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Abstract: It is difficult to identify the source(s) of mixed oils from multiple source rocks, and in
particular the relative contribution of each source rock. Artificial mixing experiments using typical
crude oils and ratios of different biomarkers show that the relative contribution changes are non-linear
when two oils with different concentrations of biomarkers mix with each other. This may result in an
incorrect conclusion if ratios of biomarkers and a simple binary linear equation are used to calculate
the contribution proportion of each end-member to the mixed oil. The changes of biomarker ratios with
the mixing proportion of end-member oils in the trinal mixing model are more complex than in the
binary mixing model. When four or more oils mix, the contribution proportion of each end-member oil
to the mixed oil cannot be calculated using biomarker ratios and a simple formula. Artificial mixing
experiments on typical oils reveal that the absolute concentrations of biomarkers in the mixed oil cause
a linear change with mixing proportion of each end-member. Mathematical inferences verify such
linear changes. Some of the mathematical calculation methods using the absolute concentrations or
ratios of biomarkers to quantitatively determine the proportion of each end-member in the mixed oils
are deduced from the results of artificial experiments and by theoretical inference. Ratio of two
biomarker compounds changes as a hyperbola with the mixing proportion in the binary mixing model,
as a hyperboloid in the trinal mixing model, and as a hypersurface when mixing more than three end-
members. The mixing proportion of each end-member can be quantitatively determined with these
mathematical models, using the absolute concentrations and the ratios of biomarkers. The
mathematical calculation model is more economical, convenient, accurate and reliable than
conventional artificial mixing methods.
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1 Introduction

The mixing of oil from different sources is quite
common in composite stacked basins (Peters and
Moldowan, 1993; Szatmari, 2000; Isaksen et al., 2002;
Jiang and Li, 2002; Chen et al., 2003a, b; 2004). The source
of oil in some oilfields has been debated for a long time,
and mixing of oil from multiple sources may be relevant.
However, it is rather difficult to identify the source(s) of
mixed oil from multiple source rocks, and in particular the
relative contribution of each source rock. In terms of
reducing hydrocarbon exploration risk, such studies have
considerable economic significance in areas such as the
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North Sea (Isaksen et al., 2002), the South Atlantic
(Szatmari, 2000), Northwest China (Chen et al., 2003a, b),
the East Pearl River Mouth Basin in China (Zhang et al.,
2003), and the Bohai Bay Basin, East China (Li et al.,
2004).

Dzou et al. (1999) concluded that some oils in the
Columbian Central Llanos Basin are mixtures of
Cretaceous crude oils (the initial oil charging the reservoirs,
but subsequently biodegraded) and Tertiary undegraded
oils, on the basis of the existence of the Tertiary age-
diagnostic diterpanes and oleanane, and a homologous
series of 25-norhopanes. Based on the occurrence of
biomarkers such as 24-n-propylcholestanes, /-carotane,
oleanane, 25-norhopanes, and 24- or 27-nordiacholestanes,
Peters et al. (1999) proposed that the crude oil in some
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sandstone clasts from Brora, Scotland is a mixture of crude
oils derived from a Devonian lacustrine source rock and
from a Cretaceous or younger, paralic marine shale.
Moldowan (2004) showed that the concentration of
diamondoid biomarkers and stigmastane can recognize the
mixing of post-mature and normally matured sources.
George et al. (2004) and Ahmed et al. (2004) suggested that
solid bitumens in Late Cretaceous sandstone core from the
Subu-1 and Subu-2 wells, Aure Scarp, Papua New Guinea,
have two sources, using biomarker characteristics such as
rearranged hopanes and steranes, 2-methylhopanes,
bisnorhopanes and dibenzothiophenes.

