig. 2. The evolution in the HI with increasing thermal maturity for a large 

worldwide dataset of 506 samples: (a)HI vs. %Ro; (b)HI vs. Tmax. After 

deleting 102 data from dataset of 608 samples, can present very clearly the 

upper and lower limit of the HI band. From this fig., We can define more 

definitely to a line of maximum HI from ~ 0.6 to 1.0%Ro or from ~ 430 to 

450oC. 

 

 

Fig. 3. The evolution in the total generation (QI) with increasing maturity 

for the worldwide dataset of 608 samples: (a) QI vs. %Ro; (b) QI vs. Tmax. 

The decline in QI indicates the onset of initial oil expulsion. 

 

 

Fig. 4. The evolution in the QI with increasing thermal maturity for a large 

worldwide dataset of 506 samples: (a)QI vs. %Ro; (b)QI vs. Tmax. After 

deleting 102 datas from dataset of 608 samples, can present very clearly the 

upper and lower limit of the QI band. From this fig., We can define more 

definitely to a line of maximum HI from ~ 0.6 to 1.0%Ro or from ~ 430 to 

450oC. 
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Fig. 5. (a) Plot of HI and QI (Y-axial) vs. BI; (b) Plot of HI vs. BI for dataset 

of 608 samples. 

 

 

Fig. 6. (a) BI vs. %Ro and (b) BI vs. Tmax for the worldwide dataset of 608 

samples. The majority of the samples confirm a BI band that illustrates the 

“oil expulsion window”. The line between ~ 0.75 and ~ 1.05%Ro or 440 and 

455oC defines the start of the effective oil window. 

 

 

Fig. 7. (a) BI vs. %Ro and (b) BI vs. Tmax for the worldwide dataset of 506 samples. The majority of the samples confirm a BI band that illustrates the “oil 

expulsion window”. The line between ~ 0.75 and ~ 1.05%Ro or 440 and 455oC defines the start of the effective oil window. 
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Table 7. The large amount of data allows statistically significant differences between the parameters from different datasets to be established. 

(a)Test 
parameters 

%Ro Tmax HI QI BI PI S2 TOC S1+S2 S1 

A Sig 0.58 0.18 1.00 1.00 0.96 0.00 0.97 0.63 0.98 0.49 

B Sig 0.95 0.99 0.05 0.08 0.87 0.36 0.05 0.04 0.05 0.16 

C Sig 0.65 0.64 0.61 0.59 0.33 0.09 0.03 0.01 0.03 0.05 

※ 
1. A: MosesTest; B: Two-Sample Kolmogorov-Smirnov Test; C: Manm-Whitney Test. 
2. Sig: p-value (accompanying probability; significance level α=0.05). 
3. If p>α, accept null hypothesis (Ho). It represents no significant difference. 

 

(b)Test 
parameters 

%Ro Tmax HI QI BI PI S1 

D 

(1) χ2 0.05 0.47 0.39 0.47 0.49 2.13 1.93 

Sig. 0.82 0.49 0.53 0.49 0.48 0.14 0.16 

(2) χ2 0.03 0.39 0.32 0.38 0.40 1.94 1.76 

Sig. 0.87 0.53 0.57 0.53 0.53 0.16 0.18 

E 
(1) χ2 0.19 0.22 0.26 0.28 0.92 2.81 3.57 

Sig. 0.65 0.64 0.61 0.59 0.33 0.09 0.06 

F Sig. 0.660 0.64 0.61 0.59 0.34 0.09 0.06 

※ 
1. D: Median Test; E: Kruskal-Wallis Test; F: Jonckheere-Terpstra Test. 
2. (1) χ2: chi-square statistics; (2) χ2: Yales’ continuity chi-square correction. 

 

(c)Tests 
parameters 

%Ro Tmax HI 

D 
(1)x2 66.30 9.01 4.05 

Sig. 0.00 0.01 0.13 

E 
(1)x2 56.79 18.53 0.61 

Sig. 0.00 0.00 0.73 

F Sig. 0.00 0.00 0.60 

※ 
1. D: Median Test; E: Kruskal-Wallis Test; F: Jonckheere-Terpstra Test. 
2. χ2: chi-square statistics. 

 

(d)Tests 
parameters 

%Ro Tmax HI QI BI PI S2 TOC S1+S2 S1 

G 
t 3.01 4.79 3.64 4.07 6.02 6.80 -5.28 -9.16 -5.10 0.31 

Sig. 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.76 

※ 1. G: 2 Independent Samples T-test    2. t: t-test for equality of Means 

(a) The non-parametric tests (2 independent samples) for datasets of 608 and 506 samples. The distribution of data from respective parameters except TOC are 
not significantly different (P＞α). 
(b) The non-parametric tests (K independent samples) for datasets of 608 and 506 samples. The distribution of data from respective parameters are not 
significantly different (P＞α). 
(c) The non-parametric tests (K independent samples) for datasets of 1140, 608 and 506 samples show that the distribution of parameter (HI) values are not 
significantly difference (P＞α) between the different dataset, i.e. the distribution of HI in different datasets does not change with increasing thermal maturity. 
(d) 2 Independent Samples T-test  for TW1-48 samples and CJ1-38 samples, they exhibit the significantly different (P＜α) for type of the distribution of 
values from respective parameters except S1. 
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Table 8. Distribution of Pearson’s correlation coefficient of dataset of 608 and 506 samples 

Datasets 
Pearson’ correlation coefficient (r) r (couple of parameters) 

G M L EL 

a 

0.17≦%Ro≦5.60 
608 data 

0.86(R vs T) 
0.96(H vs Q) 
0.99(S vs A) 
0.82(C vs A) 
0.81(S vs C) 

0.58(H vs A) 
0.51(Q vs A) 
0.70(A vs D) 
0.57(C vs D) 

0.37(H vs B) 
-0.33(R vs H) 
0.46(Q vs B) 
0.36(B vs D) 

(R vs H) (R vs B) (R vs S) 
(T vs B) (T vs S) (H vs P) 
(Q vs P) (B vs C) (B vs A) 
(R vs A) (R vs C) (T vs C) 

0.17≦%Ro≦5.60 
506 data 

0.89(R vs T) 
0.98(H vs Q) 
0.99(S vs A) 
0.84(C vs A) 
0.85(S vs C) 

0.65(H vs A) 
0.62(Q vs A) 
0.72(A vs D) 
0.54(C vs D) 

0.36(H vs B) 
-0.38(R vs H) 
0.46(Q vs B) 
0.46(B vs D) 

(R vs H) (R vs B) (R vs S) 
(T vs B) (T vs S) (H vs P) 
(Q vs P) (B vs C) (B vs A) 
(R vs A) (R vs C) (T vs C) 

b 

0.17≦%Ro≦0.60 
245 samples 

0.99(H vs Q) 

0.61(H vs S) 
0.60(H vs A) 
0.53(Q vs B) 
0.60(Q vs S) 
0.60(Q vs A) 
0.61(B vs D) 

0.48(H vs B) 
0.39(B vs P) 

(R vs H) (R vs Q) (R vs B) 
(R vs P) (R vs S) (R vs C) 
(T vs H) (T vs Q) (T vs B) 
-0.21(P vs S) 

0.60≦%Ro≦1.00 
266 samples 

0.93(H vs Q) 
0.53(H vs S) 
0.53(H vs A) 
0.54(B vs P) 

0.43(Q vs B) 
0.38(Q vs S) 
0.39(Q vs A) 
-0.36(P vs S) 
-0.40(P vs C) 