Peters et al. (1989) -calculated the approximate
contribution of Middle Jurassic and Devonian source rocks
to the Beatrice co-sourced oil from the Inner Moray Firth,
UK, using widely differing carbon isotopic compositions of
oil and bitumens. To emphasize the problems of
quantification, subsequent authors have argued for a purely
Devonian source for the Beatrice oil, based on stable
carbon isotope ratios for oil fractions compared with
fractions of the pyrolysates of the two potential source
(Bailey et al., 1990). Having
biodegradation effects, van Aarssen et al. (1999) used
methylnaphthalenes to qualitatively demonstrate intra-
reservoir mixing of oils from the same source but expelled
at different maturities. Based on steroid and hopanoid
biomarker concentrations, Jiang and Li (2002) quantified
non-linear mixing of two end-member oils (from the
Bakken and Lodgepole source rocks) in the Canadian
Williston Basin, the non-linearity deriving from different
concentrations of biomarkers in the two source rocks. In
addition to biomarkers, binary mixing models were
developed for trimethyl-aryl isoprenoids, C;3 n-
alkylbenzene, dibenzothiophenes and naphthalenes,
phenanthrene and methylbiphenyls. Chen et al. (2003a, b)
qualitatively determined the proportion of Permian
(lacustrine), Triassic (lacustrine) and Jurassic (coal
measure) source rocks to the oil in the Cainan Oilfield, the
Junggar Basin, Northwest China, based on steroid and
hopanoid biomarker absolute concentrations, stable carbon
isotopes of whole oils, and artificial mixing experiments of
typical oils. Zhang et al. (2003) calculated the approximate
contribution of marine source rocks (Eocene Wenchang
Formation) and coal measure source rocks (Eocene Enping

rocks eliminated

Formation) to some oils from the East Pearl River Mouth
Basin in China, using the concentration changes of 4-
methylsteranes and bicadinane in artificially mixed oils.
Wang et al. (1999) and Li et al. (2004) judged a mixing of
immature oil and mature oil using biomarkers, and
estimated the approximate contribution of the immature oil
and mature oil to the mixed oil in the Subei Basin and the
Bamianhe Oilfield, Bohai Bay Basin respectively.

Generally, many studies refer to the mixing of oils from
different source rocks, but few attempt to quantify the
relative contributions. The quantitative calculations
mentioned above usually focused on binary mixing and use
a simple equation or an artificial mixing experiment. A
ubiquitous method to calculate mixing proportions in
binary, trinal or more complicated end-member mixing
models has not been established. In fact, artificial mixing
experiments take a long time and include a series of
complex operations, and their validity depends on the
accurate representative of end-member oils and also on
experimental precision. Mathematical calculation methods
may be more accurate, more economical and more
convenient. In this paper, a mathematical calculation
method is established, based on the binary and trinal
artificial mixing experiments.

2 Samples and Experiments

2.1 Samples

For the artificial mixing experiments, typical end-
member crude oil samples derived from three source rocks
(Permian, Triassic and Jurassic) were selected on the basis
of the previous geochemical study (Chen et al., 2003a, b).
The typical Permian-sourced oil is from the Dinan-1 well,
the typical Triassic-sourced oil is from the Fu-5 well
(4640-4645 m), and the typical Jurassic-sourced oil is from
the Mu-5 well. Summary geochemical data on these oils are
listed in Table 1. The Permian and Triassic oils have similar
carbon isotopic values and Pr/Ph, but have very different
gross compositions. The Triassic and Jurassic oils have
similar gross compositions, but have different stable carbon
isotopic values and Pr/Ph. The three typical end-member
oils have similar maturities (R, from MPI = 0.88%=0.02),
but have great differences in the absolute concentration and
distribution of biomarkers (Chen et al., 2003a, b). These

Table 1 Geochemical data of the typical end-member oils for the artificial mixing experiments

Typical ol Well (S;;) ‘(*1;00) R(i/‘zi)“ ‘:‘;g 5;;3;‘ Pr/Ph  PnCi; PWnCyg  CPI Cy/Cy'  MPI (1;;)
Permianoil (A)  Dinan-l 750 98 123 29 308 174 055 035  LI18 21 081 088
Triassic oil (B) Fu-5 817 78 77 28 309 175 044 026 119 21 078 087
Jurassic oil (C) Mus 824 82 68 26 276 400 048 010 120 26 084 090

Note: MPI = methylphenanthrene index; R.=0.6xMPI+0.4 (Radke and Welte, 1983; Radke, 1987).
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Table 2 Absolute concentrations (columns A to J; pg/g) and ratios (columns K to O) of biomarkers in the end-member and mixed

oils
No. AP B(M CJ) A B C D E F G H I J K L M N 0
Mix-1 0 100 0 20.7 575 1125 830 770 299.6 1549 26.1 15.1 346 036 074 026 0.17 0.05
Mix-2 20 80 0 262 970 201.0 829 733 4329 1961 555 248 459 027 041 0.17 028  0.05
Mix-3 40 60 0 277 1332 3093 827 746 5905 2472 817 35.8 58.5 0.21 027  0.13 0.33 0.07
Mix-4 60 40 0 322 171.6 3941 809 713  718.1 291.3 1105 47.1 69.4 0.19 0.21 0.10 0.38 0.07
Mix-5 80 20 0 357 2065 486.1 774 68.6 849.0 3418 1496 583 786 0.17 016 0.08 044 0.08
Mix-6 100 0 0 40.0 2449 5906 765 613 997.0 379.7 1855 729 902 0.16 0.13 006 049 0.09
Mix-7 80 0 20 392 1969 5223 714 55.1 8714 3438 1489 60.7 80.7 0.20 0.14 0.06 0.43 0.09
Mix-8 60 0 40 37.0 1452 4267 557 533 6955 2929 1104 468  66.5 025 013 008 038 0.10
Mix-9 40 0 60 358 1024 368.0 509 50.0 5937 269.0 824 36.1 59.0 0.35 0.14 0.08 0.31 0.11
Mix-10 20 0 80 38.3 546 2814 422 447 4531 2313 435 229 477 070 0.15 010 019 0.12
Mix-11 0 0 100 37.0 9.2 190.5 270 40.1 3119 1927 8.5 7.7 370 402 014 0.13 0.04 024
Mix-12 0 20 80 34.8 194 1714 368 442 2984 182.1 9.2 7.8 35.6 1.79  0.21 0.15 0.05 0.15
Mix-13 0 40 60 284 282 1485 454 482 2864 1645 113 9.6 34.1 1.01 0.31 0.17  0.07 0.08
Mix-14 0 60 40 26.8 373 133.6 574 56.6 289.7 160.2 152 11.0 349 072 043 020 0.09 0.06
Mix-15 0 80 20 21.5 47.0 1085 627 608 270.1 1447 18.0 12.1 33.1 046 058 0.23 0.12  0.05
Mix-16 20 60 20 20.1 81.3  206.0 637 619 4052 187.6 493 21.7 44.1 0.36 0.31 0.15 0.26 0.07
Mix-17 40 40 20 292 1165 2999 670 657 5520 2376 779 31.1 562 025 022 012 033 0.07
Mix-18 60 20 20 357 156.1 406.6 684 590 6999 287.8 1079 480 679 023 0.17 0.08 037 0.08
Mix-19 40 20 40 36.5 111.2 3228 539 516 5569 2472 795 297 562 033 0.17 009 032 0.08
Mix-20 20 20 60 35.6 67.1 251.0 472 50.5 4337 2143 420 19.5 46.5 0.53 0.19 0.12 0.20 0.08
Mix-21 20 40 40 32.1 753 2239 570 553 4248 2040 502 21.2 46.4 0.43 0.25 0.13 0.25 0.07

Note: A (P) = Proportion of the Permian oil (%); B (T) = Proportion of the Triassic oil (%); C(J) = Proportion of the Jurassic 0il (%); A = C g tricyclic terpane; B = Cy,
tricyclic terpane; C = 17(a)-Cao hopane; D = Cy9Ts; E = C3¢ diahopane; F = 17(a)-C3p hopane; G = 17(a)-C3; hopane; H = Gammacerane; I = aaa-Cag sterane 20R; J =
aa0-Cog sterane 20R; K = Cyg tricyclic /Castricyclic; L = Cy9Ts/17(a)-Cag hopane; M = Cs3 diahopane/Cs, hopane; N = Gammacerane /17(a)-C3; hopanes (20S+20R);
O =aaa-Csyg sterane 20R/aaa-Cay sterane 20R.

oils provide a firm base for us to observe the trends of
biomarker changes with changes in the mixing proportions
of the mixed oils.