(R vs H) (R vs Q) (R vs B) 
(R vs P) (R vs S) (R vs C) 
(T vs H) (T vs Q) (T vs B) 
0.200(B vs D) 

c 

0.17≦%Ro≦1.00 
511 samples 

0.88(S vs C) 

0.56(R vs T) 
0.57(H vs S) 
0.57(H vs A) 
0.50(Q vs S) 
0.51(Q vs A) 

0.32(H vs C) 
0.40(H vs D) 
-0.34(P vs C) 

(R vs H) (R vs Q) 
(R vs P) (R vs S) 
(T vs H) (T vs Q) 
(T vs B) (T vs C) 

1.00≦%Ro≦5.60 
97 samples 

0.83(R vs T) 

-0.72(R vs H) 
-0.72(R vs Q) 
-0.65(Tvs Q) 
(T vs H) (H vs S) 
(H vs A) (H vs D) 
(Q vs S) (Q vs A) 
(S vs C) (R vs P) 

-0.48 (R vs S) 
-0.47 (R vs A) 
-0.36 (R vs D) 
-0.45 (T vs B) 

0.16(H vs C) 
-0.22(P vs C) 

※ 

1. The symbol of respective parameter : ％Ro(R), Tmax(T), HI(H), QI(Q), BI(B), PI(P), S2(S), TOC(C),[S1+S2](A),S1(D). 
2. G represents high correlation (︱r︱≧0.8). 
3. M represents medium correlation( 0.5≦︱r︱< 0.8). 
4. L represents low correlation( 0.3≦︱r︱< 0.5). 
5. EL represents extremely low correlation (︱r︱<0.3). 

Table 9. Mean values of various parameters in different intervals of %Ro and Tmax(℃) for datasets, with 95% confidence interval mean 

(a) The mean value of respective parameter in the interval of %Ro span for dataset of 608 samples 

Interval of %Ro span Tmax(℃℃℃℃) HI QI BI PI S1 S2 S1+S2 TOC 

0.3＜%Ro≦0.4 426 195 206 7.8 0.04 1.7 68 71 29 

0.4＜%Ro≦0.5 429 202 207 7.9 0.05 3.2 76 79 27 

0.5＜%Ro≦0.6 433 228 239 11.2 0.06 4.8 101 106 39 

0.6＜%Ro≦0.7 435 221 225 11.6 0.06 2.9 89 93 36 

0.7＜%Ro≦0.8 438 178 191 12.2 0.09 2.7 78 81 34 

0.8＜%Ro≦0.9 440 176 186 10.3 0.08 3.1 89 91 42 

0.9＜%Ro≦1.0 448 171 181 9.4 0.06 3.2 80 83 39 

1.0＜%Ro≦1.3 460 166 177 9.9 0.05 4.6 94 98 56 

1.3＜%Ro≦1.7 472 104 113 8.9 0.08 2.9 62 65 51 

1.7＜%Ro＜3.5 527 31 33 1.8 0.09 1.0 20 21 59 

(b) The mean value of respective parameter in the interval of Tmax(℃℃℃℃) span for dataset of 608 samples 

Interval of Tmax(℃℃℃℃)span %Ro HI QI BI PI SI S2 S1+S2 TOC 

377≦Tmax≦420 0.46 164 174 8.7 0.07 3.2 68 71 34 

420＜Tmax≦425 0.47 180 188 8.1 0.06 2.3 67 69 27 

425＜Tmax≦430 0.59 219 231 10.8 0.05 4.9 117 121 48 

430＜Tmax≦435 0.62 213 225 10.8 0.06 3.4 93 97 35 

435＜Tmax≦438 0.65 194 202 10.6 0.07 3.1 76 79 31 

438＜Tmax≦442 0.67 200 206 12.9 0.09 2.9 80 83 29 

442＜Tmax≦450 0.77 252 268 15.2 0.06 3.7 88 92 38 
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450＜Tmax≦460 0.93 176 182 6.9 0.05 2.7 93 97 44 

460＜Tmax≦500 1..24 142 147 7.2 0.05 4.7 89 93 59 

500＜Tmax≦559 2.06 31 33 1.8 0.09 0.9 20 21 58 

(c)Dataset of 1140 samples. The mean value of respective parameter in the interval of %Ro and Tmax(℃℃℃℃) span 

Interval of %Ro span Tmax(℃℃℃℃) HI Interval of Tmax(℃℃℃℃)span %Ro HI 

0.3＜%Ro≦0.4 427 188 377≦Tmax≦420 0.45 189 

0.4＜%Ro≦0.5 430 216 420＜Tmax≦425 0.47 193 

0.5＜%Ro≦0.6 434 244 425＜Tmax≦430 0.56 212 

0.6＜%Ro≦0.7 435 230 430＜Tmax≦435 0.73 199 

0.7＜%Ro≦0.8 437 181 435＜Tmax≦438 0.74 201 

0.8＜%Ro≦0.9 440 183 438＜Tmax≦442 0.77 205 

0.9＜%Ro≦1.0 443 171 442＜Tmax≦450 0.82 234 

1.0＜%Ro≦1.1 454 182 450＜Tmax≦460 1.02 182 

1.1＜%Ro≦1.2 462 173 460＜Tmax≦480 1.24 151 

1.2＜%Ro≦1.3 466 152 480＜Tmax≦500 1.40 118 

1.3＜%Ro≦1.7 473 117 500＜Tmax≦559 2.05 31 

1.7＜%Ro＜3.5 523 33    

 

3.3. Hydrocarbon Potential from Evolution of HI vs. %Ro 

The evolution of HI with increasing %Ro for 608 and 506 
samples are shown in Figures 1a and 2a and the evolution in 
HI with increasing Tmax for 608 and 506 samples in Figures 
1b and 2b. In four figures, an area can be drawn around the 
vast majority of the samples. The HI band is widest (up to 
305mg HC/g TOC broad) below Ro of approximately 0.6%, 
as greater than which the band width of HI will be gradually 
reduced down to 20mg HC/g TOC or less at Ro of about 
2.1% (Figures 1a and 2a). Above this %Ro value, HI does 
not show any change with increasing maturity. The HI band 
is widest (up to 315mg HC/g TOC) below a Tmax of about 
~430°C, which, according to the relationship between Tmax 
and %Ro, corresponds to ~0.54%Ro (Figure 8). With 
increasing maturity the band width of HI will be gradually 
reduced down to 40mg HC/g TOC or less at a Tmax above 
510°C (corresponds to Ro ~2.05%, cf. Figure 8). The upper 
limit of the HI band reaches a maximum HI of about 375mg 
HC/g TOC at a %Ro of ~0.6 or a Tmax of ~430°C. Even 
though the lower limit (the organic materials with the lowest 
initial petroleum potential), reaches a maximum HI of about 
~110mg HC/g TOC at a %Ro of ~1.0 or a Tmax of ~ 450°C. 
The broad bands up to a Ro of about 0.6% and Tmax about 
430°C reflect a distinguished variation in petroleum 
generation potential of the organic material with similar 
maturities. This can be attributed to the heterogeneous 
chemical component of the organic material and the different 
depositional environment.  