2.2 Experiments

These oils were used as the end-member for producing
18 different mixtures (mixed oils). The mixing proportions
and numbering system are listed in Fig. 1 and Table 2.
Crude oils were measured by weight (about 500 mg). The
three end-member crude oils and the 18 mixtures were
analyzed for whole-oil carbon isotopic compositions, and
by gas chromatography (GC: whole oil and saturated
hydrocarbons) and gas chromatography—mass
spectrometry  (GC-MS:  saturated and  aromatic
hydrocarbons) (Table 2). The instrumentation, analytical
conditions and quantification methods have been described
in the previous paper (Chen et al., 2003a, b, 2004).

3 Experimental Results and Discussion

Taking the artificial mixing of the Permian oil and the
Jurassic oil as an example, with an increasing proportion of
the Jurassic oil the absolute concentrations of various
biomarkers in the mixed oils show linear changes with

Permian oil
(Group A)
0

100,
e Sample number

100 80 60 40 20 0

Triassic oil — Increase in the Triassic oil Jurassic oil
(Group B) (Group C)

Fig. 1. Ternary diagram showing the proportion and location of
the artificially mixed oil samples.

different slopes (Fig. 2a and b). The larger the absolute
concentration difference of biomarkers in the two end-
member oils, the steeper the slope of the lines. For example,
the absolute concentration of C,, tricyclic terpane is 245
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Fig. 2. Trends of absolute concentration of some biomarkers with the mixing proportion of oils. (a) and (b): Binary mixing of the
Permian and Jurassic oils; (c) and (d): Trinal mixing of Permian oil and Jurassic oil based on 20% Triassic oil.

Cy tri — Cyp tricyclic terpane; Cy tri — Cy tricyclic terpane; Cys tri — Cys tricyclic terpane; Cy; S(R) — aaa-Cy; sterane 20R; Cps S(R) — aaa-Cog sterane
20R; Ca9 S(R) — aaa-Cyg sterane 20R; Cyg hop — oy-Cyo hopane; Czp hop — a3-Csphopane; C3; hop — ¢/#Cs; hopanes; GM — gammacerane.

ng/g in the Permian oil and 9 pg/g in the Jurassic oil, and it
rapidly drops to 145 pg/g when 40% of the Jurassic oil is
mixed with 60% of the Permian oil. In contrast, the
absolute concentration of aaa-Cyy sterane 20R is about 90
pg/g in the Permian oil and 37 pg/g in the Jurassic oil, and it
slowly reduces to 66.5 pg/g when 40% of Jurassic oil is
mixed into the Permian oil. The change in the absolute
concentration of the former is obviously greater than that in
the latter. In fact, the concentration changes of the
biomarkers obey the basic chemical principle of
consistency, when two oils with different biomarker
contents mix. Therefore, when three or more oils mix, the
absolute concentration of biomarkers in the mixed oil has a
linear relationship with the proportion of each end-member
oil. For instance, if 20% of the Triassic oil is kept
constantly, the absolute concentration of biomarkers in the
mixed oils still changes linearly when a proportion of the
Jurassic oil is mixed into the Permian oil (Fig. 2c and d).
On the other hand, the ratio of two different biomarkers
changes in a non-linear fashion with the proportion of each
end-member, and different ratios show different extended

trends (Fig. 3). For instance, when the Jurassic oil is mixed
with the Permian oil, the Cyy tricyclic terpane/C,, tricyclic
terpane ratio of the mixed oil initially increases slowly with
increasing proportion of the Jurassic oil, but then increases
rapidly when the proportion of the Jurassic oil exceeds 80%
in the mixed oil (Fig. 3a). The ratio shows a similar trend
but with different slope when the Jurassic oil is mixed into
the Triassic oil. Some ratios, for example, C;, diahopane/
Csp hopane (Fig. 3b), show completely different trends
when the Jurassic oil is mixed into (1) the Permian oil and
(2) the Triassic oil. Therefore, we can conclude that
extended trends of different biomarker ratios in mixed oils
are strongly controlled by the absolute concentration of the
related biomarkers in the end-member oils. Furthermore,
changes of biomarker ratios in mixed oils will be very
complex when three or more crude oils mix.

Commonly, biomarker ratios and not absolute
concentrations are used to judge the sedimentary
environments of source rocks, to determine the maturity of
oils or source rocks, and to make oil-oil or oil-source rock
correlations. However, it is very difficult to use a simple
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Fig. 3. Trends of some biomarker ratios with the mixing proportion of oils. (a) Cyy tricyclic terpane/C,; tricyclic terpane; (b) Cs
diahopane/Csy hopane; (¢) Gammacerane/Cs; hopanes; (d) C,s/Cyo regular steranes.

linear formula and biomarker ratio to calculate the
contribution proportion of each end-member oil to a binary
mixed oil. It will be much more difficult and complex to
quantitatively determine the contribution proportion of
each end-member oil to the mixed oil produced by three or
more end-member oils.

4 Mathematical Calculation Model

From the observation of the artificial mixing
experiments and by mathematical inference, it can be
shown that the absolute concentration of biomarkers in a
mixed oil has a linear relation with the mixing proportion of
each end-member oil. A mathematical calculation model
can be developed for binary mixing, trinal mixing and the

mixing of more end-member oils.

4.1 Binary mixing model

The basis of the mathematical calculation model of
binary mixing of end-member oils is shown in Fig. 4. The
two end-member oils are Oil 1 and Oil 2, and a;, a», and C
represent the absolute concentration of a biomarker in the
two oils and their mixed oil, respectively. Theoretically, the

Y

Oil 1

C=k+b,=(b,-b )x+b,

k:(az'al)
C=kx+a,=(a,-a,)x+a,

Absolute concentration of biomarker

Proportion of contributing oil (x)
Fig. 4. Mathematical model for binary mixing.

absolute concentration (C) of the biomarker in the mixed
oil is positively proportional to the absolute concentrations
(ay, a,) of the biomarker in the two oils and the proportion
of Oil 1 (1-x) and the proportion of Oil 2 (x), that is:
C=a;(1=x)+ax(0< x<1) (1)
Transforming the above formula, we can get the
following:
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C=(a—a)x+a; (0< x<1) 2)
where (ay-a;) is the slope of the line.

Therefore, the formula to calculate the mixing proportion
(x) of Oil 2 is:

x=(C-ay)l (az—ay) (3

Nevertheless, biomarker ratios are usually obtained from
routine GC-MS analysis, and ratios are used to interpret the
sedimentary environments of source rocks, to make oil-
source correlations, and so on. Therefore, biomarker ratios
and the above formula cannot be directly used to calculate
the contribution proportion of each end-member oils to
their mixed oil.

If selecting two different biomarker compounds, A and
B, in the end-member oils, we can get two formulae as the
following:

C,=(a,—a)x+a, and Cy=(b,—b)x+b,

In the above formulae, a,, a,, by, and b, represent the
absolute concentration of two biomarkers in the two end-
member oils, Oil 1 and Oil 2, respectively. C4 and Cp
represent the absolute concentrations of the compounds A
and B in the mixed oil. The ratio (R) of compound A to
compound B in the mixed oil is:

C —
R:J ’thatis’ R:w (4)
Cy (b, =b)x+b,

The above formula (4) represents a hyperbola between
the ratio R and the mixing proportion x, and it describes the
result of the artificial mixing experiment very well.

Transforming the form of the formula (4), the following
formula is obtained:

= a,—bR
~ (b, —b)R—(a, —a) ®)

For a basin or an area, the average concentration of many
biomarkers in various oils can be obtained by analysis of
several oil samples. Then, the proportion (x) of the end-
member oil in the binary mixed oil can easily be calculated
with biomarker ratios, using the above formula (5).
Furthermore, many biomarker ratios can be used, so as to
better constrain the proportion of two end-member oils to
the mixed oil.