Petersen (2006) suggested that the HImax line was defined 
between the upper limit (0.6%Ro or 430°C Tmax) of the 
HI-band outlined by the majority of the humic coals and type 
Ⅲ kerogen and the lower limit (1.0%Ro or 450°C Tmax). 
Although the dissociation activation energy is higher and 
broader in distributed range for typeⅡ kerogen than typeⅢ 
kerogen, the onset of petroleum generation was similar at the 
early stage (Suggate et al., 1993; Hu, 2001; Sun et al., 2001). 
Therefore in this study, for samples of typeⅡ/Ⅲ kerogen, 
we can obtain the same results in HImax (Sykes, 2001; Sykes 

and Snowdon, 2002; Pedersen et al., 2006; Petersen, 2006). 
The line defined by the %Ro values [0.6 , 1.0] and the Tmax 
(°C) values [430 , 450] in the Figure 1 represents the line of 
HImax, and the slope of the HImax line suggests that the 
organic materials with the highest petroleum potential can 
reach their HImax at the lowest maturity. As illustrated by 
Sykes and Snowdon (2002), HI values of immature organic 
materials or of mature organic materials that have passed 
beyond the line of HImax, can be extrapolated along their 
maturation pathways into their HImax values so as to estimate 
their the true petroleum potential. The effect of the gradual 
exhaustion of the petroleum potential is evident from the 
narrowing of the HI band with increasing maturity. However, 
the organic materials may still possess petroleum potential at 
a Ro up to 1.3% (HI up to ~175 mgHC/g TOC) which is the 
end of the traditional oil window (Figures 1a, 2a). The HI 
shows that the generative potential for liquid petroleum of 
the organic materials is exhausted at a Ro of approximately 
2.0–2.2% or Tmax of 510–520°C (Figures 1 and 2), 
corresponds to 2.05-2.23%Ro (Figure 8). For humic coals 
and kerogen type Ⅲ , liquid petroleum generation is 
negligible at a %Ro of approximately 1.8, and at 2.0%Ro the 
petroleum generative potential is exhausted (Petersen, 2002). 
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Fig. 8. Correlation between %Ro and Tmax based on the datasets of 608 (a) 

and 506 (b) samples. 

3.4. QI-Band Defined by the Majority 

The Quality Index (QI, Rock-Eval derived S1+S2 yields 
normalized to total organic carbon, TOC) can be used to 
represent the total generation potential (Wang, 1998; Sykes, 
2001; Sykes and Snowdon, 2002; Petersen, 2006; Rabbani 
and Kamali, 2005; Kotarba et al., 2007; Pepper and Corvi, 
1995). From the results of descriptive analysis for the mean 
value of respective parameter in the interval of %Ro or 
Tmax(oC) span, the QI has the highest value of mean at the 
~0.6 %Ro (within 0.5-0.7%Ro) and ~1.0%Ro (within 
0.9-1.1%Ro), ~430oC Tmax (within 425-435oC Tmax) and 
~450 oC Tmax (within 442-460oC Tmax) ( Table 9). As noted 
previously, we can obtain the same result from the Pearson 
correlation analysis (Table 9b-c; Figures 5-7). The evolution 
in QI with increasing %Ro for 608 and 506 samples is shown 
in Figures 3a and 4a. and the evolution in QI with increasing 
Tmax for 608 and 506 samples in Figures 3b and 4b. The 
data are distributed in an area (QI band) which can be drawn 
around the vast majority of the samples. The QI band is 
broadest (up to 360mg HC/g TOC broad) below a Ro of 
approximately 0.6%, beyond which it gradually narrows to a 
band width of 35mg HC/g TOC or less at a Ro of about 2.2% 
(Figures 3a, 4a). Above this %Ro value, the QI does not 
show any change with increasing maturity.  

A similar evolution in QI is shown by Figures 3b and 4b. 
The QI band is widest (up to 380mg HC/g TOC) below a 
Tmax of about ~430°C, which, according to the relationship 
between Tmax and %Ro, corresponds to ~0.54%Ro (Figure 8). 
With increasing maturity the band width of QI will be 
gradually reduced down to 40mg HC/g TOC or less at a Tmax 
above 510°C (~2.05%Ro, cf. Figure 5). So in this study, a 
line of maximum QI (QImax, cf. Sykes, 2001; Sykes and 
Snowdon, 2002; Pedersen et al., 2006; Petersen, 2006) can be 
outlined between Ro ~0.6% and ~1.0% or Tmax ~430°C and 
~450°C. Petersen (2006) has postulated that the QImax line 
was defined between the apex of the upper limit (0.7%Ro or 
435°C Tmax) of the QI-band defined by the majority of the 
humic coals and typeⅢ kerogen and the apex of the lower 

limit (1.0%Ro or 455°C Tmax). Sykes and Snowdon (2002), 
Petersen (2006) have interpreted about the decline in QI that 
indicates the commencement of initial oil expulsion. Because 
typeⅡ kerogen possess a few bonds with low dissociated 
activation energy at the stage of low maturation, only few 
hydrocarbons of S1 and S2 can be produced and causing the 
decline of QI values. (Suggate et al., 1993; Hu, 2001; Sun et 
al., 2001; Chen, 2006). In other words, for the mixed samples 
of type Ⅱ/Ⅲ kerogen in the petroleum build-up stage, the 
QI value will be lower than while at the 0.6%Ro maturity, 
they accord with the results in this study. Therefore we can 
obtain the same results as HI value in the QImax . 

3.5. BI-Band Defined by the Majority 

During the evolution in BI with increasing thermal 
maturity (%Ro, Tmax), the bitumen Index (BI) (Sykes, 2001; 
Sykes and Snowdon, 2002; Petersen, 2006; Killops et al. 
1998) corresponds to the maturity (%Ro or Tmax) at which 
the BI value begin to decline which represents the start of the 
efficient oil window, or indicates the efficient oil expulsion 
(Petersen, 2006). From the results of descriptive analysis for 
the mean value of respective parameter in the interval 
of %Ro or Tmax (oC) span, the BI exhibits the highest value 
of mean at the ~0.75 %Ro (within 0.7-0.8%Ro) and 
~1.0%Ro (within 0.9-1.1%Ro), ~440oC Tmax (within 
438-450oC Tmax x) and ~452oC Tmax (within 442-460oC 
Tmax) ( Table 9). The evolution in BI with increasing %Ro 
for 608 and 506 samples is shown in Figures 6a and 7a. and 
the evolution in BI with increasing Tmax for 608 and 506 
samples in Figures 6b and 7b. The data are distributed in an 
area (BI band) can be outlined around the vast majority of the 
samples. Lewan (1994, 1997) suggest the early generated 
compounds are presumed to be bitumen or heavy crude oil 
which forms oil by partial decomposition at higher maturity. 
As pyrolysis hydrocarbon S2 is decomposed continuously, 
will cause the decrease of S2 and the increase of free 
hydrocarbon S1, further result in the increase of BI. The HI 
value is reduced and BI value will increase until the 
hydrocarbon reaches the equilibrium amount of efficient oil 
repulsion, then BI value starts to decline (Suggate et al., 1993; 
Hu, 2001; Sun et al., 2001; Chan, 2006). As for samples of 
typeⅡ kerogen, there are few bonds with low dissociated 
activation energy at the stage of low maturation, and the free 
hydrocarbon (S1) lacked more than type Ⅲ kerogen which 
can produce free hydrocarbon (S1) from the decomposed 
hydrocarbon (S2). 