For example, the absolute concentration of compound A
(a, ap) is 21 pg/g and 39 ng/g in the end-member Oil 1 and
Oil 2 (Fig. 5a), and the absolute concentration of compound
B (b1, by) is 57 ngl/g and 9 pg/g, respectively. From the
above formula (4) or (5), the function of mixing proportion
(x) and the ratio of the compound A to compound B (R) can
be obtained, that is:

R = (6x+7)/(19-16x)

or,

x = (19R-7)/(16R+6)

The extended trend drawn by the above formula
completely fits the results of the artificial experiment (Fig.
5).

4.2 Trinal mixing model

For the trinal mixing model, the three end-member oils
are Oil 1, Oil 2 and Oil 3, and the absolute concentrations of
the biomarker compound A are a;, a, and a3 respectively.
The function of the concentration (C) of compound A and
the mixing proportion (x, y, z) of each end-member oil in
their mixed oil can be described as the following:

{C=a,x+a2y+a3z

x+y+z=1 (0<x<1;0<y<1;0<z51) (6)

Transforming the formula (6), the follow formula group
is obtained:

C=(a,—ay)x+(a,—a,)y+a,
C=(a,—a,)x+(ay—a,)z+a, 7)
C=(a,—a)y+(a,—a,)z+aq

Figure 6 demonstrates the above two formula groups
very well. The concentration (C) of a compound in the
mixed oil is bounded within the triangle plane (a;, a,, as).
The three dashed lines present the three formulae in the
above formula group (7), respectively. Clearly, the mixing
of three oils is much more complex than the binary mixing.

From the formula group (6) or (7), we cannot calculate
the contribution proportion of each end-member oil to the
mixed oil. Fortunately, there are many different biomarkers
and these have different absolute concentrations in crude
oils. If selecting two biomarker compounds A and B with
different concentrations, the following equation groups can
be written:

C,=ax+a,y+az

Cy=bx+by+b (8)
x+y+z=1
or,

C,=(a,—a;)x+(a,—a;)y+a,
C, = (b, —b)x+(b, —b,)y+b, ©)

where C, and Cy are the absolute concentrations of the two
biomarkers in the mixed oil. The mixing proportion of each
end-member oil can be calculated by resolving the above
formula groups with two biomarkers.

Thus, from the equation group (8), the ratio of the two
compounds can be calculated:

Xt aytaz
bx+b,y+bz
(0<x< 15 0< y< 15 0< z< 15 x+y+z=1) (10)
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Fig. 5. Comparison of absolute concentrations (pg/g) and biomarker ratios for calculated values and experimental values, and
variation of different biomarker ratios with the mixing proportion in the mixed oils.

or,
_ (a,—ay)x+(a,—a,)y+a,
(b, —by)x+ (b, —b;)y +b,

an

The above formulae (10) and (11) demonstrate that the
ratio of biomarkers presents a very complex non-linear
curve, with the mixing proportion of each end-member oil
in the trinal-mixed oil. The mixing proportion cannot be
calculated by only using a biomarker ratio. If three or four
biomarker compounds are selected, two ratios can be
written as follows:

_ (a,—ay)x+(a,—a,)y+a,
(b, —=by)x+ (b, —b,)y+Db,

_ (c,—cy)x+(c,—cy)y+c

P (d,~dy)x+(d,~d,)y+d,

1

(12)

In the above equation groups, a, b, ¢ and d represent the
absolute concentrations of four biomarkers in the three end-
member oils, respectively. R; and R, are the ratios of the
four biomarkers in the mixed oil. The mixing proportion x,
y and z can be calculated by any of the above two equation
groups (9) and (12).

4.3 The mixing model for multiple end-member oils
For a mixing model of four or more end-member oils (n),
the equation to calculate the mixing proportion x; is:
C=ax+a,x,+--+ax+--+a,x,
0=<x<1) (13)
X +x,+tx 4+ +x, =1

Selecting m biomarkers (m = n—1) with different
concentrations allows the following equation group to be
written:

C =a,x +a,x,+-+a,x, +-+a,x,
C,=ayx,+a,x, ++-+ay,x, +-+a,,x,
(14)

C,=a;x +a,x,++ax,+--+a,x,

C,=a,x+a,,x,++a, x+-+a,x,

m mi--1

X +x,+otx +etx, =1

In the above equation group, a; or a; represents the
absolute concentration of the selected biomarker in the n
end-member oil. C; is the absolute concentration of the
selected biomarker in the mixed oil. The mixing proportion
x; can be calculated by the above equation group.