Since the samples in this study include typeⅡ/Ⅲ kerogen, 
so their BI values will decrease gradually in lower maturity 
(%Ro, Tmax) other than the samples of humic coals and type
Ⅲ kerogen. A cross-plot of BI vs. %Ro shows that the 
majority of the organic materials form a BI band (Figures 6a, 
7a). Similarly a cross-plot of BI vs. Tmax shows that the 
majority of the organic materials form a BI band (Figures 6b, 
7b). The upper limit of the BI band shows a rapid increase 
from ~14mg HC/g TOC at about a Tmax of ~430°C to ~40mg 
HC/g TOC at a Tmax of ~440°C (Figures 6b, 7b), which, 
according to the %Ro–Tmax relationship in Fig. 8, 
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corresponds to ~0.73%Ro. Similarly BI vs. %Ro shows an 
increase in BI from ~0.55%Ro to above 32mg HC/g TOC at 
~0.75%Ro (Figures 4a, 4c). Above ~0.75%Ro or ~440°C, the 
upper limit of the BI band decreases to very low yields at 
approximately ~1.95%Ro or ~525°C. The lower limit of the 
BI band marks low values up to a %Ro of ~0.85%Ro or 
Tmax of ~445°C. The maximum of the lower limit of the BI 
band may be set at a %Ro of ~1.05%Ro (corresponds to 
Tmax ~455.48°C cf. Figure 8) or Tmax of ~455°C beyond 
which the lower limit decreases to very low values around 
~1.25%Ro or ~465°C. Tmax=~465°C corresponds to 
~1.2%Ro according to the %Ro–Tmax relationship in Figure 
8. The sharp increase in BI at a Tmax of 430-440°C (or 
corresponds to 0.54-0.73%Ro according to the %Ro–Tmax 
relationship in Figure 8) marks the onset of petroleum 
generation (Petersen, 2002; Sykes, 2001; Sykes and 
Snowdon, 2002). 

3.6. Effective Oil Expulsion Window 

Petersen (2002) defined an effective oil window for source 
rock between vitrinite reflectance of 0.85 to 1.8%. At a Ro of 
1.8% S1 yields are very low and the remaining generation 
potential according to its HI was stabilized at low values, the 
threshold of petroleum generation was determined to start at a 
Ro of about 0.5–0.6% (Tissot and Welte, 1984) and build-up of 
liquid petroleum occurs from approximately 0.5–0.85%Ro. In 
addition, several studies have recognized the initial increase in 
HI up to a maximum value (HImax) with increasing maturity 
(Huc et al., 1986; Teichmüller and Durand, 1983; Sykes, 2001; 
Sykes and Snowdon, 2002). HImax corresponds to the 
effective HI, according to Sykes (2001) and Sykes and 
Snowdon (2002). The beginning of petroleum expulsion is 
come first by petroleum build-up to a maximum BI. Petersen 
(2002) proposed that the effective oil window for humic coals 
and TypeⅢkerogen starts at a Ro of 0.85%. 

The studied worldwide organic material data set shows that 
~0.75%Ro corresponds to the upper limit of the BI band, 
whereas the lower limit of the band reaches a maximum at 
approximately Ro ~1.05% or Tmax 455°C (Figures6 and 7). In 
accordance with the results of descriptive analysis for the mean 
value of respective parameter in the interval of %Ro span, BI 
has the highest mean value at the Ro ~0.75%, Tmax 440oC 
(Table 9a-b). As noted previously, we can also receive the 
same result from the Pearson correlation analysis (Table 8b-c, 
Figures 5-4). Ro from 0.17~0.6% up to 0.61~1.0%, the 
correlation of HI and QI with BI turned from medium to low, 
as BI was increased with thermal maturity Ro up to ~0.75% 
(Figures 5-7). On the other hand, during Ro=0.17~1.0% up to 
1.0~3.43%, the correlation of HI and QI with %Ro increased, 
with correlative coefficient up to r=-0.72 (Table 8c). Matching 
with the principle of Sykes (2001) and Sykes and Snowdon 
(2002), the line between these two maxima (Ro 0.85–1.05%; 
Tmax 440–455°C) outlines the line for the efficient liquid 
petroleum expulsion. The maximum BI line thus corresponds 
to the maturity range within which the start of the oil expulsion 
window for worldwide data set of the studied. 

3.7. Relationships among Parameters 

From Figures 5, 9, we can examine the relationships 
among parameters (%Ro, Tmax, HI, QI, BI, PI, S2, TOC, 
S1+S2, S1) for dataset of 608 samples. Tables 7-8, show the 
Pearson correlation analysis and the mean value of respective 
parameter in the interval of %Ro and Tmax (°C) span for 
data-sets of 608, 506, and 1140 samples respectively. The 
results are follows: the couple of parameters (%Ro vs. Tmax, 
HI vs. QI, TOC vs. [S1+S2], S2 vs. [S1+S2], S2 vs. TOC) 
exhibit high correlation. The parameters have the highest 
value of mean with increasing thermal maturity at Ro= ~ 
0.6% (within Ro 0.5~0.7%) for (HI, QI, S1, S2, S1+S2), at 
Ro= ~ 0.75% (within Ro 0.7~0.8%)for (BI, PI), and at Ro= ~ 
0.9% (within Ro 0.8~1.0%) for (S1, S2, S1+S2). From 
dataset of 608 samples, the parameters have the highest value 
of mean with increasing thermal maturity at Tmax = ~ 430oC 
(within Tmax 425~435 oC) for (HI, QI), at Tmax = ~ 450 oC 
(within Tmax 442~460 oC) for (HI, QI, BI). As for 506 
samples, the parameters have the highest value of mean with 
increasing thermal maturity at Tmax = ~ 430 oC for (HI, QI, 
S1, S2, S1+S2), at Tmax = ~ 450 oC for (HI, QI, BI, PI, S1, 
S2, S1+S2). As in Table 9c (interval of %Ro span), the 
parameter (HI) has the highest value of mean with increasing 
thermal maturity at Ro = ~ 0.6% and ~1.0%. Furthermore, 
the parameter (HI) has the highest value of mean with 
increasing thermal maturity at the Tmax = ~ 430 oC and ~ 
450 oC. Accordingly, we confirm the upper and lower limit of 
the HI and QI band, and to define to the lines of maximum 
HI and QI from Ro ~ 0.6 to ~1.0% or from Tmax ~ 430 to 
~450oC. Similarly, the upper and lower limit of BI band, the 
line of maximum BI is defined from Ro ~ 0.75 to ~1.05% or 
from Tmax ~ 440 to ~455oC. 

Table 8b-c, show the bivariate correlation analysis of the 
intervals of %Ro span for data-set of 608 samples. From 
Ro=0.17~0.6% to Ro=0.61~1.0% for 10 parameters, the 
changes of correlativity turned from medium to low for (BI 
vs. HI, BI vs. QI, S2 vs. QI). The correlativity rises from low 
to medium for PI vs. BI. From Ro=0.17~1.0% to 
Ro=1.0~5.6% for 10 parameters, the changes of correlativity 
turned from being independent to medium(negative) for (HI 
vs. %Ro, QI vs. %Ro), and from medium to high for Tmax 
vs. %Ro, and from high to medium for (TOC vs. S2, TOC vs. 
[S1+S2]). The multiple regression analysis of BI, S2, 
and %Ro with HI (S2/TOC) and QI ([S1+S2]/TOC) show the 
strong positive relationship. Similarly the multiple regression 
analysis of HI, QI, BI, PI, S2, TOC, Tmax, and S1 with %Ro 
also shows the strong positive correlation (Table 10). On the 
other hand, the multiple regression for 97 samples 
(Ro=1.0~5.6%) with R2=0.94, reach significance level of 
regression coefficients of independent variable, and no 
multicollinearity according to eigenvalue, condition index, 
variance proportions (Table 10). In addition, the curve 
regression of HI and QI with %Ro based on 97 samples 
(Ro=1.0~5.6%), we can get the exponential equation of curve 
regression, 1.7994.8 xy e−=  (HI, R2=0.62, R=0.79), and 

2.01646.2 xy e−=  (QI, R2=0.72, R=0.87). Therefore, the oil 

generation potential rapidly exhausted with thermal maturity 

beyond 1.0%Ro and their Pearson correlation coefficient r= 
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-0.72 (Table 8c), in accordance with the result gained from 
the (Figures 1-4, 6-7).  

 

 

 

 

Fig. 9. Plots of (a) HI and QI (mg HC/g TOC) vs. S1, (b) BI (mg HC/g TOC) 

and PI vs. %Ro, (c) HI and QI (mg HC/g TOC) vs. TOC, (d) HI and QI (mg 

HC/g TOC) vs. S2 (mg/g) for dataset of 608 samples. 

Table 10. Multiple regression analysis for different intervals of %Ro span in the datasets of 608 and 506 samples. 

multiple regression analysis 

%Ro 0.17~0.60 0.61~1.00 0.17~1.00 1.00~5.60 0.17~5.60 

Sample number 245 266 511 97 608 

(A) adjusted R2 0.01 0.02 0.07 0.75 0.36 

(B) adjusted R2 0.12 0.03 0.02 0.52 0.22 

(C) adjusted R2 0.19 0.25 0.46 0.94 0.81 

(D) adjusted R2 0.28 0.26 0.39 0.87 0.76 

(E) adjusted R2 0.48 0.44 0.46 0.75 0.51 

(F) adjusted R2 0.51 0.39 0.47 0.76 0.50 

※ (A) Represent multiple regression analysis of HI, QI, BI, PI, TOC, S1, and S2 with %Ro 

 (B) Represent multiple regression analysis of HI, QI, BI, PI, TOC, S1, and S2 with Tmax 

 (C) Represent multiple regression analysis of HI, QI, BI, PI, TOC, S1, S2 and Tmax with %Ro 

 (D) Represent multiple regression analysis of HI, QI, BI, PI, TOC, S1, S2 and %Ro with Tmax 

 (E) Represent multiple regression analysis of BI, S2, and %Ro with HI 

 (F) Represent multiple regression analysis of BI, S2, and %Ro with QI 

(a) For the 97 samples (%Ro=1.0~5.6), the t-values for regression coefficients of independent variables reach significance level (p<0.05), and no 
multicollinearity 
(b) according to tolerance[>0], VIF[<10], eigenvalue[>0], condition index[<30], variance proportion[<1] 
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3.8. Comparison Analysis of Petroleum Potential 

Synthesizing the above analysis, we can divide petroleum 
potential into four different regions, based on cross-plot of HI 
vs. %Ro (Figures 10a-b). The highest petroleum potential 
occurred in the second part (Ⅱ), including 226 and 211 
sample data (Ro=0.6-1.0%, HI>100) from the datasets of 608 
and 506 samples (Figures 10a-b) respectively. The first part 
(Ⅰ) represents the region of petroleum generation, and the 
forth part (Ⅳ ) exhibits the region of lowest petroleum 
potential, and the oil generation potential was rapidly 
exhausted in the third part (Ⅲ ). The sample data of 
parameters for CJ1-38 samples, TW1-48 samples, ML1-59 
samples, and AU1-13 samples were present in Table 11. The 
CJ1-38 samples from oilfield in eastern Junggar Basin, China 
(Chen, 2003), whereas the others samples were detected in 
this study. For CJ1-38, TW1-48, ML1-59, and AU1-13 
samples, the evolution in the remaining petroleum potential 
(HI) with increasing thermal maturity is shown in Figure 10c. 
The majority of CJ1-38 samples are in the second part (Ⅱ) 
(Figure 10c; the region of highest petroleum potential, cf. 
Figures 10a-b). The Pearson correlation analysis for datasets 
of 226 and CJ1-38 samples, the couple of parameters (BI vs. 
HI, BI vs. QI) have medium correlation (Table 12); as for the 
couple of the parameters ([S1+S2, S1] vs. [HI, QI, BI]) have 
no correlation for datasets of 226 and CJ1-38 samples in the 
second part (Ⅱ). On the other hand, the couple of parameters 
(S2 vs. TOC, [S1+S2] vs. TOC, S1 vs. TOC) exhibit high 
correlation for datasets of 226 and CJ1-38 samples (Table 12, 
Figures 9), in accordance with the result that possess highest 
petroleum potential of CJ1-38 samples. The AU1-13 samples 
are in the third and forth parts (Ⅲ/Ⅳ), with oil generation 
potential rapidly exhausted. The ML1-59 samples are in the 
first and second parts (Ⅰ/Ⅱ), the TW1-48 samples are in the 
first part (Ⅰ ), both represent the region of petroleum 
generation (Figure 10c). 

They exhibit high correlation for the couple parameters 
(S2 vs. HI, [S1+S2] vs. HI, S1 vs. HI, S2 vs. QI, [S1+S2] vs. 
QI, S1 vs. QI, HI vs. BI, QI vs. BI) for AU1-13, ML1-59, and 
TW1-48 samples. Therefore, four datasets except CJ1-38 
samples are similarly in the correlation for couple of 
parameters of respective datasets (Table 12). The 
non-parameteric tests (2-Independent Samples) for the 
datasets of TW1-48 and CJ1-38 samples, they exhibit 
significantly different (p>α) for the distribution of data from 
respective parameters except S1 (Table 7d), also in 
accordance with CJ1-38 samples which possess the highest 
petroleum potential in the second part (Ⅱ) (Figure 10c). 
According to Table 13, the CJ1-38 samples also have the 
highest mean value of HI and QI for the five data-sets (226, 
CJ1-38, TW1-48, ML1-59, AU1-13) although with the 
lowest mean value of TOC and S2. Because of the good 
correlation of S2, S1, and S1+S2 with TOC, they were 
believed to have few inert organic carbon (Dahl, 2004), that 
explained their highest petroleum potential (Table 13, Figures 
9c-d).  

 

 

 

Fig. 10. The diagrams show the evolution in HI with increasing thermal 

maturity for datasets of 608 samples (a) and 506 samples (b). The plot (c) 

shows the evolution in the remaining petroleum potential (HI) with 

increasing thermal maturity for CJ1-38 samples, TW1-48 samples, ML1-59 

samples, and AU1-13 samples. 
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Table 11. This form shows the value of parameters for datasets of T1-48 samples, M1-59 samples, and AU1-13 samples. They were detected in this study. 