If selecting m biomarkers (m=n) with different
concentrations, the following matrix can be written and the
mixing proportion can be easily calculated:

ay  dp Gy Gy, X o
Ay Ay Ay a, X G,
X =
a, a, aj a, [*| x, C, 15)
_aml amZ amS o amn _ _xn i _Cm .

5 Case Studies of Applications of the
Mathematical Calculation Method

5.1 Case 1: binary mixing, the PL19-3 Oilfield, Bohai
Bay Basin

The PL19-3 Oilfield is located at the Bonan uplift, the
Bohai Bay Basin. According to Deng (2002) and Song et al.
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C:(al 'az)X+(az'a3)y+a3

C:(a 1 'az)X+(a3'az)Z+az

Fig. 6. Mathematical model for trinal mixing.

(2004), possible oil-source rocks of the oilfield are the
Eocene Dongying Formation and Shahejie Formation. The
study of source rocks and oils in the area indicates that
triaromatic steroids and triaromatic dinosteroids can
distinguish the Dongying source rocks from the Shahejie
source rocks (Song et al., 2004; Wang et al., 2004).
However, the oils in the PL19-3 Qilfield are a mixture of
oils from the Dongying and the Shahejie source rocks
(Song et al., 2004; Wang et al., 2004). GC and GC-MS
analyses of five oils from the four wells at the oilfield
indicate that these oils all contain significant amounts of
25-norhopane (25-norhopane/Cyy hopane ratio ranging
from 0.1-0.5) and are biodegraded oils, but aromatic
steroids are not biodegraded (Song et al., 2004).

The concentrations of steroids and
triaromatic dinosteroids are respectively 234 pg/g and 40
pg/g in the typical oils from the Dongying source rocks,
and 21 pg/g and 18 pg/g in the typical oils from the
Shahejie source rocks. The ratio of triaromatic steroids to
triaromatic dinosteroids of the oils from the PL19-3
Oilfield is 3.2. Using the formula (5), the proportion of the
Shahejie source rocks that contributed to the PL.19-3 mixed
oils is 75%, and the other 25% of the mixed oils is derived
from the Dongying source rocks. This calculated
conclusion fits very well with the result obtained by the
artificial mixing experiment (Song et al., 2004).

triaromatic

5.2 Case 2: trinal mixing, Cainan Oilfield, eastern
Junggar Basin

According to the previous study (Chen et al., 2003a, b,
2004), there are four generative hydrocarbon source rocks
of Carboniferous, Permian, Triassic, and Jurassic ages in

the east of the Junggar Basin. The previous geochemical
study has shown that these source rocks have generated five
groups of oil. The first group of crude oils is derived from
the Permian, the second group from the Triassic, the third
group from the Jurassic source rocks, and the fifth group
from the Carboniferous. The geochemical properties of the
fourth group of oils are intermediate between those of
typical Permian, Triassic and Jurassic oils, and are thought
to be mixed oils derived from multiple source rocks,
including the Permian, Triassic and Jurassic. The oils in the
Cainan Oilfield belong to this fourth group.

Permian oils have low Pr/Ph ratios, and are rich in -
carotane, tricyclic terpanes, gammacerane and Cyg and Cyg
steranes. They contain almost no diasteranes and have a
low content of C,; steranes, Ts and CyTs (Chen et al.,
2003a, b, 2004). Triassic oils are characteristically rich in
Ts, CyTs and diahopanes, and have low gammacerane
contents. Jurassic oils have Pr/Ph ratios generally > 3.0, and
are rich in pentacyclic hopanes, C;9 and Cy tricyclic
terpanes, and Cpy steranes, but poor in tricyclic terpanes
above C,;, gammacerane, and C,; and Cyg steranes (Chen et
al., 2003a, b, 2004). Therefore, by selecting any two ratios
from Cio tricyclic/C,; tricyclic, CyTs/Cy9 hopane, to
gammacerane/C;; hopane, the proportionate contribution
of the Permian, Triassic and Jurassic source rocks to the
mixed oils in the Cainan Oilfield can be calculated.