No. Ro% Tmax S1 S2 TOC HI S1+S2 BI QI PI 

ML001 0.68 438 0.41 12.02 5.26 229.00 12.43 7.79 236.31 0.03 

ML002 0.73 433 9.43 183.88 78.40 235.00 193.31 12.03 246.57 0.05 

ML003 0.59 429 3.75 133.26 67.01 199.00 137.01 5.60 204.46 0.03 

ML004 0.82 440 21.26 220.09 73.13 301.00 241.35 29.07 330.03 0.09 

ML005 0.52 438 0.57 15.05 4.88 308.00 15.62 11.68 320.08 0.04 

ML006 0.53 436 0.26 3.27 2.37 138.00 3.53 10.97 148.95 0.07 

ML007 0.57 437 0.61 16.92 5.76 294.00 17.53 10.59 304.34 0.03 

ML008 0.63 435 0.79 17.15 8.38 205.00 17.94 9.43 214.08 0.04 

ML009 0.88 443 1.06 12.17 5.26 231.00 13.23 20.15 251.52 0.08 

ML010 0.70 447 0.50 6.06 1.85 328.00 6.59 27.03 356.22 0.08 

ML011 0.69 446 2.09 29.43 5.71 515.00 31.52 36.60 552.01 0.07 

ML012 0.70 438 0.34 5.44 3.67 148.00 5.78 9.26 157.49 0.06 

ML013 0.64 443 2.19 9.73 3.51 277.00 11.92 62.39 339.60 0.18 

ML014 0.63 445 3.22 19.58 5.34 367.00 22.80 60.30 426.97 0.14 

ML015 0.63 445 6.47 44.53 12.31 362.00 51.00 52.56 414.30 0.13 

ML016 0.72 447 0.11 2.01 1.22 165.00 2.12 9.02 173.77 0.05 

ML017 0.94 441 3.64 29.09 4.95 588.00 32.73 73.54 661.21 0.11 

ML018 0.78 435 0.77 6.10 2.96 206.00 6.87 26.01 232.09 0.11 

ML019 0.66 449 2.51 95.43 12.85 743.00 97.94 19.53 762.18 0.03 

ML020 0.79 444 0.38 4.07 2.12 192.00 4.45 17.92 209.91 0.09 

ML021 0.83 448 2.10 41.43 6.74 615.00 43.53 31.16 645.85 0.05 

ML022 0.64 444 4.86 34.25 7.09 483.00 39.11 68.55 551.62 0.12 

ML023 0.70 440 0.05 1.13 0.83 136.00 1.18 6.02 142.17 0.04 

ML024 0.75 448 0.29 2.17 1.88 115.00 2.46 15.43 130.85 0.12 

ML025 0.60 441 1.21 7.37 1.80 409.00 8.58 67.22 476.67 0.14 

ML026 0.60 447 3.75 111.71 16.31 685.00 115.46 22.99 707.91 0.03 

ML027 0.61 447 1.63 54.31 8.99 604.00 55.94 18.13 622.25 0.03 

ML028 0.60 446 0.74 23.64 3.94 600.00 24.38 18.78 618.78 0.03 

ML029 0.76 441 1.03 20.23 4.94 410.00 21.26 20.85 430.36 0.05 

ML030 0.68 446 2.38 50.84 8.23 618.00 53.22 28.92 646.66 0.04 

ML031 0.87 441 0.34 2.23 1.58 141.00 2.57 21.52 162.66 0.13 

ML032 0.79 444 0.11 0.64 1.14 56.00 0.75 9.65 65.79 0.15 

ML033 0.64 439 0.39 5.22 3.58 146.00 5.61 10.89 156.70 0.07 

ML034 0.55 434 0.20 3.47 1.59 218.00 3.76 12.58 236.48 0.05 

ML035 0.58 437 0.20 4.20 1.60 263.00 4.40 12.50 275.00 0.05 

ML036 0.61 436 1.30 43.32 12.59 344.00 44.62 10.33 354.41 0.03 

ML037 0.70 440 2.19 51.91 23.28 223.00 54.10 9.41 232.39 0.04 

ML038 0.74 431 6.45 124.79 49.29 253.00 131.24 13.09 266.26 0.05 

M1 5.60 374 0.51 0.51 88.64 0.58 1.02 0.01 0.01 0.50 
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Table 11. (Continued) 

No. Ro% Tmax S1 S2 TOC HI S1+S2 BI QI PI 

M2 0.69 424 0.97 160.54 73.80 217.54 161.51 0.01 2.19 0.01 

M3 0.99 430 0.43 75.16 56.28 133.55 75.59 0.01 1.34 0.01 

M4 0.59 421 1.74 176.40 66.50 265.25 178.14 0.03 2.68 0.01 

M5 0.66 429 0.71 102.04 68.77 148.37 102.75 0.01 1.49 0.01 

ML1 0.31 440 0.52 7.90 1.54 511.99 8.42 33.70 545.69 0.06 

ML10 0.68 429 1.44 113.15 72.83 155.36 114.59 1.98 157.34 0.01 

ML11 0.59 432 1.27 92.18 74.36 123.96 93.45 1.71 125.67 0.01 

ML12 1.24 445 0.60 16.89 73.45 23.00 17.49 0.82 23.81 0.03 

ML13 0.72 432 1.98 52.79 71.14 74.21 54.77 2.78 76.99 0.04 

ML14 0.17 426 0.48 17.37 7.27 239.03 17.85 6.61 245.63 0.03 

ML15 0.61 437 1.15 70.09 68.91 101.72 71.24 1.67 103.39 0.02 

ML16 3.43 559 0.32 0.08 82.22 4.00 0.40 0.40 0.49 0.80 

ML2 0.28 428 8.47 146.53 28.65 511.48 155.00 29.57 541.05 0.05 

ML3 0.21 430 8.81 155.32 35.50 437.51 164.13 24.82 462.33 0.05 

ML4 0.18 428 8.07 144.61 29.01 498.54 152.68 27.82 526.36 0.05 

ML5 0.54 429 0.74 69.44 66.64 104.21 70.18 1.11 105.32 0.01 

ML6 0.59 429 1.17 123.13 71.94 171.15 124.30 1.63 172.78 0.01 

ML7 0.58 450 2.08 153.41 45.91 334.13 155.49 4.53 338.66 0.01 

ML8 0.39 453 1.78 352.47 77.64 453.96 354.25 2.29 456.25 0.01 

ML9 0.45 444 3.11 156.04 44.03 354.38 159.15 7.06 361.44 0.02 

T1 0.44 429 1.39 160.64 75.30 213.34 162.03 0.02 2.15 0.01 

T2 0.55 434 3.03 135.35 63.43 213.38 138.38 0.05 2.18 0.02 

T3 0.53 425 5.82 211.86 70.46 300.68 217.68 0.08 3.09 0.03 

T4 0.27 414 3.97 143.46 65.38 219.41 147.43 0.06 2.25 0.03 

T5 0.29 419 3.26 194.45 72.43 268.45 197.71 0.05 2.73 0.02 

T6 0.39 428 2.29 134.06 68.55 195.56 136.35 0.03 1.99 0.02 

T7 0.77 437 8.31 216.84 78.62 275.80 225.15 0.11 2.86 0.04 

T8 0.25 418 4.18 170.40 49.19 346.44 174.58 0.08 3.55 0.02 

T9 0.34 413 3.14 157.22 50.09 313.89 160.36 0.06 3.20 0.02 

T10 0.58 419 7.93 229.48 64.39 356.39 237.41 0.12 3.69 0.03 

T11 0.26 421 4.63 217.11 61.73 351.73 221.74 0.08 3.59 0.02 

T12 0.39 420 4.13 150.00 47.40 316.47 154.13 0.09 3.25 0.03 

TW1 0.74 434 1.28 111.28 75.16 148.06 112.56 1.70 149.77 0.01 

TW10 0.75 437 1.64 150.92 79.80 189.12 152.56 2.06 191.18 0.01 

TW11 0.73 441 1.35 103.22 64.12 160.97 104.57 2.11 163.08 0.01 

TW12 0.23 377 1.22 31.42 58.10 54.08 32.64 2.10 56.18 0.04 

TW13 0.36 431 3.30 224.00 71.17 314.74 227.30 4.64 319.38 0.01 

TW14 1.57 477 1.84 47.76 55.88 85.47 49.60 3.29 88.76 0.04 

TW15 1.56 479 1.44 43.87 50.37 87.09 45.31 2.86 89.95 0.03 

TW16 0.27 423 7.09 249.63 57.63 433.13 256.72 12.30 445.43 0.03 

TW17 0.36 416 1.01 61.51 46.02 133.67 62.52 2.19 135.86 0.02 
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Table 11. (Continued) 

No. Ro% Tmax S1 S2 TOC HI S1+S2 BI QI PI 

TW18 0.41 418 1.78 198.41 57.04 347.86 200.19 3.12 350.98 0.01 

TW19 0.52 424 3.50 229.69 72.91 315.01 233.19 4.80 319.82 0.02 

TW2 0.53 431 0.68 83.51 62.62 133.37 84.19 1.09 134.46 0.01 

TW20 0.41 425 2.89 86.05 41.47 207.48 88.94 6.97 214.45 0.03 

TW21 0.42 424 3.64 94.27 42.67 220.94 97.91 8.53 229.47 0.04 

TW22 0.45 423 3.33 97.48 40.25 242.20 100.81 8.27 250.47 0.03 

TW23 0.47 424 2.20 69.09 41.35 167.09 71.29 5.32 172.41 0.03 

TW24 0.47 422 2.29 81.62 49.98 163.30 83.91 4.85 167.88 0.03 

TW25 0.46 418 4.48 113.06 56.53 200.00 117.54 7.92 207.92 0.04 

TW26 0.50 426 1.42 83.16 51.66 160.99 84.58 2.75 163.73 0.02 

TW27 0.43 423 0.32 30.01 25.97 115.57 30.33 1.23 116.80 0.01 

TW28 0.34 420 5.66 114.45 40.91 279.80 120.11 13.84 293.63 0.05 

TW29 0.42 418 4.50 85.49 46.43 184.12 89.99 9.69 193.81 0.05 

TW3 0.58 429 1.35 138.93 67.69 205.25 140.28 1.99 207.25 0.01 

TW30 0.71 438 1.63 133.17 78.88 168.84 134.80 2.07 170.90 0.01 

TW31 0.41 417 0.76 129.04 48.32 267.00 129.80 1.57 268.63 0.01 

TW32 0.38 425 1.83 179.08 62.97 284.00 180.91 2.91 287.30 0.01 

TW33 0.31 432 0.85 45.53 68.11 67.00 46.38 1.25 68.10 0.02 

TW34 0.43 415 0.90 159.81 56.79 281.00 160.71 1.58 282.99 0.01 

TW35 0.55 418 0.44 35.23 12.20 289.00 35.67 3.61 292.38 0.01 

TW36 0.39 426 2.73 216.84 67.94 319.00 219.57 4.02 323.18 0.01 

TW4 0.39 430 2.69 78.42 44.28 177.12 81.11 6.08 183.20 0.03 

TW5 0.52 425 1.21 36.49 18.58 196.38 37.70 6.51 202.90 0.03 

TW6 0.52 427 1.22 67.07 43.22 155.18 68.29 2.82 158.01 0.02 

TW7 0.36 433 0.07 1.57 2.23 70.53 1.64 3.14 73.67 0.04 

TW8 0.74 437 2.42 175.15 79.20 221.16 177.57 3.06 224.22 0.01 

TW9 0.68 435 2.39 212.47 79.26 286.07 214.86 3.02 271.09 0.01 

AU1 1.63 437 0.30 0.87 0.74 118.21 1.17 40.76 158.97 0.26 

AU10 0.77 434 0.26 2.92 1.75 167.14 3.18 14.88 182.03 0.08 

AU11 0.86 426 2.32 8.32 3.78 220.40 10.64 61.46 281.85 0.22 

AU14 1.08 433 0.23 2.61 18.30 14.26 2.84 1.26 15.52 0.08 

AU15 0.84 432 0.17 1.03 2.04 50.42 1.20 8.32 58.74 0.14 

AU2 1.61 407 0.11 0.16 0.40 39.90 0.27 27.43 67.33 0.41 

AU3 1.40 416 0.10 0.18 0.40 45.00 0.28 25.00 70.00 0.36 

AU4 1.14 434 0.29 2.88 1.72 167.54 3.17 16.87 184.41 0.09 

AU5 1.23 426 3.90 12.06 4.23 284.84 15.96 92.11 376.95 0.24 

AU6 0.90 433 0.26 3.18 1.84 173.20 3.44 14.16 187.36 0.08 

AU7 0.99 432 0.25 2.46 2.01 122.21 2.71 12.42 134.62 0.09 

AU8 0.86 433 0.28 3.74 2.10 178.35 4.02 13.35 191.70 0.07 

AU9 1.02 433 0.26 3.78 1.90 199.26 4.04 13.71 212.97 0.06 



 Journal of Energy and Natural Resources 2015; 4(1): 5-26  23 
 

Table 12. Distribution of Pearson’s correlation coefficient of datasets of 226, CJ38, TW48, ML59, and AU13 samples 

Datasets 
Pearson’s correlation coefficient (r) r (couple of parameters) 

G M L EL 

a 
0.6≦%Ro≦1.0 
226 samples 

0.88(S vs C) 
0.89(C vs A) 
0.82(B vs P) 

0.58(Q vs B) 
0.54(C vs D) 

0.44(H vs B) 
(H vs S) (Q vs S) (B vs S) 
(H vs A) (Q vs A) (B vs A) 
(H vs D) (Q vs D) (B vs D) 

b 

0.52≦%Ro≦0.94 
CJ 38 
38 samples 

0.94(S vs C) 
0.93(C vs A) 

0.52(Q vs B) 
0.78(C vs D) 
0.67(B vs P) 

0.43(H vs B) 
(H vs S) (Q vs S) (B vs S) 
(H vs A) (Q vs A) (B vs A) 
(H vs D) (Q vs D) (B vs D) 

c 

0.23≦%Ro≦1.57 
TW 48 
48 samples 

0.83(H vs S) 
0.81(Q vs S) 
0.83(H vs A) 
0.82(Q vs A) 
0.88(B vs D) 

0.66(S vs C) 
0.65(C vs A) 
0.55(H vs D) 
0.58(Q vs D) 
0.691(B vs P) 

0.42(H vs B) 
0.45(Q vs B) 

0.16(C vs D) 

d 

0.17≦%Ro≦5.60 
ML 59 
59 samples 

0.81(H vs B) 
0.83(Q vs B) 

0.54(H vs S) 
0.52(Q vs S) 
0.65(H vs D) 
0.66(Q vs D) 
-0.70(H vs C) 
-0.71(Q vs C) 

-0.38(C vs D) 
0.14(S vs C) 
0.13(C vs A) 
-0.12(B vs P) 

e 

0.77≦%Ro≦1.63 
AU13 
13 samples 

0.82 (H vs S) 
0.87 (Q vs S) 
0.86(Q vs A) 
0.82 (B vs A) 
0.80(Q vs D) 
0.92(B vs D) 

0.61(H vs B) 
0.75(Q vs B) 
0.78(B vs S) 
0.79 (H vs A) 
0.68(H vs A) 

0.48(B vs P) 
0.15(S vs C) 
0.14(C vs A) 
0.08(C vs D) 

※ 

1. The symbol of respective parameter ; ％Ro(R), Tmax(T), HI(H), QI(Q), BI(B), PI(P), S2(S), TOC(C), [S1+S2](A), S1(D). 
2. G represents high correlation (︱r︱≧0.8). 
3. M represents medium correlation( 0.5≦︱r︱< 0.8). 
4. L represents low correlation( 0.3≦︱r︱< 0.5). 
5. EL represents extremely low correlation (︱r︱<0.3). 