The average absolute concentrations of biomarkers such
as Cyy tricyclic terpane, Cy; tricyclic terpane, Cyy hopane
and CyoTs in the Permian, Triassic and Jurassic oils are
listed in Table 3. The ratios of Cgtricyclic/C,; tricyclic and
CyoTs/Cyy hopane are 0.58 and 0.19 in the Cainan oils,
respectively. By calculating using these data and the
formula group (12), 64% of the oil in the Cainan Oilfield is
from a Jurassic source, 16% is derived from the Triassic
source rocks, and 20% is derived from the Permian source
rocks. The results conform very well with those (65%, 15%
and 20%) obtained by the artificial mixing experiment
(Chen et al., 2003a, b, 2004).

6 Advantages of the Mathematical Calculation
Model and Its Application Prospect

The following are the advantages of using the
mathematical calculation method for determining the
proportion of each end-member oil to the mixed oil, and

Table 3 Average absolute concentrations (pg/g) of some
biomarkers in the oils of the eastern Junggar Basin

Cio Cy
Oil group tricyclic tricyclic Cyo hopane CyoTs
terpane terpane
Permian oil 22 148 424 63
Triassic oil 19 62 110 68
Jurassic oil 33 12 201 32
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exhibit a wide application prospect.

(1) It is a theoretical calculating method, and is available
without any of complex artificial mixing experiment, which
must run a series of complex experimental processes with a
large number of oil samples and depends on the accuracy of
the experiment. It is difficult to chart the relation between
mixing proportions and biomarker ratios for the mixing of
more than two end-member oils. The mathematical
calculation model can be applied for resolving the
complicated problems of multi-source mixing, and is more
economical, convenient and accurate than conventional
artificial mixing methods.

(2) The key whether or not the plates or charts created by
the artificial mixing experiment data are applicable and
reliable depends on the representativeness of the selected
typical oil. Although an oil family have similar biomarker
characteristics, when an oil sample is selected as the typical
end-member oil, it is still difficult to ensure that the
selected oil can well represent the absolute concentrations
of the oil family, by reason of their different maturity and a
relatively wide range of absolute concentrations of
biomarkers in the oil family. The mathematical calculation
model can take the average concentration of oils in an area
as the typical value of the end-member oil family, which is
more representative and reliable.

(3) It is very easy to create suitable calculating formula
or charts for different areas or basins, based on analyses of
the absolute concentrations of biomarkers of oils in
reservoirs of an area or a basin.

(4) Tt is not only suitable for calculating the contributions
of non-biodegraded oil to a mixed oil, but is also suitable
for calculating the contributions of biodegraded oil in
which biomarkers are not degraded.

(5) It can also apply to determining the product
proportion of each oil layer in a reservoir with multiple
oil layers during oilfield development, in terms of
absolute concentrations of distinctive compounds
contained in oils of each oil layer.

7 Conclusion

Artificial mixing experiments using typical crude oils
show that the absolute concentrations of biomarkers in the
mixed oil change linearly with the mixing proportion, but
the ratios of different biomarkers vary non-linearly when
two oils with different concentrations of biomarkers mix
with each other. This may result in an incorrect conclusion
if using biomarker ratios and simple binary linear equations
to calculate the contribution proportion of each end-
member to the mixed oil. The function of biomarker ratios
to the mixing proportion of end-member oils is a hyperbola
in the binary mixing model, a hyperboloid in the trinal

mixing model, and a hypersurface in the mixing of more
than three end-members. Using the absolute concentration
or the biomarker ratio, the mixing proportion of each end-
member oil can be quantitatively determined by these
mathematical models. The mathematical calculation model
is more economical, convenient, accurate and reliable than
conventional artificial mixing methods.

In the PL19-3 Oilfield in the Bohai Bay Basin, the
proportion of the Shahejie source rocks to the PL19-3
mixed oils is 75%, and that of the Dongying source rocks is
25%. In the Cainan Oilfield in the eastern Junggar Basin,
64% of the mixed oil is derived from Jurassic source rocks,
16% from Triassic source rocks, and 20% from Permian
source rocks.
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