Table 13. Mean and 95% confidence interval of datasets of 226 samples, CJ1-38, TW1-48, ML1-59, and AU1-13 samples 

Parameters 

Data sets 

226 samples 38 samples 48 samples 59 samples 13 samples 

(Mean) 95% Confidence Interval for Mean 

%Ro 
(0.73) 
0.72~0.75 

(0.68) 
0.65~0.72 

(0.58) 
0.44~0.63 

(0.71) 
0.27~1.10 

(1.15) 
0.93~1.28 

T max (℃) 
(439.3) 
437.2~439.2 

(442.1) 
439.3~442.7 

(428.2) 
422.2~433.2 

(441.6) 
426.1~460.3 

(427.6) 
423.8~434.1 

HI 
(237.2) 
229.3~259.6 

(326.6) 
265.6~384.4 

(208.6) 
174.1~233.3 

(254.3) 
157.9~354.4 

(137.2) 
88.1~185.9 

QI 
(243.3) 
229.3~259.6 

(352.3) 
286.7~411.5 

(219.2) 
177.5~237.4) 

(266.5) 
161.5~368.9) 

(158.9) 
103.9~222.6 

BI 
(11.8) 
9.74~13.41 

(24.1) 
17.6~30.3 

(4.28) 
3.25~5.37 

(9.46) 
2.88~15.68 

(27.1) 
11.1~41.5 

PI 
(0.043) 
0.038~0.050 

(0.073) 
0.058~0.086 

(0.023) 
0.018~0.027 

(0.074) 
-0.028~0.179 

(0.172) 
0.096~0.239 

S2 
(111.2) 
97.9~121.9 

(40.6) 
20.9~55.3 

(116.9) 
88.9~133.2 

(106.2) 
58.1~150.8 

(3.12) 
1.38~5.42 

TOC 
(47.2) 
42.2~51.5 

(13.4) 
5.6~18.7 

(54.2) 
46.9~59.6 

(52.7) 
39.3~67.1 

(3.27) 
0.34~5.99 

S1+S2 
(113.6) 
101.5~126.2 

(42.3) 
22.2~58.8 

(117.8) 
90.8~135.6 

(110.2) 
60.1~154.1 

(3.98) 
1.39~6.75 

S1 
(3.74) 
3.29~4.49 

(2.42) 
1.11~3.60 

(2.21) 
1.63~2.67 

(3.21) 
1.04~4.21 

(0.65) 
-0.01~1.35 

(a) The 226 samples were obtained from the second part (the region of highest petroleum potential with Ro＝0.6-1.0%,HI>100, cf. Figure 10) in the cross-plot 
of HI vs. %Ro for dataset of 608 samples. 
(b) The 38 samples obtained from CJ1-38 (Chen, 2003, cf. table 6; TW1-48, ML1-21, AU1-13 cf. table 11). 

4. Conclusion 

The results from statistical analysis of 10 parameters data 
for all samples in this research work, not only be executed a 
linear regression, curve regression between any two 

parameters, and multivariate regression, but also be carried on 
the forecast of grey correlation grade of grey theory (include 
grey relational generating (Nominal-the-better-: Ro%; 
Larger-the-better-: Tmax, HI, QI, BI, S2, S1+ S2, S1; 
smaller-the-better-: TOC, PI) and globalization grey relational 
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grade). The highest petroleum potential is located in the 
range with %Ro=0.6-1.0%, and HI>100. The oil expulsion 
window is located in the range with %Ro=0.75-1.05% or 
Tmax=440-455 oC. The range of by Ro%, Tmax, cross-plots, 
Grey Model and statistical analysis are all in good agreement. 

The hierarchial cluster analysis dendrogram (Q mode) 
based on data from 10 parameters of TW1-48 and CJ1-38 
samples reveals a high similarity between the majority of 
CJ1-38 samples. In addition, the majority of CJ1-38 samples 
possess high petroleum potential in the second part (Ⅱ), and 
the maturation of TW1-48 samples from immaturity to the oil 
window falls into first and second parts (Ⅰ and Ⅱ ). 
Experimental and statistical analytical investigation reveals 
that the values of eight parameters (HI, QI, BI, PI, S2, S1+ 
S2, and S1) increase as the thermal maturity of organic 
materials increases during the initial stage of thermal 
maturation. At maturities greater than Ro=0.6-1.0% (Tmax = 
430-450°C), the values of these parameters start to decrease 
gradually. At Ro>1.0%, the values of those parameters 
decrease rapidly, with a corresponding drop in petroleum 
potential. 

Based on statistical analysis and cross-plots of HI, QI and 
BI versus the vitrinite reflectance (%Ro) and Tmax (oC), the 
HImax, QImax and BImax lines are defined between the vertex of 
the upper and lower limits of the HI-band, QI-band and 
BI-band as defined by a majority of the samples. The 
constructed HI, QI and BI bands were broad at low maturities 
and gradually narrowed with increasing thermal maturity. 
The petroleum generation potential is completely exhausted 
at a vitrinite reflectance of 2.0-2.2% or a Tmax of 510-520°C. 
An increase in HI and QI suggests extra petroleum potential 
related to changes in the structure of the organic material. A 
decline in BI signifies the start of the oil expulsion window 
and occurs within the vitrinite reflectance range 0.75-1.05% 
or a Tmax of 440-455 oC. Furthermore, petroleum potential 
can be divided into four different parts based on the 
cross-plot of HI vs. %Ro. The area with the highest 
petroleum potential is located in section Ⅱ 
with %Ro=0.6-1.0%, and HI>100. Oil generation potential is 
rapidly exhausted at section Ⅲ  with %Ro >1.0%. This 
result is in accordance with the regression curve of HI and QI 
with %Ro based on 97 samples with %Ro=1.0~5.6%. The 
exponential equation of regression can thus be achieved: 

curve, 1.7994.8 Ro
HI e

−= and 2.01646.2 RoQI e−=  (R2=0.72). 

The worldwide organic material dataset defines two oil 
expulsion windows represented by the upper and lower limits 
of the BI band: %Ro ~0.75 to ~1.95% or Tmax ~440 to 
~525°C, and %Ro ~1.05 to ~1.25% or Tmax ~455 to ~465°C, 
respectively. The start of the oil expulsion window occurs 
within the %Ro range of ~ 0.75–1.05%Ro or the Tmax range ~ 
440-455°C and the total oil window extends to %Ro = ~ 
1.25-1.95 or Tmax = ~ 465-525°C.  

As the results of this study, we expect to promote 
evaluation techniques for HC exploration and propose new 
guidelines for evaluating the petroleum potential of organic 
matter. A significant petroleum generation build-up occurs at 
an approximate Ro% interval of 0.6 to 0.75, as indicated by a 
worldwide sample dataset of Coal and Carbonaceous 
Materials. S2 yields and HI values stabilize at low values – 

approximately at a vitrinite reflectance of 2.2%, which 
indicates the exhaustion of the petroleum generative potential. 
For general purposes, the “oil window” for organic materials 
in this study is defined within a Ro ranging from 0.75 -1.95%. 
This re-considered “oil window” is very probably also valid 
for source rocks of Coal and Carbonaceous Materials. 
Moreover, samples with Ro%<0.6 or Ro%=0.6-1.0 and 
HI<100 are the least effective oil source rocks, and samples 
with Ro%=0.6-1.0 and HI>100 are the most effective oil 
source rocks.  
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